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Abstract

This work has focused on the investigations of carrier and absorption enhancing 
systems for the hydrophihc drug metformin when delivered orally.

The influence of both water-in-oil (W/0) and oil-in-water (OAV) emulsions 
containing metformin in the aqueous phase on oral metformin bioavailabihty was studied in 
the rat. A water-in-isopropyl myristate emulsion stabilised with sorbhan monooleate (Span 
80) and bovine serum albumin (BSA), an OAV emulsion stabilised with cholesteryl poly 
(24) oxyethylene ether (Solulan C24) and Span 80 prepared with soybean oil and an OAV 
emulsion stabilised with sorbitan monostearate (Span 60) with sesame oil as the 
continuous phase were formulated, characterised and tested in vivo. The oral 
administration of emulsions modifies the absorption of metformin in rat. Histological 
investigations provided some clues as to the cause of increase in metformin absorption. 
Most likely are changes to the intestinal membrane and, in some cases to the junctional 
conçlexes caused by the sur&ce active compounds and fetty adds present in the 
formulations. Knowledge of the reversibility of these effects was crucial Allowing the 
intestinal cells to recover after dosing for three days, suggests that all changes that were 
detected were, indeed, reversible.

The effects of the non-ionic sur&ctants polysorbate 20, 60, 85, Solulan C24 and a 
lanolin-based poly(16)oxyethylene ether (Solulan 16) on epithelial integrity of the Caco-2 
cells monolayers were studied. The effects of the surfactants on cell permeability were 
assessed by measurements of the transport of metformm, transepithelial electrical 
resistance (TEER) and tests for cell viability (determined by the dphenyhetrazolium 
bromide test). The concentration-dependent effects on TEER correlated with cell viability, 
Le. increased TEER and increased cell-monolayer permeability for metformm 
corresponded to decreased cell viability. The results indicate that the Solulans and 
polysorbates were active as absorption enhancer; in quite different concentration ranges, 
the former being more effective than the latter. The effects of the sur&ctants were also 
assessed by transmission and scanning electron microscopy. The results prove a 
correlation between the increase of metformin transport caused by the surjetants and 
toxic effects on cell monolayers. The effects of the most potent surjetants (polysorbate 
20, Solulan C24 and 16) were tested in vivo to establish a correlation with in vitro data. It 
was concluded that the effects of the surjetants used at certain concentrations on the rat 
intestinal membrane were reversible.

Several niosome formulations were prepared in order to assess potential toxic 
effect of these systems on Caco-2 cell monolayers. It may be concluded that the toxic 
effect of niosomes is due to the amount of free surjetant present in the niosome 
suspension.

Novel fluorocarbon and hydrocarbon surjetants as potential absorption enhancers 
were also tested on Caco-2 cell mono jyers. All hydrocarbon surjetants and one of the 
fluorocarbon demonstrated concentration-dependent effects on cell permeability. In 
general fluorocarbon surjetants seemed to be less toxic, but less potent as absorption 
enhancers, errçhasising the aflBnity between transport enhancement and toxicity.
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1.1 Outline of work

The objective of the work described in this thesis was to explore the possibilities of 

increasing the oral absorption of the highly hydrophilic drug, metformin. Metformin 

hydrochloride is a biguanide hypoglycaemic agent used in the treatment of non-insulin 

dependent diabetes mellitus (NIDDM). Metformin has been on market for more than 20 

years and so fer all attenqits to increase its bioavailabihty (of 30-50%) have been 

unsuccessfiiL The work was designed to investigate the effects of non-ionic surfactants 

and surfectant-based systems such as emulsions on metformin absorption. Their potential 

to act as absorption enhancing systems for metformin has been evaluated.

The rationale of using emulsions was to investigate the influence of both 

sur&ctants and oils present in the formulations. It is known that sur&ctants may affect the 

rate of gastrointestinal absorption through different mechanisms, involving alteration of the 

normal state of biological membranes, in general increasing their permeability. The 

influence of oils on the retention time in the small intestine and of fetty acids present in the 

oil phases of emulsions has also been considered. The work has demonstrated the difi&culty 

of using metformin because of three &ctors: its high water solubility, its high dosage and 

its electrolyte character. AU Simulations were tested in vivo. The question of formulation 

intact on intestinal morphology and recovery afl;er dosing was demonstrated.

The potential toxic effects of surfectants on isolated and less coirplex system such 

as Caco-2 ceU monolayers was studied. The Caco-2 ceU line is the most commonly used in 

studies of drug absorption and absorption enhancement, due to its ease of cultivation and 

the spontaneous differentiation to enterocyte-like cells under standard ceU culture 

conditions. Different techniques were used to assess the interaction of surfactants with the 

ceU membranes and junctional corqplexes. Metformin transport across the Caco-2 ceU line 

aUowed the characterisation of the narrow range of surfectant concentrations capable of 

increasing metformin transport with minimum toxicity to the ceU monolayer. The study 

was extended to investigate the effect of nonionic surfectant vesicles containing some of 

the surjetants used in the earlier studies. The Caco-2 ceU culture system was also used to

18



determine the influence of novel fluorocarbon and hydrocarbon surjetants on metformin 

transport.

A relationship between the increase in transport caused by surjetants and their 

toxicity has been established.

1.2 Absorption of drugs from the gastrointestinal tract

The oral route is the most common and convenient method of drug administration. 

However, on oral administration some drugs exhibit rektively low bioavaflability. Low 

bioavailability may be caused by poor penetration of the intestinal mucosa, precÿitation or 

binding of the drug in the gastro-intestinal tract or by extensive first-pass metabolism. Oral 

administration of drugs often leads to degradation, due to the highly acidic gastric 

environment, the enzymes of the mucosa, or by liver before the drugs enter the systemic 

circulation.

This work examined reported methods for enhancement of the oral absorption of 

highly polar drugs, including polar peptides and proteins. In order to improve the intestinal 

absorption of these poorly absorbed drugs, many have investigated the effects of 

absorption enhancers, protease inhibitors, prodrugs and analogues, and the use of a variety 

of dosage forms.

The anatomical and physiological aspects of the gastrointestinal tract and some 

approaches to enhance the intestinal absorption of poorly absorbed drugs will be discussed 

first.

1.2.1 Anatomy and physiology of the gastrointestinal tract

The gastrointestinal tract is a highly specialised region of the body v\hose ftmctions 

may be described by the processes of secretion, digestion, and absorption (Mayersohn, 

1979). In order to overcome absorption problems and to enhance the oral absorption of
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the drug molecules, it is inçortant that the anatomy and physiology of the gastrointestinal 

tract is thoroughly understood, along with the different uptake mechanisms in the intestine.

The absorption of drug molecules from the stomach is generalty not high when 

conq)ared with absorption from the intestine, but gastric emptying is an important 

physiological event which significantly influences the uptake of drug substances from the 

intestine (Kararli, 1989).

The small intestine is conq)osed of the duodenum, jejunum and ileum In humans, 

the duodenum is 20cm long, the jejunum, 275cm long and the ileum about 425cm in 

length (Rhodin, 1977). The wall of the small intestine is made up of four concentric layers: 

the mucosal layer, submucosa, musculaiis externa and serosa (Smith, 1986) (Fig. 1.1 A).

Three structural specializations increase the surface area of the intestinal mucosa 

to enhance the absorptive process: the plicae circulares (valves of Kercking), intestinal 

villi and microvilh (Fig. I.IB and C). The plicae circulares are large, permanent folds 

which consist of the intestinal mucosa with the central core of the submucosa. The more 

effective means of augmenting the surfrce area of the mucosa is the presence of enormous 

number of intestinal villi They cover the entire suffice of mucosa. A villus averages 0.5 to

1.5 mm in length and 0.1mm in diameter (Krause and Cutts, 1981). It has been estimated 

that there are some 10-40 villi/mm  ̂ of mucosal suffice (Bloom and Fawcett, 1975). 

Pfojecting from surface of the vilh are fine stmctures, the microvilli The surfice area of 

the small intestine is increased approximately 30-fold by the presence of microvilh (Krause 

and Cutts, 1981). The microvilh are about 1pm in length, about 0.1pm in width, and there 

are about 2000 per ceh (Rhodin, 1977). The microvilh constitute the striated border of the 

hght microscopy. The area immediately beneath the microvilli, cahed the terminal web, is 

relatively free of organeUes except for filaments that extend into the cores of the microvilh 

(Moon, 1983). Filaments of the microvilh and terminal web contribute to the cytoskeleton 

and give stability to the microvillus border (Fig. 1.1 C and D).

The mucosa is most important to the digestive and absorptive function of the 

intestine. The mucosa consists of villi, intestinal glands, lamina propria, and musculaiis 

mucosae (Fig. 1.1 B). The vilh are covered by tall, single (Le. a single layer) of columnar
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absorptive epithelial cells. The nucleus of the absorptive cells is oval and usually located in 

the basal one-third of the cell Mitochondria are scattered throughout the absorptive cells. 

Mucufr-secreting goblet cells are between the cells and they have the shape of a wine glass 

(goblet). Emptying between the bases of the villi are tubular glands called intestinal glands 

(Crypts of Lieberkuhn). The intestinal glands represent sites for continual renewal of the 

intestinal epithelial ceUs. Mucous cells and absorptive cells move to the tq) of the villus 

Wiere they are continually shed (Rhodin, 1977; Krause and Cutts, 1981). The lamina 

propria is a loose connective tissue v\hich forms the core of the intestinal vilh and surounds 

the intestinal glands. Fibroblasts, reticular and collagenous fibrils, lyrqphocytes, 

macrophages, plasma cells and eosinophils make up its cells firamework. The lamina 

propria of the smah intestine contains a great number of lynçhatic nodules and groups of 

nodules called Peyer s patches. The muscularis mucosae consists of an inner circular and 

an outer longitudinal layer of smooth muscle, and provide the means by which vilh 

contract.

The submucosa forms the core of the permanent plicae circulares. In the ileum it 

may contain large aggregates of lyn^hoid tissue, derived from Peyers patches and in 

duodeum, duodenal glands (Brunner’s glands) which secrete a mucus. The muscularis 

externa is composed of inner circular and outer logitudiaal layers. A serosa surrounds ah 

parts of the smah intestine and consists of loose conective tissue.

The absorptive cells are separeted from the core of the villus by a thin basal lamina. 

The base of the cells rests on this basal lamina and apical parts of neighbouring cehs are 

conected by junctional complexes. Ceh junctions can be classified into three fiinctional 

groups: 1) occluding junctions, 2) anchoring junctions, 3) communicating junctions 

(Alberts et al, 1994) (Fig. 1.2). Occluding junctions, also known as tight junctions or 

zonula occludens., are discussed below (section 1.2.3). Anchoring junctions occur in three 

stmcturally and fimctionally different forms: adherens junctions ( zonula adherens ), are 

connection sites for actin filaments, while desmosomes {macula adherens ) are connection 

sites for intermediate filaments between the cells and hemidesmosomes are connection 

sites for intermediate filaments between ceh and matrix. The combination of zonula

21



occludenŝ  zonula adherens and macula adherens is known as a junctional conçlex 

(Wheater, 1995).

The epithelial cells of the entire intestine are covered by a mucous layer, consisting 

of water, glycoproteins (mucins), electrolytes, proteins, and nucleic acids. The layer is 

bound to the apical cell sur&ce by the glycocalyx, a 500nm thick glycoprotein structure 

vsèich is covalently linked to %ids and proteins of the brush border membrane. This 

glycoprotein layer Wiich has been termed the surfece coat, is resistant both to mucolytic 

and proteolytic agents and has a protective fimction as well as being involved in the 

digestive process (Krause and Cutts, 1981). The mucous layer is a part of the unstirred 

water layer and it is supposed that the minimal thickness of the unstirred water layer is 

about 500pm (Thomson and Dietschy, 1984). Because of its aqueous nature, the unstirred 

water layer is considered to form an absorption limiting barrier for the conq)ounds with a 

high lipid-water partition coefl&dent, e.g. aromatic hydrocarbons (Rahman et al, 1986) 

and long-chain fetty acids (Thomson and Dietschy, 1981).

The anatomy and physiology of gastrointestinal tract of the humans described so 

&r is different from that of commonly used laboratory animals. In addition to metabolic 

differences, the anatomical, physiological and biochemical differences in the 

gastrointestinal tract of the human and laboratory animals can cause significant variation in 

drug absorption from oral route (Kararh, 1995). The diameter of the small intestine in the 

human is 5cm and in the rats (in our in vivo e?q)eriments we have used rats) it is 0.3- 

0.5cm Villi are finger shaped in the mouse, pig and human and tongue shaped in the rats 

(Dressman and Yamada, 1991).
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Figure 1.1 (A) Schematic diagram of intestinal epithelial cells. PC-phcae circulares or 

valves of Kercking; V-vilh; PP-Peyer’s patches; MM-muscularis mucosae; S-submucosa; 

CM-circular and LM-longjtudinal muscle; Se-serosa; (from Wheatefs Functional 

Histology, 1995); (B) Cell types of the intestinal epithelium
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Figure 1.1 (C) Schematic diagiam of intestinal absoiptive cells (from Wheatefs 

Functional Histology, 1995); (D) Electron micrograph of the rat intestinal absoiptive 

cells, TJ; Tight Junction, M: Mitochondria, X 32,000.
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Figure 1.2 Shematic diagram of intercellular junctions. Between the cells, a junctional 

complex prevents access of luminal contents to the intercellular spaces and strengthening 

the luminal sur&ce against cellular degradation (from Wheatefs Functional Histology, 

1995).
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1.2.2 The components and structure of cell membrane

The major structural confound of the cell membrane is the %id bilayer (Fig. 1.3 

A). The major %id corcponents are phosphatidylcholine, glycolçids, cholesterol, 

phosphatidylethanolamine, phosphatidylglycerol, phosphatidylserine, ^hingomyelin 

(Alberts et al, 1994). The composition of the acyl chains of the phospho%ids and 

glycolipids exhibits heterogeneity, with respect to both chain length and degree of 

unsaturation. The polar heads are mainly derived j&om glycerol conjugated to a 

nitrogenous conq)ound such as choline, ethanolamine or serine via a phosphate bridge. 

The phosphate group is negatively charged whereas the nitrogenous group is positively 

charged. The non-polar tail of the phospho%id molecules consists of two long-chain 6tty 

acids each covalently linked to the glycerol conçonent of the polar head. In most 

mammalian cell membranes, one of the fetty acids is a straight-chain saturated fetty acid 

\Ahilst the other is an unsaturated fetty acid which is "kinked" at the position of the double 

bond (Wheater, 1995) (Fig. 1.3 B, C, D).

The fluidity of a %)id bilayer depends on both its con^oshion and temperature 

(Alberts et aL, 1994). The fluidity of the membrane in increased by the presence of the 

unsaturated fatty acids Wdch prevents close packing of the hydrophobic chain. Natural 

6tty acids influence membrane order due to their c/j-double bonds, disrupting 

phospho%id arrangement (Stubbs and Smith, 1984). Carrying shght negative charges, 

unsaturated 6tty acids repel each another, do not easily aggregate and maintain the 

membrane in its fluid state. Their negative charge makes them weakly basic and able to 

form weak hydrogen bonds with weak acid groups such as the su^hydryl groups found in 

proteins.

Proteins are embedded in the lipid bilayer by their hydrophobic segments. A 

variety of protein molecules make up almost half of the total mass of the membrane. 

Because optimal activities of membrane-bound enzymes require fluid-state membranes, 

cells maintain their membrane transition tenq)erature (Tm), (the temperature wàere
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transition fiom  the gel phase to the fluid liquid-crystalline phase occurs) below  

environmental temperature.

Cholesterol, amphipathic and having a "kinked" conformation, intercalates 

between phospholipid molecules with the non-polar ting embedded in the hydrocarbon 

region and exerts a regulating action on membrane structure, increasing fluidity of gel- 

state membranes and decreasing fluidity of liquid-crystalline membranes (Wheater, 1995). 

Cholesterol prevents too close packing of the phospholipid fatty acids tails whilst filling 

the gaps between the "kinks" of the unsaturated fatty acids tails. By decreasing the 

mobility of the first few CH] groups of the hydrocarbon chains of the phospholipid 

molecules, cholestrol makes the lipid bilayer more rigid in this region and therfore 

decreases the peimeability of the bilayer to the small water-soluble molecules (Albeits et 

al., 1994). Sphingomyelin has been suggested to enhance the ordering effect of cholesterol 

(Van Blitterswijk et al., 1987). For these reasons, the fluidity of fluid-state membranes may 

increase with decreasing cholesterol/phospholipid molar ratio or increasing total- 

lipid/protein ratio. Saturated fatty acids also provide membrane rigidity.

Many of the membrane proteins and some of the membrane lipids are conjugated 

with short chains of polysaccharide; these glycoproteins and glycolipids respectively 

project fi om the surface of the bilayer forming an outer coating which may be analogous 

to tlie cell walls of plants, bacteria and fungi. This polysacchaiide layer has been termed 

the glycocalyx. The apical membrane, which faces the intestinal lumen is rich in 

glycolipids, and serves to rigidify this membrane at body temperature due to the high Tm 

of these lipids.

Figure 1.3 (A) “fluid mosaic” model of membrane structure (fi'om Wheatefs Functional 
Histology, 1995).
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Figure 1.3 (B) Structure of a pho^holçid; (C) How membranes become more fluid or 
more solid: cholesterol and saturated fetty acids make membranes more solid; unsaturated 
fatty acids make membranes more fluid; (D) Possible relationdiip between unsaturated 
fatty acids, LNA (linolenic) acid and sulphur-containing proteins and SA (saturated fetty 
acids) (fi-om Erasmus, 1995).
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1.2.3 Tight junctions

The tight junction is a narrow beh that wraps apical ends of epithelial cells regions, 

separates the intestinal lumen from the paracellular space, and forms a barrier to the 

diffusion of the molecules and ions across the epithelial cell layer through the paracellular 

pathway (Gumbiner, 1987; Madara, 1988). In freeze-fracture electron microscopy, the 

tight junction appears as a set of continuous, anastomosing intramembrane strands This 

seal restricts diffusion of small molecules in a charge specific manner. Tight junctions are 

cation selective and they have been suggested to be mpermeable to cations with a 

diameter exceeding 1. Inm or with molecular weight higher than 350 (Madara, 1989; Van 

Hoogdalem, 1989). Four tight junction proteins have been identified and include: ZO-1, 

Z 02 , cmgulin and 7H6 antigen (Stevenson et al, 1988, 1989; Madara, 1989; Hochman 

and Artursson, 1994). The tight junction is also important to the organization of the 

transcellular pathway, because it participates in the polarization of the epithelial plasma 

membrane into the conposhionally distinct apical and basolateral domains (Gumbiner, 

1987). Only four tight junction proteins have been identified and include: ZO-1, ZO-2, 

cmguhn and 7H6 antigen (Stevenson et al, 1988, 1989; Madara, 1989; Hochman and 

Artursson, 1994). Biochemical structure and regulation of tight junction need more 

investigations in order to design more specific way to ‘loose” tight junctions.

1.2.4 Absorptive mechanisms of drugs across intestinal mucosa

Drugs are transported across the intestinal mucosa by two major mechanisms: 

passive dififiision or a carrier-mediated transport system, either by fidlitated diffusion or an 

active transport mechanisms.
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1.2.4.1 Passive diffusion

Passive diflUsion is entirely dependent on the presence of a concentration gradient 

across the plasma membrane, from the region of high relative concentration to a region of 

lower relative concentration. The transfer of substances across the membranes can be 

explained on the basis of Picks law in the form:

dQ /dt=-DAK (Co-Ci)/h

Wiere Q = the amount of drug at the absorption she, D - difSision coefi&dent, A = area 

of absorption surfrce, Co = concentration of drug in the outer phase of membrane, Cj = 

concentration of drug in the inner phase of membrane and h = thickness of the membrane.

Lÿids and lipid-soluble compounds such as ethanol pass freely through plasma 

membranes which also offer little barrier to the dififiision of the gases such as oxygen and 

carbon dioxide. The plasma membrane is, in general, impermeable to hydrophilic 

molecules. Nevertheless some small molecules, including water and urea, and inorganic 

ions such as bicarbonate, are able to pass down osmotic and electrochemical gradients 

through the membrane via hydrophilic regions.

1.2.4.2 Carrier mediated transport

Facilitated dififiision is also concentration-dependent and involves the transport of 

larger hydrophilic metabolites such as glucose and amino acids. This process is passive, 

but requires the presence of "carriers" to which the metabolites bind reversibly. In the 

small intestine, drugs with structural similarities to nutrients may be taken up by frdlitated 

dififiision or by active transport. Active transport is not only independent of concentration 

gradients but also operates against extreme concentration gradients. The classic example 

of this form of transport is the continuous transport of sodium out of cell by the "sodium 

pump"; this process requires the e?q)enditure of energy provided in the form of ATP.
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Active transport is mediated by "dynamic pores" consisting of transmembrane 

protein systems. Many nutrients such as sugars, bile salts, and vitamins are transported 

across the intestinal membrane by this way (Kararli, 1989). The anticancer drug 5-FU 

(Schanker and Jefrey, 1961), a-methyldopa (Hu et al, 1989), cephadroxil (Kimura et al, 

1983) are also transported by this mechanism

1.2.4.3 Bulk transport

Bulk transport involves large molecules or small particles being absorbed by the 

plasma membrane forming membrane-bound vacuoles (vesicles) within the cytoplasm 

When the process involves the creation of small vacuoles it is known as pinocytosis, and 

Wien large vacuoles are formed it is called phagocytosis.

1.2.5 Pathways of drug absorption

Drugs may be absorbed across the epithelial cell (transcellular) through the lipoidal 

membrane or between the cells via the tight junctions and intracellular space (paracellular) 

(Jackson, 1987; Gumbinger, 1987; Madara, 1989). Drugs lAiiich are presented in the 

lumen can enter the blood stream through three processes: active or fecihtated transport, 

passive transcellular transport, passive paracellular transport. Lipid-soluble confounds 

with low molecular size are believed to pass mostly across the lÿoidal barrier of the 

epithelium by a passive or carrier-mediated transport system Ionized or polar organic 

solutes are absorbed with difficulty, probably via both permeation routes. The paracellular 

route is considered to be most inçortant for transport of ions and small molecules carrying 

a positive charge. There are reports of different classes of confounds Wiich could 

increase paracellular route flux, such as calcium chelators, sodium dodecyl suphate, 

palmitoylcamitine, sodium salts of fatty adds and a pentapepide (Pz^peptide) (Hochman 

and Artursson, 1994; Yen and Lee, 1994, 1995). Polar macromolecules cannot be 

absorbed by either route.
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1.3 Methodology to study intestinal transport, 

metabolism and absorption enhancement

The methods used to investigate intestinal transport and metabolism can be 

classified into three categories: 1) in vitro, 2) in situ and 3) in vivo methods.

In vitro systems include the everted intestinal segment, everted intestinal sac, 

Ussing chambers, isolated cells (discussed in following part, 1.3.1), brush border 

membrane vesicles (BBMV) and basolateral membrane vesicles (BLMV) often from small 

rodents such as mice, rats and guinea pigs (Wood and Lawrence, 1991) (Table 1.1). Due 

to their sinpbcity and controllability, these systems have been widely used and have 

provided information on transport of drugs and nutrients (Baker et al, 1991). The everted 

intestinal segment (also known as the intestinal ring) and everted intestinal sac are the most 

common in vitro techniques and in both cases the v^ole small intestine (colon) is removed 

fiom starved rat and everted onto a glass rod, ensuring that the mucosal 6ce is in contact 

with bathing solutions. Alternatively, small sections of isolated intestine (colon) may be 

mounted in Ussing chambers. Ussing chambers may be used to study transfer of 

macromolecules across Peyefs patches. The major limitation of in vitro methods is the 

presence of urmatural absorption barriers (comiective and muscle tissue) which is the rate 

limiting step to in vitro absorption. In vivo, the drug will be removed by the vasculature 

immediately after crossing the enterocytes (Wood and Lawrence, 1991). Therefore, Wolfe 

at al (1973) proposed a method of stuping the musculature Wiich caused no change in 

the integrity of the epithelium BBMV and BLMV allow the processes by Wiich a 

molecule is transferred across each individual membrane barrier to be studied in isolation. 

They model only transcellular processes. They are very stable and can be made from fresh 

or frozen tissue (usually rat and rabbit), but the techniques can be adapted to allow vesicle 

preparation from the small tissue sangles obtained with human biopsy and post-mortem 

sangles. They will only model entry into and exit from enterocyte.
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Isolated intestinal cells are thought to retain some active transport systems (study 

of active and passive absorption), but not via paracellular pathway. The isolated cells lose 

their polarity and are viable for only 30-60 minutes and therefore they are rarely used for 

absorption studies.

