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Abstract

This thesis deals with the investigation of two types of polymer microspheres designed 

for oral uptake in the gastrointestinal tract The first two results chapters (Chapters 2 and 

3) are concerned with the preparation and characterisation of chitosan microspheres 

loaded with three model proteins, horseradish peroxidase, a-amylase and invertase with 

the objective of targeting lymphoid tissue. The initial aim was to study the interaction of 

hydrophilic and biodegradable polymer microspheres, with and without encapsulated 

antigens, with M-cells present in the Peyer’s patches.

Biocompatibility studies were performed on this delivery system (Chapter 3), and they 

caused 100% loss of cell viability at all concentrations used (0.1 to 3 mg/ml). Further 

studies with these particles were thus abandoned. The in vitro biocompatibility of seven 

soluble chitosan polymers was then systematically studied by evaluating cytotoxicity 

towards B16F10 cells and the ability to lyse rat erythrocytes. Cytotoxicity towards 

B16F10 was concentration dependent and varied according to the salt used and polymer 

molecular weight. The ranking of cytotoxicity was: chitosan hydrochloride>chitosan 

hydroglutamate>glycol chitosan> chitosan hydrolactate. In the lysis assay, release of 

haemoglobin occurred on exposure to all soluble chitosans in a time dependant manner.

Subsequently microspheres made of a non-biodegradable polymer such as polystyrene 

were used in order to be able to trace their uptake through the gut wall, with the aim of 

elucidating the biology behind particle translocation. Chapter 4 details how microspheres 

conjugated to two different Hgands, Tomato lectin (TL) and Bovine serum albumin (BSA) 

were prepared (both proteins having similar molecular weight) and characterised. The 

uptake of conjugated microspheres was determined in vitro using a rat everted intestinal 

technique (Chapter 5). Uptake was shown to be linear with time and concentrations used. 

TL conjugates tissue accumulation was three times that of BSA conjugates, whereas 

transfer to the serosal side was two times higher. TL conjugates were absorbed by 

receptor mediated endocytosis; transfer to the serosa being 95% reduced by a TL 

inhibitor. Finally, preliminary studies using the Caco-2 (human adenocarcinoma) cell line, 

corroborated the specificity of TL conjugated microspheres binding to the intestinal 

epithelium.
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CHAPTER I

En t e o b u c t io n



C hapter I: Introduction

Oral administration is the most common and preferred route for drug delivery. Medication 

given orally is relatively cheap to manufacture, and tablets and capsules offer the most 

convenient form of drug administration, thus increasing patient compliance.

Peptide and vaccine drug dehvery has received a considerable amount of attention 

over the past 10 years as recent dramatic advantages in recombinant DNA technology and 

modem synthetic methodologies allow the production of vast quantities of various 

peptides. The future of peptides in therapeutics will clearly depend on the route of 

administration. However, there are two main barriers to the gastrointestinal (GI) 

absorption of peptide dmgs: one is their susceptibihty to pro teases in the GI lumen and 

mucosa and the other is their generally poor membrane permeabihty. In order to 

overcome these problems, several approaches have been investigated in recent years 

(Table 1.1), including the synthesis of stabilised UpophUic analogues, the design of micro- 

and nano-particulate drug dehvery systems in which the peptide drug is encapsulated, and 

finahy, the co-administration of absorption enhancers and/or protease inhibitors.

Encapsulating drugs within microspheres may have several imphcations for drug 

dehvery, for in addition to potentiaUy providing a vehicle for dmg transportation across 

the epithelial barrier, they also provide some level of protection against degradation in the 

GI tract.

To ahow rational design of drug dehvery systems, it is important to understand the 

morphology and biochemistry of the GI tract.

Id  Morphology and physiology of the small intestine

The structure of the digestive tract reflects the different sequential functional 

changes that occur as food travels from the mouth to the anus by peristalsis. The GI tract
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C hapter I: Introduction

consists of the oral cavity which comprises four major regions of potential drug 

absorption: palatal, buccal, sublingual and gingival In the oesophagus drugs are moved 

from the buccal cavity into the stomach through the cardia. The oesophagus is 25 cm long 

and consists of a muscular tube, 2 cm in diameter, which joins the pharynx to the cardiac 

orifice of the stomach. Contact with the oesophageal tissue is normally very short. In the 

stomach, food is temporarily stored and is slowly released into the duodenum. Again, very 

httle drug absorption occurs in the stomach. The small intestine (SI) is between 5 and 6 

metres in length and has the highest capacity for nutrient and drug absorption within the 

GI tract due to a large surface area. The large intestine is responsible for water and 

electrolyte conservation as well as forming sohd stools for later defecation. The residence 

time in the large intestine is variable ranging fi'om a few hours to a week. Finally the colon 

extends fi'om the ileo-caecal junction to the anus and it is approximately 125 cm long.

L l, l  Morphology of the small intestine

The gastrointestinal tract is made up of four concentric layers: the serosal, the 

muscularis, the submucosa and the mucosa (Figure 1.1). The serosal layer is an extension 

of the peritoneum and consists of a single layer of flattened mésothélial cells overlying 

some loose connective tissue. The muscularis has an outer longitudinal layer and

an inner circular layer of muscle. The submucosa consists largely of dense connective 

tissue infiltrated by lymphocytes, fibroblasts, macrophages, eosinophils, mast and plasma 

cells, thus containing an extensive lymphatic network. The mucosa itself can be divided 

into three layers: muscularis mucosae, lamina propria and epithehum.

The muscularis mucosae separates the mucosa from the submucosa, and is the 

deepest layer consisting of a sheet of muscle 3 to 10 cells thick. The contractile potential
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of this layer suggests it may contribute to villi movement. Its contraction may facilitate 

emptying of crypt luminal contents by causing luminal compression (Neutra, 1988).

Mucosa

Longitudinal 
muscle layer Epithélia

Intestinal villi
Lumen Lamina propria*—

Muscularis # 
mucosaeCircular 

muscle layer

Mesentery

Serosa

Lymph node

Figure 1.1 Diagram representing a cross-section of the small intestine.

The lamina propria is the middle layer, mainly comprising connective tissue and 

forming the core of the numerous villi. The lamina propria provides structural support on 

which intestinal epithelial cells rest and contains vessels that nourish the epithehum. It 

contains many types of cells including plasma cells, lymphocytes, mast cells, macrophages, 

smooth muscle cells and non-cellular elements, mainly collagen, elastin and fibres. There is 

increasing evidence that this layer plays an important role in preventing the entry of micro

organisms and foreign substances (Wilson and Washington, 1989).
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The epithelium is the innermost layer of the mucosa and has both absorptive and 

secretory functions. It consists of a single layer of absorptive cells (enterocytes) as well as 

goblet cells, a few endocrine cells and tuft or calveolated cells which line both the crypts 

and the vihi The apical-lateral surfaces of epithelial cells are bound together by junctional 

complexes that consist of three parts: tight junctions (0.1-0.6 pm), the zona adherens (20 

nm) and the spot desmosomes (15-20 nm).

The mucosa of the SI has a surface area greatly increased by the folds of Kerching 

(x3), vilH (x30) and microvilli (brush border) x600. In total is about 200-500 m  ̂ in an 

adult. The membrane which forms the microvilli on the outer surface of the absorptive 

cells contains disaccharides and peptidases. Specific receptor proteins are located on the 

microvillus membrane-surface coat complex which selectively bind substances prior to 

their absorption, including the intrinsic factor-vitamin B12 complex.

The epithelium is not a continuous layer and divisions between cells are seen by 

light microscopy. There are three types of cell junctions: tight junctions, gap junctions and 

desmosomes.

The tight junctions or zonulae oedudens are formed when specific proteins in 

two interacting plasma membranes make direct contact across the intercellular space 

(Figures 1.2, 1.3). At tight junctions, the interacting plasma membrane is so closely 

opposed that there is no intercellular space and the membranes are within 2 A of each 

other. Both Ca^  ̂ and Mg"̂  ̂ and proteolytic enzymes are required to maintain their 

integrity. Underneath the tight junction, adjacent cells are relatively firee to widen their 

separating spaces depending on different physiological conditions (Wilson and 

Washington, 1989). Little is known about the biochemical composition of tight junctions. 

It is known that they are composed of complex multi-component protein structures, and 

currently only four tight junction components have been identified. These are: ZO-1
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(Stevenson et a l  1986), ZO-2 (Gumbiner et a l 1991), cingulin (Citi et a l 1989) and 7H6 

(Zhong, et a l 1993); and are all found in the periphery of the cytoplasmic surface of the 

tight junction. Transport through these junctions is possible by two mechanisms:

i) they act as diffusion barriers within the lipid bilayer of the plasma membrane, 

preventing the transport of proteins in the apical membrane from diffusing into the 

basolateral membrane, and viceversa (Hochman and Artursson, 1994).

ii) they seal neighbouring cells together to create a continuous sheet of cells 

between which even small molecules are unable to pass (Madara et a l 1992).

Gap junctions are the most common type of cell junction. They are separate cell 

membranes by 2 to 3 nm. Only molecules up to 1200 Daltons can pass freely between the 

cells, implying that cells share small molecules such as inorganic ions, sugars, aminoacids, 

nucleotides and vitamins but do not share their macromolecules such as proteins, nucleic 

acids and polysaccharides. These junctions close in the presence of high concentration of 

Ca^  ̂ions.

Desmosomes are widely distributed in tissues (especially in those tissues subjected 

to severe mechanical stress) and are present in most epithelial cells. There are three 

different types: spot desmosomes, belt desmosomes and hemidesmosomes. Spot 

desmosomes and hemidesmosomes act as rivets that distribute any shearing force through 

the epithelial sheet and its underlying connective tissue whereas belt desmosomes form a 

continuous band around interacting cells in an epithelial cell In all, desmosomes enable 

groups of cells to function as structural units and are therefore essential to hold cells 

together.
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1.1.2 Physiology of the small intestine

In man, the SI is divided into three regions, the duodenum being the first upper 

20-30 cm, the jejunum the next 2.5-3 metres and the ileum comprising the last 3.5 metres 

(Wilson and Washington, 1989). The duodenum has a thick wall with a deeply folded 

mucus membrane. The jejunum is thicker walled and more vascular than the previous 

region having more numerous vihi than the ileum. In the ileum, the lymphoid tissue 

(Peyer’s patches) are larger and more numerous than elsewhere in the intestine.

The SI is lined with mucus, mainly composed by glycoprotein mucin, but also 

containing dead cells and debris. It ranges in thickness from 5 to 500 pm (Gardner, 1985) 

and it is constantly regenerated. There has been some debate on whether mucus prevents 

some drug absorption but Sarosiek et al. (1983) found that it offers little resistance to 

small molecular weight compounds although there is a possibility of ionic and 

hydrophobic binding.

1.1.3 Biochemistry of the small intestine

The GI tract represents a hostile environment for many drugs and drug delivery 

systems. After ingestion, food and drugs mix with the acidic contents of the stomach (pH 

1-3) and may be partially digested before being emptied into the duodenum. Although in 

principle the entire GI tract is capable of drug absorption, the small intestine (SI) 

represents the major site for food and drug absorption. This is due to the large surface 

area provided by epithelial folding and the villous structures of absorptive cells which 

include villi and microvilli; in total the absorptive area of the SI has been estimated to be 

around 463 m  ̂ (Mathias and Sninsky, 1984) and is far greater than in the stomach or 

colon. It is between 5 and 6 metres in length and its main functions are to mix food with 

enzymes to facilitate digestion, circulate the intestinal contents which with the intestinal
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secretions enable absorption to occur. As an example of the efficiency of this process, 

aspirin is absorbed predominantly in the SI even though 99.9% of the drug is ionised at 

the pH of the intestinal contents (around 7). This is partly because of the greater intestinal 

surface area, partly because of the greater solubility of aspirin in neutral medium, and 

partly because there is an acid microclimate immediately adjacent to the intestinal 

epithelium, which would result in a much greater concentration of un-ionised species at 

the absorptive site than in the lumen. Rate-limiting factors in oral drug absorption are 

listed in Table 1.2. There has been some dispute over the pH of the SI. Recent data 

obtained by ingestion of pH-sensitive radiocapsules provide strong evidence for pHs 

ranging between 6.6 and pH 7.4 in the proximal and terminal ileum respectively . 

pH falling to 6.4 in the caecum (Pye et a l 1990).

For therapeutic peptides and proteins, the lumen of the SI is a very hostile milieu, 

because of the production and secretion of peptidase enzymes by the exocrine pancreas 

(Woodley, 1994). These enzymes enter the GI tract in the duodenum via the pancreatic 

duct. There are two groups of peptidases produced by the pancreas: the serine pancreases 

and the carboxypeptidases (Table 1.3). These pancreatic enzymes are secreted by the 

acinar cells as zymogens (inactive precursor molecules), which become activated upon 

cleavage of their peptide chains by the enzyme enteropeptidase, which is produced in the 

duodenal epithelial cells. The activated pancreatic peptidases will be present in the 

duodenum and throughout the SI.

Even if a given therapeutic peptide has evaded the enzymes in the lumen of the SI, 

before it can be absorbed, it is likely to encounter the enzymes on the cell wall surface. In 

the brush border membrane (BBM) there are at least 15 types of peptidases (Woodley, 

1994). The peptidase enzymes of the intestinal BBM are listed in Table 1.4. These 

peptidases are large membrane bound glycoproteins facing outward from the membrane

8
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Table 1.2 Rate limiting factors during oral drug absorption

Solubility in gastrointestinal contents 

Binding to food 

Gastric Emptying 

Contact area and contact time in the small intestine 

Drug release 

Mixing 

Aqueous boundary layer 

Partition in cell membrane 

Carrier mediated transport (some drugs) 

Water flow through epithelium 

Metabolism in intestinal epithelium 

Blood flow 

Lymphatic flow

(modified from Read and Sugden, 1987)

Table 1.3 Pancreatic peptidases

Trypsin 

Chymotrypsin 

Elastase 

Carboxypeptidase A 

Carboxypeptidase B

(From Woodley, 1994)
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surfaces. There are three types of peptidases present: endopeptidases, aminopeptidases 

and carboxypeptidases (and also a dipeptidase). These enzymes work co-operatively or 

synergistically, and constitute a formidable barrier to peptide survival and consequent 

absorption.

1.2 Structure and organisation of the gut associated lymphoid tissue

The intestinal immune system is responsible for protecting the host against 

intestinal pathogens, whilst preventing harmful hypersensitive reactions against normal 

dietary constituents. All these demands are reflected in the extent and complexity of the 

gut associated lymphoid tissue (GALT) which is only now beginning to be understood 

(Harvey and Jones, 1991). GALT is included inside a common mucosal immune system 

(0-MALT) which encompasses all mucosal sites including respiratory and urogenital 

tracts, mammary and salivary glands (McDermott and Bienenstock, 1979). Mucosal 

lymphoid tissues are sites of exceedingly active cell proliferation and lymphocyte 

trafficking. The complexity of these phenomena suggests that the mucosal lymphoid 

tissues may play a more fundamental role than just that of protecting mucosal surfaces 

(Kraehenbuhl and Neutra, 1992). Specific lymphoid tissues in the intestine play a key role 

in the mucosal immune response. For example, Peyer's patches, isolated lymphoid 

follicles, and the appendix are component structures of the GALT. Since mesenteric 

lymph nodes (MLN) also contain precursor lymphoid cells, they can be included as part of 

the GALT, despite the fact they are not directly associated with the gut lumen (Hale and 

Keren, 1992).

1 0



Table 1.4 Enzymes of the brush border membrane of intestinal cells

Endopeptidases Exopeptidases
Amino-Terminus

Elxopeptidases
Carboxy-Terminus

Glycosidases Phosphatases Dipeptidases

Endopeptidase- 24.11 Aminopeptidase N Peptidyldipeptidase A Maltase-glucoamylase Alkaline phosphatase Microsomal

peptidase

Endopeptidase-24.18

Endopeptidase-3

Enteropeptidase

Aminopeptidase A 

Aminopeptidase P 

Aminopeptidase W 

y-glutamyl transpeptidase 

Dipeptidyl peptidase IV

Carboxypeptidase P 

Carboxypeptidase P 

Carboxypeptidase M 

Y-glutamyl carboxypeptidase

Sutxase-isomaltase 

Lactase-phlorizin hydrolase 

Trehalase

Phosphodiesterase!