Table 1.1 Summary data for in vitro models (from Wood and Lawrence, 1991)

Model Everted

Segment

Everted

Sac

Ussing
chamber

BBMV BLMV Isolated
Cells

Cell
Mono
layers

diffixsion Y Y Y Y Y Y Y

active
transport

Y Y Y Y Y Y Y

trans
cellular

Y Y Y Y Y Y Y

para
cellular

Y Y Y N N N Y

inte
stinal

Y Y Y Y Y Y Y

colonic Y Y Y N Y ? Y

muscle
barrier

Y* Y* Y* N N N N

viability H H H H H H W

 ̂+1tissue can be stripped; Y=yes; N=no; ?=unknown; H=hours; W=weeks

The problems of the in vitro models are largely overcome by in situ systems with 

an hitact vasculature and include isolated, perfused and chronic loops (Wood and
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Lawrence, 1991). In these methods, after the animal is anaesthetized, a midline incision is 

made and the small intestine e?q)osed. The rate of drug disappearance from the lumen or 

its appearance in the portal venous (blood) is a measure of drug transport (Baker et al,

1991). Solutions do not require buffering, as intestinal tissue retains its natural buffering 

capacity throughout the e?q)eriment. In in situ methods, although the animal has been 

surgically manÿulated and anesthesized, the mesenteric blood flow is intact.

In vivo systems include animal and human models and they are, of course, the 

most ircq)ortant ones. There are certain situations that allow absorption to be studied in 

man such as scintigraphic methods using radiolabelled drug etc. Human absorption 

e?qperiments tend to rely on studies involving serial blood, urine and frecal sanqrling 

following oral administration of the tested compound. The understanding of physiological, 

anatomical and biochemical differences between the G.I. tracts of different animal species 

can lead to the selection of the correct animal model to mimic the bioavailability of 

compounds in the human. In general, current data indicate that no single animal can mimic 

the G.I. characteristics of humans (Kararh, 1995). Therefore, human studies cannot be 

substituted by animals, but for a given purpose, selection of the right animal model is 

possible.

More than one method has to be adopted to study mechanisms of uptake and to 

be able to evaluate the hqportance of the mechanism in the wfrole animal. Each method 

reported so frr has its relative advantages and drawbacks \\ftich must be understood if the 

results are to give accurate correlations between e^qrerimental and in vivo absorption 

proiSles.

1.3.1 Cell cultures as models for drug absorption studies

Three different strategies have been used to obtain intestinal epithehal cell 

cultures: 1) cultivation of normal intestinal cells, 2) cultivation of intestinal explants, 

and 3) cultivation of neoplastic epithehal cells derived from human adenocarcinomas 

(Artursson, 1991). So far, a human adenocarcinoma ceU line has proved to be the best
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way to obtain a source of intestinal epithelial cells, because primary dififerentiated cell 

lines are difficult to maintam. Small pieces of small intestinal mucosa have been 

maintained in cell culture for up to 24h, while explants from rat intestine have 

survived for longer periods (Artursson, 1991). Isolated intestinal tissues are composed 

of the normal complement of epithelial cell types found in that region of the gut, vdiile cell 

cultures are typically composed of only one cell type.

Some advantages of cell culture drug absorption model

Advantages of cell culture techniques include the abihty to

1) facihtate characterization of drug delivery mechanisms at the molecular/ceUular 

level

2) aUow rapid assessment of potential drug permeabihty, metabohsm and transport

3) allow rapid evaluation of strategies for achievmg drug targeting and enhancement

4) achieve absolute control of physicochemical environment, temperature, osmotic 

pressure, concentration of solutes, pH

5) achieve good reproducibihty

6) make assessments of drug absorption with low drug concentration,

and

7) minimize animal use, but can not completely replace them 

Legal, moral and ethical questions of animal experiments are avoided

Disadvantages of cell culture

Disadvantages include:

1) the need to maintain strict aseptic conditions

2) the need to take care in interpretation of results

3) the difficulty in predicting therapeutic benefit from the data

Most studies on drug transport and absorption enhancement have been performed 

in a few epithelial cell lines originating either from the canine kidney (MDCK) or human 

adenocarcinomas such as the Caco-2, HT29, T84 cells (Anderberg and Artursson, 1994).
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1.3.1.1 Caco-2 cell culture system

The Caco-2 cell line is the most commonly used in studies of drug absorption and 

absorption enhancement, due to its ease of cultivation and spontaneous differentiation to 

enterocyte-like cells under standard cell culture conditions (Hidalgo et al., 1989; 

Artursson, 1990; Hilgers et al., 1990; Anderberg and Artursson, 1994; Hillgren et al., 

1995; Borchardt, 1995).

In contrast to other in vitro systems, the formation of an intact epithelial layer on 

filter support, allows the undirectional and quantitative transport of molecules across the 

cell layer to be measured (Wilson et al., 1990) (Fig. 1.4). Polycarbonate filters allow 

access of drugs to both the apical and basolateral sides of the epithelium, and Caco-2 cells 

form tight and well differentiated monolayers on these filters without the need for 

extracellular matrix proteins such as collagen (Artursson et al., 1996).

APICAL
c h a m b e r

m o n o l a y e r  

F I L T E R  

B A S O L A T E R A  

C H A M B E R

MICROVILLI  

TIGHT J U N C T I O N  

N U C L E U S

M E M B R A N E
filter

Figure 1.4 Schematic drawing of the cell culture model (from Anderberg and Artursson, 

1994)

Characterization of the morphological appearance with transmission and scanning 

electron microscopy is usually followed by the investigation of the permeability properties. 

The permeability characteristics are obtained by measurement of the transepithelial 

electrical resistance (TEER) and by transport experiments with paracellular markers such as 

mannhol or polyethylene glycol. The transepithelial electrical resistance is calculated fi-om
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the potential diflference between the apical and basolateral sides of the cell monolayer and 

is inversely related to the mainly sodium and chloride ions across the monolayer 

(Anderberg and Artursson, 1994). The passive ion flow through the tight junction and the 

“active” ion tranport in the cell membrane both contribute to the measured TEER The 

absence of well-developed tight junctions will result in leaky monolayers, detected by 

decrease in TEER Hydrophilic marker molecules permeate the normal epithelial cells 

through the paracellular spaces and as a results the permeability of these markers across 

intact epithelia is very low. The permeability of the paracellular pathway in Caco-2 

monolayers is relatively low, probably due to colonic origin of the cells.

The bmsh border enzymes are of great irtq)ortance in mucosal drug metabolism 

and include: peptide-metabolizing enzymes such as d^eptidylpeptidase IV and 

aminopeptidase N, drug-metabolizing enzyme phenol sulfotransferase, enzymes involved 

in the detoxication of anticancer dmgs glutathione-S-transferase.

Caco-2 cells form confluent monolayers of polarized epithelial cells joined by tight 

junctions and e?gress a bush border. The subepithelial barriers such as the basement 

membrane, lamina propria, and the capillary wall are not generally considered to be rate 

limiting for the absorption of small drug molecules. With the exception of mucin, the 

Caco-2 cell model seems to contain the three major permeability barriers to the 

asbsorption of the drugs: a) the “unstirred” water layer, b) the junctional con^lex, and c) 

cell membrane (Artursson, 1990).

Caco-2 cell monolayers have been used extensively to predict intestinal absorption 

of drugs such as atenolol, dexamethasone and proteins in human large intestinal tissue, 

calcium transport, various vasopressin analogues, safety of P-cyclodextrins, (Rubas et al, 

1996; Surendran et al, 1995, 1996; Artursson and Magnusson, 1990; Brondsted et al, 

1995; Totterman et al, 1997). Starch microspheres induced a pulsed delivery of insulin 

across the monolayers of human epithelial (Caco-2) cells in vitro. The pulsed delivery 

correlated with a reversible appearance of focal dilatations in the tight junctions between 

the epithelial cells, indicating enhanced delivery of insulin by the paracellular route 

(Bjork et al, 1995). The use of surjetants to enhance the permeabihty of various drugs
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and markers through Caco-2 cell monolayers will be mentioned in part 1.5.1.1 of 

Introduction and in Chapter 3.

1.4 Factors affecting drug absorption

The Actors i\hich influence drug absorption are: a) physicochemical Actors: 

lÿophilicity, ionization of drugs, so Ability of drugs, stability m the gastromtestinal tract, 

food and additives such as surActants, oils, sugars, alcohol and b) biological Actors: 

structure of the gastromtestinal tract, gastromtestinal pH, mtestinal motility, blood and 

lynph flow, gastromtestinal mucin and bile, gastric ençtying rate, disease state, drug 

metabolism (Mayersohn, 1979).

The primary physicochemical properties of the drug infhiencmg its passive 

absorption into and across biological membranes are its oil/water partition coefficient, the 

extent of ionization m biological fluids which is determined by its pKa value and the pH of 

the fluid. The most inq)ortant piincÿle of drug absorption is the pH-pardtion theory, 

which treats the mtestine membrane as a lÿoidal barrier and proposes that the unionized 

form of the drug molecule is preferentially absorbed (Shore et al, 1957).

In general, it is well known that a drug molecule, which has a molecular weight of 

more than 1000, would not be readily absorbed in an intact form from the gastromtestinal 

tract. Polysaccharide (starch), molecular weight around 50000 and inulin, molecular 

weight around 5000, have absorption rates pmoklOOmg wet wt/h of zero, whereas 

pentose,molecular weight 150, has an absorption rate 2.2 pmol/lOOmg wet wt/b 

(Wilson, 1962).
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1.5 Enhancement of drug absorption from the 

gastrointestinal tract

Many current therapeutic drugs such as antibiotics, peptides and proteins, are 

poorly absorbed because of their hydrophilic properties, ionic charge, high molecular 

weight and extensive hydrolysis. The question is vsiiat kind of methodologies should be 

adopted to inqirove the intestinal absorption of various confounds? Methods for 

in^rovement include: 1) the use of absorption enhancers such as surfece active 

confounds and protease inhibitors; 2) analogue synthesis-change in the physicochemical 

properties of drugs such as %ophihcity, charge, solubility, configuration, chemical 

stabihty, enzymic liability and 3) different dosage forms such as lÿosomes, niosomes, 

emulsions, particulate carriers and novel systems (Hayashi, 1993).

1.5.1 Absorption enhancers

The use of enhancer systems which are directed to change the membrane 

permeability is a complex topic and involves a variety of mechanisms. Absorption 

enhancers belong to different chemical groups (Table 1.2). Figure 1.5 illustrates three 

possible sites of action for enhancers.
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Figure 1.5 Surface active absorption enhancers are believed to increase the permeabihty 
of the cell membrane (A) calcium chelators are beheved to act mainly at the tight junctions 
(B) but there are many indications that most enhancers affect both the cell membranes and 
tight junctions (C) (from Hochman and Artursson, 1994).

Mechanisms for improvement of intestinal membrane permeability by absorption 

enhancers can be summarized as follows:

Transcellular pathways

1. Membrane perturbation by interaction between the enhancer and membrane lipid or 

protein, eg. surfactants, medum chain fatty acids, carnitine, sahcylic acid, mixed micelles.

2. Disorder of membrane status by decrease in membrane nonprotein thiol, eg. diethyl 

maleate, sahcyhc acid.

Paracellular pathways

1. Chelation between enhancer and calcium or magnesium around tight junction, eg. 

EDTA, bile sahs, medium chain fatty acids.

2. Stimulation of junctional actomyosin contraction, eg. glucose, aminoacids, mixed 

micelles, capric acid, decanoyl carnitine.
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Table 1.2 Classes of enhancers of intestinal drug absorption and some of their 

representatives

Surfactants

non-ionic: polyoxyethylene ethers
anionic: sodium laurylsulfate
cationic: quaternary ammonium conq)ounds

Bile salts

dihydroxy bile salts: deoxycholate, taurodeoxycholate, chenodeoxycholate,
glycochenodeoxycholate, ursodeoxycholate
trihydroxy bile salts: sodium cholate, taurocholate, glycocholate

Mixed micelles

glyceryl monooleate, fatty acids+sodium taurocholate 

Sodium tauro-24,25-dihydrofusidate (STDBDF)

Fatty acids

capryhc, capric, lauric, oleic, linoleic, linolenic acid

Medium-chain glycerides

glyceryl- 1-monooctanoate, mono/di-glycerides

Non-steroidal anti-inflammatory drugs and derivatives

sodium sahcylate 
sodium 5-methoxysahcylate 
indomethacin 
diclofenac

Chelating agents (Calcium binding agents)

EDTA, citric acid
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1.5.1.1 Non-ionic, anionic and cationic surfactants

The eflFect of surfectants on drug absorption have been already reported (Florence, 

1981; Gibaldi and Feldman, 1970; Attwood and Florence, 1983). Amphiphilic 

(anq)hÿathic) coropounds are those which possess both polar and non-polar groups and 

most amphiphilic confounds are surjetants. Non-ionic surjetants possess a polar 

“headgroup”, often a polyoxyethylene chain and a non-polar hydrocarbon chain. Most 

commercial polyoxyethyjted non-ionic detergents are polydisperse in the length of 

polyoxyethylene chain, and some in relation to their hydrophobic chain length. It has been 

generally accepted that surfactants vsftich are too hydrophobic to be water soluble are poor 

enhancers, Wiile surjetants which are very hydrophilic cannot partition effectively into the 

hydrophobic environment of the lipid bdayer (Attwood and Florence, 1983).

Surfactants winch increase cellular permeability generally do so by disturbing the 

membrane (Fig. 1.6). When a small amount of detergent is present, the molecules of 

detergent are incorporated into the membrane without breaking, but changing the physical 

properties of the cell membrane. At high surjetant concentrations in the plasma 

membrane surjctant-surjctant contacts occur, and the membrane can be dissolved into 

surjctant-membrane mixed micelles. Mixed protein-lq)id-detergent micelles are in 

equilibrium with detergent micelles and free detergent molecules. Pure protein-detergent 

micelles may he obtained in equilibrium with detergent-lÿid and detergent micelles (Gulik- 

Krzywicld, 1975; Helenuis and Simons, 1975; Lichtenberg, 1985).

The size and shape of both the alkyl chain and the polar group influence absorption 

enhancing capability. Florence et al (1978) and Walters et al (1981) studied the influence 

of a range of polyoxyethyjted non-ionic surjetant upon the transport of paraquat 

dichloride across rabbit iso jted  gastric mucosa. By varying both the alkyl chain length and 

polyoxyethyjted chain length, the most effective absorption promoter was found to be 

Brij 36T (C12E10, wMe Eio = a polyoxyethylene chain with 10 ethylene oxide units) and 

rank order for other surjetants in promoting paraquat absorption was CisiEio > CigEio > 

CigEio. Florence (1981) found that one unique aspect of the C12 chain is its intermedjte
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solubility between water and oil and ability to penetrate the lipid bilayer easily. Lauryl 

surfactants may penetrate the lipid bilayer readily and because of their aqueous solubility 

possess a greater monomer concentration and higher CMC than the longer ones. From 

C12 to Cl8, the thermodynamic tendency to partition into non-aqueous environments 

increases, and the decreasing concentration of the surjetants monomers may produce 

only lower response. However, Guarini and Ferrari (1984) demonstrated that C16 and 

C18 ethers were more effective than C12 ethers in studies on absorption of orally dosed 

heparin in rats.

m em brane protein  
in lipid bilayer

w ater-so lub le  protein- 
lip id-detergent com plex

detergent
m icelles

detergent
m onom ers

soluble m ixed  
lip id-detergent 

micelles

Figure 1.6 Solubilizing membrane proteins with a detergent. The detergent disrupts the 
lipid bilayer and brings the proteins into solution as protein-lipid-detergent complexes. The 
phospholipids in the membrane are also solubilized by detergent (from Alberts et al, 
Molecular Biology of the Cell, 1994).
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The effects of sur&ctants on drug absorption are often correlated with toxic 

effects on mucosal integrity, involving epithelial cell loss, release of proteins and %ids, and 

unspecified musocal damage (Van Hoogdalem et al, 1989; Anderberg et al, 1993; 

Anderberg and Artursson, 1992, 1993; Sugimura, 1974 a, b; Swenson and Curatolo, 

1992). Ishizawa et al (1987) noted that a 1% polyoxyethylene lauryl ether was effective in 

increasing fosfomycin absorption. Polyoxyethylene-23-lauryl ether (C12E20) significantly 

enhanced the absorption of cefoxitin from the rat rectum, but released protein from the 

rectal mucosa (Nishihata et al, 1985).The intestinal absorption of ergot peptide alkaloids 

was enhanced by micellar solutions of polyoxyethylene-24-cholesteryl ether, equivalent to 

Sohdan C24 discussed later in the thesis (Franz and Vonderscher, 1981).

Polysorbates 20, 21, 40, 60, 80 and 85, (the Tweens^) were investigated for their 

effect on the permeability of the rat rectal membrane by Nakanishi et al (1983), 

polysorbate 20 being the most potent. When added in aqueous solutions, they did not 

significantly affect permeability, wMe they affected the histological nature of the rectal 

tissue and enhanced the permeability of sut&nilic add wfien they were added in oils such 

as Miglyol and olive oil Azmin et al (1982 and 1985a) demonstrated that polysorbate 80 

could increase the absorption of methotrexate from the mouse gastrointestinal tract and 

enhance the drug uptake into the brain without a damaging effect on the gastrointestinal 

mucosa.

The effect of the anionic surfectant, sodium lauryl suÿhate on absorption of 

ce&droxil in the rat colon has been studied by Sancho et al (1995). The well-known 

ability of sodium dodecyl suphate to disrupt membranes and denaturate proteins suggests 

its possible role as an absorption enhancer. Heparin absorption has been shown to be 

increased by incorporation of sodium dodecyl suphate in an enteric coated capsule dosage 

form in dogs (Engel and Riggi, 1969).

The effects of different surfectants have been tested on Caco-2 cell monolayers 

such as: sodium caprate, sodium dodecyl sulfrte, sodium dioctyl sulfosucdnate, 

polysorbate 80, polyoxyl 40 hydrogenated castor oil, bile salts (Anderberg et al, 1993; 

Anderberg and Artursson, 1993; Nururkar et al, 1996; Anderberg et al., 1992). In
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general, the non-ionic surfectants of the polyoxyethylene-type exert benign effects on 

membrane structure making them interesting for human use, compared to the more toxic 

cationic (tertiary and quaternary ammonium salts) and anionic surjetants (Van 

Hoogdalem et al, 1989).

Table 1.3 Various kind of surjetants used for absorption enhancement of proteins and 
peptides employing intestinal, rectal and nasal route

Surjetants Drugs/Route of administration

Proteins and 
peptides

References

polyoxyethylene- 
-20-oleyl ether

Insulin, oral, man Galloway and 
Root, 1972

polyoxyethylene- 
-20-cetyl ether

Insulin, rectal, rats Bar-On et al, 1981

poJyoxyethylene- 
9-lauryl ether

LH-KH, rectal rats YamAZAki 19X4

sodium dodecyl 
suphate/ 
polyoxyethylene- 
9-lauryl ether

Insulin, rectal rabbits Ichikawa et al, 
1980

sodium dodecyl
suÿhate/potasshun
laurate

Insulin, nasal rats IBraiet al, 1981 
and 1981a

sodium laurylsu^hate 
sodium deoxycholate 
sodium taurodeoxy- 
chokte

Caldtonin,oral rats Nakada et al, 1988

cetomacrogol 1000 Insulin, intra-jejunally, rats Toutou et al, 1980

cetomacrogol 1000 Insulin rectal rats Bar-On et al, 1981
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1.5.1.2 Bile salts and mixed micelles

The absorption enhancing properties of bile salts increase with increasing 

Içophilidty, wbich may be explained by increasing affinity for the lipoidal bilayer. 

Conjugation reduces the overall hydrophobidty of the bile salts, increasing solubility, and 

CMC. Thus, the hydrophobic steroid nucleus is the primary determinant of the effect of 

bile salts on mucosal permeability (Swenson and Curatolo, 1992). However conjugated 

bile salts retain absorption properties (Murakami et al, 1984; Feldman et ai,

1973). Therefore, dihydroxy bile salts are more damaging morphologically. Relatively low 

concentrations of sodium deoxycholate (0.2%) may seriously affect mucosal stmcture, 

whereas corqparable concentrations of sodium cholate and taurocholate did not affect 

small intestinal mucosal stmcture (van Hoogdalem et al, 1989). Similar correlation was 

reported after nasal and rectal application of some bile salts.

Mechanisms of absorption enhancement include the perturbation of membrane 

such as: solubilization of phospholçid that leads to dismption of the bmsh border 

membrane (Swenson and Curatolo, 1992), release of both phospholipid and protein, and 

total phosphoms (in the presence of micellar concentrations of taurodeoxycholate) 

reported by Feldman et al (1973) and alterations in tight junction integrity following 

perfiision of chenodeoxycholate at concentration below the CMC (Swenson and Curatolo, 

1992).

It has been observed that mixed micelles containing dihydro?^ bile salts are less 

toxic, but less effective as absorption enhancers than dihydroxy bile salts alone. Mixed 

micelles containing trihydroxy bile salts tend to be more damaging and more effective 

enhancers than trihydroxy bile salts alone (Swenson and Curatolo, 1992). The former 

observations reveal the mechanistic conplexity of mixed micellar solutions as absorption 

promoters. The latter can be explained by the feet that the incorporation of fetty adds or 

glycerides may increase the absorption enhancement of trihydroxy bile salts. Muranishi et 

al (1977) observed enhanced absorption of heparin from the small and large intestine in 

the presence of monoolein and taurocholate or glycocholate mixed micelles compared to

46



bile salt alone. Muranishi et al (1980) demonstrated increased streptomycin absorption 

using in situ closed-loop from rat small and large intestine in the presence of taurocholate, 

monoolein or frtty adds such as lauric (C12:0), oleic (C18:l), linoleic (C18:2) or linolenic 

(C18:3)inthe mixed micellar form

1.5.1.3 Sodium tauro-24,25-dihydrofusidate (STDHF)

Recent studies have demonstrated the ef&cacy of sodium tauro-24,25- 

dihydrofusidate in enhancing the intranasal and rectal absorption of insulin, human growth 

hormone (hGH) and other drugs in both animal studies and human clinical trials (Baldwin 

et ai, 1990; Longenecker et al, 1987; van Hoogdalem, 1989 a). Considering the effective 

nasal and rectal absorption enhancing effect of STDHF and absence of nasal toxicity, 

STDHF is a promising enhancer of intestinal drug absorption.

1.5.1.4 Fatty acids and medium-chain glycerides

Medium-chain saturated fatty acids (MCFAs) contain 6 to 12 carbon atoms that 

includes caproic (C6), caprylic (C8), capric (CIO) and lauric acid (C12). They enhance the 

absorption of hydrophilic drugs across the intestinal mucosa. Florence (1981) showed that 

C12 chain possesses a configuration wfrich is fevourable for membrane destabilization, 

having the optimal lipophilidty and size. The effects of carbon chain length on the 

enhancement of fosfomycin of sodium salts of saturated medium-chain frtty acids has been 

investigated by Ishizawa et al (1987). The order of the promoting effect on fosfomycin 

absorption was caprate (CIO) > laurate (C12) > caprylate (C8) in both jejunum and colon. 

Caprylate exerted hardly any effect. Ishizawa et al (1987) has also reported that mixed 

micelles consisting of 1% of both sodium taurocholate and unsaturated frtty adds. Le., 

sodium oleate, sodium linoleate or linolenic acid were acting as fosfomycin promoters. 

Their effects greatly exceeded that of taurocholate alone.

Lindmark et al (1995) studied the dose-dependent effects of sodium salts of 

medium-chain &tty adds, C6, C8, CIO and C12 in monolayers Caco-2 cells. C12 was the
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most effective, followed by CIO and C8. C l2 did not show any clear morphological 

changes even at a concentration that enhanced the transport of mannitol up to 100-fold 

and remains une^lained.

Sodium caprate results in cytoskeletal changes and structural alterations of the 

tight junctions in Caco-2 cells (Andreberg et al, 1993; Lindmark et al, 1995). Various 

fluorescent probes suggested that sodium caprylate can increase the permeability by 

perturbing membrane proteins (Kajii et al, 1988).

The Mono-unsaturated fetty acid, oleic add, solubilized by a nonionic sur&ctant 

enhances the absorption of carboxyfluorescein performed with everted colonic segment of 

rats (Murakami et al, 1988). Oleic add interacted with %id bilayers and affected the 

bilayer structure by disturbing both the interior hydrophobic and exterior polar region. 

However, the enhanced permeability caused by oleic add cannot be entirely explained by 

the disturbance of %id bilayer. Muranishi and Murakami (1991) studied the conçlex 

mechanism of absorption enhancing effect of oldc add. For that purpose, the influence of 

SH-group modiflers on permeability has been first studied in a colonic perfusion study. 

Pretreatment with NEM (N-ethylmaleimide), and diamide, a SH-oxidising agent inhibited 

the effect of oldc add. After treatment with dithiothreitol, winch regenerated SH- 

fimctional groups, the enhancement by oleic add was also recovered.

Colonic brush border membrane vesicles have been used in the study of the effect 

of oleic acid on membrane fluidity and the influence of SH-group modifier, NEM on this 

effect. Different fluorescence probes such as: NPM [N-( l-pyrene)malehnide], a fluid probe 

for protein phase indicated that the fluidity of the protein phase of the membrane is 

elevated in the presence of oleic acid; the degree of polarization of DPH (1,6-dphenyl- 

1,3,5-hexatriene), a probe for the hydrophobic region of the %id bilayer decreased in the 

presence of oleic add.

The relationship between tight junction regulation and absorption enhancement 

was examined by using calmodulin inhibitors. The results suggested that a calmodulin- 

dependent protein is involved in the oldc add-induced enhancement of mucosal 

permeability.
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Extracellular divalent cations (Câ  ̂and Mĝ )̂ do not substantially affect the 

oleic acid-induced enhancement in isolated loops of colon. However, replacement of 

sodium ions in the Krebs-Ringer's buffer (with no divalent cations) with potassium ions 

suppressed the action of oleic acid almost completely.

Muranishi and Murakami (1991) proposed a model for oleic acid-induced 

enhancement in the colonic absorption mechanisms and is presented in Fig. 1.7.
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Figure 1.7 Proposed model for oleic acid-induced enhancement in the colonic absorption 

(from Muranishi and Murakami, 1992)

In addition, it has been reported that oleic acid has an enhancing effect on the 

intestinal absorption of particles (Fukui et al., 1987). Intestinal lymph and blood flow is 

increased when oleic acid is present at high concentrations and enhanced bioavailability for 

a number of lipid-soluble dmgs (Stella et aL, 1978; Shinkuma et al., 1985; Karlarli et al., 

1992).

It has been reported that the absorption of hydrophilic drugs is increased in the 

presence of medium-chain glycerides (Swenson and Curatolo, 1992). The medium-chain 

glycerides used in drug absorption enhancing studies were from fractionated coconut oil 

These glycerides are mixtures of mono-, di-, and triglycerides containing medium-chain 

length fetty acids such as caprylic, capric and lauric acids. Mono- and di-glycerides exert a 

transcelhilar absorption enhancing effect by membrane destabilization as a result of
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extraction of cholesterol from the mucosal membrane (Van Hoogdalem et aL, 1989). 

Oral, intraduodenal and rectal delivery in various animal species of glycereyl-1- 

monooctanoate was reported to enhance ceftriaxone absorption (Van Hoogdalem et al, 

1989). The medium-chain glycerides in fractionated coconut oil do not have promoting 

properties itself but they exert their action after hydrolysis to the corresponding medium- 

chain frtty acids. For exarrçle, cefoxitin absorption from the duodenum is greater than 

from the rectum, due to the presence of pancreatic %ase. Lçase-generated fatty adds or 

monoglycerides may be responsible for the permeability increase and the plasma AUC was 

maximized at an acyl chain length of 12 (Yoshitomi et al, 1987). The effect of CapMul 

MCM (C8/C10 mono-/di-glycerides) on rabbit ileal tissue was investigated in vitro using 

the Ussing chamber technique (Yeh et al, 1995). Mucosal addition of CapMul MCM to 

ileum enhanced the permeability of mannitol with rninirnal epithelial dismption. Palin et al 

(1986) demonstrated an enhancing effect of of fractionated coconut oil on cefoxitin 

absorption. Self-emulsifying microemulsions consisting of medium-chain gfycerides 

(C 8/C 10 mono-/di-glycerides) resulted in signifrcant absorption enhancement of calcein 

without macroscopic evidence of tissue damage (Constantinides et al, 1994).

Fatty add derivatives of carnitine such as pahnitoylcarnitme increases tight 

junction permeability both in rats and Caco-2 cell monolayers (Swenson and Curatolo,

1992). Palmitoylcamitine (2% w/v) was generally the most effective, but lauroyl-, 

myristoyl-, and stearoylcamitine were also effective in absorption enhancement of 

cefoxitin, gentamicin, a-methyldopa and a cyclic hexapeptide analog of somatostatin vtiien 

dosed duodenaUy and rectally in the rat (Swenson and Curatolo, 1992; Van Hoogdalem et 

al, 1989).

1.5.1.5 Non-steroidal anti-inflammatory drugs (NSAIDs) and 
derivatives as absorption enhancers

Administration of sodium salicylate as an enhancer of rectal insulin absorption in 

healthy humans produces significant increase in plasma insulin, gentamidn, caldtonin.

50



peniciUins, cephalosporins, methionyl-human growth hormone (Nishihata et ai, 1986; van 

Hoogdalem et al, 1989; Moore et al, 1986).

In rats, insulin bioavailability was increased by 5-methoxysalicylate Wien 

administered into the small intestine. The rectal absorption of arginine vasopressin, 1- 

deamino-8-D-arginine vasopressin gentamidn, pentagastiin, gastrin, p-lactam antibiotics 

were also increased in the presence of this conopound (Nishihata et al, 1981 Saffian et al, 

1988; van Hoogdalem et al, 1989). Indomethacin, diclofenac and phenylbutazone proved 

to enhance absorption of sulfenihc add, insulin from the rat rectum (Nakanishi et al, 1984 

a; Nakanishi et al, 1985).

Non-steroidal anti-inflammatory drugs appear to have conqilex modes of action. 

Sodium sahcylate reduces the length of the glycocalyx in the rectum, which possibly 

reduced the barrier function of the mucus layer (van Hoogdalem et al, 1989). Sahcylate 

proved to increase %id bilayer fluidity, either by interacting with phospholipid head groups 

or with membrane proteins and sulfliydryl groups causing membrane perturbation of smah 

intestinal epithelial cells, which could result in enhanced transcelhilar transport (Kajh et al, 

1985; Kajii et al, 1986, 1986a; Nakanishi et al, 1984). Depending on the ionic strength 

used, sodium sahcylate causes epithelial ceU loss. The absorption enhancing effect of 

sodium sahcylate was associated with reduced glutathione levels of the mucosal tissue, the 

mucosal barrier and non-protein thiol levels being restored by cysteamine suppletion (van 

Hoogdalem et al, 1989; Nishihata, 1986a).

1.5.1.6 Chelating agents (Calcium binding agents)

Calcium chelators such as EDTA (ethylenediaminetetraacetic acid) and citric add, 

deplete Câ  ̂ and induce global changes in cells including disruption of acdn filaments, 

disruption of adherent junctions, diminished ceh adhesion and activations of protein kinase 

(Hochman and Artursson, 1994). The route of administration influences the efficacy of 

absorption promotion by EDTA. The enhancing effect of 1% EDTA-2Na on fosfomycin 

absorption was less in colon than jejunum due to the fret that the tight junction of the
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jejunum is more leaky than in the colon (Ishizawa et al, 1987). Jejunal absorption in rats 

of phenol red and insulin was increased by EDTA (Van Hoogdalem et al, 1994) and in 

rats and dogs EDTA promoted oral absorption of heparin (Windsor and Cronheim, 1961).

1.5.2 Other possibilities of increasing drug absorption

1.5.2.1 Protease inhibitors

Large number of protein/peptide drugs have very low bioavailability due to poor 

membrane penetration characteristics and extensive hydrolysis of peptides by digestive 

enzymes, including proteases of the gastrointestinal tract (Lee and Yamamoto, 1990; 

Banga and Chien, 1988; Robinson, 1993; Lee et al, 1991). Therefore, the use of protease 

inhibitors such as trypsin, aprotinin, chymostatin, bestain, pep statin, a2-Macroglobulin 

could reduce the degradation of various peptide and proteins at absorption sites (Mrsny et 

al, 1993).

Insulin is first decon^osed in the stomach by pepsin, which is active under an 

acidic condition and then in the intestines, where a number of enzymes exist, particularly 

by trypsin and chymotrypsin. Such enzymatic decomposition of insulin is avoided by 

providing an enteric coating and adding an aizyme inhibitor against trypsin and 

chymotrypsin (Machida, 1993).

Protease inhibitors do not afifect the membrane integrity of the epithelium and 

therefore they are suitable for inçroving the intestinal absorption of the drugs (Raehs et 

al, 1988; Gotoh et al, 1995).

1.5.2.2 Prodrugs and analogues

A potential approach to increase drug absorption may be chemical

modification of drugs to produce prodrugs and analogues (Fig. 1.4). An^idllin is known 

to be only 30-40% absorbed fî om the gastrointestinal tract due to its low %ophilicity, but
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prodmgs synthesized by estérification of carboxyl groups of an^icillin showed higher 

bioavailability (Muranishi and Yamamoto, 1994).

Transport of proteins and peptides can be in^rovedby increasing %ophihcity 

through conjugation with Içophihc molecules. Mono- and di-palmitoyl derivatives of 

bovine insulin have been synthesized and shown to be more Içophihc than native insulin, 

but biologically less active (Hashimoto et al, 1989). Chemical modification of insulin, TG 

(tetragastrin), TRH (thyrotropin-releasing hormone) with fatty acids, without marked loss 

of pharmacological activities, increases the Ipophihcity of these peptides, but also reduces 

degradation (Muranishi et ai, 1991, 1992; Yamada et al, 1992). A more specific way to 

increase the intestinal permeability of peptides would be by coupling the drug to a natural 

ligand such as bile salt which is absorbed by a specific transport pathway, either by 

receptor-mediated mdocytosis (as with vitamin B12) or by a carrier mechanism (Kramer et 

al, 1994). Toth et al (1994) have used %idic amino adds and their homo-ohgomers, 

lipidic peptides as prodrugs. Prodmgs like enalapril and rampril have been successful with 

increased absorption in humans (Ranadive et al, 1992).

Table 1.4 The use of prodmgs and analogues for hrproving absorption

Prodrugs and analogues Drugs /Route of administration References

pivanq)idllin
bacampicillin
talampiciln

anpidllin, oral, rats Bundgaard
and
Hansen, 1981

DN-1417'

Lau-TRH

TRH, oral, rats

TRH, small intestine, 
rats

Yokohama 
et al, 1985 
Muranishi et 
al, 1991, 
1992

azopolymer coating Insulin, oral, rats 
Vasopressin

Safifran et al, 
1986

Palins-1̂  + Palins^2  ̂
in polyoxyethylene 
hydrogenated castor oil 
(HCO 60) micellar system

Insulin, large intestine, rats Hashizume 
et al, 1992
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Table 1.4 The use o f prodmgs and analogues for improving absorption (cont.)

prodmgs of 5-FU^ 5-FU, rabbits, oral Buurand
rabbits, rectal Bundgaard,

1987

Cap-TG" TG, small intestine, rats M uranishi et
Lau-TG^ TG al, 1992

 ̂ y-butyrolactone-y-carbonyl-I^histidyl-L-prolinarmde citrate derivative of thyrotropin- 
releasing hormone (TRH);
 ̂Bi-monopahrritoyl insulin (Palins-1);  ̂B i, B29-d^ahnitoyl insulin (Palins-2);
3-acyl, 1-alkoxycarbonyl, 3-acyloxymethyl derivatives of 5-fhiorouracil (5-FU);

 ̂caproyl-TG;  ̂lauroyl-TG

1.5.2.3 Particulate carriers

Particulate dmg delivery systems are being developed to enhance the oral delivery 

of labile dmgs. There is considerable reçoit evidence supporting this uptake phenomenon, 

with the Peyefs patches of the Gut Associated Lynçhoid Tissue (GALT) (Florence and 

Jani, 1993). Hillery et al (1996, 1996a) have reported a novel poly-n-butylcyanoacrylate 

(nBCA) based co-polymer dmg delivery system, in vtiiich the peptide LHRH is covalently 

coupled to the polymeric matrix. Peptide LHRH was conjugated with vinylacetic add and 

the conjugate co-polymerized with nBCA and the co-polymeric system formed particles 

(of lOOnm average diameter). Microparticles and nanoparticles have been used for oral 

delivery of antigens (Eldridge et al, 1987). Particulate antigens are likely delivered from 

the gut lumen to M cells in Peyefs patches (Gillian and Po, 1991). Polyalkylcyanoacrylate 

nanoparticles have been shown to enhance the oral absorption of insulin (Michel et al, 

1991).
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1.5.2.4 Emulsions

Various physiological mechanisms have been proposed to e?q)lain the effect of oils 

on the administration of water insoluble compounds. These include: altered gastrointestinal 

motility, increased bile flow, and drug solubilization, increased mucosal permeability and 

increased lyn^hatic absorption (Palin and Wilson, 1984; Palin 1985; MacGregor et al, 

1997). The increased absorption of water soluble drugs following oral administration of 

emulsions may be attributed to the inhibitory effect of the oil and / or metabolite (fetty 

add) on gastric enq)tying, producing a prolonged absorption phase, increased mucosal 

permeability and slow release of the drug fi'omthe emulsion (Palin, 1985).

It is known that gastric emptying of neutral, isoosmotic solutions is rapid, while 

motility records confirm that the %id content (of a meal) delays gastric errq)tymg by 

prolonging duodenal contractions (Philips, 1993; Bass, 1993). The inhibitory effect of 

emulsified com oil, sesame oil, isopropyl myristate on gastric errçtying process allowed 

onfy small amounts of dmg to be ençtied into the small intestine (Bates and Sequeira, 

1975; Ogata and Fung, 1980; Palin, 1985). Most studies on viscous materials . 

find that a high viscosity slows the rate of gastric emptying. It has been proposed that the 

slower enq)tying rate of viscous meals may be the result of inhibition of gastric motility, 

therefore result in an increased extent of absorption (Soci and Parrott, 1980; Gupta and 

Robinson, 1994). However, it is difficult to generalize the effect of viscosity on the 

absorption and availability of dmgs fi'om oral hquids. Hewitt and Levy (1971) for example 

showed that, in contrary to e?q)ectation, oral administration of thiamine and riboflavin in 

highly viscous methylceUulose solutions did not affect significantly their rate and 

absorption. Pre-dosing with a dmg-free sesame oil-in-water emulsion caused increased 

nitroglycerin bioavailability probably due to a sustained release effect (Ogata and Fung, 

1980).

Emulsion digestion is likely to have a inçortant influence on the bioavailability of 

the dmgs fi’om oily dmg delivery systems. It is generally assumed that fat emulsions are 

metabolized in the same way as dietary 6t. Dietary 6 t is conq)osed mainly of triglycerides.
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wiiich are hydrolyzed by gastric and gastro-intestinal leases to free frtty adds and 

monoglycerides (Borel et ai, 1994; Embleton and Ponton, 1997) (Fig. 1.8). Metabolites 

from esterified oils and frtty acids affect both physiological processes of GI motility and 

permeability. Fatty adds inhibit gastric enq)tying, the nnsaturated molecules are more 

effective than the corresponding saturated ones (Palin, 1985). Saturated fetty adds (C2- 

C8) have little effect on the gastric retention time, but decanoic (CIO) and longer chain 

length fatty adds being more effective, the most potent being the 14 carbon chain, ntyristic 

add (Palin, 1985). Free fetty adds liberated from emulsions by leases increase absorption 

from the small intestinal lumen due to their effect on membrane fluidity. The oral 

absorption of cefoxitin increased in the presence of saturated fetty adds from Miglyol 812 

emulsion, in particular lauric add (C12) and palmitic add (C16), but not capryhc add 

(C8). The results showed that radiolabelled lauric add was incorporated into the 

membrane, replacing the long chain frtty adds in the phospholÿids and producing 

“spaces” for the dmg to pass through. Lauric add sohibihzes lÿophflic constituents of the 

membrane such as cholesterol On the other hand, surfrctants which act as emulsion 

stabilizers could increase the absorption of the drag mainly by fluidizing cell membranes, 

thus increasing the drag absorption, when present at appropriate concentrations.

Besides water-in-oil or oil-in-water emulsions multiple water-in-oil-in-water 

(w/o/w) emulsions can be used as absorption enhancers for water soluble drags. 

Omotosho et al (1990) studied the absorption of 5-fluorouracil orally adrninistered in a 

water/ /isopropylmyristate/water emulsion and the suggested mechanism of enhancement 

was attributed to the inhibitory effect of isopropyl myristate on gastric ençtying process. 

Muhçle w/o/w emulsions have been studied for potential apphcation to protect drags 

such as insulin, which are normally degraded when given orally (Engel et al, 1968). 

Shichiii et al (1974) showed that infiision of w/o/w insulin emulsions into the jejunum was 

three to four times more effective than the administration of aqueous insulin.

The lack of long term stability of muhçle emulsions is a drawback.
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Figure 1.8 Schematic diagram of the principal stages in lipid digestion: FA, fetty acid; 
TG, triglyceride; SCFA, short chain fatty acid (< C8); MCFA, medium chain fatty acid 
(C8-C12); MG, monoglyceride; LCFA, long chain fatty acid (>C12); MBSM, mixed bile 
salt micelle; VLDL, very low density lipoprotein (After Palin, 1985).

1.5.2.5 Niosomes and liposomes

Non-ionic surfactant vesicles (or niosomes) are capable of forming both 

multilamellar and unilamellar vesicles and entrapping hydrophilic and hydrophobic solutes 

(Florence, 1993a). These non-ionic surfectant vesicles are similar in many rejects to 

liposomes (phospholipid vesicles). Absorption of methotrexate (MTX) from the
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gastrointestinal tract following oral administration in mice of different preparations such as 

polysorbate 80, niosomal formulations and free methotrexate has shown that wfren the 

drug was given in 6% polysorbate 80, serum MTX concentration was higher than in mice 

given the drug without surfrctant, confirming the effect of the surfectant on oral 

absorption and its role as absorption enhancer. Significantly higher serum MTX levels 

were found in mice given niosomes than in mice given drug-polysorbate or drug solution 

(Azmin et al, 1985).

After oral administration, many lÿosome formulations are rapidly destabilised in 

the gut, following interaction with bile salts (Gregoiiadis and Florence, 1993), although 

there are reports that liposome-entrapped insulin administered orally reduces blood- 

ghicose levels in diabetic rats, wfrereas the same amount of free insulin has no such effect 

(Patel and Ryman,1976).

1.5.2.6 The “ Macrosol “ and Bridgelock™ technology

A proprietary technology designed to solubilized hydrophilic macromolecules in 

oil phases in the absence of water has been reported by New et al (1995), Kirby et al 

(1995), New and Kirby (1997). Dissolution of most water-soluble macromolecules in oil 

phases is normally impossible, but the "Macrosol™ " technology is said to overcome this 

problem by coating each molecule in a sheath of ançhçhiles, protecting it from the oil 

The technique employed in "Macrosol ™ " is to bring the atnphiphile and macromolecule 

together in an optimum orientation before addition of the oil In the final formulation, the 

correct orientation of amphiphile is essential to maintahi the integrity of the composition 

and to keep the macromolecules dispersed, even solubilized throughout the oil medium

The “Bridgelock™” formulation is prepared by constructing a water-in-oil 

emulsion in vsbich the water soluble drug is incorporated within the aqueous phase of the 

emulsion (New and Kirby, 1997). Emulsification was carried out by polysorbate 80, 

glycerol mono-oleate and phospholipids. The emulsion is spray-coated onto a dry core 

(carboxymethyl cellulose, sodium alginate and gelatin) of fine sohd particles. During the 

process of spray-coating, the water from the emulsion is driven off and the oil associates
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with the core particles to form granules which swell in contact with water. A major 

component of the “Bridgelock™” formulation is monosaturated fetty add, oleic add, 

which is known to increase permeability of intestinal cell membranes.

1.6 Efficacy and potential toxicity of permeability 
enhancers for oral dmg delivery

The application of permeation enhancers in clinical practice has occurred rarely, 

few passing beyond the e?q)erimental stage. This failure is partly due to the Act that the 

delivery of an effective dose of permeation enhancer is a conplex practical problem, and 

partly because the safety of the permeability enhancing agent remains in question. Curatolo 

and Swenson (1991) defined the major requirements for successfiü drug absorption 

enhancement:

1) In vitro potency. The enhancer in vitro must increase the permeability of e.g. 

the intestinal epithelhun, the potency can be estimated in a variety of e?q)erimental systems 

including cell culture, the everted intestinal segment and everted intestinal sac, Ussing 

chambers, BBMV and BLMV.

2) Adequate pharmacokinetics. Penetration enhancers must achieve a threshold 

concentration for activity and must maintain this concentration for a sufiident period of 

time. For oral dosing with an enteric form, the enhancer will dissolve in the small intestine 

in a volume of approximately 50-100ml It is difficult to design a single unit dosage form 

with an enhancer confound greater than about 500mg. This would set the maximum 

possible absorption enhancer concentration in the lumen at 0.5-1% (v/w). Taking into the 

account dissolution time, interactions between an enhancer and bile in the small intestine, 

gastrointestinal transit, spreading, stability and absorption of the enhancer itself using a 

practical quantity of a permeability enhancer may be difficult to achieve.
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3) Minimal toxicity. Concentrations of a surfectant sufficient to increase the 

permeability of a cell membrane to a polar drug, are also likely to be sufficient to cause 

increased flux of inorganic ions into and out of the cell Treatments which drastically 

change these ion gradients are toxic, and may be lethal to the cell When a cell membrane 

has been permeabilized to the degree that macromolecules can pass, the cell is generally 

assumed to have undergone lysis which is irreversible. Thus any physical treatment which 

increases cellular permeability will have cytotoxic effects. The important issues are: 1) the 

degree of cytotoxicity, whether there is tençorarily deranged metabolism or total lysis; 

and 2) the ability of the tissue to overcome the loss of individual cells.

Systemic toxicity of a permeability enhancer can only be assessed in proper oral 

toxicology studies and cannot be predicted on the basis of the toxicity of structurally 

similar compounds (Curatolo and Ochoa, 1994). The choice of the absorption enhancers 

to be developed into formulations for human use has to be determined only by the safety 

profile of the enhancer, ie. the absence of serious damaging effects on the intestinal 

mucosa.

1.7 Metformin

Metformin hydrochloride is a biguanide hypoglycaemic agent used in the treatment 

o f  non-insulin dependent diabetes mellitus (NIDDM).

Metformin (N-1,1-Dimethylbiguanide hydrochloride) is a white, hygroscopic, 

crystalline powder (Fig. 1.9). Molecular weight (fi*ee base) 165.6 (129.2). Soluble 1 in 2 

of water and 1 in 100 ethanol; practically insoluble in chloroform, ether, acetone, 

methylene chloride. Octanol/water partition coefficient - very low. Dissociation constant - 

pKa 2.8,11.5 (32"C)(Martindale, 1996; DoUery, 1991; Clarke, 1986).

Under the physiological conditions it is singly protonated on the central imino 

group (Haiiharan et al, 1989).
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Metformin reduces elevated blood glucose concentrations in patients with 

diabetes, but it does not increase insulin secretion, and does not cause bypoglycaemia. 

Target tissues for the antibyperglycaemic eflfect of metformin include liver, v^ere 

ghiconeogenesis is reduced (Woolen and Bailey, 1988), the small intestine, where glucose 

absorption is inhibited and glucose utilization is increased(Panicaud et al, 1989; Wilcock 

and Bailey, 1991; Bailey et al, 1992; Hermann, 1979); and insulin-sensitive perÿberal 

tissues such as skeletal muscle and adÿose tissue, Wiere glucose uptake and oxidation are 

increased (Bailey and Puab, 1986; Wilock and Bailey, 1990).

Metformin causes gastro-intestinal adverse effects including anorexia, nausea, 

diarrhoea and heartburn (Martindale, 1996; Bailey, 1992). Megaloblastic anaemia due to 

vitamin B12 malabsorption (Callaghan, 1980) and lactic acidosis were associated with 

metformin absorption (Bailey, 1992).