Redrawn from Naisbett (1994)
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The GALT can be distributed in four anatomical regions:

(i) The lamina propria which contains large numbers of plasma cells as well as 

macrophages, neutrophils, eosinophils and mast cells;

(ii) The intraepithélial lymphocytes which are dispersed between the epithelial cells of 

the mucosal membrane;

(iii) Isolated lymphoid follicles, present throughout the intestine and colon; and

(iv) The Peyer s patches present in the small intestine.

The secretory antibody system of the mucosal immune system, depends on 

local production and selective epithelial transport of secretory IgA and IgM (Nagura, 

1992). It has been well documented that IgA is the major immunoglobin of intestinal 

secretion, and that it is of great significance to antibody-mediated defense at the mucosal 

surface. IgO is the major one in serum. Mucosal IgA is differs from serum IgA, in 

molecular size and binds additional components. Mucosal IgA (sIgA) consists mainly of 

dimeric molecules completed with the J chain, and has an additional glycoprotein called 

secretory component, whereas serum IgA is in the monomeric form (Nagura and Sumi, 

1988). The major action of sIgA in protecting against most enteric infections is to 

neutralise toxic products and/or prevent the attachment of micro-organisms to the mucosa 

Lymphocytes are found in large numbers within the lamina propria and in the 

intraepithélial compartments where they function (Brandzaeg and Bjercke, 1989; Mowat, 

1987). An important basis of mucosal immune response is the migration of these 

specifically primed T and B cells from Peyer's patches through the mesenteric lymph 

nodes and blood circulation, and then to the lamina propria and intraepithélial spaces 

(Ottaway, 1990). The intraepithélial spaces of intestinal villi and crypts contain a unique 

population of lymphocytes, called epithelial lymphocytes (ILL) (Nagura and Sumi, 1988;

1 2
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Brandzaeg and Bjercke, 1989; Mowat 1987; Nagura, 1992). They represent the so-called 

memory population of T-cells (Harvey and Jones, 1991). lELs have been said to have two 

speculative functions: major histocompatibility complex (MHC)-restricted cytotoxicity, 

and suppression of mucosal hypersensitivity reactions. Their strategic location strongly 

suggests that these cells may be involved in local antigen immune regulation.

It has been demonstrated in vitro (Bland and Warren, 1986; Mayer and Shlien, 

1987) that rat and human enterocytes can process antigens such as ovalbumin and tetanus 

toxoid and can activate primed T cells, suggesting that enterocytes function as antigen 

presenting cells. Based on these observations, it could be said that enterocytes can be 

considered to play a key role in mucosal immunity as antigen-presenting cells 

(Kraehenbuhl and Neutra, 1992), in addition to producing and transporting sIgA.

The intestinal immune system contains mononuclear accessory cells, which can be 

subdivided into non-phagocytic dendritic cells which show constitutive expression of 

MHC class II and mononuclear phagocytes which are involved in ingestion of debris, 

microbial killing, and exhibit facultative MHC class II expression (Harvey and Jones,

1991). The T cell mediated immunity is dependent upon both groups, the former as 

antigen presenting cells and the latter as effector cells.

The intestinal mucosa has two major types of dendritic accessory cells: Follicular 

dendritic cells (FDCs) and interdigitating reticulum cells (IDRC). FDCs facilitate B cell 

responses and occur within germinal centres of lymphoid follicles and Peyer's patches 

(Chen et a l 1978). IDRCs facilitate T cell responses and occur diffusely throughout the 

lamina propria, within parafollicular regions and beneath the dome epithelium of lymphoid 

follicles and Peyer’s patches.
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1,2.1 The Peyer*s patches (PP)

They were first described by Peyer in 1667 and are present fi’om the duodenum to 

the ileum but are more numerous and larger in the distal than in the proximal intestine.

The numbers of PP varies according to species, fi'om around 12 in the mouse, 20 

in the rat to 200 in man (Brostoff and Chalacombe, 1987). PP extend through the lamina 

propria and submucosa of the small intestine and are usually composed of several nodules 

of lymphocytes though individual single nodules do occur. Crypts and villi are sparse in 

the overlying epithelium of PPs and that part of the epithelium which is immediately above 

the nodules is heavy infiltrated with lymphocytes and is known as the dome area.

The epithelium of the dome is cuboidal rather than columnar and there are few, if 

any, goblet cells; these cells are predominantly in the adjacent crypts. Beneath the dome 

lies a specialised epithelium called the follicle associated epithelium (FAE). The 

composition of the FAE is distinctive in a number of aspects. It contains apparently 

normal columnar absorptive cells, but few mucus-secreting goblet cells and the 

morphologically unique microfold or M-ceU is found in high density (Bye et a l 1984). 

The FAE has some of the characteristics of a traffic area with an open network of 

reticulum containing small T and B lymphocytes, plasma cells, macrophages and dendritic 

cells and has all the cellular components to be an important site of interaction with 

antigen. The nodules and germinal centres are composed primarily of B cells and the 

interfoUicular corridors between are occupied by T cells (de Sousa et a l 1969). Prominent 

postcapillary high endothelial-walled venules are located in the interfoUicular zones which 

provide an entry pathway for circulating T and B lymphocytes.

14
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1.2,2 M  cells

M (membranous or microfold) cells are specialised epithelial cells that serve as a portal 

entry for intraluminal antigens. They are located within the FAE of the PPs and in isolated 

lymphoid follicles in the intestine, tonsils and appendix (Rosner and Keren, 1984). There 

is substantial variation among species in the ratio of M cells to other epithelial cells 

overlying patch follicles. In rabbits, M cells account for approximately 50% of dome 

epithelial cells; in humans, mice, rats, and guinea pigs, about 1 0 % of dome epithelium 

consists of M cells. Their origin is stül a subject of debate; at present it is uncertain 

whether they are formed from mature columnar enterocytes (Smith and Peacock, 1980,

1992) or constitute a separate cell type derived from crypt stem cells (Bye et al 1984). 

The latter hypothesis is supported by the description of "immature" M cells in mouse 

Peyer's Patch FAE adjacent to crypts which posses certain morphological and functional 

features of mature M cells, such as the lack of fiiUy formed villi and the extensive 

absorption of cationic ferritin, but lack lymphocyte containing basolateral invagination 

characteristic of fully differentiated M cells (Bye et a l 1984). On the other hand studies 

by Smith and Peacock (1980), have documented rapid M cell formation throughout the 

FAE after transfer of mice from specific pathogen-free conditions to normal environment 

and after injection of germ-free mice with Salmonella typhirium (Savidge et a l 1991), 

supporting ftuther the hypothesis of M cells deriving from fully differentiated enterocytes.

M cells as well as being thought to have the specialised function of 

macromolecular uptake from the intestinal lumen and transport to the lymphatic system, 

are also characterised by their association with leukocytes (Owen, 1977; Bye et a/. 1984). 

The leukocytes in the clusters enfolded by M cells in the FAE of PP in mice include B 

lymphocytes (Bhalla and Owen, 1983). The occurrence of CD4^ lymphocytes and MHC

15
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class II dendritic cells adjacent to human M cells (Brandzaeg and Bjerke, 1989) suggests 

that M cells could play an important role in the induction of the immune response. Other 

authors (Colony and Neutra, 1985; Neutra et a l 1987) have also supported the idea that 

the M cell is thought to serve as an immunological sampling mechanism for the intestinal 

mucosa. In contrast to normal absorptive cells, this uptake and transport is not 

accomplished by digestive proteolysis (Neutra et a l 1987). Other important features are 

the anatomical association of the lymphocytes with the M cells and the close proximity of 

the lymphoid follicles to the intestinal lumen. The basolateral surfaces of the cells are 

deeply invaginated to form a pocket accommodating a cluster of lymphoid cells and 

macrophages (Shimazu, 1985). Protein-containing vesicles do not necessarily traverse the 

length of the cell, but undergo exocytosis to resident lymphocytes only a few micrometers 

from the apical membrane.

1.3 Particulate uptake from the gut

Drugs are normally absorbed by passive diffusion or active transport processes 

from the lumen of the GI tract in molecular form. It has been commonly assumed that 

absorption can only occur from solution, as the wall of the mammalian GI tract has been 

assumed to be an impenetrable barrier to the passage of inert particulate matter. 

O’Mullane et a l (1987) concluded that “the transport of intact carriers across the GI tract 

is restricted to exceptional and unusual circumstances”. What these circumstances are, 

and how unusually they occur, has been the subject of many debates over the past ten 

years. The first citations of particulate uptake in the gut are recollected by Verzar and 

MacDoughall (1936) where he cites papers dating from 1854, including Hirsch’s (1906) 

observation that raw starch fed to rats was taken up by the small intestine. The modem

16
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history of particulate uptake started as early as 1960, when accumulation of small resin 

particles of size 1-5 pm in the tonsils, SI and certain lymph nodes was observed by Payne 

et al. (1960). In 1961, Sanders and Ashworth were able to detect polystyrene particles in 

the jejunal epithelial cells after oral administration to rats. Volkheimer and Schultz (1968), 

Volkheimer (1975) claimed that starch granules ranging in diameter firom 7 to 10 pm, 

when administered orally, could later be seen in the venous blood; he claimed that the 

uptake was the result of paracellular events.

In spite of some controversy, there is now substantial evidence of uptake and 

factual evidence on the nature of the uptake of particulate matter firom the GI tract 

(LeFevre et at. 1978a,b, 1980; Urbanski et at. 1989; Jani et at. 1989, 1990, 1992a,b, 

Kreuter, 1991) although recently one could still read “the quantities of particulate material 

that can be taken up into the general circulation from the GI tract is extremely small” 

(Davis, 1993).

Proposed mechanisms for particulate uptake include: persorption (Volkheimer 

and Schultz, 1968; Volkheimer, 1975), paracellular transport (Aprahamian et at. 1987), 

transcytosis (Hussain, 1995), uptake by intestinal macrophages (Wells et at. 1988) and 

uptake through the gut associated lymphoid tissue (GALT) (LeFevre et at. 1978a,b, 

1980, 1989; Eldridge et at. 1990; Jani et at. 1989, 1990, 1992a,b). Which mechanism (s) 

is (are) followed (Figure 1.2) depends on the physicochemical properties of the particle, 

such as surface lipophUicity, molecular size, enzyme lability, chemical stability, etc., and 

the physiological factors of the intestine: stomach emptying, gastrointestinal motility, 

intestinal pH gradient, surface pH, disease state, etc.

17
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Figure 1.2 Possible modes of transport across intestinal enterocytes.

I. Membrane diffusion: most likely used by low lipophilic molecular weight drugs 

which have oral bioavailability. 2/3. Carrier mediated (active or passive): active 

transport requires metabolic energy and is highly specific, likely to transport only 

hydrophilic synthetic analogues similar in structure to their natural substrates. 

Passive transport involves carriers for di-peptides and tri-peptides in epithelial 

cells. 4. Endocytosis: requires metabolic energy, is a slow uptake mechanism and 

has potential for oral vaccine development. 5. Paracellular: small hydrophilic 

molecules cross the tight junctions via aqueous channels 0.4-0.8 nm in humans and 

1-1.5 nm in animals (Madara, 1990). Although much interest has been reported 

lately in the paracellular route, they only represent 0.1% of the surface area of the 

intestine. 6. Finally, lymphatic endothelial junctional complexes are empty of 

desmosomes and occasionally lack intercellular tight junctions, resulting in a 

system open to the entry o f large particles (60-600 nm in diameter) (Weiss, 1988).
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13,1 Persorption

One of the groups that pioneered the interest in particulate uptake was that of 

Volkheimer and Schultz (1968), who have been heavily criticised for their experimental 

approaches, but nevertheless deserve attention in this chapter since they ultimately 

stimulated much of the research carried out to date in this field. In various publications 

(Volkheimer and Schultz, 1968; Volkheimer 1972, 1977, 1993) they described 

consistently the translocation of solid particles (composed of starch, plastic micropellets, 

crab shell particles, pollen, spores and iron-filings) of up to 150 pm in diameter across the 

mammalian intestine by a mechanism called persorption both in human and animals, since 

the non-deformabihty of the particles completely ruled out the process of particle 

transcytosis within vesicles. This phenomenon had previously been described in the 19* 

century (Herbst, 1844) and demonstrated by Hirsch (1906) and Verzar and MacDoughall 

(1936). Volkheimer claims that the intestinal passage of the particles across the gut 

occurred through the muscular activity of the muscularis mucosae by “kneading” through 

the tips of the villi at the desquamation zones, areas which are considered to represent 

barriers of reduced tensile strength due to the shedding of spent enterocytes. They called 

this process persorption, and the “persorbability” of particles was said to be related to 

their size, hardness (where high-rigidity particles between 70 and 7 pm in diameter 

exhibited the highest absorption rates), gastrointestinal motility and age of the subject 

(Volkheimer, 1977). He performed experiments with starch granules 7 to 100 pm in 

diameter (at a self ingested dose of 1 2  million granules per g) and reported observation of 

these particles (5 particles/ml) in the venous blood. He also observed that nicotine and 

caffeine increased the uptake, suggesting a muscular propulsion of the material across the 

epithelial layer, whereas atropine reduced this effect. Furthermore, the group detected 

particles in the vascular compartment after 5 min of oral administration of 3 to 25 pm
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com starch granules. Few starch granules were found in the circulation after 12 h, and 

none after 24 h. The granules were found in the urine within 4 h of administration; 

Volkheimer et al. (1969) calculated a 0.002% total absorption. They also found particles 

in the cerebrospinal fluid and in the cord of new bom infants after such particles were 

administered to their mothers.

However, they were heavily criticised for describing particles in the cerebrospinal 

fluid since the blood brain barrier is widely reported to be very effective. Further criticism 

of his work also includes their lack of controls and photographic evidence. LeFevre et al 

1980, performed similar experiments to Volkheimer and their results failed to confirm the 

rapid clearance in the blood of particles greater than 1 0  pm in diameter; furthermore they 

concluded that particles greater than 5-6 pm in diameter failed to cross the intestinal 

barrier.

1.3.2 Paracellular transport

As outlined in the previous section, the intestinal epithelium is a sheet or a 

pavement of cells in where cells are joint by tight junctions. It is clear that the tight 

junctions are the key barrier within the different types of cell junctions, being the rate- 

limiting barrier of these pathway. These tight junctions provide a certain degree of 

leakyness. Consequently, they provide a pathway for water and medium size solutes, e.g. 

small dmg molecules, disaccharides, ^^Cr-EDTA, to flow between the cells rather than 

through them, thus establishing a major route for passive ion permeation. However, 

transceUular transport is stül thought to be the major mechanism for water transport, even 

in leaky epithelia. Micro- and nano-particle transport through the enterocyte capülary wall 

into the lumen could take place through fenestral diaphragms of maximaUy 1 0 0  nm in 

diameter (Bearer and Orci, 1985). The basement membrane aUows “leakage” of particles
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of 500 to 5000 nm in diameter (Komuro, 1985) which explains the passage of particles 

through this barrier.

Tight junctions are cation selective and have been suggested to be impermeable for 

cations with a diameter exceeding 0.8 nm with a molecular weight of 350 Daltons (Da). 

Madara and Trier (1982) studied tight junctions transport by using three macromolecular 

tracers of 1.9, 12.3 and 40 KDa, and concluded that they were all absorbed by the 

transceUular route, since no movement via the paraceUular way could be demonstrated. 

However, there have been those who challenge these measurements. Aprahamian et al, 

(1987) reported the transport of polycyanoacrylate nanocapsules (100-200 nm) loaded 

with iodinised oU via the paraceUular route. They observed these particles in the 

interceUular spaces of the proximal jejunal cells by x-ray microprobe analysis using 

scanning electron microscopy, within 15 minutes of intraluminal administration. 