Gas-Hquid chromatography (Tucker et al, 1981), high pressure bquid 

chromatography (Charles et al, 1981), radiolabelled isotope "̂̂ C-metformin (Wilcock and 

Bailey, 1994; Nicklin, 1996) have been ençloyed for the determination of metformin 

concentrations in plasma, urine or in aqueous medium.
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Metformin is chemically stable and apparently not metabolized (Pentikainen et al, 

1979). It is incompletely absorbed, feecal recovery being about 30% of an oral dose 

(Tucker et al, 1981). About 30-50% of an oral dose is excreted in the urine as unchanged 

in 24 b (Clarke, 1986). Following single oral doses of 0.5 g and 1.5 g to 4 subjects, peak 

plasma concentration of 0.59 to 1.3 |rg/ml (mean 1.0) and 1.8 to 4.0p,g/ml (mean 3.1), 

respectively, were reached in about 2 b (Tucker et al, 1981; Pentikainen et al, 1979). Oral 

bioavailability is 50-60% of the dose (after single oral doses of 0.5 and 1.5 g), absorption 

is conpleted within 6 b and seems conjSned to the upper part of the intestine (Tucker et 

al, 1981; Sirtori, et al, 1978; Noel, 1979). Metformin is not bound to plasma proteins 

(Pentikainen et al, 1979). It has a balf-life of 1.3 to 4.5 b (Bailey, 1992). Plasma clearance 

is about 7 to 10 ml/min/kg. Plasma balf-life, after intravenous administration is about 1.5 

to 4 b (Clarke, 1986).

Metformin has been used extensively in Europe and was approved for use in the 

United States in 1995 (Goodman and Gilman, 1996). Metformin bydrocbloride is available 

as Qucopbage (Lq>ba, UK) tablets o f500 mg and 850 mg.

1.7.1 Non-insulin dependent diabetes mellitus

Non-insulin dependent diabetes mellitus (NIDDM) accounts for over 80% of 

diabetes in Europe and North America and affects 10% of individuals aged over 70 

(Williams, 1994). Current treatment targets emphasise the feet that NIDDM, abbougb 

defined by byperglycaemia, is a muMfected disorder and ofl;en involves %id disturbances, 

obesity and hypertension (Alberti and Giies, 1988). Hyperglycaemia resubs mainly 

because of poor uptake of glucose by perpberal tissue.

Insulin is present at near-normal to elevated levels in this form of the disease and 

the problem is primarily insulin resistance rather than lack of insulin. The defect in these 

patients may be at the level of the insulin receptors located on the plasma membranes of 

normally insulin-responsive cells, that is bepatocytes, ad^ocytes, and muscle cells. The
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number of affinity of insulin receptors is reduced in some patients; others have normal 

insulin binding, but abnormal postreceptor responses (Harris and Crabb, 1986).

The dys%)idaemia deserves particular mention because it typically conçrises 

hypertriglyceridemia and the atherogenic combination of low high-density (HDL) and high 

low-density Içoprotein (LDL) cholesterol; total cholesterol levels can be deceptively 

normal (Garg and Grundy, 1990). Characteristic of NIDDM usually results in an increase 

in VLDL without hyperchylomicronemia due to increased hepatic triacylglycerol synthesis 

stimulated by hyperglycaemia and hypeiinsulinemia, rather than increased delivery of 6tty 

acids from the adq)ose tissue (Harris and Crabb, 1986). The ketoacidosis characteristic of 

the non-insulin dependent disease is not observed, because uncontrolled l^olysis in the 

adÿose tissue is not a feature of this disease.

The treatment of NIDDM is based on dietary measures, sulphonyhireas, insulin 

and biguanides (Lean, 1991;Lebovitz, 1992; Genuth, 1990; Bailey, 1992).
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Chapter 2

Influence of emulsion formulations on 

metformin absorption in the rat
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2.1 Introduction

The influence on oral metformin bioavailability of both W/0 and OAV emulsions 

containing the drug in the aqueous phase has been studied in the rat. The aims were to 

assess: 1) the stability of the emulsions together with the in vitro release of the drug; 2) 

bioavailability and in vivo absorption of metformin, 3) the histological changes in the rat 

small intestine induced by these preparations and their reversibility. We have formulated, 

characterised and tested in vivo: 1) a W/isopropyl myristate emulsion stabilised with 

sorbitan monooleate (Span 80) and bovine serum albumin (BSA), 2) an OAV emulsion 

stabilised with cholesteryl poly(24) oxyethylene ether (Sohilan C24) and Span 80 prepared 

with soybean oil and 3) an OAV emulsion stabilised with sorbitan monostearate (Span 60) 

with sesame oil as the continuous phase.

The rationale for the use of W/0 systems as a carrier for metformin is the 

antic^ation of controlled delivery. Although it appears illogical to enq)loy O/W systems, 

as the metformin is dissolved in the continuous phase, the O/W formulations when 

containing m etformin were viscous, stable systems and were used as "controls" for the 

effect not of the colloidal system itself but of the emulsion conq)onents.

After oral administration of both W/0 and O/W, the emulsions containing 

metformin showed some modification of metformin absorption in the rat when con^ared 

to the solution control (a solution of "̂̂ C-metformin in water). We have also carried out 

histological investigations of the intact of the formulations on intestinal epithelial integrity 

as well as measuring metformin levels in the plasma. The histology showed a relation 

between the increases in absorption which were noted and the toxicity of formulations to 

the intestinal waft. The reversibility of these effects was crucial Allowing the intestinal 

cells to recover, after dosing for three days, by returning to a normal state suggests that aft 

the changes in the treated animals were indeed reversible.
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2.2 Materials

Isopropyl myristate (IPM), hexadecane (HD), sorbitan monooleate (Span 80), 

sorbitan monostearate (Span 60), were purchased from Fhika Chemica, UK Sohilan C24 

(cholesteryl poly (24) oxyethylene ether) was obtained from Amerchol, UK Soybean oil, 

sesame oil, bovine serum albumin (BSA), hexamethyldisilazane, Sudan IQ, tohiidine blue 

and phosphate buffered saline (PBS) were obtained from Sigma Chemical, UK 

Ghitaraldehyde and osmium tetroxide were from TAAB, UK Sodium cacodylate was 

from Agar Scientific Ltd., UK All chemicals were used as received.

^^C-metfrrmin hydrochloride with specific activity 66 mCi/mmol was a gift from 

Lipha Pharmaceuticals, UK Ifionic-Fluoi^ hquid scintillation cocktail was obtained from 

Packard Instrument Conpany. Hypnoval^ and Hypnorm^ were purchased from Centaur 

Services, Somerset, UK

2.3 Methods

2.3.1 Preparation of emulsions

Both W/O and O/W emulsions were prepared. Because of the requirement to 

incorporate large amounts of metformin vriiich acts like an electrolyte, stable formulations 

were sometimes difficult to achieve, especially for W/0 systems.

After numerous experiments to determine stable emulsion formulations, we 

selected the following:

1. A W/0 emulsion with isopropyl myristate (IPM) or hexadecane (HD) as the continuous 

phase were prepared using 2 parts of IPM or HD containing 6.7% of Span 80 and 1 part 

of aqueous phase with 0.5% of BSA (Fig. 2.1 shows W/IPM emulsion). Metformin was 

incoporated into the aqueous phase.
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2. An OAV emulsion w as prepaied using 3.5%  o f  Solulan C 24 in the aqueous phase and 

4.5%  o f  Span 80 in the oil phase (soybean oil), the volum e ratio o f  oil to water being 0.66  

(Fig. 2.2). Metformin w as incorporated into the external aqueous phase.

3. An OAV emulsion stabilised by Span 60 w as prepared using 1 part o f  the water phase 

containing metformin and 1 part o f  sesam e oil containing 5% o f  Span 60 (Fig. 2.3 A  and 

2.3 B, showing a gelation o f  tlie oil phase due to the presence o f  Span 60). Span 60 w as  

dissolved com pletely at 60°C  and the water phase w as added at the same temperature.

The final concentration o f  metformin in all samples w as 25 mg/ml. Emulsification 

w as earned out using a small vortex mixer (Whirlmixer, Fisons Scientific) to  produce the 

emulsions.

>
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Figure 2.1 Photomicrograph of the W/EPM emulsion stabilised with Span 80 and BSA.

L.M. X 700. The bar indicates 1cm = 15 |Lini
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Figure 2.2 Photomicrograph of the OAV emulsion stabilised with Solulan C24 and Span

80, prepared with soybean oil. LM x 700. The bar indicates 1cm = 15 pm
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Figure 2.3 A Photomicrogiaph of the OAV emulsion stabilised with Span 60, prepaied

with sesame oil. LM x 175. The bai" indicates 1cm = 60 |um
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F igure 2.3 B  Photomicrograph o f  the O/W  emulsion stabihsed with Span 60, prepaied  

with sesame oil, showing a gelation o f  the oil phase. LM  x 700.

The bar indicates 1cm = 15 pm.
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2.3.2 Characterisation of emulsions

These types of emulsions were confirmed by the drop dilution method, staining 

tests using the oil-soluble dye, Sudan HI and by microscopic examination. The mean size 

of droplets was calculated fi'om photomicrographs, measuring an average of 100 droplets. 

The droplet size of the W/IPM emulsion was found to be 5-10pm, around 10pm for the 

O/W Solulan C24 and Span 80 emulsion and around 50pm for the O/W Span 60 

emulsion.

2.3.3 In vitro release measurements

Cuprophan tubing size 5 (Visking 20/32 in) (Medicell International, London) was 

washed several times with distilled water and left to soak in distilled water overnight 

before use. Sandies (0.5 ml) (the control sangle containing only the drug and emulsion 

formulations), were transferred into diatysis bags wbich were then sealed and placed in 20 

ml of aqueous solution, at 37°C with constant shaking.

The concentration of metformin in all emulsions and control sanq)les was 25 

mg/mL Aliquots of 100 |,d of the release medium were analysed spectrophotometrically 

(Wallac Conçuspec UV/VIS spectrophotometer) at 232 nm, at intervals up to 2 h.

2.3.4 Absorption studies

Male rats (Wistar strain) weighing 200-220g were fested overnight, but water was 

given ad libitum. An adapted needle with a bulb end was used to dose rats orally with 12.5 

mg/0.5 ml of metformin (containing ^^C-metfi)imin) in water (control) or as an emulsion. 

0.5 ml of each emulsion and control sanq)le contained 10 pCi of ̂ '^C-metformin. Prior to 

the oral administration of the emulsion, 100 pi sangles were assayed. The rats were 

anaesthetised at 1, 2, 3, 4, 6 and 8 h by an intra-peritoneal injection of a 

Hypnoval/Hypnorm mixture. The volume of the Hypnoval/Hypnorm mixture was
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calculated from rat weight x 3.3/1000 (ml). The mixture was prepared from 2 ml of water, 

1ml ofHypnoval and 1 ml of Hypnoim Blood sangles were collected from the abdominal 

aorta into hepaiinized tubes, and the animals were sacrificed. Plasma was separated by 

centrifugation at 2000 g for 10 min (Heraeus Sepatech, Megafiige 1.0). Plasma sangles 

(0.5ml) were mixed with a Tfionic-Fhior scintillation cocktail (10) ml and the radioactivity 

was measured (Beckman LS 6000 TA, liquid scintillation system). Each e?q)eriment was 

repeated three times. The control values from three independent experiments were used to 

calculate mean values (control mean ± SD, n=9).

After the absorption studies, the effect of an emulsion treatment on rat intestinal 

tissue was evaluated light microscopy.

2.3.5 Recovery experiments

Male rats (Wistar strain) weighing 200-220g were fisted overnight and dosed with 

emulsions, using the same procedure as above. After dosing, there was free access to food 

and water for 3 days after wbich the rats were sacrificed and small intestinal segments 

processed for histology.

2.3.6 Histological investigation

The tissue samples were obtained from the proximal jejunum at intervals of 2 cm 

(3 for each animal). The tissue was left to fix in 3% ghitaraldehyde for 3 days. The 

specimens were post-fixed in 1% osmium tetroxide. The sangles were dehydrated through 

a series of ascending grades of alcohol (70% and 100%) and finally cleared in histoclear. 

Acetone was used as a link reagent prior to embedding into Araldite epoxy resin. Semi- 

thin sections were cut at 1.0 pm and stained with 1% aqueous tohiidine blue. The sections 

were examined and photographed on a Nikon Microphot FXA light microscope.
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2.3.7 Scanning Electron Microscopy

Tissue samples w ere fixed with 3% glutaraldehyde solution overnight, washed in 

O.IM sodium cacodylate for 10 min and post-fixed with 1% osmium tetroxide. Samples 

were dehydiated in 70% and 100% ethanol, follow ed by final diying agent 

hexamethyldisilazane for 10-15 sec. Specim ens prior to  view ing in SEM  (Philips X L  20) 

w ere gold coated in an Emitech K 550, U. K., for 2.5 min at 20 mA. The control sample is 

shown in Fig. 2.4.

»
%

Figure 2 .4  Scanning Electron M icrogiaph o f  rat intestine showing the vilh (control 

sample).
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2.4 Results and Discussion

As part of an investigation of carrier and absorption enhancing systems for 

metformin, we have formulated W/0 and OAV emulsions. Formulating a stable W/O 

emulsion containing metformin was difficult because of the drug’s high water solubility, its 

high dosage (dose: 1.5 to 3 g of metformin daily) and the feet that it salts out non-ionic 

surfectants, causing an inversion of emulsions. Stable W/O emulsions were obtained with 

isopropyl myristate (IPM) or hexadecane (HD) oil as the continuous phase, but not with 

natural oils such as sesame or soybean oil The W/IPM or W/HD emulsions were also 

stabilised by BSA, as an emulsi^ing bio-polymer (Graham and Phillips, 1976; Omotosho 

et al, 1986). Florence and co-workers (1985) have previous used BSA, together with a 

non-ionic surfectant to stabilise W/O/W emulsions, as interfecial conq)lexation occurs 

between BSA and the nonionic surfectant. Although the choice of an oil in water system 

might seem inappropriate to influence the delivery of a water soluble drug, the 0/W 

emulsion stabilised with Solulan C24 and Span 80 was viscous and stable for over one 

year. There was no significant change in the mean droplet diameter on storage (as 

determined by light microscopy), in both the W/IPM or W/HD and the O/W emulsions, 

for 1 month at room tenqrerature. All emulsions used for in vivo study, were prepared 

immediately before they were used.

Figure 2.5 shows the release rate of metformin in the first 10/20 min from control 

sample, from the O/W emulsions stabilised with either Span 60 or Solulan C24 and Span 

80 to be virtually identical The difference of the release of metformin from the O/W 

emulsions was probably due to the different con^ositions of these two systems. The rate 

of release of metformin from the W/IPM and W/HD emulsions was, as e?q)ected, quite 

different - being extremely low.

All the emulsions used in the in vivo work produced some modification in the 

patterns of metformin absorption when corcpared to the aqueous drug solution used as the 

control (Fig. 2.6 A-C). The plasma concentration of metformin (pg / ml ) at different 

sançling times was calculated. Metformin plasma concentrations versus time graphs were
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constructed for each formulation and the area under the curve between 0 and 8h (AUCo-gh) 

was determined using the trapezoidal method. A single bolus dose of 50 mg / kg to the rat 

is equivalent to the maximum recommended daily dosage of metformin (3g/day orally to a 

person weighing 60 kg). The maximum plasma concentration of 1-4 |Lig / ml observed in 

normal human volunteers is consistent with the plasma metformin concentration recorded 

in this work, hi addition, similar results were obtained by Wilcock et al (1994). There was 

a modest increase in metformin bioavailability from both W/O and O/W emulsion 

formulations. The rank order of metformin bioavailability, calculated as the area under the 

curve (AUC) from time/metformin (ug/ml) plasma plots is W/IPM (AUC,23.16) > O/W 

Solulan C24 and Span 80, prepared with soybean oil (AUC, 18.77) > O/W Span 60, 

prepared with sesame oil (AUC, 18.60) > control (AUC, 13.76). The AUC for W/IPM was 

approximately 1.7 times greater than the control sample, while for both O/W Solulan C24 

and Span 80 and O/W Span 60 was around 1.4.
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Figure 2.5 Release of metformin from the foUowing formulations placed in a dialysis bag 

as described in the text: ( □ ) control (drug solution), ( ■  )W/IPM emulsion stabilised with 

Span 80 and BSA, ( 0 ) W/HD emulsion stabilised with Span 80 and BSA, ( ♦  ) O/W 

emulsion stabilised with Solulan C24 and Span 80, prepared with soybean oh, ( A  ) O/W 

emulsion stabilised with Span 60, prepared with sesame oil (mean ± SD, n=3)
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Figure 2.6 A Plasma concentrations (jxgmi’̂ ) of ̂ "̂ C-metfomrin as a fimction of time after 

oral administration of a W/IPM emulsion (0.5 ml) stabilised with Span 80 and BSA :

( □ ) control (drug solution), ( ■  ) W/IPM emulsion; dose: 12.5mg/0.5mL
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Figure 2.6 B Plasma concentrations (|igml') of ̂ "̂ C-metformin as a function of time after 

oral administration of an OAV (0.5 ml) emulsion stabilised with Solulan C24 and Span 80, 

prepared with soybean oil: ( □  ) control (drug solution), ( H ) OAV emulsion; dose: 

12.5mg/0.5ml
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Figure 2.6 C Plasma concentrations (fxgml'̂ ) of ̂ "̂ C-metfoimin as a timction of time after 

oral administration of an O/W emulsion (0,5 ml) stabilised with Span 60, prepared with 

sesame oil: (□ ) control, ( ■) O/W emulsion; dose: 12.5mg/0.5ml
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W hatever mechanism or mechanisms are in force, there have been doubts as to  

whether the emulsion, as a class o f  surfactant based sy stems, can function w ithout causing 

damage to the intestinal epithelium Therefore, changes in the histology o f  the small 

intestine membrane treated with emulsion formulations w ere also examined.

A  histological investigation show s a normal structure for the control sample o f  the 

rat’s small intestine showing villus, an intact striated (microvillus) border, a simple 

columnar epithehum, goblet cells, a basement membrane, and lamina propria, as seen in 

Fig. 2.7  A  and B.

Figure 2.7 A Photomicrograph of rat small bowel mucosa, (control sample) showing

noimal vilh (airow) (L.M. x 200).
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Figure 2 .7  B Photomicrogiaph o f  rat small bow el m ucosa, (control sample) showing  

nonnal villi. Striated border (arrow),goblet cell (anow heads) (L.M. x 750)

After 2 h o f  treatment with the W /IPM  emulsion, histological changes were 

restricted to the upper part o f  the villi (upper quarter and third) (Fig. 2.8 A, at 

magnification 400 and 750). The stroma appeared oedem atous, but the epithelial lining 

was intact. TTiere w as mild widening o f  the basolateral intercellular spaces. After 3 h o f  

exposm e to the W /IPM  emulsion (Fig. 2.8 B), the changes w ere more pronounced. The 

intercellular basolateral widening w as more obvious, especially at the tip o f  the villi, spaces 

giving a ‘lioneycom b appearance”.

A  tw o-hom  exposuie to the O/W  emulsion stabilised with Solulan C 24 and Span 

80 (Fig. 2.9 A ), caused the changes restricted to the upper portion o f  the vilh. There were  

occasional cells shed from the tip o f  the vihi. Enterocytes at the tip o f  the vilh and to the
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lesser extent along the lateral sides of the villi contained oil vacuoles (approximately 1-5 

pm in diameter). The same fetty material was also seen within the stroma. The basolateral 

part of the intercellular spaces was slightly widened. After 3 h (Fig. 2.9 B), the changes 

were still restricted to the upper portion of the villi and in addition there was oedema of 

the stroma of the villus, extravasation of red blood cells and the epithehum was focally 

detached from the stroma.

Two hours after treatment with Span 60 OAV emulsion the changes were 

restricted to the tÿ  of the villi Some of the enterocytes were ‘lost” leaving hollow spaces 

between neighbouring cells (Fig. 2.10 A). Dilated intercellular spaces were noted. The 

epithelial lining was occasionally detached with the formation of large circumscribed 

spaces. After 3 h, the changes were restricted to the upper third of the villi Long strçs of 

cells could be seen detached from the underlying stroma with extravasated red blood cells 

(Fig. 2.10 B). Some of the enterocytes are “missing”, leaving hollow spaces between 

neighbouring cells. In some of the enterocytes, along the Wiole length of the villi, fine fiitty 

intracytoplasmatic vacuoles could be observed.

It was important to examine whether the enhancement in intestinal cell 

permeability discussed earlier is caused by a reversible change in the epithelium or by 

irreversible damage. In general, the intestinal mucosa replaces itself every 2-4 days; cells 

proliferate from the bottom of the crypts of Lieberkuhn, and mature as they advance in 

their migration up the villi Whenever these mature cells defoliate, they are quickly 

replaced by new cells (Moon, 1983). No mucosal change could be seen in any of the 

animals three days after cessation of treatment and musosa appeared microscopically 

normal (Fig. 2.11 A-C).
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Figure 2 .8  A  Photom icrogiaph o f  rat small bow el m ucosa after treatment for 2 h witli 

W /IPM  emulsion stabihsed witli Span 80 and BSA . Stromal oedem a (aiTow)

(L.M . X 400).

Figure 2.8 A Photomicrogiaph of rat small bowel mucosa after treatment for 2 h with

W/IPM emulsion stabilised with Span 80 and BSA. Dilatation of the basolateral spaces

between the cells (arrowheads) (L.M. x 750).
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Figure 2 .8  B Photomicrograph o f  rat small bow el m ucosa after treatment for 3 h. with 

W /IPM  emulsion stabihsed with Span 80 and BSA. Dilatation o f  the basolateral spaces 

between the cells (a n o w s) (L.M . x 200).

# -

Figure 2.8 B Photomicrograph of rat small bowel mucosa after treatment for 3 h with

W/IPM emulsion stabilised with Span 80 and BSA. Dilatation of the basolateral spaces

between the cells (anowheads) (L.M. x 750).
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Figure 2.9 A  Photom icrogiaph o f  rat small bow el m ucosa after treatment for 2 h witli 

OAV emulsion stabihsed with Solulan C 24 and Span 80, prepared with soybean oil. 

Intracytoplasmatic oil vacuoles (anow heads), mildly dilated intercellular spaces (a n o w )  

(LM  X 750).

'.J

%

/

Figure 2.9 B Photomicrogiaph of rat small bowel mucosa after treatment for 3 h with

OAV emulsion stabilised with Solulan C24 and Span 80, prepaied with soybean oil.

Epithehum detached ftom stroma (anow) (LM x 750).
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Figure 2 .10  A  Photom icrogi aph o f  rat small bow el m ucosa after treatment oil for 2 h witli 

OAV emulsion stabilised witli Span 60, prepared with sesame oil. Epitliehum detached 

ftom  the stroma (anow head) (L.M. x 750).

»

Figure 2.10 B Photomicrograph of rat small bowel mucosa after treatment oil for 3 h with

OAV emulsion stabilised with Span 60, prepared with sesame oil. Epithehum detached

ftom the stroma (anowhead) (L.M. x 750).
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Figure 2.11 A  Photomicrograph o f  rat small bow el m ucosa after 2 h o f  exposure to 

W /IPM  emulsion stabihsed with Span 80 and B S A  and than a recovery phase for 3 days. 

N onnal small bow el mucosa (L.M. x 750).

T.)
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Figure 2.11 B Photomicrograph of rat small bowel mucosa after 2 h of exposm e to O/W

emulsion stabihsed with Solulan C24 and Span 80, prepared with soybean oil and than a

recoveiy phase for 3 days. Normal smaU bowel mucosa (L.M. x 750).
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Figure 2.11 C  Photom icrogi aph o f  rat small bow el m ucosa after 2 h o f  exposm  e to OAV 

emulsion stabihsed with Span 60, prepared with sesam e oil and than a recovery phase for 

3 days. N onnal small bow el mucosa. (L.M . x 750).

In the three basically different system s examined in this chapter, it has been 

suggested tliat a variety o f  mechanisms are operative. Emulsions can influence the 

absorption profile and the bioavailabihty o f  drugs by at least thr ee mechanisms: 1) tire oil 

phase can affect the gastric emptying process, 2) the control o f  tlie rate o f  release o f  the 

drug can increase the rate o f  absorption, and 3) surfactants used as stabihsers and fatty 

acids present in oil phase might have a direct effect on intestinal permeabihty.

Administration o f  metformin incorporated in a W /O  emulsion in the aqueous phase 

to rats produces increased bioavailabihty o f  the drug. Lhe change in the pattern and extent 

o f  m etfonnin absorption with W /IPM  emulsion stabihsed with Span 80 and B S A  is 

influenced by the slower availabihty o f  the drug fiom  the emulsions. Another suggested  

mechanism underlying the enhancement noted with the W /IPM  emulsion stabihsed with 

Span 80 and B S A  may attributed to the inhibitory effect o f  the oil on the gastric emptying, 

although there w as no direct measurement o f  this. It has been demonstrated that chain



saturated longer chain 6tty adds have more effect on the gastric retention time than 

shorter ones (C2-C8), the most potent being ntyristic acid (C14) (Palin, 1985). There was 

an enhancement of the oral absorption of 5-fluoro[^ uracil from W/OAV emulsions 

prepared with IPM (Omotosho et al, 1990). When metformin alone was administered in 

an aqueous solution peak blood levels were observed after 1 h compared to 2 h after 

emulsion administration. This delay in the maximum blood level occurrence may readily be 

attributed to the slower release of metformin from the encapsulated internal phase and/or 

increased gastric retention time, producing a prolonged absorption phase.