Nanocapsules were also seen at the vUU tips within defects of the mucosa representing 

areas of desquamation of mature epithelial cells. They then appeared in the smaU 

capUlaries near the epitheUum and finaUy in the intravUlus capUlaiies, where they were in 

contact with red blood ceUs. These particles were prepared in the presence of 0.55% of 

the block copolymer Pluronic F68 and the effect of this surfactant on the mucosal 

membrane might be responsible for enhancing paraceUular uptake. Nadai et al. (1972) 

reported damage to the gastric mucosa by exposure to 1% Pluronic F68 comparable to 

that induced by 0.1 % sodium dodecylsulphate (Hussain, 1995).

ParaceUular uptake was described by Worthington and Syrotruck (1976) who 

reported the presence of ferritin and adenovirus (both < 30 pm) particles in the 

interceUular spaces between absorptive cells of rats. However, these animals suffered from 

long-term protein deficient diets and displayed breakdown of the junctional complexes. In 

contrast, Yamamoto (1982) found that both ferritin and HRP were excluded from the
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tight junctions. A recent paper by Pauletti et a l (1997), described paracellular transport of 

peptides with molecular weights ranging from 170-600 Da, whose lipophilicity was 

confirmed by immobilised artificial membrane chromatography. Their results showed size 

dependence paracellular uptake, and that charge has little effect as the molecular weight of 

the solute increases.

McCuUogh et a l (1995) demonstrated paracellular absorption of metallic iron (5- 

30 nm) by transmission electron microscopy. However, this study was inconclusive since 

the authors could not show the initial site of entry of the metallic iron and the particles 

were shown to be distributed circumferentially around the tight junctions, indicating that 

after transceUular absorption the particles moved lateraUy to the adjacent plasma 

membranes.

Hence, there is a paucity of direct evidence to show paraceUular uptake of 

macromolecules under normal physiological conditions. Disease states (caused for 

example by Clostridium dijficile toxin A, interferon-y, interactions of neutrophils and 

epithelia and abscesses of crypts), starvation, changes in osmolarity (Seifert et a l 1984) as 

weU as different adjuvants and excipients are thought to dilate tight junctions thus 

enhancing macromolecular uptake, without evidence of concomitant deleterious effects on 

ceU stabUity.

The most favoured mechanism for intact protein absorption seems to be the 

transceUular pathway.

1,3.3 Transcytosis

In transceUular transport compounds cross the epitheUal cells by transversing the 

intestinal ceU membrane. There are essentiaUy four mechanisms by which a drug
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compound may cross the membrane of the epithelial cell layer to enter the cells (Figure 

1.2).

(1) Passive diffusion through the membrane: This is the route by which small 

lipophilic molecules will enter and exit the epithelial cells, and is the route most likely used 

by low molecular weight drugs which have high oral bioavailability.

(2) Active mediated-carrier transport, a highly specific mechanism for the 

absorption of glucose, galactose and aminoacids which is coupled with the transport of 

Na"̂  by large protein biftmctional carrier molecules. The carriers are usually very highly 

tuned in recognising the natural substance, and are likely to transport only synthetic 

analogues which are very similar in structure to the parent natural molecule. This process 

requires metabolic energy.

(3) Passive carrier-mediated transport: There is now good evidence that there 

are carriers for dipeptides and possibly tripeptides in epithelial cell membranes. These 

carriers are believed to be utilised by some drugs as a mechanism for entering cells. 6 - 

lactam and cephalosporin antibiotics (Inui et a l 1988; Gochoco and colleagues, 1994) and 

the peptide mimetic ACE inhibitors such as Captopril (Hu and Amidon, 1988) are 

examples of materials using this pathway.

(4) Endocytosis: This is the process by which extracellular cargo is internalised 

into the cell by vesicular carriers (Okamoto, 1998). Only endocytosis seems suitable for 

macromolecular uptake, and this has been shown to occur for PVP (50 KDa), BSA (60 

KDa) and HRP (40 KDa), in enterocytes and Peyer’s patches (Beahon and Woodley, 

1984)

Endocytosis is defined as the internalisation of the plasma membrane with the 

concomitant engulfinent of extracellular material and extracellular fluid (Duncan, 1987). 

There are two types of endocytosis: phagocytosis and pinocytosis. Phagocytosis wül be

23



C hapter I: Introduction

described in the next section (1.3.4). Pinocytosis (“cell drinking”) is an ubiquitous process 

which is common to most cell types. There are two types of pinocytosis; fluid phase 

pinocytosis and receptor mediated pinocytosis which in turn can be specific or non

specific.

Fluid phase pinocytosis does not involve the adhesion of the substrate to the 

plasma membrane as substrates are captured solely in solution. In this process, the rate of 

uptake is slow and directly proportional to the concentration of the substrate in the 

extracellular fluid. Various synthetic polymers such as PVP and HPMA (Bridges, 1980; 

Duncan, 1987) as well as proteins like HRP (Rowland and Woodley, 1981c) are taken up 

this way. The uptake of azo dye particles (20-40 nm) by adult duodenal cells fluid phase 

pinocytosis was described by Barnett in 1959, when he observed the particles in 

membrane bound vesicles before they finally appeared in the intercellular spaces of the 

epithelium.

Receptor mediated pinocytosis involves the substrate binding to the invaginating 

plasma membrane. This mechanism is much more efficient than fluid phase pinocytosis; 

the rate of uptake of molecules is much greater. Binding sites include lipids, proteins, 

glycoproteins or glycolipids; and their specificities vary from being broad to substrate 

specific (Pratten et al. 1980). Specific and non-specific receptor mediated endocytosis 

exist, an example of the former is that of BSA uptake by enterocytes and rat visceral yolk 

sacs (Lloyd and Williams, 1984) and of the latter, uptake of Tomato lectin by rat 

enterocytes (Naisbett and Woodley, 1994a,b).

Other workers (Sanders and Ashword, 1961) demonstrated the uptake of latex 

particles ( 2 2 0  nm) by jejunal epithelial cells within 1 h of administration; they were able to 

also follow their route of uptake and transport to the systemic circulation by transmission 

electron microscopy. They reported vesicular transportation through the cytoplasm.
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followed by discharge of some particles into the lamina propria. Some particles gained 

access into the submucosa lymphatics before finally appearing in the liver, accumulating in 

the space of Disse or in vesicles of hepatic cells, aU within 2-4 h of administration. From 

their transmission micrographs little can be said about the precise mechanism of initial 

apical entry, but the M-cell route was discarded by the authors, who concluded that 

transport to the enterocyte lysosomes was the fate of the particles (see Figure 1.3 for 

enterocyte structure). However they failed to quantify the extent of uptake. Similar work 

was performed by Matsuno et al. (1983), where a small proportion of PercoU nanospheres 

(PVP coated silica) of 30 nm in diameter, were seen to reach the mesentery nodes and 

enter the bloodstream before finally being deposited in the thymus and liver. These 

authors also made no attempt to quantify the uptake.
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Hussain et al. (1997), found that covalently coupling Tomato lectin to 

carboxylated polystyrene microspheres of diameter 500 nm resulted in significant systemic 

absorption of the particles via enterocytes. He suggested that receptor mediated 

endocytosis via class II receptors on the enterocyte apical membrane was the pathway by 

which the particles gained access into the systemic circulation, where 23% of the dose 

administered was found. He also detected particles in the liver, spleen, and kidney. In a 

recent paper by Mathiowitz et al. (1997), the uptake of polyfumaric-polysebatic 20:80 

microspheres (diameter 0.1-10 pm) was assessed using optical microscopy. As early as 1 

h after feeding of a single dose, microspheres were seen to traverse both the mucosal 

epithelium through and between individual cells and the follicle-associated epithelium 

covering the lymphatic elements of PP. They also observed particles in goblet cells and 

crossing through follicle associated epithelium and into the PP. Using transmission 

electron microscopy they were able to detect by a gold tracer, that had been encapsulated 

into the microspheres, that translocation of these particles was occurring both through the 

paraceUular and transceUular route, though no quantification was reported in either case. 

They also compared the uptake these microparticles to polystyrene particles and polylactic 

acid particles and concluded that “high” uptake was seen in the first two cases whereas 

polylactic acid showed “minimal” translocation.

Although there have been authors (O’Hagan, 1990) who have suggested that the 

intestinal membrane is an effective barrier against the overwhelming majority of 

particulates, Hussain, et al. (1997) demonstrated that it may be possible to taUor and 

regulate the uptake through enterocytes.
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1.3,4 Uptake by intestinal macrophages

If a particle transverses the epithelial surface of the GI tract, it will encounter 

phagocytic cells which can be divided into macrophages (mononuclear phagocytes) and 

granulocytes (polymononuclear leukocytes) which ingest mainly bacteria. Mononucleated 

cells (monocytes) are largely scavengers that ingest dead tissues, degenerated cells and 

particular matter.

Phagocytosis is the internalisation of particulate matter, such as bacteria, 

erythrocytes, latex beads and liposomes etc. by phagocytes (Naisbett, 1994). In contrast 

to pinocytosis, phagocytosis occurs only in a limited number of specialised cell types, 

whereas pinocytosis is ubiquitous. Phagocytosis is initiated by particle attachment to the 

cell surface, the phagocyte surrounds the substrate with an organelle called hyaline 

ectoplasm or hyaloplasm, leading to its internalisation and destruction. Macrophages 

express receptors for the Fc regions of IgG, for the C3b complement system and for 

glycoconjugates with terminal mannosyl or fucosyl residues which promote the uptake 

and destruction of microorganisms and macromolecules. On one hand, phagocytosis 

activates respiratory burst and oxidative killing systems and brings about release of 

mediators of inflammation such as prostaglandins and proteolytic enzymes; on the other 

hand, it provides a route of entry for pathogenic microorganisms which replicate within 

the macrophage (Jani, 1991). Therefore, as well as their crucial role in host defence, 

macrophages have been proposed to exploit their mechanisms of specialised endocytic 

activity in drug delivery. The size and charge of their substrates is thought to influence 

susceptibility to phagocytosis. Hydrophobicity is a prerequisite for internalisation, water 

must be excluded from the interface between the phagocyte and the particle, to allow 

proximity between the particulate and the cell surface. Once in contact the so called 

“zipper” mechanism takes place. This involves the folding of the macrophage pseudopodia
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around the particle, engulfing it within the phagosome. Lysosomes then fiise with the 

phagosome to form a phagolysosome, towards which several microbicidal mechanisms are 

activated (Oss, 1978).

Macrophages are thought to be involved in two different mechanisms of 

particulate uptake. One is that after the translocation of micro and nanoparticles through 

the gut associated lymphoid tissue (reviewed in the following section) and second they are 

also thought to be able to engulf particles directly fi'om the intestinal lumen. LeFevre et a l 

(1985) reported accumulation of carbon and iron oxide particles in PP macrophages. The 

second mechanism described above has proven more difficult to prove and it is 

surrounded by some scepticism. Wells et a l (1988), reported macrophage mediated 

transport of polystyrene particles fi'om the small intestinal lumen in dogs and rats. They 

studied the uptake of fluorescent- (1.09 pm) and rhodamine- (0.89 pm) labelled 

microspheres using two separated ligated jejunal segments omitting PP in mongrel dogs. 

They demonstrated after seven days that the mesenteric lymph node phagocytes contained 

particles of only one colour and rarely of both colours. They concluded that internalisation 

had occurred at a site where the colours of the particles were separate. Le. in one of the 

intestinal compartments and that subsequently; they were transported to the draining 

lymph nodes. These findings suggested that PP were not necessary for particulate uptake. 

However, although the loops did not visibly contain PPs, isolated lymphoid follicles 

containing M-ceUs (see next section) could have been present, which could have 

contributed or indeed be responsible for their presence in the draining lymph nodes. 

Moreover, Wells et a l (1988), did not identify the initial site for entry nor the initial site 

of macrophage ingestion. The technique used by these authors could also have led to 

increased hydrostatic pressure of the tissue leading to particulate uptake, and this would
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tie in with results that have been shown in a number of disease states such as Crohn’s 

disease (Urbanski and Cone, 1992).

Owen et al. (1981), described the phagocytic uptake of the protozoan Giardia 

muris by macrophages in the lamina propria of mice after examination by electron 

microscopy of the antigen sampling epithelium of the PP follicles. Macrophages beneath 

the basement membrane of PP extended pseudopods into the epithelium to trap invading 

protozoa and to enclose them in phagolysosomes. The macrophage containing organisms 

were surrounded by numerous lymphocytes suggesting that dendritic cells may not be the 

only type of antigen-presenting cells. In the same paper, Owen suggested that this process 

allows microorganisms which are too large to pass through the M cells to be sampled by 

the gut associated lymphoid tissue (GALT). Regoli et al. (1994), reported that 

macrophages in M cells can approach the apical membrane to within 300 nm and could, 

indeed, form a route for lymphocytes moving into the intestinal lumen, but this route 

would represent the least obvious method of exploitation for oral particle drug delivery.

1.3.5 Macromolecular uptake by M cells

Morphologically, the M cell appears to be well suited for its sampling role. M cells 

are of a flat appearance and consist of broad irregular microvilli that differentiate them 

fi’om adjacent absorptive epithelial cells (Owen, 1977). The truncated microvilli make for 

easy access for macromolecules, viruses and colloidal particles. There exist low levels of 

alkaline phosphatase and other membrane bound enzymes at the brush border, suggesting 

the lack of an extensive enzymatic system for digestion and absorption of nutrients (Ho et 

al. 1990). The membrane is active in both fluid phase pinocytosis and absorptive 

endocytosis. In the cytoplasm, numerous membrane vesicles are observed near the apical 

surface, which allow them to take up antigens by endocytosis and transport them across

29



C hapter /:  Introduction

the cytoplasm in vesicles to be exocytosed into the extracellular space and processed by 

cells on the other side of the M cell (Guilligan and Po, 1991). The M cells have very small 

number of lysosomes, enabling proteins to pass virtually intact.

The mechanism by which the particles attach to M cells is not clear. The mucus 

layer is thinner over M cells than over absorptive epithelial cells, and the glycocalyx of M 

cells may also be thinner. Thus it could be said that M cells may be inherently "stickier" 

than the absorptive epithelium (Sneller and Strober, 1986).

The various particles that adhere to M cell apical membranes have widely differing 

surface compositions (see Table 1.5 for summary), and it is unlikely that a single receptor 

mediates transport. It is tempting to think that a common mechanism such as 

lectin-carbohydrate recognition system has evolved to allow the M cell to "sample" entire 

subclasses of pathogenic luminal organisms. Such recognition could operate either by 

binding of a common type of bacterial protein adhesion to M cell surface glycoconjugates 

or, conversely, an M cell surface lectin could recognise bacterial surface oligosaccharides 

(Kraehenbuhl and Neutra, 1992). Therefore, it is unlikely that "accessibility" alone 

accounts for selective M cell adherence, since some organisms adhere to absorptive cells 

but not to M cells, for example the gram-positive segmented bacterium in rodent ileum 

and the gram-negative spiral bacteria in human and monkey colons (Neutra, 1988).

Further studies are required to investigate the actual adherence mechanisms of 

antigens to the apical surface of M cells as an understanding of this process could enhance 

the delivery of antigens by this route. This could be usefiil in developing mucosal 

vaccines, as M cells when targeted by these selected antigens could deliver a booster 

mucosal immunisation against reinvading pathogens.
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Table 1.5 Microorganisms and microspheres that adhere to M cell membrane

Bacteria

0:124 K:72 strain of E. coli 
Bacillus Camette-Guerin (BCG) 

Brucella abortus 
Campylobacter jejuni 

Micobacterium paratuberculosis 
R-DEC 1 strain of E. Coli 

Salmonella typhi and enteriditis 
Shigella flexeneri 

Sreptococcus pyogenes 
Vibrio cholerae 

Yersinia enterocolitica and tuberculosis

Viruses

Reovirus type 1 and 3 
Poliovirus type 1 

HIV-1
Mouse mammary tumour virus

Protozoa

Cryptosporidium

Non-living particles and macromolecules

Carbon particles 
Latex beads 

Copolymer microspheres 
Hydroxyapatite 

Native and cationized ferritin 
Horseradish peroxidase 
Wheat germ agglutinin 

Cholera toxin 
Picinabü (OK-342)

Gold core liposomes 
Phosphatidyl choline liposomes

Combined jrom (Kato and Owen, 1994) andAmerongen et al. (1992)

31



Chapter /:  Introduction

Vesicular^
transport

Exocytosis 
of particles

Nucleus

Particle

Endocytosis

Macrophage
uptake

Macrophage migration 
into interfollicular space

Figure 1.4 Particle transportation o f particles through M cells.

When the particle binds to the anionic M cell apical membrane, endocytosis proceeds 
rapidly. Vesicles are formed which shuttle the particle across the cytoplasm (almost 
devoid of lysosomes) and exocytose it at the basolateral membrane.

1.3.6 Particulate uptake by the follicle associated epithelium

The follicle associated epithelia (FAE) cells have been demonstrated to transport 

inert particles such as carbon particles and ferritin as well as microorganisms. LeFevre et 

al. (1978a,b, 1980 and 1989), that the GALT was the route of entry for 2 pm polystyrene 

particles administered to mice during chronic feeding up to 61 days. They also showed 

that chronic administration of particles of diameter 6  pm and 16 pm failed to cause 

particles to appear in the blood and other body tissues. When they sampled the PP they 

found no trace of the 16 pm particles but did find the 6  pm particles adsorbed in the
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mucosal layer of the PP, however none were found in significant numbers in blood or 

other tissues, both after short term (3 days) or long term (60 days) administration.

Joel et a l  (1978) demonstrated that carbon particles (20-50 nm) became adsorbed 

onto the PP of mice during administration for a year in their drinking water. Their uptake 

was shown to be cumulative, since few particles could be found after 2  days but after 2  

months they reported a high amount, these particles were initially associated within the 

subepithelial tissue of the PP, primarily in the macrophages. After 2 months, the carbon 

was readily seen within the macrophages of the mesentery lymph nodes, and a few were 

located in the lamina propria, the liver and lungs.

LeFevre et a l (1980, 1985, 1989) continued in this field and detected 2 pm latex 

microspheres and 5.7 pm styrene divinylbenzene particles within PP tissue but in contrast 

chrysotile asbestos fibres, quartz, carmine particles, and 15.8 pm carbonised 

divinylbenzene particles did not accumulate in the PP. They were the first to suggest that 

a correlation between hydrophobicity and PP uptake could exist. Work by Eldridge and 

colleagues (1990) corroborated this fact. They examined the relationship between surface 

charge and uptake by comparing the accumulation of various composition particles in the 

PP. They found that the most hydrophobic ones (polystyrene, polymethylacrylate, 

polyhydroxybutyrate) were more readily taken up than those made of poly(DL-lactide), 

poly(L-lactide) and poly(DL-lactide-co-glycolide) (PLG).

Jani et a l (1989) also reported that carboxylated polystyrene particles were not as 

efficiently taken up by the PP as more hydrophobic, non ionised spheres of the same 

diameter. A relationship between particle size and FAE uptake was described by Jani et al 

(1990) and LeFevre et al (1989). Jani and colleagues (1990) described a size dependent 

uptake of polystyrene microspheres (0.05 and 3 pm) into the MLN and the liver. They 

found a 34% absorption of 50 nm particles, 26% of the lOOnm, of which total, about 3%
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(50 nm) and 4% (lOOnm) was in the liver. They observed that particles above 100 nm in 

diameter did not reach the bone marrow and those larger than 300 nm were absent from 

blood. No particles were detected in the heart or lungs. LeFevre et al. (1980) had 

described size dependency in the studies mentioned above using 5.7 pm and 15.8 pm 

diameter carbonised styrene divinylbenzene microspheres. Damgé et a l (1994), suggested 

that transmucosal passage through PP only took place when polymeric particles were less 

than 5 pm in diameter. More studies include the work by Ebel (1990) where by 

fluorescence activated cell sorting, they found that 2 .6  pm latex microspheres were taken 

up much more readily than those of 9.13 pm diameter.

In contrast, Eldridge et a l (1990) saw no size dependency uptake into the PP 

tissue when he examined different diameters (1-10 pm) PLG particles, but this may be 

explained by the fact that translocation of these particles could have taken a different 

route, ie could have transversed the epithelium via “normal” enterocytes. In table 1.6, the 

different factors affecting particulate uptake described up to date can be found.

Although various histological studies described above, (LeFevre et a l 1989, Jani 

et a l 1989, 1990, Urbanski et al 1989), suggested that the major site of uptake was 

through the GALT and particularly the PP of the small intestine, no one until Jepson et a l 

(1993a), using rabbits, and Jani et a l (1990), Hillery et a l (1994), using rats, provided 

quantitative proof of this phenomenon.

Jepson et a l (1993b) compared the uptake of polystyrene and PLG nanospheres in 

rabbits’ PP. They observed by confocal electron microscopy that the extent of binding of 

PLG nanospheres to the FAE (1.91xlO^/mm^) was an order of magnitude lower than that 

of polystyrene nanospheres (1.83xl0Vmm^), thus corroborating the results of Eldridge et 

al (1990). They suggested that the efficient binding of polystyrene nanospheres by M 

cells resulted in saturation of their transcytotic capacity (Jepson et a l 1993a,b) and that
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PLG particles were thought to be transcytosed by the FAE enterocytes rather than the M 

cells due to their physical interaction between such cells and the nanospheres.

Hillery et al. (1994) studied the uptake of 60 nm polystyrene particles after oral 

gavaging for 5 days; and observed, using gel permeation chromatography, 60% of the 

polystyrene detected in the small intestine to be in the PP, even though the patches 

comprised a small percentage of the total surface area of the small intestinal tissue.

Other reports include studies on rate of uptake performed by Pappo and Ermark 

(1989); they examined the uptake of fluorescent latex particles (600-750 nm) by the rabbit 

intestinal loops containing PP, at incubation times of 10, 30 and 90 minutes. They were 

able to estimate M cell rate of uptake after 10 min at 2 pm/min; detecting 5% of the total 

transported dose within the PP (2000 particles/mm of PP), corroborating results by 

O’Hagan (1990) that polystyrene particles are taken up much more readily than bacteria 

or viruses. Sass et a l (1990) observed after 10 min administration, 0.5-1 pm polystyrene 

microspheres in the phagocytes at the base of the PP lymphoid follicles, also transported 

by the M cell route. Kreuter’s extensive data on the uptake of radiolabelled nanoparticles 

cannot be ignored. They found (Nefzger et a l 1984) 4% of the dose of a lyophilised 

preparation of methylmethacrylate-^t-2 -hydroxyethylmethacrylate, butylacrylate 

nanoparticles were absorbed after a single dose in male Wistar rats. Dayan’s (Simon et al 

1995), and Carr’s groups (in Hodges et a l 1995 a,b) have also contributed evidence. The 

percentage of 2 pm polystyrene particles observed in rat proximal PP, 30 min after dosing 

was 1.35% and 0.38% in the so-called middle PP region as measured by confocal 

fluorescence microscopy (Hodges, et a l 1995a,b). Although more of the 2 pm particles 

were taken up, the 6  pm size delivered a greater volume to the lymph nodes.
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Table 1.6 Some of the factors affecting the uptake of microparticles from the gut

U)
ON

Parameter Effect Reference

Particle size (50 nm - 9 pm) smaller particles are taken up much more readily Jametal. 1990 
Ebel, 1990

Nature of microparticle Polystyrene, polymethylmethacrylate, poly(lactide-glycolide) “good uptake”, 
polyhydroxybutyrate uptake “very good”

Eldridge et al. 1990

Surface charge Carboxylated polystyrene less well absorbed than non-ionised particles Jani, et al. 1989

Bioadhesion Adsorbed hydrophilic polaxamer: reduced uptake by PP
Covalent attachment to Tomato lectin: increased uptake by non lymphoid tissues

Florence ef a/. 1995 
Hussain 1995

Length of administration Chronic or single day: microparticle uptake is time dependent, maximal in the 
mesentery network at about 18 h and reducing by 24h

Jam etal. 1992a,b

Environmental Competitive inhibition of administered particles Hussain, 1995

Gut status Slow GI tract transit rate in diabetic rats
gut perforation and inflammation in Crohn’s disease

Michel etal. 1991 
LeFewe etal. 1978a I
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It is clear that the most appropriate size range for a particular end purpose must be chosen 

carefully, and perhaps a mixture of sizes will produce the most beneficial effect (Florence, 

1997). Particles which target immune cells within PP may be optimal for initiating IgA 

responses, in contrast to those that can escape from the PP to the lymphoid organs, which 

may be chosen for generation of systemic IgG responses.

1.4 Fate of translocated particles

The general view is that microorganisms and complex antigens are sampled and 

passed intact through endocytic vesicles and delivered to underlying lymphoid cells by M 

cells for fiirther antigen processing and penetration. It has been suggested that M cells 

cannot modify exogeneous substances; they simply shuttle substances via trancytosis from 

the intestinal lumen to underlying immunocompetent cells (SneUer and Strober, 1986). 

The major evidence in favour of this concept is the reported lack of lysosomes in the M 

cell cytoplasm (Bhalla and Owen, 1983). Trier (1991) observed organelles structurally 

indistinguishable from lysosomes in M cells of rodents and suggested that it should be 

determined whether M cells can modify some endocytosed macromolecules, and if M cells 

can present antigen to adjacent intraepithélial lymphocytes. It has also been suggested 

elsewhere (McGhee and Kiyono, 1993) that M cells may express MHC class II and thus 

potentially serve as antigen presenting cells. However data with respect to this theory is 

very limited indeed. Evidence for class n  MHC expression by M cells was not found in 

light microscopic immunocytochemical studies of human and rat patches (Flexman et al 

1983; Brandzaeg and Bjerke, 1989). On the other hand, in two available immunoelectron 

microscopic studies, two of three observed human ileal M cells expressed a class II MHC 

determinant on their apical and lateral surfaces, and M cells of rat ileal PP consistently
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expressed class n  MHC determinant on their apical surfaces (Jarry et a l 1989). However 

a recent study of human PP suggested that epithelial cells in the dome region expressed 

MHC II and M cells did not (Brandzaeg and Bjerke, 1989). There are many authors 

supporting the idea that M cells do not express MHC II (Kawanishi et a l 1985; Dunkley 

and Husband, 1986, 1987). They propose the following mechanism: once the antigen is 

taken up and processed by the M cell, it is presented by subepithelial dendritic cells in 

association with MHC class II to T-helper cells which provide isotype-specific help for 

IgA production, thus a predominately IgA mediated immune response in the mucosa takes 

place. B and T lymphoblasts primed in the PP migrate via mesenteric lymph nodes and 

enter the systemic circulation via the thoracic duct. Lymphocytes then selectively 

extravasate from the blood at mucosal sites by adhering to high endothelial venules (HEV) 

present in PP or lamina propria.

Further studies are needed to define the extent and functional characteristics of the 

prelysosomal and putative compartments of M cells and to clarify whether M cells 

demonstrate class II MHC surface expression.

Another problem to consider is that antigen presentation by normal epithelium 

villus cells in the intestine triggers a predominantly suppressor response. Bland and 

Warren (1986) showed this effect in rats and Mayer and Shlien (1987) confirmed it in 

humans. Thus, this means that antigen presentation via the mucosal surface is an 

inefficient means of response stimulation, thus novel strategies are required to generate an 

effective immune response by this route, and a solution, among others, could well be the 

use of microsphere technology.
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1.5 Strategies to control particulate absorption

It is clear that the surface properties of carrier nanoparticles and chemical 

composition (Jani et al. 1990; Jepson et a l 1993a,b) are important. The possibility of 

targeting the PP by modifying microsphere surface characteristics offers many challenges, 

not least because epithelial M cells display surface characteristics depending on their 

location in the gut (Jepson et a l 1993a,b).

1.5.1 Lectin and particle uptake

Florence et al (1995) adsorbed poloxamers 188 and 407 onto 50 nm polystyrene 

nanoparticles and found that this inhibited uptake in the SI and reduced uptake from the 

large intestine, suggesting reduction in adhesion to the GALT and other epithelial tissues 

in the presence of the poloxamer coating but also indirectly suggesting differences in the 

surface characteristics of lymphoid tissue at different sites in the gut. They also reported 

that the covalent attachment of Tomato lectin molecules to the surface of 500 nm 

polystyrene particles had a significant effect not only on total uptake (x ^  increase in 

absorption over plain polystyrene particles after 5 days daily dosing) but on the site of 

uptake, which instead of being through the GALT, shifted to “normal” enterocytes. 

However, the same studies conducted on a single dose showed no evidence of uptake, 

implying that in longer dose schedules, the lectin induced receptor expression. Other 

studies using lectins include those performed by Chen et a l (1996); they incorporated 

Ulex europaeus Agglutinin I (UFA I) (a lectin found to be mouse M cell specific), and 

germ agglutinin (WGA) into polymerised liposomes, and found that about 11% and 6 % of 

the oral dose was absorbed respectively, a higher percentage than the lectin-free 

liposomes previously studied. The bioadhesion and absorption of lactose conjugated
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microspheres was found to be low throughout the intestine, and Hussain et al. (1997) 

concluded that it was caused by competitive inhibition by food components such as 

carbohydrates. Lactose conjugated microspheres (500 nm) which were partially blocked 

by the lectin from Erythrina cristagalli, were absorbed into the blood to the extent of 

3.4%; nearly double that for plain polystyrene particles of the same diameter. The research 

of Naisbett and Woodley (1994 a,b) and that of Lehr, (1996), laid the ground work for 

such in vitro studies.

Irache et a l (1996) found that Tomato lectin conjugated to latex microspheres 

bound to mucus gel, whereas asparagus pea lectin and Mycoplasma gallisepticum lectin 

had a specificity for PP of rats. In contrast. Peanut agglutinin (PNA), WGA and 

Bandeiraea simplicifolia agglutinin II (BSA-II) did not distinguish between enterocytes 

or M cells, whilst the highly selective binding of UEA-I to mouse PP Mcells was not seen 

in the rabbit (Jepson et a l 1995).

We have to realise the complexity in extrapolating animal data which makes the 

design of suitable microspheres very difficult indeed; nonetheless the use of a human 

intestinal model may be promising in the search for suitable ligands.

L5.2 Mimicking bacterial modes o f entry

Hussain and Florence (1998) in an attempt to mimic bacterial mechanisms of 

uptake in the gut, coupled invasin molecules, derived from the outer membrane protein 

Yersinia tuberculosis and Y. enterocolitica to 500 nm diameter polystyrene particles. 

Invasin interaction with cell integrin receptors involve subsequent cytoskeletal changes, 

making the particles truly bioactive. After a single dose of maltose binding protein (MBP)- 

invasin-192 polystyrene conjugates, 13% was found in the systemic circulation of rats 

(calculated by whole volume extrapolation). This finding correlated with that of E.coli
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expressing invasin on its outer surface or MBP-invasin-192 fusion protein (van Nhieu and 

Isberg, 1991) efficiently entering human cell lines.

In an elegant study Pappo et a l (1991), attached a monoclonal antibody directed 

against rabbit M cells (MAb) onto 1 pm polystyrene particles, and described increased 

particle counts in rabbit PP, whereas non specific MAb had no effect. Rubas and co

workers (1990) incorporated sigma (al) (an outer protein of reovirus 1 which selectively 

invades PP) in liposomes and resulted in 20 fold increase in uptake through the PP 

compared to villus tissue.

All these reports represent early in vivo demonstrations of the effectiveness of the 

approach of engineering particles to enhance uptake which could be the first step to 

bypass at least some of the problems associated with oral drug delivery of peptides and 

vaccines.

1.6 Aim of thesis

This thesis is concerned with the investigation of the uptake and translocation of 

nano and microparticles from the rat gastrointestinal tract. The work described in this 

thesis was carried out in two different laboratories, and although the motives behind nano 

and microsphere utilisation for oral drug delivery were identical, the nature of the carriers 

was different to suit different aims. The second and third chapter, described work aimed at 

preparation and characterisation of chitosan microspheres for use in oral vaccine delivery. 