The increase in metformin absorption in both O/W emulsions, could be due to the 

viscosity effect on diftusion of metformin, the interaction of sur6ce active confounds and 

fatty acids. We presume that the administration of metformin in a viscous solution will 

result in an increased extent of absorption after the solutions were en^tied from the 

stomach and will move down the intestinal tract more slowly than single aqueous 

solutions. Peak blood level for O/W emulsion stabilised with Solulan C24 and Span 80 

was observed after 3 h after emulsion administration.

It is generally assumed that the digestion of the emulsion liberates frtty acids which 

have impact on both gastric errptying and an effect on membrane fluidity. Table 2.1 

presents constituent fetty acids (g/lOOg total frtty acids) in sesame and soybean oil 

Unsaturated long-chain fatty adds, oleic and linoleic are the principal frtty add 

constituents of both sesame and soybean oil Previous studies showed that oleic and 

linoleic adds inhibit gastrointestinal motility (Bates and Sequeira, 1975; Shinkuma et ai, 

1985). The other advantage of unsaturated long-chain frtty adds is that they are 

membrane adjuvants, their permeability enhancing ability being very high and characterised 

by a transient and reversible nature (Kararh et al, 1996; McKersie et al, 1989; Naasani et 

al, 1995; Murakami et al, 1988). A proposed mechanism for oleic add-induced 

enhancement was discussed in the Introduction, section 1.5.1.4 The permeation enhancing 

effects of frtty acids on intestinal absorption have been found to be maximal with CIO-12 

saturated alkyl chains, though unsaturated are more effective than saturated ones (Aungst,

1993).
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Table 2.1 Constituent fetty acids (g/100g total fatty adds) in sesame and soybean oil *

Laurie Myristic Palmitic Stearic Arachidic Palmitoleic Oleic Linoleic Linolenic

Sesame oil - 9.1 4.3 0.8 - 45.4 40.4

Soybean oil 0.2 0.1 9.8 2.4 0.9 0.4 28.9 50.7 6.5

* From Handbook of Chemistry and Physics, 1988-1989 (Pubhsher CRC Press)

Emulsions could also increase the absorption of metformin due to the presence of 

surface active confounds, which interact with cell membranes, causing epithelial cell 

damage and at higher concentrations extracting membrane proteins or %ids (Florence, 

1981; Helenhis and Simons, 1975). In the soybean oil emulsion (OAV) stabilised by 

Solulan C24 and Span 80, the former sur6ctant has the ability to increase permeability of 

poorly absorbed drugs such as ergot alkaloids (Franz and Vonderscher, 1981). The 

bioavailability of octreotide after in situ dosing in rats was increased from 0.3 % to 6.9 % 

using 1% Solulan C24, and its availability in healthy volunteers was increased from 0.4 % 

to 3.3 % using a 16 mg enhancer dose orally (Drewe et al, 1993). In general, the sorbhan 

esters. Span 60 (HLB 4.7), and Span 80 (HLB 4.3) are possibly too insoluble 

(hydrophobic) to influence membrane integrity or permeability, but it is quite possible that 

during digestion, liberation of oleic add from Span 80 results in enhanced membrane 

permeability. In the Span 60 stabilised systems the gelation of the oil phase might lead to 

an increased permanence of the emulsion as a bolus in vivo (Yoshioka et al, 1994; 

Murdan et al 1996). It has been shown that Span 60 at dosing level of 5% resulted in no 

signifrcant pathological abnormalities (Curatolo and Ochoa, 1994).

We have demonstrated (Chapter 3) that the non-ionic surfectants, polysorbate 20, 

Solulan C24 and 16 were capable of affecting transport of metformin in vitro most likely 

by enhancing paracelhilar flow. These effects were, however, paralleled by morphological 

changes on the histological and ultrastructural level (oedema of the vilh and enterocytes, 

detachment of the cells from the basement membrane, reduction in the number of
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microvilli, their shortening and bizarre shapes, dilatation of the intercellular space at 

various points along the latero-lateral cell contact, disrupted desmosomes, discrete 

membrane defects and at the extreme end of the spectrum, oedematous, fragmented and 

obviously dead cells). Similar morphological changes were observed with the emulsion 

preparations in this study (widened intercellular spaces, detached cells). Intracytoplasmatic 

frtty (oil) vacuoles were also noted. The changes were present with all the preparations 

and there was no specific lesion which could be related to a particular surfrctant or other 

emulsion constituent. All the changes were shown to be entirely reversible in the recovery 

study. It would not be possible to use the light microscopic changes to e?qplain the likely 

mechanisms of the drug transport enhancement at the cellular level These changes should 

be regarded as a measiue of the potential harmfid effect of the emulsion preparations 

though shown to be entirely reversible.

The present investigation confirmed the ability of both W/O and O/W emulsions to 

increase the absorption of metformin. The present work clearly demonstrates that 

absorption enhancement and intestinal wall damage are correlated phenomena. In parallel 

to the changes in permeability, the histology indicated a conq)lete recovery from the 

damage following 3 days after the pre-treatment.
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Chapter 3

Effects of some non-ionic surfactants 
on transepithelial permeability and 

metformin transport in 
Caco-2 cells: 

microscopic and in vivo studies

92



3.1 Introduction

This chapter describes the possibilities of increasing the absorption of 

metformin using non-ionic sur&ctants as absorption enhancers. The aims of this 

study were: 1) to identify the non-ionic surfectants (pofysorbates 20, 60, 85 and 

Sohdans C24 and 16) and their concentrations capable of enhancing drug transport 

vsMe causing no or only minor cellular damage; 2) to assess the ultrastructural 

changes in the Caco-2 cell monolayers induced by the non-ionic surfectants; and 3) 

to apply the selected surfectants on an in vivo rat model and assess the 

morphological mucosal changes and their reversibility.

In the recent years a number of confounds has been investigated for their 

properties to enhance drug transport across the epithelial barrier. Among the 

increasingly investigated are the surfece active agents thought to be able to alter the 

permeability of both the apical membrane and the junctional conçlexes (van 

Hoogdalem et al, 1989; Swenson and Curatolo, 1992; Hochman and Artursson,

1994). Their effects have been studied in cell culture of which the colonic carcinoma 

cell line (Caco-2) is among the most widely used. Studies of effects of drug transport 

enhancers in the culture, apart from assessing transport improvement for certain 

model drug, show that these effects are not uncommonly associated with a range of 

changes on the ultrastructural level These have been studied and confirmed in the 

Caco-2 cell monolayer with absorption enhancers such as sodium dodecyl suÿhate 

(SDS), sodium caprate or calcium chelator EGTA (Anderberg and Artursson 1993; 

Anderberg et al, 1993; Artursson and Magnusson, 1990). The ultrastructural 

changes may suggest the possible mechanism by which the particular enhancers act 

and may identify the drugs and their concentrations particularly prone to cause lethal 

cellular damage. The results based on culture analysis only are not, however, 

suf&cient to approve the use of dmg absorption enhancer. A correlation with the in 

vivo model has to be established for a number of reasons. The cultures are more 

sensitive to drug enhancement and much lower concentrations are usually required
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to obtain effects. Further differences may lay in the feet that the cell monolayers 

represent a ‘high resistance” epithelium with respect to paracelhilar transport, when 

conqiared with normal small bowel enterocytes (Artursson, 1991). In that respect 

Curatolo and Swenson (1992) defined the major requirements for successfiil drug 

absorption enhancement: 1) in vitro potency; 2) adequate pharmacokinetics and 3) 

minimal toxicity. With toxicity, the imqportant issues are the degree of cytotoxicity 

and the ability of the tissue to overcome cell damage.

Following this approach, in the first part of this chapter we analysed the 

relationship between the structural and physical characteristic of the surfectants 

(polysorbates 20, 60, 85 and Sohdans C24 and 16) and their activity. The effect of 

the non-ionic surfectants on metformin transport was determined, and 

membrane monolayer integrity was assessed by measuring transepithelial electrical 

resistance (TEER). Cell viability (measured by the MTT test) was also used to 

establish the cytotoxicity of the surfectants.

In the second part of this chapter, we analysed the effects of polysorbates 20, 

60, 85 and Sohdans C24 and 16 on the Caco-2 cell monolayers uhrastmcture 

(assessed by transmission electron microscopy). The surfectants capable of 

enhanciug metformin transport while causing relatively minor cell damage at selected 

concentrations were polysorbate 20, Sohdans C24 and 16 were tested in vivo in 

order to establish the correlation between in vitro and in vivo data.
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3.2 Materials

Dulbecco’s modified Eagle medium (DMEM), gentamicin (10 mg/ml), non- 

essential amino-adds (NEAA), foetal calf serum (FCS), phosphate buffered saline 

(PBS), trypsin/EDTA, Hank’s balanced salt solution (HBSS) were obtained from 

Gibco Life Technologies, Paisley, Scotland. Polysorbate (Tween) 20 

(polyoxyethylene sorbitan monolaurate), Polysorbate (Tween) 60 (polyoxyethylene 

sorbhan monostearate) and Polysorbate (Tween) 85 (polyoxyethylene sorbitan 

trioleate) were from Fhika Chenrica, UK Solulan C24 [cholesteryl poly (24) 

oxyethylene ether] and Solulan 16 [mixer of poly (16) o>^ethylene ethers of lanolin 

alcohol] were obtained from Anstead, UK Trypan blue, tohndine blue, 3-(4,5- 

dimethylthiazol-2-yi)-2,5-dçhenyhetrazolium bromide (MTT), propidium iodide, 

glycerol, hexamethyldisilazane, calcium chloride, sodium chloride (NaCl), 

dimethylsulfoxide (DMSO) and were obtained from Sigma, UK Ifionic-Fluor liquid 

scintillation cocktail was obtained from Packard Instrument conçany. 

Glutaraldehyde, paraformaldehyde and osmium tetroxide were obtained from 

TAAB, UK Sucrose and sodium hydroxide were from BDH, UK Lead nitrate, 

sodium nitrate, uranyl acetate and sodium cacodylate were ordered from Agar 

Scientific Ltd., UK Dithranol and silver tiifiuoroacetate were from Aldrich, UK 

Transwell polycarbonate cell culture inserts were obtained from Costar Corporation, 

Cambridge. ^^C-PEG (polyethylenegfycol, MW-4000; 60 mCi/mmol) was obtained 

from Amersham International, UK "̂̂ C-metformin hydrochloride (MW-163; 66 

mCi/mmol) was a gift from Lq)ha Pharmaceuticals UK

95



3.3 Methods

3.3.1 Caco-2 cells

Caco-2 cells were obtained from the European Collection of Animal Cell 

Culture (Wiltshire, UK). Caco-2 cells were maintained in DMEM supplemented with 

1% NEAA, 10% FCS and gentamicin (50 |Lig/ml) at 37°C, 10% CO2, in 95% 

relative humidity. Caco-2 cells, passage number 70-75, were used. The cells were 

expanded in tissue culture flasks (75 crtf growth area) (Fig. 3.1). The medium was 

changed every second day and the cells were maintained until they reached 80% 

confluence, because adherence to the flasks is less in subconfluent cultures. The 

medium was removed and the cells were washed 3 times with 10 ml PBS. The 

prewash with PBS was designed to remove traces of serum v\hich would inhibit the 

action of the trypsin. The cells were detached from the flask by treatment with 1ml 

trypsin/EDTA at 37°C for up to 5 min. The trypsinization was stopped by adding 10 

ml of corqplete medium and the cells were centrifuged for 5 min at 1000 RPM.

If the cell viability was satisfactory (assessed by trypan blue exclusion method), 

the cells were cultured on permeable cell culture insert as described elsewhere 

(Artursson, 1990). A cell suspension (0.5 ml, 1x10  ̂ cells/ml) was added to the 

apical sides of Costar Transwell™ cell culture inserts inserts (diameter 12 mm, pore 

diameter 0.4 pm). The pore diameter (0.4 pm) was chosen to be small enough to 

avoid transmigration of Caco-2 cells from the apical to the basolateral side. The cells 

were allowed to grow and differentiate for up to 30 days, refeeding every other day.
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Figure 3.1 The Caco-2 cells were expanded in tissue culture flasks (75 cm̂  growth 

area) until they reached 80% confluence, followed with a light inverted microscope. 

(A - Iday; B - 3 days; C - 5 days).
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3.3.2 Trypan blue method

This method is based on the piincÿle that hve (viable) cells do not take up dyes 

such as trypan blue, wdiereas dead (non-viable) cells do. Trypan blue solution (0.4% 

w&) was diluted with PBS (1:1) and added to the cell suspension (1:1). Cell viability 

(%) is e?q)ressed as [total viable cells (unstained)/total cells x 100 (>95% viability 

required) (Freshney, 1991).

3.3.3 Determination of the Critical Micellar Concentration (CMC)

The CAHN DCA-312 System (DCA- Dynamic Contact Angle Analyser) was 

used to determine the sur&ce tension (mN m"̂  ) versus log concentration relationshç 

of Sohilan C24 and Sohilan 16 in distilled water at 23±1°C. The sur&ce tension of a 

liquid is the net force per unit area acting perpendicular to the surfece of the liquid. 

An aqueous stock solution of 1% w/v concentration was prepared for each 

surfectant. From each stock solution, appropriate dilutions were made to produce 

solutions of concentrations ranging from 0.0001% to 1% w/v. A 50ml beaker was 

cleaned thoroughly with distilled water followed by placing the beaker in an 

ultrasonic bath for 5min. A glass slide is hghtly framed for a few seconds over a 

(blue) oxidising frame. The standard value around 72 mN m’̂  at 20°C was the 

standard used for a good grade of pure water (Buckton, 1995). The force was 

measured by setting the weight of the plate to zero vsfren suspended in air, and then 

measuring the maximum force obtained Wien inserting the plate into the hquid. The 

CMC values, obtained from these data were for Sohilan C24, 0.009% w/v and for 

Sohilan 16, 0.01% w/v.
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3.3.4 Osmolality

The osmolality of the different concentrations of polysorbate 20, 60, 85, 

Sohilan C24 and Sohilan 16 was determined with an electronic osmometer 

(Halbmikro-Osmometer, Knauer) by the freezing point method. The osmotic 

pressure of a liquid is proportional to the depression of the freezing point of the 

solution. The freezing tenperature is measured electronically by means of the 

termistor and read directly from the meter wdiich is calibrated in milhosmol/kg 

(mOsm/kg). The measuring was performed with 0.15 ml measuring vessel holding 

the aqueous solution of the surfrctants. The calibration was done with distilled water 

for zero mOsm/kg and 400 mOsm/kg solution of NaCl (prepared by dissolving 

12.687g of the highest purity dried NaCl in 1 litre of water at 20°C).

3.3.5 Absorption studies in Caco-2 cell monolayers

Metformin solutions were prepared by mixing a solution of the radiolabelled 

isotope of ̂ ^C-metfbrmin and the corresponding unlabelled compound in DMEM to 

give 100 pM metformin solution of specific activity of 0.52 mCi/mmoL All transport 

experiments were performed at 95% relative humidity and 37°C in DMEM 

containing 1% non-essential amino-acids.

The radiolabelled drug solutions (control) and mixture of metformin and

different concentrations of surfrctants were added to the apical chamber. The 

transepithelial transport of the metformin was studied for the period of 4 h at 37°C. 

Aliquots (450 pi each) were taken from each basolateral chamber out of 1500 pi (3 

times for each well) and replaced with a fresh medium The sarcples were added to 4 

ml Hionic-Fluor hquid scintillation cocktail and measured in a hquid scintillation 

counter (Beckman). The results were ê qpressed as a percentage dose transported 

from the apical to basolateral chambers.
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3.3.6 Integrity of the monolayers

The integrity of the monolayers was determined by measurement of the 

potential diflference between the apical and the basolateral sides of the monolayer and 

by following the transepithelilal transport of a macromolecular marker, polyethylene 

glycol (PEG, MW 4000). Transepithelial electrical resistance (TEER) was measured 

in the cell culture inserts with specially designed electrodes (Millicell ERS, 

Millÿore). TEER was measured before and every hour during the experiments and 

expressed as transmembrane resistance (ohms x cm )̂ after subtraction of the intrinsic 

resistance of the control (Le. the resistance obtained over cell-fi'ee inserts). TEER 

was expressed as a percentage of TEER at t=0.

^^C-PEG was added to the apical side of the monolayers and transport of the 

radiolabeled marker was followed for up to 3 h at 37°C. After 1, 2 and 3 h, 450 pi 

(out of 1500 pi) was withdrawn fi'om the basolateral chamber and the corresponding 

volume of fresh medium was added. The sanples were measured in a liquid 

scintillation counter. Inserts without cells were used to determine the maxdmal 

transport of the marker during the same period of time. The results were expressed 

as percentage transported of the dose.

3.3.7 Cell viability (MTT test)

The effect of the surfrictants on the intracellular dehydrogenase activity was 

determined by MTT test (Mosmann, 1983). MTT is a tétrazolium salt that is 

reduced by mitochondrial dehydrogenase in living cells, but not dead cells to give a 

dark-blue product, formazan in amounts proportional to the number of the viable 

cells present. Immediately after incubation with different surfrctants, 100 pi of MTT 

(5mg/ml in PBS) was added and the Costar plates were incubated for another 5h 

(37^C, 10% CO2). The surfactant solutions were removed and 500 pi of DMSO was
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added to dissolve the fonoazan. The optical density was measured on a nhcrotitre- 

plate reader at 550 nm

3.3.8 Transmission Electron Microscopy (TEM)

Cell medium was aspirated and the inserts rinsed well with HBSS. HBSS was 

replaced with a primary fixative of 3% ghitaraldehyde (in 0. IM sodium cacodylate 

with 0. IM sucrose and one drop of 1% calcium chloride per 10 ml of fixative and 

pH adjusted to 7.4). Primary fixative was removed and inserts rinsed twice with 

0. IM cacodylate sucrose buffer. The specimens were immersed consecutively in 1% 

osmium tetroxide, as a post fixative. Sartçles were dehydrated in 70% ethanol for 

10 min, followed by 3 changes in 100% ethanol for 45 min each at room 

temperature. Acetone was used as the link-agent for 15 min. Infiltration of the tissue 

was achieved using Epoxy resin (Araldite CY212 Agar; 24h at room teccperature). 

Fresh resin was placed and sanples embedded at 65°C for 18-24 h. The hardened 

blocks were trimmed according to standard procedures. Thin sections (60-80 nm) 

were stained with 1% aqueous uranyl acetate and lead citrate for 10 min at room 

tenperature. Both lead citrate and uranyl acetate were filtered through 0.2 pm filters 

immediately prior to use. The pedmens were examined in a JEOL JEM lOOCX 

transmission electron microscope.

3.3.9 Fluorescence microscopy

The fluorescent agent, propidium iodide (̂ ex =536 nm; (X^=617 nm) stains 

the cell nucleus, but does not penetrate normal living cell membranes. It may 

therefore be used to determine cell viability, or to study the effects of additives on 

cell membrane permeability (Artursson et aL, 1996). Caco-2 cell monolayers were 

rinsed apically and basolaterally twice on each side with PBS, then they were apically 

incubated with fi*eshly prepared propidium iodide (15pg/0.5ml PBS) for exactly 3
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mm. Paraformaldehyde was dissolved in PBS at 90°C and pH adjusted to 7.45. Cells 

were rinsed and fixed for 10 min in 4% paraformaldehyde on ice. They were rinsed 

again 4 times. The monolayer and supporting filter membrane fi'om the cell culture 

insert were carefully cut out with a fine-pointed sca^el and mounted in glycerol/PBS 

(1:1). Analysis of the sangles was performed immediately after preparation and they 

were examined under a fluorescence microscope (Nikon Microphot FXA using Plan 

Apo objectives).

3.3.10 Scanning Electron Microscopy (SEM)

The cell monolayers were fixed with 2.5% ghitaraldehyde solution 

overnight, washed in 0. IM sodium cacodylate for 10 min and post-fixed with 1% 

osmium tetroxide. Sançles were dehydrated in 70% and 100% ethanol, followed by 
final drying agent hexamethyldisilazane for 10-15 sec. Specimens prior to viewing in

SEM (Philos XL 20) were gold coated in an Emitech K550, UK, for 2.5 min at 20 

mA.

3.3.1.1 Absorption, recovery and histology study in rats

Male rats (Wistar strain) weighing 200-220g were fasted overnight. An adapted 

needle with bulb end was used to dose rats orally with 12.5mg/0.5ml of metformin 

(containing metformin) in water (control) or as an aqueous solution polysorbate 

20 (3% w&), Sohilan C24 (0.1% wÂ ) and Sohdan 16 (0.1% wÂ ). 0.5 ml of each 

sangle contained 10 pCi of "̂̂ C-metformin. Prior to oral administration of the 

surfectant solutions to rats, 100 pi ahquots were assayed. After 4 h rats were 

anaesthetised by intra-peritoneal injection of a Hypnoval/Hypnorm mixture. Blood 

samples were collected fi'om the abdominal aorta into heparinized tubes and the 

animals sacrificed. Plasma was separated by centrifugation at 2000 g for 10 min. 

Plasma sarqples were mixed with Hionic-Fhior scintillation cocktail and the
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radioactivity measured (Beckman LS 6000 TA, liquid scintillation system). Each 

e>q)eriment was repeated three times.

Segments of jejunum and ileum were jQxed in 3% ghitaraldehyde. The 

ghitaraldehyde jBxed tissue was routinely processed as described for the cultures 

(Chapter 3, part 3.3.8). Recovery experiments were carried out with same 

concentration of the surjetants. The rats were dosed and the standard rat food was 

given afterwards for the next 3 days to allow the intestinal membrane to recover. 

Jejunal and ileal tissue sangles were processed for hght microscopy as described 

above. For this study, 1% aqueous tohiidine blue stained semi-thin sections were 

used.

3.3.1.2 Matrix-assisted laser desorption mass spectroscopy

Sohdan C24 and Sohdan 16 analysis was carried out using solutions of 

dhhranol (2x10'^M), silver trifhioroacetate (4.5x10'^ M), and surjetants (1x10"̂  M) 

freshly prepared in chloroform The solutions were mixed in a 5:1:1 ratio prior to 

analysis, Ipl being apphed to the stainless steel target, the solvent being allowed to 

evaporate slowly. The MALDI-TOFMS analyses were performed on a Fisons 

Instrument (Manchester, UK) TofSpec using 337 nm radiation from a nitrogen laser. 

The mass spectrometer was operated in reflectron mode, at 20 kV accelerating 

voltage, giving an ion flight path of 1-8 m  Matrix suppresion was also used and the 

mass spectra were averaged over 50-100 individual jser shots. The jse r intensity 

was set just above the threshold for ion production.
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3.4 Results and Discussion

The efifects of the non-ionic surfectants polysorbate 20, 60, 85, Sohilan C24 

and Sohdan 16 on epithelial integrity of the monolayers of human intestinal epithelial 

(Caco-2) cells and metformin transport was determined by different methods, but 

before starting absorption e?q)eriments, it was inçortant to check the integrity of 

monolayers.

Integrity and confhiency of the cell monolayers were determined by 

measurement of TEER and ^^C-PEG. ^^C-PEG transport values indicated that very 

small amount of ̂ ^C-PEGwas able to cross the cell monolayer (less than 0.065% / h) 

(Fig. 3.2 A). These values were also corrpared with PEG transport across fibers 

with no cells (more than 37% / h). The electrical resistance at t=0 was high TEER, 

(>300 n.cm^ ), v\Mch is agreement with results firom Artursson et al (1996). The 

high resistance indicated the presence of tight junction between the cells.

The cells were exposed to 100 pM and 500 pM concentrations of 

metformin. Transport was dose dependent (Fig. 3.2 B). It was irrportant to use the 

drug in nontoxic concentrations, because a toxic effect on the cell monolayers could 

increase permeability and change cell morphology as a result. Therefore, cell treated 

with 100 pM concentration of metformin solutions used in absorption studies were 

morphologically conpared to untreated Caco-2 cells. No difference was observed 

between two and in fiirther study on Caco-2 cell monolayer we have used 100 pM 

concentration of metformin in all sanples.