Different antigens were included in the spheres in order to study the possible inducibility 

of antibody responses by targeting to the PP of rats. Problems with the biocompatibility of 

these carriers and surface interaction with the lymphoid tissue led us to proceed in a 

different direction. Monodispersed carboxylated polystyrene particles of 500 nm in
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diameter with ligands such as Tomato lectin and bovine serum albumin, were used to 

study the interaction of these “engineered” beads with the GI enterocytes as well as PP. 

The literature so far has been rather inconclusive regarding the time course, dosing, 

quantification and mechanism of action of translocation events. In order to understand the 

oral route, it was important for us to study the variables mentioned above. Previous 

studies in our group have reported the ability of Tomato lectin conjugated particles to 

increase translocation to the systemic circulation by 18% only after continuous dosing for 

five days, while no increase was seen after one single dose. Our primary objective was to 

learn what caused the difference in uptakes during different dosing regimes occurred. 

Moreover, we wished to study whether different concentrations used would change the 

extent of uptake, since there has been disagreements over the nature of uptake. A 

fundamental objective of this project was to gain more insight into the mechanisms by 

which uptake and ligand mediated uptake occurred.
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_______________________ Chapter II: Chitosan m icrosph eresprepara tion  an d  characterisation

2.1 Introduction

For delivery of molecules and proteins by the oral route, two conditions must be 

met: 1) the peptides and proteins must be protected in the gut from proteolytic 

degradation and 2) they must be able to be transported through the intestinal mucosa. In 

this chapter we have described the preparation of microparticulate drug carriers 

composed of chitosan, as potential delivery systems.

Chitosan is a linear polysaccharide consisting of 6-(l-4)-linked 2 acetamido-2- 

deoxy-6-D-glucopyranose and 2-amino-2-deoxy-6-D-glucopyranose. Chitosan is 

obtained by alkaline deacetylation of chitin, which consists almost entirely of B-(l-4) 

linked 2 acetamido-2-deoxy-6-D-glucopyranose units (Figure 2.1).
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Figure 2,1 Chemical structures o f (a) chitin and (h) chitosan.
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Chitin is widely distributed in nature in the exoskeleton of crustaceans and 

insects, and it is also found in microorganisms, e.g. in the cell walls and structural 

membranes of mycelia of fungi and yeast, and in the cell walls of green algae (Mathur 

and Narang, 1990). Chitin is believed to be the second most abundant biomaterial after 

cellulose; however due to its insolubility in water, its applications are limited. Chitosan is 

soluble in most dilute organic acid solutions. It has a pKa value of 6.2-7 (Rinaudo and 

Domard, 1989) and has a molecular weight ranging fi-om 1x10  ̂ to 3x10  ̂ Daltons 

(Nigayale et al. 1990). It has potential uses in biomedicine, biotechnology, agriculture 

and industry. The main interest in chitosan derives from its cationic nature, which 

provides unique properties relative to other polysaccharides which are usually neutral or 

negatively charged. Its degradability by lysozyme to products that are further degradable 

in vivo (Amano and Ito, 1978) has been described. Moreover, it has been reported to be 

biocompatible and biodegradable (Hirano et al. 1988), it has accessible functional groups 

and has been proven to present mucoadhesive properties in the gut (Lehr et al. 1992a).

In the context of drug delivery, chitosan has been used as a stabilising constituent 

of liposomes (Henriksen et al. 1994), as an excipient controlling drug release in oral 

formulations (Kristi et al. 1993; Imai et al. 1991); as a nasal dehvery system (Aspden et 

al. 1996); and to prepare microspheres for encapsulation of enzymes, proteins and cells 

(Heller et al. 1996; Rha et al. 1984). It has also been used to deliver DNA (Alexakis et 

al. 1995). It has proven to be a promising matrix for the controlled release of 

pharmaceutical agents (Thanoo and Jayakrishnan, 1992). Chitosan has also been used to 

improve insulin absorption in the colon (Muranishi, 1996; Tozaki et a/. 1996).

Micro- or nano-particulates can be prepared by various methods (Kreuter, 

1994a,b, 1996). The most important manufacturing procedures are listed in Table 2.1.
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Table 2.1 Main methodologies for nanoparticle preparation

Method Polymers

Emulsion polymerisation Poly(methyl methacrylate) 
Poly(alkyl cyanoacrylate) 
Poly acrylate-copolymers

Interfacial polymerisation Poly(alkyl cyanoacrylate)

Desolvation Albumin
Gelatin
Cellulose derivatives

Solvent evaporation Polylactic acid 
Polylactic acid-copolymers

Solvent deposition Polylactic acid 
Polylactic acid co-polymers

From Kreuter (1996)

For oral products, general techniques used for microencapsulation include spray 

and pan coating, spray-drying, phase separation and coacervation methods, whereas 

particle size restrictions in parenteral delivery limit the choice mainly to microemulsion, 

microextrusion or polymerisation techniques. Spray drying converts a liquid into a 

powder in one step process (Brodhead et al. 1992). It utilises heat from a hot gas stream 

to evaporate microdispersed droplets created by atomisation of a continuous liquid feed 

and is therefore a very fast and cost effective dehydration method. Spray-drying was 

chosen for the preparation of chitosan microspheres since it has been successfully applied 

to many heat-sensitive materials of biological (enzymes), alimentary (milk), and 

pharmaceutical interests (Broadhead et al. 1992; Mumenthaler et al. 1994). There are 

numerous reports in the literature of the use of this technique to obtain microspheres 

using a variety of polymers: polylactic acid (Bodmeier and Chen, 1988), poly-D,L-
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lactide (Conte et al 1994), polyacrylate (Traue and Kala, 1984) and proteins (Conte et al. 

1994).

The structure of the microparticles obtained is different according whether the 

drug is dispersed or dissolved in the polymeric solution to be spray-dried. Microcapsules 

are obtained by spraying a drug suspension in a solution o f the polymeric coating, while 

polymeric matrices (microspheres), in which the drug is embedded, are obtained by 

spraying a solution o f  the drug and the polymer (Conte et al. 1994). Figure 2.2 represents 

the different possible particles obtained.

Figure 2.2 Possible forms of drug encapsulation

Where a) represents drug encapsulation, b) drug entrapment, c) no binding or

entrapment, d) drug binding externally and ^  drug binding internally

(Lecture presented by Thies at the iV^ Microencapsulation conference, Thailand,

1997).
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This chapter describes the preparation of chitosan microspheres in order to 

develop them as a system for oral peptide delivery and/or vaccination. Different model 

proteins were immobilised in the beads: Horse radish peroxidase (HRP), and two 

enzymes of commercial importance: a-amylase and invertase, whose substrates differ 

highly in molecular weight being a polysaccharide (starch) and a disaccharide (sucrose). 

The influence of crosslinking degrees in the particles and the catalytic activity of the 

enzymes embedded was fully studied. Invertase and a-amylase activity and its 

dependence on the degree of crosslinking as well as protein concentration was studied in 

collaboration with Dr. Gonzalez-Siso from the Cellular and Molecular Biology 

Department of the University of A Coruna (Spain)
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2.2 Materials

Chitosan Seacure CL 210 (Poly D-glucosamine hydrochloride) of molecular 

weight 100-130 KDa and 81% deacetylation, was obtained from Pronova Biopolymer 

(Drammen, Norway). Glutaraldehyde (25% commercial solution) was purchased from 

Aldrich-Chemie (Steinheim, Germany). The following were obtained from SIGMA 

Chemical Co.: Horse radish peroxidase fraction H, Bovine serum albumin fraction V 

(BSA), a-amylase type VI-B, invertase grade V from Bakers Yeast, 2,2’-azinobis(3- 

ethylbenzothiazoline-6-sulfonic acid) (ABTS). Soluble starch was from Analema (Vigo, 

Spain). Other reagents used were of analytical grade.

2.3 Methods

2.3.7 Microspheres preparation 

Empty microspheres

For the preparation of microspheres, a 0.3% (w/v) chitosan CL 210 aqueous 

solution was prepared and atomised in the following conditions: inlet air temperature: 

105-120°C, outlet temperature: 65-80°C and feed rate 1.6 ml/min; using a Buchi-190 

minispray-dryer. This system is commonly used in pharmaceutical research and consists 

of two-fluid nozzles, where the feed fluid and the atomising air are passed separately to 

the nozzle where they mix, the air causing the feed to break into a spray.

Initially it was hoped to prepare microspheres without the aid of a crosslinking 

agent. Unfortunately, it was observed that uncrossUnked microspheres would not remain 

intact in an aqueous solution. Therefore, glutaraldehyde was added to the 0.3 (w/v) % 

chitosan in water in different volumes to obtain levels of 0.2, 0.4 and 0.6% (v/v) 

crosslinking agent. The solution was then spray-dried as above.
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Protein loaded microspheres

As a model compound, 2% HRP (w/v) was incorporated into the microspheres by 

dissolving the protein in 0.1 M phosphate buffer pH 6.0 and adding the solution into the 

0.3% chitosan solution already containing the glutaraldehyde. The final solution was 

spray-dried as above.

Invertase and a-amylase particles were also spray dried into a 0.3% (w/v) 

chitosan solution at different crosslinking percentages and different protein 

concentrations (Table 2.2).

Table 2.2 Different invertase and a-amylase microspheres prepared

% (v/v) Glutaraldehyde % (w/v) Protein concentration
(either invertase or a-amylase)

0.02 6
0.1 10
0.3 20
0.5 30
0.58 34

2.3,2 Size distribution and swelling behaviour studies

In order to use particulate systems for peptide delivery, their properties need to be 

assessed such as size distribution and swelling properties. Chitosan microspheres (with 

0.2, 0.4 and 0.6% (v/v) crosslinking agent) with HRP entrapped were chosen for these 

studies. Size distributions were assessed using a Coulter Multisizer and optical 

microscopy, and swelling properties were studied by photon correlation spectroscopy 

(PCS).
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Coulter Multisizer

A small quantity of microspheres (of different crosslinking degrees) was 

suspended in simulated gastric juice (pH 1.2), sonicated for a few minutes in a Branson 

3200 ultrasonic water bath and measured in a Coulter Multisizer II, fitted with a 50 pm 

orifice tube. Results of microspheres diameter are the average of three replicates. 

Simulated gastric juice was prepared as follows: 4 g NaCl were dissolved in water and 

adjusted using HCl (37% strength) to pH 2. L

Optical microscopy.

Empty and 0.2, 0.4, and 0.6% (v/v) crosslinked microspheres were placed on a 

shde. They were visualised on a Nikon BH-2 binocular microscope (objective xlOO), 

fitted with an automatic camera: (Olympus C-35 A). At time 0, four photographs of each 

sample were taken. Then, all samples were submerged in distilled water. After 24 h, four 

photographs of each sample were taken again. Diameters of 50 particles were measured 

per photograph and the mean size was obtained.

Photon correlation spectroscopy (PCS)

An Argon Laser Liconix series 500 photon spectophotometer was used, fitted 

with a Goniometer ALV-SP80, automatically controlled by means of an ALV-LC unit.

A few microspheres were dispersed in distilled water using an ultrasonic water 

bath and filtered through a 0.22 pm Millipore filter. Samples were then introduced into 

the PCS and it was run for 75 min at: 488nm, refractive index 1.33, solvent viscosity 

0.89, probe temperature 216.16 K. Coefficients for special solvent: specific viscosity 

coefficient A=-3.05, specific viscosity coefficient B= 0.89, special refractive index= 

1.33. Power: 300 mW.
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2.3.3 Scanning electron microscopy

In order to identify possible morphological differences among the different levels 

of crosslinking microspheres prepared, samples were viewed under SEM. A small 

quantity microspheres (of different degrees of crosslinking agent) were gold coated 

(Emtech- 20 pA) and visualised using a Phillips XL series scanning electron microscope. 

HRP-containing microspheres were also visualised by using the same procedure 

(outlined above).

2.3.4 Enzyme activities 

Determination of HRP activity

HRP activity was determined using a standard spectophotometric assay (Shindler 

et al. 1976). Briefly, assays were conducted in phosphate-citrate buffer (0.05 M; pH 5.5) 

with 1 unit of HRP (specific activity of HRP given as 1 mg of solid= 175-180 units) and 

varying concentrations of ABTS. The final volume of phosphate-citrate buffer was 1 ml. 

Absorbance was read at 405 nm, using a Shimadzu 1601 U.V spectophotometer, 

immediately after adding ABTS and samples were taken at different time points. In the 

case of HRP-containing microspheres the same procedure was used but 1 mg of chitosan 

microspheres was used, which at 10% HRP entrapment represents 18 theorical units of 

entrapped enzyme assayed.

Determination of a-amylase activity and invertase activity

Both activities were determined by a method previously described by Bemfeld 

(1951). Briefly, 100 pi of a-amylase solution (free enzyme) or entrapped a-amylase, was 

mixed with 400 pi of substrate solution (2% soluble starch in 0.1 M phosphate buffer, pH 

7.0) previously maintained at 37°C for 5 min, and the mixture was incubated at the same
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temperature with agitation. The reaction was stopped at controlled times by adding 0.5 

ml of 3,5-dinitrosalicylic acid (DNS) reagent. The absorbance was read at 521 nm. DNS 

was prepared as described in Bemfeld (1951): 1 g of DNS was dissolved at room 

temperature in 20 ml 2 N NaOH and 50 ml of water, to that 30 g of Rochelle salt was 

added, the solution was then made up to 100 ml with distilled water.

For invertase, 100 pi of invertase solution or invertase entrapped into 

microspheres was mixed with 400 pi of substrate solution (0.4 M sucrose in pH 4.5, 0.1 

M acetate buffer) previously maintained at 55°C for 5 minutes, and the mixture was 

incubated at the same temperature with agitation. The reaction was stopped at controlled 

times by adding 0.5 ml of DNS reagent. The absorbance was read at 529 nm.

One enzyme activity unit (E.U) is defined as the quantity of enzyme releasing 1 

pmol of reducing groups (maltose equivalents in the case of a-amylase, and glucose 

equivalents in the case of invertase) from the substrate per minute under assay 

conditions.

The immobilisation yields were determined by the ratio of the specific activity of 

the immobilised enzyme to the specific activity of the free enzyme (Wilson and 

Goulding, 1986). Both enzymes activities are expressed as E.U per mg of protein per g 

immobilised preparation.
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2.4 Results

2.4.1 Microparticle characterisation

When empty and uncrosslinked chitosan microspheres were assayed for swelling 

behaviour it was seen that they could not sustain any time in water as they immediately 

swelled and disintegrated. Crosslinking the chitosan, achieved by using glutaraldehyde, 

overcame this problem. Photon correlation spectroscopy was performed on various 

samples (differing in degrees of crosslinking), by filtering each particle solution through 

a 0.22 pm filter. By filtering, we were able to monitor a peak showing at 200 nm at time 

0 min. Figure 2.3 shows that in the case of 0.4% crosslinked microspheres there was no 

size increase with respect to time (when in contact with water). When a lower 

crosslinking degree was assayed, 0.2 %, a slight size variation with respect to time was 

obtained, however the difference was so small that was considered to be negligible 

(p>0.05, student T-test).

Further experiments included the use an optical microscope to verify the stability 

of the particles in water. When particle size was compared using a time span of 24 h, it 

was demonstrated that once the microspheres were crosslinked no swelling occurred 

when in contact with water (Table 2.3).

2.4.2 Data analysis and size distribution

The diameters of the particles were assayed by means of the Coulter Multisizer II, 

and results are represented in Figure 2.4. From this graph, the geometric mean size and 

the standard deviation were calculated (Table 2.4). It was seen that 95% of the 

microspheres population were between 2 and 6 pm and there did not seem to be any 

significant size difference between the three formulations. Nevertheless, a student T test 

was performed upon the different samples and it was confirmed that the percentage of
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glutaraldehyde present in the formulation did not have any effect on the particle size 

(p<0.005).