Prior to each experiment the osmolality of sanples was determined to establish 

that hypo- or hyper-osmolality was not the reason for any observed mophological 

change in the Caco-2 cell monolayer. Since the osmolality of human plasma is about 

290 mOsm/kg, it is reasonable to assume that this is the optimum for human cells in 

vitro. Osmolality of control solution was 295±3.5 mOsm/kg. Osmolalities of 

sur6ctant sanples were in the range between 290-310 mOsm/kg (Table 3.1).
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Osmolalities between 260 mOsm/kg and 320 mOsm /kg are quite accepted by most 

cells (Freshney, 1991).
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Figure 3.2 A Percentage of PEG transport over filters with and without Caco-2 

cells.
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Figure 3.2 B Percentage of metformin transported across filters with and without 

Caco-2 cells.
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Table 3.1 Osmolality measurements for polysorbates 20, 60, 85 and Sohdan C 24,16

(mOsm/kg)

Polysorbates 20, 60, 85 (0.005%) 299.3 ±5.9 305.0 ±9.9 297.0 ±6.5
Polysorbates 20, 60, 85 (0.1%) 309.0 ±6.9 305.0 ±5.0 299.5 ±9.5
Polysorbates 20, 60, 85 (0.5%) 290.8 ±5.0 300.9 ±3.9 307.0 ±6.8
Polysorbates 20, 60, 85 (1%) 290.3 ±3.0 289.0 ±9.9 301.3 ±2.0
Polysorbates 20, 60, 85 (2%) 299.0 ±5.9 300.0 ±9.9 299.4 ±3.5
Polysorbates 20, 60, 85 (5%) 299.7 ±8.9 302.0 ±9.0 295.0 ±4.7

Sohdan C24, 16 (0.005%) 310.4 ±9.8 288.0 ±5.0
Sohdan C24, 16 (0.01%) 298.0 ±3.5 305.0 ±5.0
Sohdan C24, 16 (0.05%) 290.0 ±6.6 289.8 ±6.8
Sohdan C24, 16(0.1%) 305.3 ±5.6 304.8 ±9.0
Sohdan C24, 16 (0.5%) 297.8 ±3.5 309.5 ±5.0

The efifects of the surfactants on cell permeability were assessed by 

measurements of the transport of the hydrophihc drug, metformin, transepithelial 

electrical resistance and cell viability (determined by the MTT test).

Metformin transport under the influence of the polysorbates 20, 60 and 85 is 

show in Fig. 3.3 A-C. Polysorbate 20 is the only member of the series which exerts a 

significant efifect at the 1% level Polysorbate 20 exerts its greatest effect at a 

concentration of 5% - increasing flux of metformin afi;er 3h by a fector of about 20 

times over the control Polysorbate 60 appears to have little efifect and polysorbate 

85 has no efifect on metformin transport. Large increases in the transport of 

metformin, especially for the concentrations 0.05, 0.1 and 0.5% were related to the 

efifect of Sohdan C24 and 16 on epithelial cell monolayers (Fig 3.4 A-B). Table 3.2 

shows that the effective concentrations are all above the critical micelle 

concentrations. In the case of polysorbate 20 its CMC is 0.006%, at which 

concentration it has no efifect. This can be contrasted with the infihience of the 

Sohdan C24 (Fig. 3.4 A) and Sohdan 16 (Fig. 3.4 B). The CMC of Sohdans is 

-0.01% w/v (Fig. 3.5 A, B) and there is evidence of activity at this value.
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Table 3.2 Properties o f the surfactants used

Chemical name Other names MW HLB CMC*

Polyoxyethylene 
sorbitan monolaurate Polysorbate 20 1227 16.7 0.006^

Polyoxyethylene 
sorbitan monostearate Polysorbate 60 1312 14.9 0.0028^

Polyoxyethylene 
sorbitan trioleate Polysorbate 85 1839 11.0 0.0023^

Cholesteryl poly (24) 
oxyethylene ether Sohdan C24 1660* 14.0 0.009

Lanolin-based poly (16) 
oxyethylene ether Sohdan 16 1000* 15 0.01

* g/lOOml
 ̂MW was determined using matrix-assisted laser desorption mass spectroscopy 
 ̂Data from Wan and Lee, 1974
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Figure 3.3 A Tranq)ort o f "̂̂ C-metformm as a fimction o f the concentration of
polysorbate 20: ( A ) control, ( A  ) 0.005%, ( □  ) 0.1%, ( ■ ) 0.5%, ( 0 ) 1%,
( x ) 2 % ,  ( ♦ ) 5 % .
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Figure 3.3 B Transport o f ‘"^C-metformin as a fimction o f the concentration o f
polysorbate 60: ( A ) control, ( A ) 0.005%, ( 0 ) 0 . 1 % ,  ( ■ ) 0.5%, ( 0 ) 1%,
( x ) 2 % ,  ( ♦ ) 5 % .
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Figure 3.3 C Transport o f "̂̂ C-metfoimin as a fimction o f the concentration of
polysorbate 85: ( A ) control, ( A ) 0.005%, ( 0 ) 0 . 1 % ,  ( ■ ) 0.5%, ( 0 ) 1%,
( x ) 2 % ,  ( ♦ )  5%.

111



50

g . 40
CO

c  30

20

10

0

0 1 2 3 4
Time (h)

Figure 3.4 A Transport o f '“'C-metfonnin as a function o f the concentration o f
Sohilan C24: ( A ) control, ( ▲ ) 0.005%, ( 0 ) 0.01%, ( ♦  ) 0.05%, ( D  ) 0.1%,
( ■ ) 0.5%.
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Figure 3.4 B Tran^oit o f C "-metformin as a fimction o f the concentration o f
Sohilan 1 6 :(A ) control, (▲  )0.005% , (0)0.01%, ( ♦  )0.05% , ( 0 ) 0 . 1 % ,
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Figure 3.5 A The sur&ce tension —  log concentration relationshÿ of Sohilan C24 

in distilled water at 23±1°C.
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The transepithelial resistance measurements are shown in Fig. 3.6 A-E for 

polysorbates and Solulans. It is obvious that there is no significant difference in 

TEER of polysorbate 60 and 85, wfiile polysorbate 20 show decrease in TEER 

especially with concetration 1%, 2%, and 5%. Solulans show significant decrease 

with concetration 0.01%, 0.1%, and 0.5%, showing damage of cell monolayer and 

therefore increased permeability. If the data on metformin transport and 

transepithelial resistance are combined for all the surfactants at all concentrations as 

in Fig. 3.7 stmctural differences between the surfactants are lost in the relationship 

between the reduction in TEER by the surfactant and metformin transport 

enhancement.
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Figure 3.6 A Effect of polysorbate 20 on the transepithehal electrical resistance of 
Caco-2 cell monolayers as a fimction of time and surfactant concetration;
( A ) control ( ▲ ) 0.005%, (0)0 .1%, ( □  ) 0.1%, ( ■ ) 0.5%, ( 0 ) 1%,
(x )2 % , ( ^ ) 5 % .
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Figure 3.6 B,C Effect of polysorbates on the transepithelial electrical resistance of 
Caco-2 cell monolayers as a fimction of time and sur6ctant concetration:
( A ) control, ( A  ) polysorbate 60, 85 (0.005%), ( □  ) polysorbate 60, 85 (0.1%), 
( ■ ) polysorbate 60,85 (0.5%), ( 0 ) polysorbate 60,85(1%), ( x  ) polysorbate 
60, 85 (2%), ( ♦  ) polysorbate 60, 85 (5%).
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Figure 3,6 EflFect of Sohilan C24 (D) and Sohilan 16 (E) on the transepithelial 
electrical resistance of Caco-2 cell monolayers as a fimction of time and surfectant 
concentration: ( A ) control, ( A ) Sohilan, C24, 16 (0.005%), ( 0 ) Sohilan C24, 
16 (0.01%), ( ♦  ) Sohilan C24, 16 (0.05%), ( □  ) Sohilan C24, 16 (0.1%), ( ■ ) 
Sohilan C24,16 (0.5%).
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Figure 3.7 Correlation between transepithelial electrical resistance and 

% "̂̂ C-metformin tranq)orted at t=3h: ( ♦  ) polysorbate 20, ( A ) polysorbate 60, 

( 0 ) polysorbate 85, ( ■ ) Sohilan C24, ( □  ) Sohdan 16.
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The cell viability (MTT) test is used as a measure of toxicity to the cellular 

system. Fig. 3.8 A, B shows data for the polysorbates and for the Solulans. It is 

interesting that there are few observed effects until the threshold concentration of 

0.1% w/v is reached with the polysorbates. Polysorbate 85 has little interaction with 

cell membrane, v^Me the most active penetration enhancer (polysorbate 20) shows 

increased toxicity. At the 5% level of polysorbates 20 and 60, at vdiich metformin 

transport is increased to the greatest extent, damage is severe. Again there is little 

difference between the two Solulans and they are both more toxic than the 

polysorbates by the test as well as having greater absorption enhancing properties. 

The effects on transepithelial electrical resistance correlated with cell viability. Le. 

increased transepithelial electrical resistance and increased cell-monolayer 

permeability for metformin corresponded to decreased cell viability.

In relating surfactant structure to their interactions with the membrane. Fig. 3.9 

assists. The size and shape of both the alkyl chain (hydrophobic) and the polar 

(polyoxyethylene) group of the sur6ctant is inçortant in determining its ability to 

increase membrane permeability. The polysorbates generally have a complex 

structure. In particular polysorbate 85 vdiich is a tiio-oleate, should have some 

difficulties in penetrating cell membrane bilayer to enhance fluidity. It is possible 

that polysorbate 85 because of its bulk is prevented from interacting intimately with 

the %)id membrane. This suggests that, as a class, their effects on membrane 

permeability result from solubilization penetration of membrane conqronents rather 

than penetration hence their lack of effectiveness at low (pre-CMC) concentration. 

Walters et aL (1981) demonstrated that unsaturated oleyl derivatives are more 

effective in increasing absorption of paraquat across rabbit isolated gastric mucosa, 

than their saturated analogues. From these findings, one might e?q)ect that 

polysorbate 85 has a greater effect on absorption conçared to polysorbate 20 or 60, 

but its bulky character may be responsible for the result obtained.

Many reports of intestinal absorption e?q)eriments indicated an optimum in the 

length of the acyl chain between C8 and C12 (Swenson and Curatolo, 1992;
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Ishizawa et aL, 1987). Optimal efifects for surfactants with a C12 hydrocarbon chain 

(such as polysorbate 20) probably correspond with optimal size and shape. These 

findings are in agreement with our results, since polysorbate 20 appeared to be more 

potent enhancer than other members of potysorbate group.
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Figure 3.8 A Cytotoxicity of polysorbate 20, 60 and 85: ( □  ) polysorbate 20, 
( ■ ) polysorbate 60, ( 0 ) polysorbate 85 (incubated for 4h).
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Figure 3.8 B Cytotoxicity of Solulan C24 and Solulan 16: ( □  ) Solulan C24, 

( ■ ) Solulan 16 (incubated for 4h).
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F^ure 3.9 Semi-representational views of Solulan C24 (1), polysorbate 20 (2), 

polysorbate 60 (3) and polysorbate 85 (4).
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It has been generally observed that surjetants which are very bydropbibc 

cannot partition into the hydrophobic membrane environment and therefore those 

surjetants with very large ethylene oxide residues j l l  into this category (Florence 

and Gillan, 1975). The cholesteryl ethers, although they posses quite bulky 

hydrophihc groups have the cholesteryl moiety which has an affinity for membranes 

(Solulan C24 and Solulan 16). Their higher order of toxicity and interaction with 

membranes at low concentrations inqrly that their effects arise from a combination of 

penetration and solubilization.

The Caco-2 cell monolayer e^qreriments confirmed the ability especially of 

polysorbate 20 and Solulan C24 and 16 to increase the absorption of metformin. The 

pofysorbates increase permeability as a result of solubilization of membrane, while

Sohilans do so by penetrating and solubilizing the membrane. Correlation between 

increase in metformin permeability and toxicity of surjetants on cell membrane has 

been established.

The in vitro results indicate that the Sohilans and polysorbates were active as 

absorption enhancers in quite different concentration range. In this respect, Solulan 

C24 and 16 seem to be more effective than pofysorbate 20, 60, 85, showing the 

increase in metformin transport at lower concentrations.

Ultrastructure of Caco-2 cell monolavers treated with surjetants

The histological irrpact of surjetants on Caco-2 cell membranes is described in 

following part of this chapter. We have aheady discussed surjetant structural and 

physical parameters rekted to their biological activity, but there was no clear 

indication whether or not the effect of surjetant enhancers was transient or 

reversible. Here we demonstrate the effect of polysorbates 20, 60, 85 and Solulan 

C24 and Solulan 16 on Caco-2 cell monolayer assessed by means of transmission, 

scanning electron and fluorescence microscopy.
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Extensive histological study of the effects of the surfectants on Caco-2 cell 

monolayer morphology has revealed the marked difference of the effects exerted by 

some of the confounds. For the uhrastmctural investigation (TEM) the sur&ctants 

were applied in the following concentrations: 0.01%, 0.1% and 0.5% (Solulan C24), 

0.01%, 0.1% and 0.5% (Solulan 16), 0.1% and 0.5% (polysorbate 20), 0.5% 

polysorbate 60 and 85. Figure 3.10 A shows the control (treated with metformin 

only) with an overall preserved ultrastructure, showing numerous and regular 

mirovilli together with well developed and preserved junctional conçlexes (zonula 

ochidens, zonula adherens, desmosomes). The treated cells showed thinner (0.1% 

polysorbate 20, 0.01% Solulan C24) shortened and bizzare shaped microvilli in some 

cases not having actin core (0.5% polysorbate 60) (Fig. 3.10 B), with a reduction in 

their number (0.5% polysorbate 85) (Fig. 3.10 C) up to a subtotal "balding" of the 

cell surfece (0.01% Solulan 16) (Fig. 3.10 D). In addition, cells treated by 0.1% and 

0.5% polysorbate 20, 0.01% Solulan C24 and 16 showed dilatations of intracellular 

junctional complexes at or immediately below the level of the tight junction (Fig. 

3.10 E, F), and more pronounced dilatations at the basal part of the latero-lateral 

membrane contact. The widened junctional conq)lexes beneath the level of the 

zonula ochidens were occasional^ filled with an amorphous, vdiirled, membrane-like 

osmiophihc material (Fig. 3.10 G). Disrupted desmosomes were seen after treatment 

with 0.01% Solulan C24 and 0.5% polysorbate 20 (Fig. 3.10 H). With the higher 

concentrations of the surfectants applied (0.1%, 0.5% Solulan 16 and Solulan C24), 

discrete focal defects ("membrane wounds") of the surfece membrane were 

observed, giving an overall "moth eaten" appearance to the cell sur&ce (Fig. 3.10 I 

shows the cells treated with 0.1% Solulan C24). At the other end of the spectrum of 

the uhrastmctural changes, we observed the appearance of highty oedematous, 

mptured, fragmented and obviously dead cell in high proportion (0.1, 0.5% Solulan 

C24 and Solulan 16).

All the surfactants appHed after the ulrastmcture of Caco-2 cells. The process of 

membrane injury advances gradually, with increasing concentration, causing at first a
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“tttoduktion” of the surface (change in the appearance of the microvilli), followed by 

a dilatation of the intercellular spaces, and discrete focal defects of the surface 

membrane. Similar changes have been described previousfy with the use of sodium 

dodecyl su^hate (SDS) (Sugimura, 1974a; 1974b). SDS induced aggregation of the 

villi formation of blebs similar to those seen in Fig. 3.10 B. In these e?q)eriments the 

tight junction was indirectly affected by the condensation of the peri-junctional F- 

actin ring and with higher concentrations, dilated tight junctions could also be 

observed. The effect of sodium caprate (CIO), at the moment regarded to be the 

most potent drug absorption enhancer, include more or less selective, dose 

dependent dilatation of the tight junction, indicating primarity paracelhdar flow 

(Anderberg and Artursson, 1993).

Transmission electron microscopy is a valuable tool in visualising cellular 

morphology, such as density of microvilli, development of tight junction and status 

of cell organelles and cell membranes (Artursson et al, 1996), but it should be kept 

in mind that electron microscopy is not regarded as the most precise tool in assessing 

the potentiation of the paracelhdar route of absorption. It has been shown that even 

this potentiation exists, verified by other methods, no uhrastmctural change may 

necessarily be found (Anderberg and Artursson, 1993). Despite that, the dilatation of 

the uppermost part of the tight junction is regarded to be sign of an increased flux by 

the paracelhdar route (Fig. 3.10 E). The uhrastmctural changes of the cells treated 

with 0.1%, 0.5% polysorbate 20, 0.01% Sohdan C24 and 16 (dilatation of the 

intercellular spaces) could suggest that the increased permeability was at least partly 

due to the enhanced paracelhdar flux of the dmg. The dilated basolateral spaces may 

be a resuh of increased flow by either the transcelhdar or paracelhdar route. Meed 

the changes of the apical membrane (change in the appearance of the microvilh and 

surfece membrane defects) have already been observed with other surfectants and 

would correlate with increased transcelhdar flow (Anderberg and Artursson, 1993). 

At 0.1% and 0.5%, both Sohdan C24 and 16 altered the ukrastmcture of the Caco-2 

cells primarily by “dissolving” the cell membrane.
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Another electron microscopic technique that has been used is scanning electron 

m icroscopy (SEM ). SEM  has been used to study relatively large morphological 

changes in epithehal cell monolayers. The apical side o f  untreated C aco-2 cell 

monolayers w as mainly covered by relatively dense and uniform microvilh (Fig. 3.11 

A ) after visuahsed by SEM. Exposure to  0.01%  Solulan C 24 resulted that in som e 

areas the monolayers looked normal, whereas in others, microvilh w ere absent and 

elongated, som etim es with extraceUular deposits (Fig. 3.11 B). After exposuie to 

0.5%  Solulan C24 for 4h, the m orphology o f  the monolayers com pletely changed, 

the ceUs looked beyond recognition (Fig. 3.11 C).

Fluorescence m icroscopy with propidium iodide as a marker w as used. PI 

passes through damaged ceU membranes and intercalates with D N A  and RNA to 

fo iin  a bright red fluorescent com plex seen in the nuclei o f  dead cehs. Control ceUs 

exclude propidium iodide (witli exception o f  a few  cehs, which is quite nonnal), 

while cehs exposed to 0.5%  Solulan 16 for 4h showed significantly increased uptake 

o f  PI according to the numerous bright red fluorescent spots (Fig. 3 .12  A ,B). 

Practicahy the similar photographs were obtained with 0.1%  Solulan C24 and 16 

and 0.5%  Solulan C24.

M: ..

Figure 3.10 A TEM , x 15.500. Control. Caco-2 cehs with parahel and developed  

microvilh (arrowhead) and w eh preserved junctional com plexes (aiTows).
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Figure 3 .10  A  TEM , x  45.500. Control. C aco-2 cells with parallel and developed  

microvilli (arrowhead) and w ell preseived tight junction (arrow).

Vi',,

I

# #
Figure 3.10 B TEM, x 40.000. Caco-2 cells exposed for 2 h to 0.5% polysorbate 60

show disorganised, shortened microvilli with appearance of bizzare shaped

microvilh.
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Figure 3.10 C TEM, x 15.000. Caco-2 cells exposed for 2 h to 0.5% polysorbate 85 

show sliortened microvilli and marked reduction in their number (arrowheads).

m

I

Figure 3.10 D TEM, x 12.000. Caco-2 cells exposed for 2 h to 0.01% Solulan 16 

show microvilli haphazardly organised and an area of almost complete loss of 

microvilli (arrow).
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F igure 3 .10  E TEM , x 22.000. C aco-2 cells exposed for 2 h to 0.01%  Solulan C24 

show  initial dilatation o f  the junctional com plex beneatli the zonula occludens

(a ,T O W ). . . • _ ■ ,
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Figure 3.10 F TEM, x 25.000. C aco-2 cells exposed for 2 h to 0.5%  polysorbate

20 show  dilatation o f  the intercellular space (aiTows) with membrane encircled

globulai particles (aiTowhead).
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Figure 3 .10  G  TEM , x 28.000. C aco-2 cells exposed for 2 h to 0.1%  polysorbate 20 

Dilated intercellular space with an osmiophihc membrane-like material (aiTowheads).

i.-'i '

Figure 3.10 H TEM, x 22.000. Caco-2 cehs exposed for 2 h to 0.01% Solulan C24

show dilated intercehular spaces with disruption of desmosomes (aiTowhead).
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Figure 3.10 I TEM, x 46.000. Caco-2 cells exposed for 2 h to 0.1% Solulan C24

show loss of microvilli with membrane defects (arrowheads).
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Figure 3.11 Scanning electron micrographs of: (A) Caco-2 cell monolayers, control,

with numerous microvilh (anows), (B) Caco-2 cells exposed to 0.01% Solulan 16

for 4h and (C) Caco-2 cells exposed to 0.5% Solulan 16.
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Figure 3.12 Cells stained with propidium iodide. (A) control Caco-2 cells exclude

PI, (B) Caco-2 cells exposed to 0.5% Solulan 16 for 4h showed high increased

uptake of PI.
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In vivo studies

The in vitro investigation was valuable in understanding the pattern and 

mechanism of changes induced by the surjetants. It identified the surjetants 

capable of enhancing absorption \\Me causing rektively minor morphological 

changes. These were polysorbate 20, Solulan C24 and 16. Therefore, the results 

obtained from the Caco-2 cell absorption studies were conç)ared with the in vivo 

situation, using the surfactants that in vitro showed the highest absorption 

enhancement with the least structural changes induced.

For the in vivo study we have used 3% polysorbate 20, 0.1% Solulan C24 and 

0.1% Solulan 16. '̂^C-metformin was used again as a model drug and its 

concentration was determined in rat plasma and findings are presented in Fig. 3.13. 

There was a modest increase of the bioavaüability for the all surjetant sanq)les. The 

rank order of metformin bioavafiability, calculated as a area under curve (AUG) from 

time / metformin pg/ml plasma plots is Solulan 16 (28.14) > Solulan C24 (20.87) > 

polysorbate 20 (18.65) > control (15.1). The AUC for Solulan 16 solution was 

approximately 1.9 times greater than control sanç)le.

A correlation was again found between structural alterations assessed by light 

microscopy and the increase in the intestinal membrane permeability. A control 

sample showed normal structure of the rat small intestine (Fig. 3.14 A). Small 

bowels from the animals treated with 0.1% Solulan C24 and 0.1% Solulan 16 

showed a veiy similar pattern and intensity of morphological changes. There is no 

shedding or erosion of the covering epithelium The villi were oedematous with 

occasionally oedematous enterocytes and apoptotic bodies in the surjce epithelium 

(Fig. 3.14 B, C). After treatment with 3% polysorbate 20 (Fig. 3.14 D) the changes 

were restricted to the upper portion of the villi, with disrupted epithelial cover, 

ruptured cells and cells shed from the t^  of the villi, with extravasation of red blood 

cells and intraepithélial microhaemorrhage.
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The recovery studies were set bn 3 days after cessation of the treatment with 

0.1% Solulan C24, 0.1% Solulan 16 and 3% polysorbate 20. No morphological 

change could be seen in any of the small bowel sangles of the treated animals after 3 

days following treatment.
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Figure 3.13 Plasma concentrations (pg ml' )̂ of ̂ "̂ C-metformin as a function of time 
after oral administration of : ( □  ) control (drug solution); ( ■  ) 0.1% Solulan C24; 
( A  ) 0.1% Solulan 16; ( ♦  ) 3 % polysorbate 20 (mean ± SD, n=3); dose: 
12.5/0.5ml
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Figure 3 .14  A  L.M. x 750. Photomicrograph o f  histological sections o f  the rat 

intestinal mucosa. N onnally appearing villus h o m  a control animal (absoiptive cell- 

small aiTow, lamina propria-anow).
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Figure 3 .14 B L.M. x 750. Photomicrograph o f  histological sections o f  the rat 

intestinal m ucosa after treatment for 2 h with 0.1%  Solulan C24, show s villus with 

an oedem atous (an ow ), empty central area containing mononuclear inflammatoi^ 

cell (aiTowhead). The cells are locally oedem atous and disrupted.
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Figure 3 .14  C L.M. x 750. Photom icrogiaph o f  histological sections o f  the rat 

intestinal m ucosa after treatment for 2 h with 0.1%  Solulan 16, show s villus witli an 

oedem atous (an ow ), empty central area containing mononuclear inflammatoiy cells.
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F igure 3 .14  D L.M. x  750. Photomicrograph o f  histological sections o f  the rat 

intestinal m ucosa after treatment for 2 h with 3% polysorbate 20 show  dismpted 

epithehal cover, mptured cells and cells shed jfrom the tip o f  the vilh (arrow), with 

extravasation o f  the red blood cells and intraepithélial micro haem onhage.
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Certain critical differences between an in vivo and in vitro system at this point 

have to be taken into consideration. In “translating” results of the in vitro study to a 

biological system, an hrçortant consideration is the difference between the Caco-2 

cells and the small bowel absorptive cells. The permeability of the paracellular 

pathway, wliich is more inçortant for the passive transport of hydrophilic drugs, in 

Caco-2 cell monolayers is relatively low and this can partly be explained by the 

colonic origin of the Caco-2 cells (Artursson, 1991). The Caco-2 cell monolayers 

seem to be more sensitive to surfectant absorption enhancers because the added 

conq)ound have free access to cell surfece, than wliole tissue models (Artursson, 

1991). The difference may reflect the physiological differences between the intestinal 

mucosa and Caco-2 cells and because Caco-2 cells lack a mucus layer (Artursson, 

1991). Further on, many factors that may influence epithelial permeability are absent 

on the simple cell culture model such as nervous control, blood and lymph flow, 

gastrointestmal motility, local dynamic action of the luminal constituents such as 

food, bile and enzymes (Anderberg and Artursson, 1994). Despite these differences, 

Caco-2 cell culture has been generally accepted as a good model for predicting the in 

vivo absorbability of a range of drugs (Artursson and Karlsson, 1991; Anderberg and 

Artursson, 1994). Therefore, as has been reported, the dose required to obtain an 

effect m the monolayers was at least 2-10 times lower than needed m the rat tissue 

(Artursson, 1991; Anderberg and Artursson, 1994). Another issue of importance is 

the pattern of regeneration in the culture and in vivo which is obviously different and 

more conq)lex in vivo.