400-, 0.4 %
300- »2= 0.1046 

F =2.57 n.s.
200 -

100 -

0.2 %
300 r^= 0.6991

200

100

Time (m inutes)

Figure 2,3 Photon correlation studies on the evolution of the microspheres 
radius in aqueous solution vs time.

Where a) corresponds to 0.4% crosslinked filtered particles level and b) to the 0.2% 
crosslinked filtered particles. No significant increase in size is observed over 75 min.

Table 2.3 Optical microscope measurements on the diameter of chitosan 
microspheres at different crosslinking percentages when in contact with water over 
a period of 24h

Formulation 

% Crosslinking level

Mean Diameter (pm ) ± sd 

Time 0 h Time 24h

0.2 3.98 ± 1.2 3.75 ± 1.2
0.4 3.74 ±2.5 3.87 ±1.1
0.6 4.40 ±2.4 3.85 ±1.1

4 Geometric mean size of microspheres determined hy Coulter

Formulations Geometric mean size
% Crosslinking (pm) ± sd

0.2 4.02 ± 0.5
0.4 4.05 ± 0.3
0.6 4.05 ± 0.4
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Figure 2,4 Size distribution of chitosan microspheres at different percentages of 
crosslinking agent.

2.4.3 Morphology Studies

Scanning electron micrographs of microsphere formulations with different 

degrees of crosslinking agent can be seen in Figure 2.5a-d. The evolution of surface 

uniformity can be observed in these micrographs, from uncrosslinked microspheres to 

0.6% crosslinked ones. From these figures, it can de deducted that particles cross-linked 

at a level below 0.4% show surface crumpling. 0.4% ones appear uniform and thereafter 

the higher crosslinked ones, although sharing surface uniformity with the 0.4% ones, 

display a broader range of size distribution. Figure 2.6c, show how chitosan 

microspheres containing HRP compare to those at 0.2% and 0.4% crosslinking levels 

devoid of protein (Figure 2.6a,b). While empty 0.4% crosslinked particles are spherical 

and smooth, loaded microspheres showed an alteration of surface morphology, 

possessing a high degree of roughness (Figure 2.6a-c).
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Figure 2.5 a) Scanning electron micrograph of chitosan microparticles without 
crosslinking.

The majority of particles are not formed, and there are large pores on the surface (as 
pointed with the arrows).

n ""t- :

Figure 2.5 b) Scanning electron micrograph of chitosan microparticles at 0.2% 
crosslinking degree.

Although particle sphericity and membrane uniformity increased by adding 
glutaraldehyde, the surface of the spheres still appear crumpled.
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Figure 2.5 c) Scanning electron micrograph of chitosan microparticles at 0.3% 
crosslinking degree.

Particle sphericity appears improved over the 0.2% formulation. However, the 
surface of some particles appear to be colapsing (pointed with the arrows).

Figure 2.5 d) Scanning electron micrograph o f chitosan microparticles at 0.4% 
crosslinking degree.

Particle spheryicity and membrane uniformity has been achieved.
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Figure 2.5 e) Scanning electron micrograph of chitosan microparticles at 0.5% 
crosslinking degree.

When compared to the previous formulation (0.4%), no difference in terms of 
membrane characteristics can be observed.

Figure 2.5 f)  Scanning electron micrograph of chitosan microparticles at 0.6% 
crosslinking degree.

This formulation does not differ either in the uniformity of microsphere surface when 
compared to the 0.4 and 0.5% formulations.
Both formulations (Figure 2.5 e) and f) appear to have a broader range of size 
distribution than in the 0.4% one. However, through Coulter and optical microscopy 
measurements, the difference in size distribution was shown to be nonsignificant 
(p<0.005).
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(a)

(b)
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Figure 2.6 Chitosan microparticles viewed under scanning electron microscopy.

(a) 0.2% crosslinking level, the surface shows a flat “ball” aspect as if the sphere was 
dehydrated; (b) 0.4% crosslinking level, microspheres are spherical, the surface is 
smooth and no pores can be detected; (c) microsphere crosslinked at 0.4% and 
containing HRP, the degree of roughness imparted by HRP on the membrane being very 
noticeable.
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2,4.4 Enzyme activity measurements 

HRP containing microspheres

Table 2.5 shows the relative activity of free and entrapped HRP at different 

substrate concentrations. The calculated Vmax and Km for native HRP were 1.11 

nM/sec/unit and 0.015 respectively, whereas the values for entrapped HRP were 2.22 x 

10^ nM/sec/unit and 0.144. Microsphere associated HRP showed some activity albeit 

greatly reduced (Figure 2.7). This reduction is probably the result of the relatively harsh 

conditions of spray-drying where the temperature rises to 110-120°C for a few seconds. 

In addition the glutaraldehyde will interact with the chitosan matrix and HRP, as it is 

well known to “fix” proteins.

Native HRP

Entrapped HRP

/0 .04
1500 2000

Time (seconds)

Figure 2.7 Enzymatic activity of native HRP (1 unit) and microspheres
associated HRP (18 units), using a standard substrate concentration 
in both cases.
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Table 2.5 Evaluation of HRP activity in native form and entrapped in chitosan 
microspheres

ABTS (pg/ml) Initial Rate®

HRP HRP containing microspheres

10 0.138 1.645 lO"*
20 0.275 2.791 10"*
40 0.564 4.967 10"*

" Initial rate (nM/unit/s)

a-Amylase and inveitase containing microspheres

Invertase and a-amylase were immobilised in chitosan microspheres at different 

concentrations and different crosslinking degrees. The calculated activity of a-amylase 

can he seen in Table 2.6 and that of invertase in Table 2.7.

Changes in crosslinking affected microspheres porosity and therefore diffusion of 

substrate and products to and from the spray dried droplet. Increased glutaraldehyde 

concentration may also have lead to enzyme dénaturation. In both, a-amylase and 

invertase, enzyme activity increased when crosslinking decreased. However, when we 

compared the effect of protein concentration the two enzymes displayed different 

patterns. Invertase encapsulated at higher concentrations was able to interact with the 

substrate much more efficiently than encapsulated a-amylase for example, as described 

in Tables 2.6 and 2.7, invertase encapsulated using 0.1% glutaraldehyde at 10% protein 

concentration resulted in 7.0 E.U/g of immobilised enzyme whereas at the same 

conditions for a-amylase activity was 0.97 E.U./g of immobilised enzyme. Continuing 

with the same percentage glutaraldehyde, when invertase was immobilised at 30%, its 

E.U./g of immobilised enzyme was 30.8 whereas for a-amylase was 0.59.
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Table 2.6 Joint effect of crosslinking and protein concentration on a-amylase 
activity

% Crosslinking % Protein concentration Activity 
(E.UVg immobilised a-amylase)

0.02 20 1.4
0.1 10 0.97
0.1 30 0.59
0.3 6 0.11
0.3 20 1.13
0.3 34 0.01
0.5 10 0.37
0.5 30 1.1
0.58 20 0.2

Table 2.7 Joint effect of crosslinking and protein concentration on invertase activity

% Crosslinking % Protein concentration Activity 
(E.UVg immobilised invertase)

0.1 10 7.0
0.1 30 30.8
0.3 20 10.3
0.5 10 1.2
0.5 30 2.1
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2.5 Discussion

Although there are various reports in the literature describing encapsulation of 

proteins in microspheres very few use the spray-drying technique. The advantage of this 

method is that microspheres are very easily prepared at a very low cost, are stable at low 

pHs, and maintain much of the activity of the enzyme. From the data reported here, it is 

clear that we can obtain chitosan microspheres that do not swell in aqueous media at pH

7.4 (optical microscopy) and pH 1.2 (Coulter data). Thus, retaining the antigen in their 

core. Orienti et al. (1996) reported the preparation of 100 pm diameter chitosan 

microspheres loaded with indomethacin and crosslinked with citric acid. In contrast to 

our work, the microspheres swelled at different pHs; when they assayed 5% w/v 

formulation of chitosan microspheres (in this thesis was 0.3% w/v), they observed that 

swelling was greater at lower pHs rather than at higher pHs. This is due to the 

protonation of the amino groups of chitosan favouring the hydration of the crosslinked 

polymeric structure and therefore its swelling. Moreover, they reported increased 

swelling on those microspheres prepared from higher percentages of chitosan, probably 

because lower crosslinking degree was achieved due to the higher viscosity of the 

preparative phase of the microspheres, hindering the crosslinking process. Drug release 

was at its maximum at high pHs which enhanced the drug solubility of the acidic drug. 

Furthermore, when they increased the % of chitosan used in the preparation of 

microspheres, release was enhanced due to lower crosslinking obtained. Similar results 

were reported by Heller et al. (1996) when they assayed the release of BSA from 

chitosan/alginate microspheres, 0.2% (w/v) chitosan microspheres released 100% of 

BSA after 6 days whereas at 1% (w/v) chitosan microspheres, 100 % release was 

achieved in 11 days.
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Spray-drying has often been criticised for the large distribution of sizes obtained 

and the loss of activity of heat labile products. We have described a controlled system 

that enables us, through the use of crosslinking agents and through the slow flow rate, to 

prepare microspheres within the 1-10 pm range, where 95% of the population ranges 

between 4-6 pnL

The fact that HRP maintained some activity, albeit reduced, suggests that 

biologically active protein, or antigen, could be entrapped in such structures. Whereas the 

control chitosan microspheres have in cross-section, a thin, smooth surface, incorporation 

of protein alters the morphology in that small protein particles are visible on the surface. 

It is possible that this is responsible for the preserved enzyme activity, but, Alexakis et 

al. (1995) suggested that chitosan microspheres are glutaraldehyde crosslinked only in 

the outer shell, and not deep within the core of the microsphere. If the enzyme substrate 

penetrates this should also explain the residual HRP activity. Thanoo and Jayakrishnan 

(1992) also observed a change in particle morphology, when they included theophylline, 

griseofulvin and aspirin at levels of 50%, from a thin surface to a high degree of surface 

roughness on the chitosan microspheres which they prepared by glutaraldehyde 

crosslinking of an aqueous acetic acid dispersion of chitosan in paraffin oil using 

sulphosuccinate as the stabilising agent.

The other enzymes encapsulated here were tested in collaboration with Dr. 

Gonzalez-Siso at the University of A Coruna (Spain) which resulted in a joint 

publication: Gonzalez-Siso et al. (1996). Preserved activity of invertase and a-amylase 

was dependent on degree of crosslinking degree. In both cases enzyme activity increased 

when crosslinking degree decreased. There were different responses obtained when 

studying the influence of protein concentration on enzyme activity; resulting on invertase 

having higher activity than a-amylase when in the same % of loading. This could be
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partially explained by the highly different molecular weights of the substrates in 

combination with the different temperatures of hydrolysis. The substrate in the case of 

invertase, sucrose, is a disaccharide with a molecular weight of 300-350 (supplied by 

Sigma) that is likely to enter the microspheres even at the highest crosslinking value 

tested. It has previously been demonstrated by Otero-Espinar et ah (1996) that low 

molecular weight compounds (approximately 300 Da) are easily released from these 

beads. The substrate of a-amylase, starch, is a high molecular weight polysaccharide of 

molecular weight ranging from 3400-5400 and is probably less able to enter the 

microspheres, in which case only the protein immobilised in the surface of the sphere 

crosslinked with glutaraldehyde would be accessible to react with the substrate.

Thanaoo and Jayakrishnan (1992) obtained similar results, but in their case they 

studied the release profiles of three different drugs (theophylline, griseofulvin and 

aspirin) encapsulated in chitosan microspheres. They reported that crosslinking density 

influenced the release profiles of the drugs. The "least" crosslinked microspheres (exact 

details on crosslinking concentration not revealed) released the drug at a faster rate while 

the "highly" crosslinked ones released the drug at a slower rate. Contrary to our findings, 

different drug loading did not influence the rate of drug release in the case of 

theophylline and aspirin. On the other hand, in the case of griseofulvin, the least soluble 

of the drug studied, loading did significantly affect its release rate, where a 2 to 3 fold 

increase in the release rate was observed when the drug loading was reduced from 76% 

to 22%. The authors concluded that a higher proportion of the more hydrophobic drug 

inside the spheres hindered penetration of the dissolution medium into the matrix, 

thereby reducing the solubility of the drug and hence the release rate.

Wan et al. (1994), obtained chitosan beads of 3-5 mm in diameter by ionotropic 

gelation of a 1% aqueous acetic acid solution and 3% w/v tripolyphosphate (TPP) ions;
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encapsulating up to 90% sulphadiazine as a model drug. Drug diffusion was observed 

when studying the release rates in O.IM HCl and similar results were obtained at pH 7.6; 

beads containing less than 34% w/w of sulphadiazine had a slower rate of release with 

increasing drug content. The reduction in rate of release may be attributed to beads 

having a greater hydrophobicity and hence lower water uptake when loaded with larger 

amounts of sulphadiazine. Moreover, the degree of swelling was less in phosphate buffer 

pH 7.6 (swelling of 1.5 the original size) than in acid medium (3.5 times the original 

size). Nevertheless, in both media, the extent of bead swelling increased with chitosan 

content.

In a more recent study, Alexakis et al. (1995) microencapsulated calf thymus 

DNA into glutaraldehyde crosslinked chitosan membranes by interfacial polymerisation. 

They also immobilised DNA (yields of 96%) within chitosan-coated alginate 

microspheres (20-50 pm diameter), by emulsification/intemal gelation. They found that 

84% of the DNA was released upon core dissolution and membrane disruption, with 12% 

membrane bound. After intragastric administration to rats, microspheres were recovered 

intact from the faeces; higher recoveries (60%) and reduced shrinkage were obtained 

with the alginate microspheres. DNA from the recovered microspheres was found to be 

intact. For the first time in the literature, Alexakis et al. (1995) described a drug delivery 

system containing a biological active material that was able to travel through the 

gastrointestinal tract and remain totally active.

In this chapter we have obtained chitosan microspheres that do not swell in acid 

media and pH 7.4 and will potentially protect the enzyme encapsulated during its transit 

through the gut. Activities of the enzymes were characterised, and although in the case of 

HRP and a-amylase they were reduced, invertase was successfully entrapped. In the next 

chapter we will assess their biocompatibility in vitro.
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3.1 Introduction

As outlined in the previous chapter, soluble chitosan hydrochloride (Seacure CL 

2 1 0 ) was used to prepare, by spray-drying, glutaraldehyde-crosslinked microspheres of 

diameter 3-4 pm containing different enzymes (HRP, invertase and a-amylase) as model 

proteins. These microspheres were being developed as potential delivery systems for oral 

vaccination.

Since a vaccine formulation intended for human use requires the use of a 

biodegradable and safe polymer, before pursuing further the characterisation of these 

microspheres as drug or vaccine delivery systems, we decided to test their 

biocompatibilty. Since many cationic polymers have been shown to display red blood 

cell lysis and in vitro cell toxicity (Sgouras and Duncan, 1990) we decided it was 

important to study systematically the in vitro toxicity of soluble chitosans including 

polymers of different molecular weight and salt form, the soluble derivative, chitosan 

glycol, and in addition glutaraldehyde-crosslinked chitosan microspheres (Table 3.1 and 

Figure 3.1).

The biocompatibility of any biomaterial must be defined in the context of its 

intended route of administration, polymer form (soluble polymer, microparticle, fibre) 

and final use, including the likely frequency of dosing. In the case of soluble synthetic 

polymers official regulatory guidelines for toxicological evalulation have yet to be 

proposed. There are relatively few polymeric excipients that have been approved for 

human use orally (Table 3.2). Polymeric drug carriers and polymeric drugs can not be 

evaluated in the same context as low molecular weight drugs, because of the different 

nature and biological behaviour of macromolecules. For specific biomedical applications, 

polymeric drug delivery systems must be biocompatible, non-antigenic, non- 

immunogenic and preferably biodegradable; and would also have a high drug carrying
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(«)

n h :  r

R= Chloride 
Lactate 
Glutamate

or
CH3CH(0H)G00"
“(X)CCH2CH2CH(NH2)C00'

(b)

.OH

‘ OH

Figure 3.1 Structure of different chitosan salts.

Where (a) represents the basic protonated structure o f chitosan and R can be 
substituted by either chloride, lactate or glutamate; and (b) represents glycol 
chitosan

Table 3.1 Characteristics of the chitosans tested in this chapter

Name Code no" Viscosity**

(mPas)

Degree of 

deacetylation

pH® Average Mwt** 

(KDa)

Hydrolactate LllO 10 78 5.6 <50

L210 76 82 5.6 150-170

Hydroglutamate GUO 13 >80 5.9 60-90

G 210 76 77 5.8 180-230

Hydrochloride CL 210 12 85 5.8 60-90

CL 210 46 81 5.8 100-130

Glycol none (not supplied) 100 7.0 152

(a) suppliers code, (b) as supplied by manufacturer, (c)10 mg/ml in PBS, (d) number 
average molecular weight determined by viscosity measurements by supplier
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Table 3.2 Polymeric excipients approved for oral drug formulations

$

AGENTS 1 TABLET TABLET & CAPSULE |  OTHERS

Polymer 1
g1
u 1 1 1

3

g

I 1
&
s

1 fi 1
s
1

h
FA f } 1 1

1 'O
3

Acacia V V V V V
Carbomer V V V
CMC* Na V V V
Microcrystalline
Cellulose V V V V
Powdered
cellulose V V

i
i V V V

CAP* V V
Croscamellose Na
Crospovidone V
B-cyclodextrin V V !
Dextrates V
Dextrins V V V
Ethyl cellulose V V
Gelatin V V V V V
Guar gum V V V
Hydroxyethyl
cellulose V V V V

I

CMC*Na: Carboxymethylcellulose sodium, CAP*: Cellulose acetate phthalate



Table 3.2 (con’t) Polymeric excipients approved for oral drug formulations

AGENTS TABLET TABLET & CAPSULE OTHERS

Polymer

1
f f 0X1

Î !
0 0

ei)

1 fp
i f
> 1 f i 1 I I 1 1 1

Hydroxypropyl
methylcellulose V V V V V V
Hydroxypropyl
methylcellulose
phthalate V
Maltodextrin V V V V
Methylcellulose V V V V V V

Polaxamer V V V
PEG Ointment base, plastisizer, solvent, suppositorey base, tablet and capsule lubricant |

Polymethacrylates V V V
Polyoxyethylene 
Alkyl Ethers V V V
Polyvinyl Alcohol V V

Povidone V V

Propylele Glycol 
Alginate V V V V

Shellac V

Sodium Alginate V V V V V

Starch V V V V
Tragacanth V V

Xanthan Gum V V V

The information detailed in this table has been obtained from Wade and Weller (1994)

I
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I
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capacity. If the carrier system is biodegradable, then the same concerns apply to 

fragments resulting from chemical or enzymatic breakdown which must not exhibit any 

of these toxic properties. Duncan et al. (1988) and Sgouras (1990), assembled a portfolio 

of biocompatibility tests based on the characteristics and requirements of an ideal drug 

carrier. Issues such as baemotoxicity, cytotoxicity, biodegradability, immunogenicity and 

pharmacokinetics are important components in the assessment of biocompatibility of a 

polymer carrier (Figure 3.2).

Cytotoxicity has been widely accepted for the evaluation of inhibition of basal 

cellular functions as well as metabolic tissue or cell specific effects as a result of drug 

interaction (Ekwall 1980, 1983, Ekwall et al. 1990). Cell culture is available from 

animals as well as humans, they can grow on monolayers or suspensions, in the form of 

primary cell culture or cultures of diploid, established or clonal cell lines (Paganuzzi- 

Stammati et al. 1981). There are several assays to determine and quantify cytotoxicity of 

soluble polymers in vitro (Table 3.3). In this study, we used the MIT assay, first 

described by Mossman (1983). Sgouras and Duncan (1990) developed it as a rapid and 

reliable method to assess the cytotoxicity of soluble polymers. This assay is based on the 

ability of viable cells to incorporate and reduce 3-(4,5-dimethyl-2-thiazolyl)-2,5- 

diphenyl-2H-tetrazolium bromide (MIT ) into the corresponding insoluble formazan salt 

(Altman, 1976) (Figure 3.3). Several assay related problems have been described, 

particularly inadequate levels of formazan generation by some cell lines, limited 

solubility and stability of the M i l formazan solutions in organic solvents (Denizot and 

Lang, 1986). However, these problems can be largely overcome by use of 

spectophotometric grade dimethyIsulfo xide (DMSO) which provides stability for up to 2 

h (Denizot and Lang, 1986). When Sgouras and Duncan (1990) compared the M IT assay 

to [^H] thymidine, [^H] leucine incorporation and cell counting, they found that it proved
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study of Biocompatibility

In yitro In Vivo

Haemotoxicity Cytotoxicity Degradation Metabolism Toxicity Immunogenicity

Membrane Interaction
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- Cell Culture
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- Membrane 
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- Body Distribution
- Blood clearance
- Degradation
- Elimination

I

I
Î

Figure 3,2 Different tests used to fully determine the biocompatibility of a given material (modified from Sgouras, 1990),
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reproducible between and within experiments. Good correlations of the ICsos of the 

polymers used in the different techniques were obtained. The cytotoxicity of a soluble 

polymer needs to be quantified in terms of a dose-response profile, thus it can be 

expressed as IC50 (the concentration at which 50% of cell viability is lost). Toxicity 

studies in vitro compared to an in vivo situation has been a subject of debate amongst 

toxicologists. In vitro experiments have the advantage in providing qualitative 

information on toxicity. Attempts to quantify in vitro and in vivo correlations (through 

LD50) for the prediction of toxicity in man have been described by Ekwall (1983).

Haemotoxicity can be described broadly as: (i) the possibility that a foreign 

polymer may induce toxicological and/or immunological reactions that would be harmful 

to the organism and (ii) the possibility that the local environment may inactivate the 

material such that is unable to perform effectively in its proposed role ie. for controlled 

release and/or targeting (Sgouras and Duncan, 1990). There are two well described 

methods to evaluate haemotoxicity: red blood cell lysis and surface pressure 

measurements using the Langmuir-Blodgett trough apparatus (Bhakoo et al. 1982). Red 

blood lysis is quantified by measuring the release of haemoglobin and it provides a good 

model to study and quantify the interaction of a potentially lytic agent and the cellular 

membrane.

In this chapter, we thought it would be important to assess the first two 

parameters of biocompatibility (cytotoxicity and haemotoxicity) before pursuing any 

experiments in vivo. The cytotoxicity of chitosans was assessed using a murine 

melanoma cell line, B16F10, in combination with the MTT assay (Sgouras and Duncan, 

1990) and their ability to cause lysis of rat erythrocytes in vitro was also studied. 

Throughout, scanning electron microscopy was used to monitor any changes in cell 

morphology.
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Table 3.3 Different assays used to evaluate cytotoxicity of soluble polymers in vitro

Determination of cytoplasmic enzyme release

Measuring histamine release

Direct cell number counting

Examining cell morphology by SEM

[^H] Thymidine incorporation

Monitoring lysozyme and LDH release

[^H] Leucine incorporation

Monitoring histamine, serotonin, LDH and calcium

Measuring released ^^Cr-labelled protein after cell lysis

MTT assay

(Komguth and Stahman, 1961) 

(Padawer, 1970)

(Arnold, et al. 1979)

(Padawer, 1970)

(Arnold, et at. 1979)

(Elferink, 1985)

(Morgan era/. 1988) 

(Suzuki-Nishimura, 1989) 

(Mosmann, 1983)

(Sgouras and Duncan, 1990)

Br

Ph

) — s
N=N+y

Ph

MTT
(yellow)

"H

N=N
Ph—

N -N H
Ph

MTT Formazan
(purple)

Figure 3.3 MTT reduction.

The reduction involves the opening of the tétrazolium ring between N(2) and N(3) with 

subsequent formation with subsequent formation o f the formazan product. The purple 

colour arises from the conjugated double bonds. MTT reduction takes place via the 

mitochondrial succinoxidase system, nevertheless MTT has been found to react non- 

enzymatically with NADH and NADPH (Altman, 1972).
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3.2 Materials

Chitosan hydrochloride (CLllO and CL210), chitosan hydroglutamate (GllO, 

G210) and chitosan hydro lactate (LllO and L210) were suppUed by Pronova (Norway). 

Glycol chitosan, dextran of Mwt 74,(XX) (clinical grade) and poly-L-Lysine of Mwt 

56,(XX), horseradish peroxidase (HRP), bovine serum albumin (fraction V), 2,2’- 

azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 3-[4,5-DimethyIthiazo 1-2-y 1]- 

2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), 2.5% 

glutaraldehyde, 4% osmium tetroxide (VII) and hexamethyldisilazane (HMDS) (the latter 

4 compounds were of electron microscopy grade) were all obtained from SIGMA 

Chemical Co.

3.3 Methods

3.3,1 Evaluation of cytotoxicity

B16F10 cells obtained from Prof. I. Hart, St Thomas’ Hospital, London, were 

used to evaluate cytotoxicity. Cells in RPMI 1640 with or without 10% foetal calf serum 

were seeded into 96 well microtitre plates at a density of 1x10  ̂ cells/well. All chitosan 

polymers and chitosan microspheres were U.V sterilised. Soluble chitosans, dextran or 

poly-L-lysine (the latter as reference controls) were added to the plates at various 

concentrations (0.1 to 3 mg/ml) in a final volume of 100 pi. After 72h, 20 pi of MTT 

reagent (5 mg/ml stock solution) was added and 5h later the purple crystals produced 

were dissolved in 100 pi of optical grade dimethyl sulfoxide (DMSO). Absorbance was 

read at 550 nm using a microtitre plate reader.

To determine the cytotoxicity of chitosan microspheres (they interfered with the 

MTT assay) direct cell counting and trypan blue exclusion were used. Cells were seeded 

at 5x10^ ceUs/well into 6  well cluster plates and the microspheres added (0.1-3 mg/ml).
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After 72h, 200^1 of trypan blue (0.2% w/v) were added and the viable cell number was 

determined using a haemocytometer slide.

3.3.2 Evaluation of red blood cell lysis

Blood was obtained from male Wistar rats after sacrifice by cardiac puncture. 

Erythrocytes were collected by centrifuging the blood three times in chilled phosphate 

buffered saline (PBS at 4°C) at l,000g for 10 min. The final pellet was resuspended in 

PBS to give a 2% w/v solution. Using a micro titre plate assay, lOOpl of the erythrocyte 

solution was added to soluble chitosans (Ipg/ml to 3mg/ml) or chitosan microspheres 

(0.1 mg/ml to 3mg/ml) made up in a volume of lOOpl. Samples were then incubated for 

either Ih or 24h, the micro titre plate was centrifuged then at l,000g for lOmin and the 

supernatants (lOOpl) transferred into a new microtitre plate. Haemoglobin release was 

determined spectrophotometrically using a microtitre plate reader (absorbance at 550nm). 

Dextran was used as the negative reference control and the detergent Triton X-100 (1% 

v/v) used to produce 100% haemoglobin release. Results were expressed as the amount 

haemoglobin release induced by the polymers as a percentage of the total lysis caused by 

Triton X-100.

3.3.3 Scanning electron microscopy (SEM)

B16F10 cells were incubated with chitosan microspheres (not containing protein) 

or HRP-containing chitosan microspheres (both Img/ml) for 24h. The medium was then 

removed and cells were fixed in 0.25% glutaraldehyde for 24h, followed by 1% osmium 

tetroxide for Ih. Samples were then dehydrated by incubation for 5 min in PBS solutions 

with increasing ethanol content. Finally they were dehydrated in HMDS and left to dry. 

Samples were gold coated (Emtech- 20 pA) and visualised using a Phillips XL series
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scanning electron microscope. Erythrocyte morphology was also visualised by using the 

same procedure (outlined above) after exposure to soluble chitosan CL 210 (1 mg/ml).
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3.4 Results

3,4,1 Cytotoxicity studies

The first study was carried out using chitosan CL 210 in which the soluble 

polymer was added to cells in the presence or absence of serum (Figure 3.4). It can be 

seen that addition of serum proteins made no significant difference (unpaired T-Test) to 

the cytotoxicity observed; the concentration required to decrease cell viability by 50% 

( I C 5 0 )  was 0.2 ± 0.04 mg/ml in both cases. Therefore, all further experiments were 

carried out in the presence of serum-containing media.

160-1

140-

120-

S
Iu Poly(l-Lysine) Serum + 

Poly(l-lysine) Serum - 
Dextran Serum + 
Dextran Serum - 
Cl 210 Serum+
Cl 210 Serum-

0.0 0 .5 1.0 2.0 2 .5 3 .0 3 .51.5

Polymer Concentration (mg/ml).

Figure 3,4 Effect of soluble polymers on the viability of B16F10 cells in the
presence (+) and absence (-) o f serum as indicated.
Data represent the mean ± SEM (n=24)

All the chitosan salts tested (Figure 3.5a-c) and chitosan glycol (Figure 3.5d) 

displayed concentration-dependent cytotoxicity (Table 3.4). The polymers were less
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(a)

(b)
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Poly(l-lysine) 

Dextran 

CL 110 

CL 210

Polymer concentration (mg/ml)
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£
a  8 0 -  

U

60 -
5
I

40 -
U
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L>g--g--Lh-f;T-
0.5 1.0 3.50.0 2.0 2.5 3.01.5

Poly(l-lysine)

Dextran

LllO

L210

Figure 3.5

Polymer concentration (mg/ml)

Effect of chitosan hydrochloride (a) and chitosan hydrolactate
(b) salts on the viability o f B16F10 cells.

All incubations were carried out in the presence o f serum. In each case dextran and 
PLL were used as reference controls. Data represent the mean ±SEM.
All chitosan salts above display toxicity towards B16F10 cells with the exception oj 
chitosan hydrolactate LllO.
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(c)

(d)
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i
I
u

3.00.0 0.5 1.0 1.5 2.0 2.5 3.5
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G210
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P o ly m e r  c o n c e n t r a t io n  (m g /m l)
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Figure 3.5

P o ly m e r  c o n c e n t r a t i o n  (m g /m l)

Effect of chitosan hydroglutamate salts (c) and glycol chitosan (d) on 
the viability of B16F10 cells

All incubations were carried out in the presence of serum. In each case dextran and 
PLL were used as reference controls. Data represent the mean ±  SEM.
Both chitosan hydroglutamates began to cause toxicity towards B16F10 cells above 
0.25 mg/ml.
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Table 3.4 Cytotoxicity of soluble chitosan towards B16 FIO cells

Chitosan IC^50 (mg/ml; mean ± SEM)

Glycol chitosan 2.47 ± 0 .15

L 110 < 2 .5

L 2 1 0 2.00 ± 0 .18

G 110 2.47 ± 0 .1 4

G 210 1.73 ± 1.39

CL 110 2.24 ± 0 .1 6

CL210 (serum +) 0.21 ± 0 .0 4

CL 210 (serum -) 0.28 ± 0.04

%= 24

-Q —  P o ly -O -L y sin e) 

—  M ic ro s p h e re s  

-O—  D e x tra n

0 ^  1.0 IS  2 .0  2 .5  3 .0

Polymer concentration (mg/ml)

Figure 3.6 The effect of chitosan microspheres on the viability of B16F10 cells.

A comparison of dextran (negative control) and poly-(l-lysine) (positive control) is 
shown. Data represent the mean ±SEM (n=6). Total loss of cell viability is 
represented at all concentrations of microspheres used.
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(a)

Acc.V Spot Magn Dot WD
16 0 kV 2 0 3000X SE 7.2 CONTROL

( b )

Figure 3.7 a-b) Scanning electron microscopy of B16F10 cells.

Panel (a) control B16F10 cells with no microspheres; panel (b) B16F10 cells after 
incubation with 1 mg/ml chitosan (0.3% w/v) microspheres not containing protein. 
Yellow arrows show where particles have been engulfed.
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(c)

(d)

Det WD 
SE 7 4

Acc.V Spot Magn 
' S O W 2 0 3000X C 2mg/ml UV

Figure 3.7 c-d) Scanning electron microscopy of B16F10 cells after exposure 
to 1 mg/ml 0.3% (w/v) chitosan microspheres.