The hght microscopy changes m the small iatestme were non-specifrc with 

respect to the surfectant action. They indicated damage by the surfectants to be 

predominately confined to the tip of the villi, the surfrce most e?q)osed to the 

mechanical actions and luminal contents. We noted that the 3% polysorbate induce 

shghtly more severe histological changes. The changes were focally coarse, but 

entirely reversible three days after the cessation of the treatment. This interval was
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selected having in mind the average normal mucosal “turnover” time is 

approximately 3 days (Moon, 1983).

The promoting effect of surjetants {in vivo) may be attributed to cholesteryl 

(for Solulan C24 and 16), and the j tty  acid moiety. There is evidence that j t ty  adds 

of all chain lengths can alter permeabihty of intestinal membrane (Palin, 1995). Prior 

to exerting any action on the membrane, some of these substances undergo 

enzymatic changes in the lumen. Polysorbates have been shown to be a substrate for 

pancreatic Iqrase (Curatolo and Ochoa, 1994). That way, polysorbate 20 is 

metabolised into (C12) lauiic add and polyoxyethylene sorbitol Palin et al (1986) 

studied the effect of radiolabelled lauiic acid and noted that it was incorporated into 

the membrane and being exchanged with phospholipids. The replacement of long 

chain j t ty  adds in the phospholqiids with medium chain j tty  adds such as lauric, 

could increase the permeability of the membrane by producing “spaces” for the test 

drug to pass through.

The choice of the absorption enhancers to be developed into formulations for 

human use have to be determined only by safety profile, le. the absence of serious 

damaging effects on the intestinal mucosa. Therefore, oral dosing with an absorption 

enhancer must result in rapid reaction whh mucosal membranes without serious 

histological damage and j s t  recovery of the normal barrier fimctions. Together with 

the absorption enhancement achieved, our results would irrçly a potential usability of 

the surjce agents apphed, but fiuther reduction in the severity of the morphological 

changes would be desirable.

We concluded, that the surjetants of all classes used in this study are unlikely 

to enhance membrane permeability without causing membrane damage. The 

uhrastmctural changes in the culture indicated a transport enhancement by the 

transcelhdar route but, in addition, suggested that the paracellular path may also be 

involved. The histological changes in the rat small intestine were not specific and 

focally coarse. These changes were entirely reversible and would indicate that the 

surfactants apphed may be some candidates to fidfil the safety profile required for
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incorporation into drug formulas. In terms of its potency to enhance metformin 

transport, Solulan 16 was followed by Solulan C24 and polysorbate 20.
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Chapter 4

The effect of monomers and vesicular 
forms of Solulan C24 and Solulan 16 on 

Caco-2 cell monolayers
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4.1 Introduction

Here we are interested in the effect of two nonionic sur&ctants, Sohdan C24 

and Sohdan 16 presented as monomeric or as micellar solutions and as conq)onents 

of the bilayers of non-ionic sur&ctant vesicles (NSVs, or niosomes). These vesicles 

consist of one or more bilayers of non-ionic surjetants, able to encapsulate both 

hydrophilic and lipophilic corc^ounds (Florence, 1993). Non-ionic surjetant vesicles 

have been studied for some time as an approach to enhancing the delivery of poorly 

absorbed drugs, but few studies of the toxicity of such systems have been published.

The purpose of this study was to use the well-established Caco-2 cell culture 

model of human intestinal epithelium to investigate the effects of the surjetants 

Sohdan C24 and Sohdan 16 on the permeability and well being of the intestinal 

epithelium Both surjetants were studied in solution and niosomes.

Sohdan C24, has been included in vesicle fonmdations studied in our 

laboratories for some time (Cable and Florence, 1988; Uchegbu and Florence, 

1995). Their effect was determined by measuring the integrity of the Caco-2 

monokyers during and after e>q)osure to increasing concentrations wiiether in 

solution or as an integral part of the niosome formidation. The integrity of the 

monokyers was assessed by measuring transepithelial electrical resistance. An 

intracellular enzyme activity test (MTT) was used to assess the rektive cytotoxicity 

of these surjetant systems towards Caco-2 cells.
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4.2 Materials

The materials used in the various experiments discussed in this chapter are 

given in previous chapter (Chapter 3, in part 3.2). Additional materials are given 

below.

Hexadecyl diglyceryl ether (CigGz) was a gift from L’Qreal, Paris. Sorbitan 

monooleate (Span 80) and cholesterol were obtained and used as received from 

Sigma, UK Dicetyl phosphate (DCF) was obtained from Fhika Chemica, Germany. 

Chloroform was from BDH, U K

4.3 Methods

4.3.1 Caco-2 cells

Caco-2 cells were maintained as described earlier (Chapter 3, part 3.2.1).

4.3.2 Preparation of niosomes

In the first group of the experiments Solulan C24 and Solulan 16 were used as 

components of niosomes; sorbitan monostearate (Span 80) was the primary vesicle 

forming sur&ctant. Typically the weights used were: Span 80, 0.028 g; cholesterol, 

0.026 g; Solulan C24 or Solulan 16, 0.020 g. The surfrctant-cholesterol mixture was 

dissolved in chloroform in a round-bottomed flask and the solvent was removed at 

room tenperature under reduced pressure in a rotary evaporator. The dried 

surfactant film was hydrated with Hanks balanced salt solution (2 ml) at 55-60°C 

with gentle agitation giving a concentration of 1% of Solulan C24 and Solulan 16.

In the second group of the experiments the three conponents were used for 

the preparation of NSV: cholesterol, hexcadecyl diglyceryl ether (C16G2) and Solulan 

C24. The dried Ipid film prepared as above was hydrated with HBSS (10 ml). Five
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diflferent formulations were prepared in the molar ratios Solulan C24-cholesterol- 

C16G2 : 40:30:30, 30:35:35, 20:40:40, 10:45:45 and 5:47.5:47.5, providing a range 

of concentrations of Solulan C24 from 0.43% to 3.46%. The size of niosomes was 

determined by laser light scattering (Mastersizer X, Malvern Instruments, UK).

4.3.3 Determination of Critical Micellar Concentration (CMC)

A CAHN DCA-312 System was used to determine surfece tensions of 

solutions of Solulan C24 and Solulan 16 in distilled water at 23±1^C as described 

earlier (Chapter 3, part 3.3.3).

4.3.4 Osmolality measurement

The osmolality of the different sangles of niosomes and free Solulan C24 was 

determined with an electronic osmometer (Knauer), as described earlier (Chapter 3, 

part 3.3.4).

4.3.5 Absorption studies in Caco-2 cell monolayers

Metformin solutions were prepared from a solution of the radiolabeUed isotope 

of "̂̂ C-metformin and the corresponding unlabelled confound in DMEM to give a 

final concentration of 100 pM. Absorption was followed for 4 h. The radiolabelled 

drug solutions (control) and mixtures of metformin and sur&ctants, Solulan C24 and 

Solulan 16, were added to the apical chamber. Sanqrles (450 pi) were taken from 

each basolateral chamber (and replaced with fresh medium) and measured in a liquid 

scintillation counter (Beckman). The results were e^^ressed as percentage of the 

dose transported from the apical to basolateral chambers.
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4.3.6 Transepithelial electrical resistance (TEER)

The integrity of the monolayers was determined by measurement of the 

potential difference between the apical and the basolateral sides of the monolayer as 

previously described (Chapter 3, part 3.3.6).

4.3.7 Cell viability (MTT test)

Intracellular dehydrogenase activity was determined by the MTT test as 

previously described (Chapter 3, part 3.3.7).

4. 4 Results and Discussion

The assessment of the integrity of the Caco-2 cell monolayers was performed 

by measuring TEER. Under experimental conditions the transepithelial electrical 

resistance was high (>300 Q.crrf ). Resistances ranging from 150 Q.crtf to up to 600 

n .cnf have been reported (Artursson, 1996). Therefore, the results showed that the 

monolayers were intact and the tight junctions frilly developed (Hidalgo et al, 1989; 

Artursson, 1990).

The absorption enhancing effect of Solulan C24 and Solulan 16 was evaluated 

using ^^C-metfbrmin. The osmolality of the incubation medium (Solulan C24 and 

Solulan 16 in the concentration range from 0.005%, 0.01%, 0.05%, 0.1% or 0.5%), 

and solutions of metformin (control) were determined before each e?qperiment to 

establish that hypo- or hyper-osmolality was not the reason for any change in the 

transport of metformin and they are presented in Chapter 3 (Table 3.1). In Table 4.1 

the osmolality of niosomes containing the Sohilans C24 and 16 in solution was 

presented. The osmolality of all solutions was around 300 mOsm/kg, Le. 

isoosmotic.
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Table 4.1 The osmolality of niosomes containing the Sohdans C24 and 16

Niosomes mOsm/kg

Solulan C24 in niosomes size of300nm 289±5.2

Solulan C24 in niosomes size o f500-1000 nm 310±10.6

Solulan 16 in niosomes size of300nm 299±7.9

Solulan 16 m niosomes size of 500-1000 nm 290±5.0

Exposure to different concentrations of Solulan C24 resulted, as e?q)ected, in 

transport of metformin that was dependent on Solulan concentration (Fig. 4.1 A). 

Large increases in transport of metformin were related to the effect of Solulan C24 

on the epithelial cell monolayers, espedalty for the concentrations: 0.05%, 0.1%, 

0.5%. Fig. 4.2 A, shows the results obtained from use of MTT assay to measure 

viability or toxicity. A significant reduction in cell viability was observed as the 

concentration of Solulan C24 was increased. At concentrations of Solulan C24 of 

0.1% and 0.5 % no viable cells survived in the test; at a concentration of 0.05% only 

30% of cells were viable. Similar effects on cell layer permeability, metformin 

transport and cell viability were found with Solulan 16 (Fig. 4.1 B and Fig. 4.2 B).

According to surfrce tension measurements the CMCs for Solulan C24 and 16 

were 0.009% and 0.01%, respectively. Toxic effects were most pronounced above 

the CMC concentrations (Figs. 4.1 A, 4.2 B).
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Figure 4.1 A Transport of '̂̂ C-metformin across Caco-2 cell monolayers as a 

function of the concentration of Solulan C24: ( A ) control, ( A  ) 0.005%, ( 0 ) 

0.01%, (♦)0.05%, (0 )0 .1% , ( ■ )0.5%.
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Figure 4.1 B Transport o f ^^C-metfbrmin across Caco-2 cell monolayers as a

fiinction of the concentration of Solulan 16: ( A ) control, ( A ) 0.005%, ( 0 )

0.01%, (♦ )0 .05%,  ( 0 ) 0 . 1 % ,  ( ■ ) Solulan 16 0.5%.
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Figure 4.2 A Cytotoxicity of Solulan C24: ( A  ) Solulan C24, ( 0 ) Solulan C24 in 

niosomes size of SOOnm, ( Q  Solulan C24 in niosomes size of 500-1000 nm 

(incubated for 3 h).
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Figure 4.2 B Cytotoxicity of Solulan 16: ( A  ) Solulan 16, ( 0 ) Solulan 16 in 

niosomes size of 300nm, ( □  ) Solulan 16 in niosomes size of 500-1000 nm

(incubated for 3 h).

150



To compare the eflfect of free Solulan C24 and Solulan 16 in solution with the 

effect of niosomes containing the Sohdans, vesicles of Span 80 and cholesterol 

containing a range of concentrations of Solulan C24 and Solulan 16 were studied. In 

our study we used two niosome preparations, one with a mean size of 300 nm and 

one with a broader distribution and mean between 0.5pm-lpm. Fig. 4.2 A, shows 

the viability of Caco-2 cells treated with Solulan C24 in niosomes was 

approximately 100% for all Solulan C24 concentrations irrespective of niosome size. 

A slight reduction in viability of up to 30% was noticed with 0.5% and 1% of 

Solulan C24 in niosomes. Similar effects were observed with Solulan 16 (Fig. 4.2 B). 

The smaller niosomes appeared to exert a lesser effect on cell viability than the larger 

vesicles. Free Solulan C24 or 16 at a level of 0.1% was very toxic to the cells, 

\shereas the same concentrations of Solulan C24 and Solulan 16 in niosomes had no 

effect on the cell viability. However, some toxicity was observed for higher levels of 

Solulan C24 and 16 in niosomal form.

In the second part of our study we used several formulations of Solulan C24, 

cholesterol and CigG: (structures presented in Fig. 4.3) to con^are the toxicity of 

Solulan C24 in niosomes and in a solution. Five samples of each form were prepared 

with increasing concentrations of Solulan C24 (0.43%, 0.8%, 1.7%, 2.6% and 

3.46%). In Table 4.2 osmolality values were presented, confirming that all solutions 

used in this set of e?q)eriments were isoosmotic. The size of the niosomes was 

around 6pm

The TEER changes ' shown in Fig. 4.4 mainly reflect changes in paracelhdar, 

but also in transcellular permeability. If the cell membrane is made permeable, e.g. by 

an absorption enhancer, the passive ion permeability across the cell membrane will 

increase, with a concomitant decrease in TEER (Anderberg et al, 1992). Free 

Solulan C24 caused a significant reduction of TEER, to approximately 5% of the 

initial value (Fig. 4.4 A and 4.4 B), whereas Solulan C24 at the same concentrations 

in niosomes did not show any significant toxic effects (assessed by TEER and MTT 

tests).
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Figure 43 Structures of the vesicle forming confounds: (A) Sohilan C24, 

(B) C16G2
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Table 4.2 The osmolality measurements of niosomes and Solulan C24 in HBSS 

(data are mean values ± sd)

Niosomes mOsm/kg

sanq)le 1 294.019.9

sangle 2 302.5±2.5

sangle 3 307.6±7.5

sangle 4 295.015.0

sample 5 305.015.0

Solulan €24 in HBSS

sample 1 294.3110.3

sample 2 284.012.9

sample 3 289.316.6

sanqrle 4 288.316.2

sanqrle 5 283.612.6

For Solulan C24 concentrations of 1.7%, 2.6% and 3.46% a reduction of 

TEER and cytotoxicity (MTT) was observed with the sur6ctant free in solution or 

as part of niosomes (Fig. 4.4 C,D,E and 4.5). In all e?q)eriments the TEER of control 

sangles (with no Solulan C24 added) did no changes with incubation time. In fact, 

above a total of 1% of the Sohdans, their presence in the vesicles or in the free form 

made little difference to their effect. Cytotoxicity measurement (MTT) (Fig. 4.5), 

have shown that free Solulan C24 was toxic at all concentrations used wfrereas a 

declining number of viable cells was observed with increasing concentration of 

Solulan €24 in niosomes.
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Figure 4.4 A Effect o f (0.43% w/v) Sohilan C24 on the transepithelial electrical

resistance o f Caco-2 cell monolayers as a fiinction o f time: ( A) Sohilan C24,

( □  ) Sohilan C24 in niosomes, ( ■ ) control cells.
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Figure 4.4 B Effect of (0.8% w&) Solulan C24 on the transepithelial electrical

resistance of Caco-2 cell monolayer as a fiinction o f time: ( A  ) Solulan C24,

( □  ) Solulan C24 in niosomes, ( ■ ) control cells.
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Figure 4.4 C Effect o f (1.7% w/v) Solulan C24 on the transepithelial electrical

resistance o f Caco-2 cell monolayers as a fiinction o f time: ( A  ) Solulan C24,

( □  ) Solulan C24 in niosomes, ( ■ ) control cells.
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Figure 4.4 D Effect o f (2.6% w/v) Solulan C24 on the transepithelial electrical

resistance o f Caco-2 cell monolayers as a fiinction o f time: ( A ) Sohilan C24,

( □  ) Solulan 024 in niosomes, ( ■ ) control cells.
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Figure 4.4 E Effect o f (3.46% w/v) Solulan C24 on the transepithelial electrical

resistance o f Caco-2 cell monolayers as a fiinction of time: (A )  Sohilan C24,

( □  ) Solulan C24 in niosomes, ( ■ ) control cells.
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F^ure 4.5 Cytotoxicity of Solulan C24: ( A  ) Solulan C24 in solution (sangles 1- 

5), ( D  ) Solulan C24 in niosomes (sangles 1-5) (incubated for 3 h).
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To study the cause of the toxic effect, we prepared niosomes with the highest 

concentration of Sohilan C24 (3.46% of Solulan C24, sanqple 1) and niosomes 

without Solulan C24 (Ci6G2-cholesterol-DCP; in mol% 49:49:2). Sarcple 1 was 

centrifuged twice 1 h at 50000 rpm (supernatant was withdrawn), and then for 20 

min at 20000 rpm (at 4*̂ C) to separate the niosomes. The niosomes was resuspended 

with HBSS buffer. The osmolality of the 3 sangles (niosomes without Solulan C24, 

pellet, supernatant) were around 300 mOsm/kg and is presented in Table 4.3.

Table 4.3 The osmolality measurements of pellet, supernatant and niosomes with no 

Solulan C24 (data are mean values ± sd )

sangle mOsm/kg

pellet (sançle 1) 298.0i:5.0

supernatant (sanq)le 1) 300.0±5.0

niosomes with no Solulan C24 300.0±10.1

Each sangle (0.5 ml) was added to the cell culture inserts and the TEER was 

followed for 3 h (Fig. 4.6). A reduction of TEER was observed with the 

supernatant, whereas the pellet and the niosomes with no Solulan C24 had no 

significant toxic effect. It can be concluded that the toxic effect of niosomes is 

princ^ally a result of the amount of free surfrctant present in the niosomes 

suspension. A good correlation between TEER (Fig. 4.6) and cell viability (MTT 

test) (Table 4.4) has been established, showing decrease of TEER and cell viability 

for supernatant.
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Figure 4.6 Effect of pellet, supernatant and niosomes with no Solulan C24 on 

transepithelial electrical resistance of Caco-2 cell monolayers: ( A  ) pellet (sangle 

1), ( □  ) supernatant (sangle 1), ( 0 ) niosomes with no Solulan C24, ( ■ )

control cells.
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Table 4.4 Effect of pellet, supernatant and niosomes with no Solulan C24 on cell 

viability (data are mean vahiestsd)

sample % cell viability

pellet (sample 1) 101.0±3.2

supernatant (sample 1) 0

niosomes with no Solulan C24 99.5±2.4

control cells 105.0±5.9

It may be concluded that the toxic effect of niosomes is due princÿally to the 

amount of free surfrctant, Solulan C24 present in the niosome suspension. Solulan 

C24, as an example, is incorporated to the bilayer structure of the vesicles. In the 

vesicular preparations it is not free to act Le. its thermodynamic activity is reduced. 

From Fig. 4.2 A one can calculate an equivalence of effect of Solulan in vesicles to 

the effect of free concentrations of the surfactant. Plotted in Fig. 4.7 is the apparent 

free concentration of surfrctant against the total concentration in the niosome 

suspension. This assumes that the poorly soluble sorbitan monooleate (Span 80) as 

the niosomes forming surfactant is biologically inactive in the test system
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Chapter 5

Effects of fluorinated and hydrogenated 
surfactants on transepithelial 

permeability in Caco-2 cell monolayers
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5.1 Introduction

A large variety of well deJBned fluorinated surjetants with diflerent molecular 

structures have been synthesised (Riess et al, 1989; Riess et Greiner, 1993; Greiner 

et al, 1993). These amphiphiles provide new, surjce active confounds with higher 

bioconq)atibility than their nonfluorinated counterparts. Their apphcation include 

injectable fluorocarbon emulsions as “blood substitutes” (antihypoxic agents), 

diagnostic agents and drug delivery systems such as fluorinated vesicles (Riess, 

1994a; 1994b).

The objective of the study described here was to investigate the effect of 

fluorinated and nonfluorinated surjetants as drug absorption enhancers by using the 

well-established Caco-2 cell culture model

The effect of the surjetants on Caco-2 cell permeability was assessed by 

measuring the transport of radio jbelled metformin through the cell mono jyer. The 

integrity of the Caco-2 cell monokyers was determined by measuring transepithelial 

electrical resistance (TEER) before and during e?q)osure to increasing concentrations 

of surjetants and transmission electron microscopy (TEM). In addition, an 

intracellular enzyme activity test (MTT test) has been used to establish the 

cytotoxicity of these surjetant systems on Caco-2 cell mono jyer. An attençt has 

been made to establish a correktion between the results of these e?qperiments, in 

order to explore the effects of the surjetants studied.
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5.2 Materials

The materials used in the various e?q)eriments discussed in this chapter are 

described in Chapter 3, in part 3.2. Additional materials include following 

surfactants: AF-66, AF-87, A-87, AF-107, A-109. They were gift from Université 

de Nice-Sophia Antçolis, Nice, France. Their stmcture is presented in Figure 5.1 

and molecular weight and critical micellar concentrations in Table 5.1.

5.3 Methods

5.3.1 Caco-2 cells

The procedure of growing Caco-2 cells is described in Chapter 3, in part 3.3.1.

5.3.2 Transepithelial electrical resistance (TEER)

The procedure of measuring TEER is described in Chapter 3, in part 3.3.6.

5.3.3 Osmolality measurements

The procedure of measuring osmolality is described in Chapter 3, in part 3.3.4.

5.3.4 Absorption studies in Caco-2 cell monolayers

The transepithelial transport of the metformin was studied for the period of 4 h 

at 37°C. Metformin solutions were prepared by mixing a solution of the radiolabelled 

isotope of metformin and the corresponding unlabelled confound in DMEM to give 

100 pM metformin solution of specific activity of 0.52 mCi / mmoL The radiolabelled
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drug solutions (control) and mixture of metformin and different concentrations of 

surjetants (AF-87, A-87, AF-66, A-109, AF-107) were added to the apical 

chamber. At each time point the aliquots (450pl) were withdrawn from the 

basolateral chamber out of 1500pl (3 times for each well) and the corresponding 

volume of fresh medium was added. The sarrçles were measured in a hquid 

scintillation counter (Beckman). The amount of the metformin transport was 

e?q)ressed as percentage of total amount of metformin added to the apical chamber.

5.3.5 Cell viability (MTT test)

The procedure of measuring cell viability is described in Chapter 3, in part 

3.3.7.

5.3.6 Transmission Electron microscopy (TEM)

Morphological changes were observed by TEM and the procedure is described 

in Chapter 3, in part 3.3.8.

5.3.7 Matrix assisted laser desorption mass spectroscopy

Mass spectroscopy of the sangles is described in Chapter 3, in part 3.3.1,2.

5.4 Results and Discussion

In order to eliminate the osmotic effect of AF-87, A-87 and AF-66 solutions 

(0.0005%, 0.005%, 0.05%, 0.5, 1%, 2%, 5%) and A-109, AF-107 (0.005%, 0.05%, 

0.5, 1%, 2%, 5%), the osmolality of these solutions in the incubation medium was 

determined and presented in Table 5.2. The osmolality of all solutions was found to
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be in the range o f300 mosmol/kg, and the solutions were considered isoosmotic.

The effect of the surjetants at a range of concentrations on metformin 

transport was evaluated using '̂‘C-metformin as a tracer and is presented in Fig. 5.2 

A-E. There was a concentration dependent effect of AF-87, A-87 and A-109 on the 

metformin transport. On the other hand, AF-66 and AF-107 showed virtually no 

effect. A significant effect of AF-87, A-87 and A-109 was achieved in the 

concentration range of 0.5%-5%. Below the concentration of 0.5%, the effect on 

metformin transport was similar to the one of AF-66 and AF-107. A-87 and A-109 

showed the greatest effect at a concentration of 5%, increasing the metformin 

transport by a Actor of 4 (as conçared with control). However, the fluorinated 

analogue of A-87, AF-87 increased the transport only by approximately 2 times at 

the same concentration.

R— CHj— S -^ C H j-a i^ H

= oÎ
NH 

HOCHj— C— CHjOH 

C H j O H

Figure 5.1 Structure of surjetant used: (A) AF-87 (R = C„ F 2n + 1 ), n = 8 , p = 7; 

(B) A-87 (R = Cn H 2n +1 ), n = 8 , p = 7; (C) ^ - 6 6  (R = C„ F 2n +1 ), n = 6, p = 6, 

(D) A-109 (R = C12H25), p — 7, (E) AF-107 (R = C10F21C2H4), p ~ 7.
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Molecular weights and critical micellar concentrations of surjetants used are 

presented in Table 5 .1.

Table 5.1 Molecular weights and critical micellar concentrations of surjetants used

Surjetants MW CMC (g/lOOml)

AF-87 1620 0.0486

A-87 1485 0.445

AF-66 1430 0.429

A-109 1780 n.d.

AF-107 1840 n.d

n.d. Not determined

The assessment of the integrity of the Caco-2 cell monokyers was performed 

by measuring TEER Under e?q)erimental conditions the transepithelial electrical 

resistance at t=0 was high (>300 n.cnf), proving that monokyers were intact and 

the tight junctions fiilly developed. Transepithelial electrical resistance data for AF- 

87, A-87, AF-66, AF-107 and A-109 are presented in Fig. 5.3 A-E. From Figures 

5.3 C and E it is obvious that AF-66 and AF-107 show no effect on TEER, which 

correktes with the results of metformin transport studies (Fig. 5.2 C, E). On the 

other hand, all three surjetants (AF-87, A-87 and A-109) that show a concentration 

dependent effect on metformin transport, in addition show a pronounced effect on 

the decrease in TEER
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Table 5.2 Osmolality measurements for AF-87, A-87, A-66, A-109, AF-107 

(mOsm/kg)

AF-87
0.0005% 290.8 ±3.0
0.005% 295.5 ±4.2
0.05% 299.9 ±5.1
0.5% 299.9 ±5.1
1% 298.1 ±2.1
2% 300.0 ±1.1
5% 299.9 ±3.4
A-87
0.0005% 298.1 ±2.0
0.005% 288.3 ±7.9
0.05% 291.0 ±3.0
0.5% 300.2 ±2.1
1% 299.1 ±10.2
2% 290.3 ±5.2
5% 305.0 ±7.2
AF-66
0.0005% 288.0 ±5.0
0.005% 289.9 ±3.2
0.05% 299.6 ±11.5
0.5% 305.8 ±10.5
1% 302.3 ±7.8
2% 310.5 ±2.7
5% 299.8 ±8.9
A-109
0.0005% 301.8 ±3.2
0.005% 301.5 ±1.0
0.05% 299.9 ± 10.8
0.5% 300.0 ±7.0
1% 299.9 ± 1.0
2% 305.0 ±2.8
5% 309.9 ±1.1
AF-107
0.0005% 305.5 ±3.8
0.005% 302.7 ±2.1
0.05% 310.5 ±2.0
0.5% 299.6 ±1.0
1% 300.2 ±15.6
2% 301.3 ± 10.0
5% 298.9 ±5.7
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Figure 5.2 A Transport studies o f “C-metformin as a function o f the concentration

o f AF-87: ( A ) control, ( ▲ ) 0.0005%, ( ❖ ) 0.005%, ( ♦  ) 0.05%, ( □ ) 0.5%,

( ■ ) 1 % , ( X )  2%, ( + ) 5%.
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figure 5.2 B Transport studies o f "C-met&rmin as a fiinction o f the concentration

o f A-87: { A ) control, ( ▲ ) 0.0005%, ( <> ) 0.005%, ( ♦  ) 0.05%, ( □ ) (0.5%),

( ■ ) ! % , ( X ) 2 % , (  + ) 5%.
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Figure 5.2 C Tran^ort studies o f "C-metformm as a function o f the concentration

o f AF-66: ( A ) control, ( ▲ ) 0,0005%, ( ❖ ) 0.005%, ( ♦  ) 0.05%, ( □ ) 0.5%,

( ■ ) 1 % , ( X ) 2 % , (  + ) 5%.
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F ^ u re  5.2 D Transport studies o f ̂ ^C-metfbrmin as a function of the concentration

of A -109: ( A ) control, ( A ) 0.005%, ( O  ) 0.05%, ( ♦  ) 0.5%, ( □ ) 1%, ( ■  )

2 % ,(X )5 % .
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Figure 5.2 E Tran^ort studies o f '“C-metfoniim as a fimctioo of the concentration 

of AF-107; ( A ) control, ( ▲ ) 0.005%, ( <> ) 0.05%, ( ♦  ) 0.5%, ( □ ) 1%, 

( ■ ) 2 % , ( X ) 5 % .
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Figure 5.3 A Effect of AF-87 on the transepithelial electrical resistance of Caco-2 

cell monolayers as a fiinction of time and sur&ctant concentration; ( A ) control,

( A  ) 0.0005%, ( O  ) 0.005%, ( ♦  ) 0.05%, ( □  ) 0.5%, ( ■  ) 1%, ( X  ) 2%,

( + )5%.
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Figure 5.3 B Effect of A-87 on the transepithelial electrical resistance of Caco-2 cell 

monolayers as a function of time and surfectant concentration: ( A ) control,

(  A  ) 0.0005%), ( O  ) 0.005%, ( ♦  ) 0.05%, ( □  )  0.5%, (  ■  ) 1%, ( X  ) (2%),

( + )5%.
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Figure 5.3 C Eflfect of AF-66 on the transepithelial electrical resistance of Caco-2 

cell monolayers as a fimction of time and surfectant concentration: ( A ) control,

( A  ) 0.0005%, ( O ) 0.005%, ( ♦  ) 0.05%, ( □ ) 0.5%, ( ■  ) 1%, ( X  ) 2% ,

( + ) 5%.
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Figure 5.3 D Effect of A-109 on the transepithelial electrical resistance of Caco-2 

cell monolayers as a fimction of time and surfectant concentration A-109:

(A ) control, ( A  ) 0.005%, ( O ) 0.05%, ( ♦  ) 0.5%, ( □ ) 1%, ( ■  ) 2%), 

(X)5%.
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Figure 5.3 E Eflfect of AF-107 on the transepithelial electrical resistance of Caco-2 

cell monolayers as a fimction of time and sur&ctant concentration: ( A ) control,

(  ▲ ) 0.005%, ( O  ) 0.05%, ( ♦  ) 0.5%, ( □  ) 1%, ( ■  ) 2% , ( X  ) 5%.
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In Fig. 5.4, the cytotoxicity of AF-87, A-87, A-66 (Fig. 5.4 A) and A-109, AF- 

107 (Fig. 5.4 B) is presented as determined by MTT cell-viabihty test. From Fig. 5.4 

A) it is obvious that only nonfhiorinated surfectant A-87 at concentrations of 1%, 

2% and 5%, shows some effects on cell viability, \\iiich correlates with its effects on 

the increased permeability of Caco-2 cell monolayers, and its effect on a decrease in 

TFFR In addition, nonfhiorinated surfectant A-109 also showed most pronounced

cytotoxic effects at concentrations 0.5%-5% (Fig. 5.4 B).
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Figure 5.4. A Cytotoxicity of AF-87, A-87, AF-66: ( □ ) AF-87, ( ♦  ) A-87, 

( ■  ) AF-66 (incubated for 4h).
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Figure 5.4 B Cytotoxicity of AF-107, A-109: ( □ ) AF-107, ( ■  ) A-109 (incubated 

for 4h).
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Transmission electron m icroscopy revealed som e changes in conelation  with 

increase permeabihty o f  C aco-2 cell monolayers. Transmission electron m icrogiaph  

o f  C aco-2 cells (control) is presented in Fig. 3 .10 (Chapter 3). For ultrastmctmal 

investigation the surfactants w ere apphed in the following concentrations: 1%, 2%, 

5% (A F-87); 1%, 2%, 5% (A -87); 1%, 2%, 5% (A -109) and 5% (A F-107). After 

treatment with 1% and 2% A F-87, the numerous microvilh are present in general, 

but after treatment with 5% A F-87, change in the appearance o f  the microvilh and 

rare dilatation o f  junctional com plexes can be seen in som e cases (Fig. 5.5 A). The 

cells after exposuie for 4 h to  1%, 2% and 5% A -87 show  more damage, while 

microvihi w ere reduced, and dilatation o f  junctional com plexes w as b elow  the level 

o f  tight junction (Fig. 5.5 B, C).

Tlie treated ceUs show  in general well-preserved microvilh after treatment with  

1 % A - 109, but it has also been found that junctional com plexes below  the level o f  

tiglit junction are fihed with a membrane-hke sort o f  material (Fig. 5.5 D ). Similar 

observations w ere seen after treatment with 2% and 5% A - 109, but with a reduction 

in microvilh and an occasionally bolding o f  ceU surface (Fig. 5.5 E). Figure 5.5 F 

show s die cells after the treatment with 5% A F-107, with weU developed and 

preserved microvilh and rarely with a dilatation o f  intracehular com plexes with 

similar appearance, as in the previous case.

-V

% %  > 4^ r  ' f  ■ .

F igure 5 .5  A  Transmission electron micrograph o f  C aco-2 cehs after the treatment 
for 4h with 5% AF-87. Change in the appearance o f  the microvilh (arrowheads) and 
rare dilatation o f  junctional com plexes can be seen (an ow ).
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Figure 5.5 Transmission election micrograph of Caco-2 cells after the treatment 

for 4h with: (B) 1% A-87 show microvilh with reduction in their number, (C) 2% 

and 5% A-87 show dilatation of junctional complexes below the level of tight 

junction (anows).
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Figure 5 .5  Transmission electron microgiaph o f  C aco-2 cells after the treatment 
for 4h witli; (D) 1% A - 109 show  reduced microvilli, but it has also been found that 
junctional com plexes below  the level o f  tight junction are filled with a membrane-like 
sort o f  material (arrow), (E) 5% A - 109 show  reduced number o f  microvilh with a 
dilatation o f  junctional com plexes (aiTOw) (very similar cell appearance can be seen 
after treatment with 2% A - 109).
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Figure 5.5 Transmission electron micrograph o f  C aco-2 cells after the treatment 

for 4h with: (F) 5% A F-107 witli w ell developed and preseived microvilli and veiy  

rare with a dilatation o f  intracellular com plexes with similar appearance, as in the 

previous case.

It is obvious that in this study the nonftuorinated surfactants exeit the highest 

effect on Caco-2 cell monolayers permeability. Comparing the tw o m ost potent 

absorption enhancers (A -87  and A - 109), it can be concluded that increase in 

hydrophobic chain, ft om  C9 for A -87  to C13 for A - 109, did not significantly change 

metformin transport (Fig. 5.6). hi addition, in the case o f  ftuorinated smfactants (AF- 

87 and A F -107) increase in the carbon chain from C9-C13 did not change at all 

metformin transport. A t this point, it is not clear why, o f  all the ftuorinated 

smfactants investigated, only A F -87 show s a moderate increase in metformin
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transport. It is possible that in the case of fluorinated surfectants, the optimal length 

in carbon chain is shifted to C9.
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Figure 5.6 Correlation between % metformin transported across Caco-2 cell 

monolayers after the treatment for 4 h with 1% A-87, AF-87, AF-66, A-109 and 

AF-107 and the hydrophobic chain length (-Cx - S-): ( 0 ) 1 %  A-87, ( 0 ) 1% AF- 

87, ( A ) 1% AF-66, ( □ ) 1% A-109, ( ♦  ) AF-107.
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As can be seen from Table 5.1 and Fig. 5.2 A and B the effective 

concentrations of AF-87 are all above the critical tnicellar concentration (the CMC 

of AF-87 is 0.0486). The CMC of A-87 is 0.445% and there is evidence of activity 

at this value and its effect on membrane permeability results from solubilization of 

membrane conq)onents.

Fluorinated chains, Cn F2n +i, differ from their frilly hydrogenated analogs in 

several inqiortant ways:

1) Fluorine atoms are larger than hydrogen ones (147 vs 120 pm) and fluorinated 

chains are more bulky than hydrogenated ones (ca 0.3 vs 0.2 nm^) (Riess, 1994c).

2) Fluorinated alkyl chains are more rigid, v\bich is related to the loss of gauche/trans 

conformational freedom and results in their decreased flexibility and higher melting 

points, when conqiared to corresponding hydrocarbon surfrctants (Riess et al, 

1996).

3) The electron-rich fluorine atoms form a dense repellent electron sheath around the 

carbon backbone, and the larger surfrce of the F-alkyl chains, in conjunction with the 

low polarizabihty of the fluorine atoms, resulting in enhanced hydrophobidty. The 

strong hydrophobic interactions developed by fluorinated chains increase the 

tendency for fluorinated anq)hq)hiles to self-assemble \̂fren dispersed in water and 

collected at interfrces. Therefore, perfluoroalkylated surfactants have lower critical 

tnicellar concetration values than their hydrocarbon counterparts. Fluorinated chains 

can also be qualified as less detergent toward membranes, as shown by their ability to 

reduce or suppress haemolytic activity, though they convey higher surfrce activities 

than hydrogenated ones (Riess et al, 1996).

The ukrastructural changes of Caco-2 cells treated with 5% AF-87, 1%, 2%, 

5% A-98, 1%, 2%, 5% A-109 (dilatation of the intercellular spaces) could suggest 

that the increased permeability was partly due to the enhanced paracellular flux of 

metformin. The dilated basolateral spaces may be result of increased flow by either 

the transcellular or paracellular route. Thereby, we conclude that particularly 

nonftuorinated surfrctants A-87 and A-109 alter the ultrastructure of Caco-2 cells, as
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a result of solubilization of the cell membrane. The process of membrane injury 

advances gradually, followed by a reduction in microvilh and dilatation of junctional 

corcçlexes, in general filled with membrane-like sort of material At a higher 

concentration of these surjetants, no ‘̂ unch out” defects (membrane wounds) were 

seen, or dead cells.

A relatively low toxicity of A-87, AF-87 and A-109, related with an increased 

permeability for metformin transport seemed to be the interesting candidates in 

investigation of drug absorption enhancers. However, A-87, AF-87 and A-109 

exerts effects within the range of concentrations winch are relatively high, and 

therefore it would be difficult to design a single unit dosage form for oral drug 

delivery.
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Final conclusion
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This study has laid some milestones on the long journey to prepare appropriate 

absorption enhancing systems for oral delivery of metformin. The potential for the 

use of dilTerent nonionic surfectants and emulsions as absorption enhancers has been 

demonstrated.

The influence on oral metformin bioavailability of both W/O and OAV 

emulsions has been studied in the rat. The aims were to assess: 1) the stability of 

emulsions together with the in vitro release of metformin, 2) in vivo absorption, and

3) the histological changes in the small intestine of the rat induced by emulsions. The 

rationale for the use of W/O systems was the antic^ation of controlled delivery, 

A\hereas 0/W emulsion, containing metformin in the continuous phase, was used as a 

“control” for the effect of the emulsion components. We have formulated, 

characterised and tested in vivo\ W/isopropyl myiistate emulsion stabilised with Span 

80 and BSA, 0/W emulsion stabilised with Solulan C24 and Span 80 prepared with 

soybean oil, and 0/W emulsion stabilised with Span 60 with sesame oil as the 

continuous phase. The formulation of a stable W/O emulsion containing metformin 

was difficult because of the drug’s high water solubility and the Act that it sahs-out 

nonionic surActants, causing inversion. Emulsions can influence the bioavaiAbility of 

metformin by at least three mechanisms: 1) the oil phase itself as in the case of 

W/isopropyl myiistate emulsion and Atty adds liberated during digestion of sesame 

and soybean oil, can affect the gastric enptying process, 2) the control of the rate 

release of the drug can increase the rate of absorption, in the case of W/O emulsions, 

and 3) the suiActants used as a stabilisers of emulsions and Atty adds present m the 

oil phase might have a direct effect on intestinal permeability, especially Solulan C24. 

With an W/O emulsion, a steady drug level was recorded between 3 and 8 h after 

administration, being significantly higher than in controls or with 0/W emulsions. 

Histological changes, assessed by fight microscopy on semi-thin sections, were seen 

in all the treated animals: conprising widening of the intracellular spaces, occasional 

loss of cells fi*om the tp  of the villi, detachment of the epithelium fi*om the 

underlying stroma and intracytopAsmatic and stromal Atty vacuoles. The changes
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were not specific for any particular emulsion and were entirely reversible three days 

afl;er cessation of emulsion administration. Part of the absorption enhancement may 

be attributed to increased paracellular and transcellular route.

The effect of nonionic surjetants, Solulan C24, Solulan 16, potysorbates 20, 

60 and 85 on transepithelial transport of metformin across Caco-2 cell monolayers 

was the next task. The aim s of the study were: 1) to identify the surfactants and their 

concentrations capable of enhancing drug transport while causing no or only minor 

cellular damage, by measuring the metformin transport, and using the TEER and 

MTT tests, 2) to assess the ultrastructural changes in Caco-2 cell culture, primarily 

by transm ission electron microscopy, and 3) to apply the most promising surjetants 

(in our case Solulan C24, 16 and polysorbate 20) on an in vivo rat model and assess 

the morphological changes and their reversibility. All methods used in the first part of 

this study showed a good correktion between increase in metformin transport, 

followed by changes in transepithelial electrical resistance and decrease in cell 

vmbility (assessed by MTT test). Both Solulan C24 and 16 showed that the effective 

concentrations are at and above their CMC value, while in the case of polysorbate 20 

the effective concentrations are all above the CMC. In rekting surjetant structure to 

its interactions with cell membrane, it is obvious that the cholesteryl moiety is one of 

the key jctors in determining the large absorption enhancing properties of Solulan 

C24 and Solulan 16. After the in vivo study, Solulan 16 was followed by Solulan 

C24 and polysorbate 20, in terms of potency to enhance metformin transport. 

Polysorbate 85, which in our in vitro e?q)eriments, was ‘prevented” from interacting 

intimately with the cell membrane probabfy due to the conçlex and “bulky” 

structure, could be an interesting candidate for in vivo e?q)eriments. Polysorbate 85, 

which is a trio-oleate, could be substrate for pancreatic %ase during digestion. 

Liberation of kuiic adds (C12) in a greater extent than in the case of polysorbate 20 

could result in enhanced membrane permeability. The effects from absorption studies 

were, however, paralleled by morphological changes on the histological and 

ultrastructural level (oedema of the vihi and enterocytes, detachment of the cells
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from the basement membrane, reduction in the number of microvilli, their shortening 

and bizarre shapes, dilatation of the intercellular space at various points along the 

latero-lateral cell contact, disrupted desmosomes, discrete membrane defects and at 

the extreme end of the spectrum, oedematous, fragmented and obviously dead cells). 

From these studies we concluded: 1) the surfrctants of all the classes used, were 

unlikely to enhance membrane permeability without causing membrane damage, 2) 

polysorbate 20, Solulan C24 and 16 were capable of enhancing metformin transport 

while causing only minor ultrastructural changes, in a narrow range of 

concentrations {in vitro), 3) the ultrastructural changes in the culture indicated 

transport enhancement by the transcellular route but, in addition, suggested that the 

paracellular path may also be involved, 4) the histological changes in the rat small 

intestine, after the treatment with polysorbate 20, Solulan C24 and 16 were not 

specific, and these changes were entirely reversible, 5) Solulan 16 was the most 

potent surfactant in enhancing metformin transport in vivo. Reversibility of the 

effects described was one of the most irr^ortant issue indicated that polysorbate 20, 

Solulan C24 and 16 could fiilfil the safety profile required.

Solulan C24, v^hich was used through our study, either as stabiliser for OAV 

emulsion or absorption enhancer in solution, came once again under the investigation 

but this time as one of corqponents of the bilayers of nonionic surfactant vesicles. 

Solulan C24 has been included in vesicle formulations studied in our laboratories for 

some time, but there were no data about its toxicity. The effect of Solulan C24, 

either free in solution or as an integral part of niosome bilayers, was studied using the 

Caco-2 cell culture model It was shown that at concentrations above 1% the effect a 

dramatic decrease in TEER of the surfrctant in niosomal form and free in solution 

was equivalent. It was concluded that the toxic effect of niosomes arises from free 

surfrctant present in the niosome suspension.

The effect of fluorinated and nonftuorinated sur&ctants as drug absorption 

enhancers by using Caco-2 cell culture model was discussed in Chapter 5. The aims 

of study were: 1) to identify the surfactants and their concentrations capable of
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enhancing drug transport while causing no or only m in o r  cellular damage, by 

measurement of the metformin transport, and the use of the TEER and MTT test, 

and 2) to assess the uhrastmctural changes in Caco-2 cell culture by t r a n s m is s io n  

electron microscopy. From five sur&ctants tested, there was a concentration 

dependent effect of only three, A-87, AF-87 and A-109. Once again a correlation 

between increase in metformin transport, decrease in TEER, reduction of viable cells 

present, and ultrastructural changes has been established. There was evidence of 

activity above the CMC value for AF-87, and at this value for A-87 and probably 

their effect on membrane permeability results firom solubilisation of membrane 

conçonents. It was also obvious that nonfluorinated surjetants exert the highest 

effect on Caco-2 cell permeability, and that the increase in the hydrophobic chain 

length fi*om C9 for A-87 to C13 for A-109, did not change significantly metformin 

transport. The ultrastructural changes of Caco-2 cells treated with AF-87, A-87 and 

A-109 (dilatation of the intercellular spaces) could suggest that the increased 

permeability was partly due to the enhanced paracellular fiux of metformin. The 

relatively low toxicity of A-87, AF-87 and A-109, related with an increased 

permeability for metformin, seemed, to be an interesting candidates in the 

investigation of dmg absorption enhancement. However, they exert effects within 

the range of concentrations (1%, 2% and 5%) which are relatively high, and 

therefore it would be difficult to design a single unit dosage form for oral dmg 

delivery.

I conclude with a few remarks about the different microscopy techniques used 

in my studies. Fluorescence microscopy with propidium iodide as a marker, is not a 

recommended method for assessing histological damage, in my opinion due to the 

difficulty of quantifying the number of damaged cells, except in the case where the 

uptake of PI is so obvious, like enormous uptake of PI in dead cells. Scanning 

electron microscopy, with a three-dimensional image of apical surjce of the cell 

monolayer only, is usefid as a rapid screen to study relatively large morphological 

changes (appearance of microvilli). light microscopy, which was used in all our in
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vivo experiments is not likely to help in the explanation o f  the mechanisms o f  drug 

transport enhancement at the cellular level, but can help greatly in assessing the 

changes regarding the appearance o f  intestinal viUi. Transmission electron 

m icroscopy is tire m ost valuable tool, although time consuming, in visualising cellular 

m orphology and damage caused after the treatment with different absoiption  

enhancers.

It should be clear from this study w hy the application o f  absoiption enliancers in 

clinical practice occurred rarely. This failure is partly due to the fact that the delivery 

o f  an effective dose o f  peim eation enhancer is a com plex practical problem, and 

partly because o f  tlie safety requirements. The choice o f  absorption enhancers to be 

developed into foim ulations for human use has to be determined only by tlie safety 

profrle, i.e. minimal toxicity and reversibihty.

At the end, I w ould like to use the cover logo from the book “Drug Absoiption  

Enhancement” by de Boer (1994). It represents a snake eating its ow n tail. It is an 

old symbol for birth and death, for evolution and degradation, and is named: 

oeroboros.

%
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In its centre you see a window that is connected with the oeroboros by dotted 

lines. This means that due to the stimulation (e?q)ansion) and degradation 

(contraction) of oeroboros the window becomes larger or smaller. In other words, 

during absorption enhancement (the absorption window) is depending on the balance 

between increased drug absorption (stimulus) and cellular damage (degradation).
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