Panel (c) shows B16F10 cells after 24 h incubation with microspheres without protein 
and panel (d) shows the interaction o f microspheres containing albumin with B16F10 
cells after 24 h. In panel (d) the yellow arrows show where particles have been 
internalised
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toxic than poly-L-lysine, but appreciably more toxic than the inert reference dextran. In 

contrast, the glutaraldebyde-crosslinked microspberes were extremely toxic (Figure 3.6), 

even more so than poly-L-lysine in this assay, which could be due to free residual 

glutaraldebyde in the particles.

Scanning electron micrographs showed that B16 FIO cells (Figure 3.7a) interact 

with chitosan microspheres (Figure 3.7b-f), and particle internalisation was also 

observed, particularly for those containing albumin (Figure 3.7d). After exposure to these 

microspheres morphology was very much altered, and plasma membrane rupture was 

typically seen as the cell became engorged with the protein laden particles (Figure.3.7e- 

0 .

(e)

Figure 3.7 e-f) Scanning electron microscopy of B16F10 cells after 24 h 
exposure to 1 mg/ml 0.3% (w/v) chitosan microspheres 
containing HRP.

Panel (e) is a high power micrograph o f panel (d), showing typical microsphere 

induced membrane damage as pointed by arrows. Pane (f) is a high scan of panel (e) 

showing the roughness on the spheres imparted by HRP (yellow arrows).
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3.4.2 Haemotoxicity Studies

After Ih incubation, only chitosan hydroglutamate caused extensive lysis (Figure.3.8a), 

the extent of haemoglobin release being dependent on polymer concentration. When the 

incubation time was extended to 24h, all the soluble chitosans (0-3 mg/ml) induced 

complete liberation of entrapped haemoglobin, and polymer interaction with 

haemoglobin in solution actually caused haemoglobin to precipitate making quantitation 

of lysis difficult (Figure 3.8b). Over this time frame, all the soluble chitosans were highly 

membrane active. Even in the concentration range 1 pg/ml-100 pg/ml approximately 

1 0 0 % lysis was observed.

In the case of chitosan microspheres (Figure 3.9a-b), lysis was not seen to be time 

dependent, and microspberes were observed to be less lytic than the parent polymer but 

they were still much more lytic than the dextran control.

After Ih exposure, red cell aggregation and membrane rupture was visible by 

SEM (Figure 3.10c), and at 24h the red cell membrane was disrupted to the point of total 

lysis (Figure 3.10d). These observations were consistent with the pattern of haemoglobin 

release observed. Furthermore, as a control. Figure 3.10 a shows how chitosan CL 210 

appears by SEM at the same magnification (x3500) as the erythrocytes shown in Figures 

3.10b-d. This control Figure demonstrates that Figures 3.11b-c display indeed 

erythrocyte membrane rupture, since chitosan shows a different appearance altogether.

3.5 Chitosan magnets

After the above studies were concluded, a product readily available in pharmacies 

was brought to our attention, “Fat Magnets™” sold as food supplements allegedly to 

assist dieting. They are manufactured by Fat Magnet International Ltd (London, U.K.).
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(b )
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Figure 3.8 Haemoglobin release after incubation of rat RBCs with soluble 
chitosan. Panel (a) lysis after incubation with soluble chitosans for Ih 
at concentrations ranging from 0.2-3 mg/mL Panel (b) shows 100% 
lysis after incubation for 24 h with soluble chitosans with 
concentrations ranging from 1-100 fig/ml.

In all cases data represent the mean ±  SEM (n=24). In the case of both chitosan 
glutamate salts, the extent of lysis caused the haemoglobin to precipitate (panel b)

86



Chapter III: Chitosan biocom patibility studies
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Haemoglobin release after incubation of rat RBCs with chitosan 
microspheres. Panel (a) lysis after Ih incubation and (b) 24 h. In both 
graphs data represent the mean ±SEM (n=24).
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Acc V Spot Magn Det WD
;10 0 kV 3 0 3000% SE 9 1 CMrTOSANCl210

Figure 3.10 a) Scanning electron micrograph of chitosan CL 210.

Figure 3.10 b) Scanning electron micrograph of rat red blood cells after 
being incubated with PBS (pH 7.4) for 24 h.
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(C)

i

cc V Spot Magn Det WD
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(d)

Figure 3.10 c-d) Scanning electron micrograph o f rat red blood cells after 
exposure to soluble chitosan CL210 (Img/ml).

Panel (c) shows exposure to CL 210 for 1 h; and panel (c) after 24 h exposure. At 
1 h, there is some extent o f lysis and at 24 h total lysis is shown.
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The composition is as follows: ChitosanPlex™, citric acid, gelatine, malic acid, 

vegetable extracts and ascorbic acid. Their maximum advised dose is 3.6 g/day. The 

company claims that Fat Magnets bind to fatty acids, and these are then passed naturally 

and safely through the digestive tract.

We thought it would be interesting to test their biocompatibility. This time, 

cytotoxicity studies were performed using Caco-2 cells and haemotoxicity studies using 

RBCs using the same methodology as described above. Caco-2 cells studies proved 

inconclusive since this chitosan interfered with the MTT assay. However, from Figure 

3.11, the time and concentration dependent lysis induced by this product can be clearly 

seen.

100
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20 -

0.0 0.2 0.4 0.6 0.8 1.0 1.2

1 h 

3h  

5h  

24 h

Concentration mg/ml

Figure 3.11 Haemoglobin release after incubation of rat RBCs with 
chitosan Fat Magnets^^, Data represents the mean ±  SEM 
(n=12).

Lysis is shown to be linearly dependant on time and concentration, reaching 
80% lysis at 1 mg/ml after a24 h incubation with red blood cells.

90



C hapter III: Chitosan b iocom patib ility  s tu d ies

3.6 Discussion

Chitosan is widely described in the literature as ‘biocompatible’, non-toxic and 

biodegradable. Few studies have however sought to document the basic biological 

properties of chitosan, define its IC50 and the concentration-dependence of toxicity in 

vitro, or indeed report the maximum tolerated dose when chitosan is administered by 

different routes in vivo. To date, most studies assume chitosan biocompatibility, and 

proceed to document the performance of chitosan formulations designed for controlled 

release. Berscht et al. (1995) examined the in vitro toxicity of different chitosans salts 

destined for use as wound dressings and found that whilst chitosan hydro lactate was well 

tolerated by fibroblasts, chitosan hydroglutamate and hydrochloride were more toxic. 

Their results showed that 72 h exposure to chitosan hydrolactate and hydrochloride 

fleeces reduced the controlled cell population by 77%, to chitosan hydroglutamate by 

6 8 % and chitosan methylpyrrolidinone by 34.5% when fibrobasts were on cell growth 

phase. On the other hand, exposure of the same materials to fibroblasts during their 

logarithmic growth phase resulted in less toxicity, chitosan methylpyrrolidinone fleeces 

reduced growth by 10%, chitosan hydro lactate by 21%, chitosan hydrochloride by 48%, 

but the chitosan hydroglutamate fleeces still caused a 76% fibroblast growth inhibition. 

Hirano et al. (1988), after orally feeding broilers at 20 g/kg body weight/day over 239 

days, found that a hen completely lost its appetite and regained it after chitosan feeding 

stopped, quoting an LD50 of 16g/kg body weight. Conversely Kotzé et al. (1996), using 

the MTT assay, found that chitosan hydrochloride and hydroglutamate had no damaging 

effect on Caco-2 cells after a 4h incubation (in contrast with the 72 h incubation used in 

this study) even when cells were exposed to concentrations of 2.5 and 15 mg/ml. 

Toxicity in Caco-2 cells would not be expected after such length of time, since this cell 

line has been shown to grow in culture much more slowly than others such as B16F10.
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Thus, Kotzé's observations on the lack of toxicity are probably due to the short time of 

exposure. In a much more recent paper, Tanaka et al. (1997) studied the effects of 

chitosan particles of an average diameter of 3.7 pm (ranging from 0.4 to 23 pm) on 

BALB/c mice after oral administration and peritoneal injection. When mice were injected 

intraperitoneally 5 mg/ml chitosan particles, they found many macrophages with 

hyperplasia in the mesentery of the mice at weeks 13 and 16. Histological examination 

revealed fat in the cytosomes of the macrophages. It is considered that fatty tissues might 

be generated by inflammation or necrosis produced by chitosan ingested by 

macrophages. Oral administration of 5% chitosan via a casein diet caused mouse body 

weight decrease after week 4 and also decreased the numbers of Biflidobacterium and 

Lactobacillus in normal flora of the intestinal tract which may be related to the lack of 

appetite. Nelson et al. (1994) also observed decreased numbers of bacteria in the caecum, 

mesenteric lymph node and hver in mice fed with dietary chitosan.

Seven different chitosans have been evaluated here and although there are 

differences in degree of cytotoxicity and haemotoxicity they all showed toxicity with the 

exception of L 110 in the B16F10 experiments. Examination of chitosan cytotoxicity on 

B16F10 cells showed that all soluble chitosans tested were toxic in a concentration- 

dependent manner. Chitosan CL 210 was the most cytotoxic having an IC50 value of 0.21 

± 0.04 mg/ml irrespective of the presence or absence of serum in the culture medium. As 

poly-L-lysine had an IC50 value of 0.05 ± 0.01 mg/ml (Sgouras and Duncan, 1990; 

Richardson et al. 1996), chitosan CL 210 was 4 fold less toxic than poly-L-lysine in this 

assay.

Cytotoxicity was dependent on the chitosan salt used and its molecular weight. 

Toxicity could be ranked hydrochloride > hydroglutamate > glycol > hydro lactate. A 

good example is that of L 110 which, with the lowest molecular weight, showed
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considerably less toxicity than chitosans of higher molecular weight such as G 210. The 

effect of salt used can be clearly seen in the case of L 210 and CL 210 (Figure 3.5 a-b); 

these two polymers have similar molecular weight and a similar degree of deacetylation. 

Once their IC50 values are compared, CL 210 is 10 times more toxic than L 210. The 

relationship between cytotoxicity and the chitosan salt used not surprising as the nature 

of the counterion will govern interaction of the protonated amine function of the chitosan 

polymer with negatively charged cellular components. It was observed that those 

chitosans that had molecular weight of <1(X) K (code 210, see table 3.1 for details), were 

more toxic towards B16F10 cells.

Glutaraldebyde has been the crosslinking agent most reported in the literature to 

crosslink chitosan, chitosan microspheres, and to form hydrogels etc. It is obvious that 

this is probably a model system as the high toxicity of glutaraldebyde will probably 

prelude human use. Our observations show extreme toxicity of the glutaraldebyde 

crosslinked chitosan microspberes. This effect could be due to residual aldehydes, to the 

glutaraldebyde groups found crosslinked to chitosan, (as well as the polymer chain being 

crosslinked, aldehyde groups are exposed on the surface of the microspberes allowing 

damaging membrane interactions towards cells), as well as the damage induced by 

chitosan itself. In contrast, Jameela and Jayakrishnan (1994), used glutaraldebyde 

crosslinked chitosan microspberes as carriers for diphtheria toxoid and albumin. Six 

months after intramuscular injection, the microspberes had not degraded and histology 

revealed a moderate cellular response with some macrophages and giant cells. To 

improve biocompatibility, other crosslinking agents have been reported: citric acid 

(Orienti et al 1996), hexamethylene diisocyanate or benzene tetracarboxylic dianhydride 

(Alexakis et a l 1995). Heller and colleagues (1996), recently reported alginate/chitosan 

microspberes for the controlled release of antigens using albumin as a model protein.
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Cytotoxicity tests performed in our laboratory showed excellent biocompatibility of these 

microspheres. Thus it can be concluded that biocompatible crosslinked chitosan 

microspheres can be prepared.

Electron micrographs showed that B16F10 cells readily phagocytosed chitosan 

microspheres, although they showed a pronounced preference for albumin loaded 

microspberes. B16F10 are murine melanocytes and as such are expected to phagocytose 

due to their dendritic structure. It is interesting that the protein loading affects 

internalisation, suggesting a role of protein in triggering uptake. After microsphere 

internalisation cell morphology was drastically altered and in some cases membrane 

rupture was observed suggesting that cells were not able to degrade the microspheres and 

consequently membrane lysis was induced. On the other hand, this rupture could be due 

to unregulated endocytosis.

Rat red blood cell lysis studies revealed that all chitosans tested were haemotoxic 

in a time and molecular weight dependent manner. At Ih incubation there exists 

relatively little lysis with the exception of chitosan G 110 (75 % lysis), G 210 (60% lysis) 

and to lesser extent CL 210 (12%) when concentrations ranging from 0.1 to 3 mg/ml 

were used (Figure 3.8). However at 24h in the mg/ml concentrations the extent of lysis 

was so great that haemoglobin actually precipitated. When the concentrations assayed 

were dropped to pg/ml the lowest being 1 pg/ml in the majority of cases there was 100% 

lysis and in the cases of chitosan G 110, G 210, L 110, L 210 haemoglobin continued to 

precipitate (Figure 3.8b).

The effect of the chitosans used on the rat erythrocyte membrane could be 

explained when one thinks about chitosans’ cationic properties. Erythrocyte membranes 

are anionic, and when exposed to chitosan salts, the protonated amino group binds avidly 

to the membrane causing shear stress ultimately leading to membrane curvature.
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ultimately leading to rupture and haemoglobin release. This effect can be clearly 

demonstrated by SEM in Figure 3.11c, in which after a short of period of incubation (Ih) 

the erythrocyte membrane exhibits some damage and after 24 h (Figure 3.8b), lysis is 

seen throughout. Lee et al (1995), found that N-acetyl chitosan (usually chitosan 

contains <40% N-acetyl-D-glucosamine units) of molecular weight 1257 K and 674K 

caused blood coagulation within 5.3 and 8.5 min respectively, whereas chitosan 

derivatised by N-hexanoyl residues took 17.2 min. The authors reported that coagulation 

was delayed with addition of N-acyl groups, also long acyl groups improved 

antithrombogenic properties. Both effects can be explained due to the hydrophilic surface 

of chitosan being modified by hydrophobic groups, thus balancing the hydrophilic- 

hydrophobic properties leading to improvement of blood compatibility. More evidence of 

this effect was reported by Hirano et al (1988), who showed that intravenous injection of 

low molecular weight chitosan to rabbits at a dose of 4.5 mg/kg (approximately 10 

mg/animal) daily for 11 days produced no abnormal changes, whereas after 50 mg/Kg 

body weight/day i.v., death ensued after 3 days, concluding it had been due to blood 

aggregation.

Chitosan microspheres were considerably more lytic than dextran but in this 

instance this phenomenon was not time dependent as there were not significant 

differences between both time points. Furthermore, the microspheres were considerably 

less membrane active than the soluble chitosan, an effect obviously due to the cell- 

surface-microsphere interactions being much less frequent/favourable compared to 

interactions with polymers.

The various chitosan salts exhibited a cytotoxic profile, which is dependent on 

both molecular weight and salt association. Whereas red blood cell lysis degree was of 

different mechanism in that the extent of lysis appeared to be proportional to molecular
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weight. This data would suggest that soluble chitosan would not make a suitable 

candidate for an intravenous drug carrier because before lysis is seen, erythrocyte 

aggregation may occur (Hirano et ah 1988) and also chitosan has been seen to raise the 

possibility of thrombosis through the action of blood clotting system as reported by Lee 

e ta l  (1995).

In conclusion, chitosan polymers when used as soluble polymeric carriers for Lv. 

administration, or when liberated following microparticle catabolism have the potential 

to induce cellular toxicity. Future prospects for chitosan are viable only if its properties 

are characterised in order to suit the specific application.
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Chapter IV: Preparation o f  conjugated m icrospheres

4.1 Introduction

This chapter deals with the conjugation of two radio labelled ligands (Tomato 

lectin and BSA) to polystyrene microspheres. After conjugation we also describe the 

characterisation of this process in terms of microsphere size, ligand surface loading as 

well as ligand stability after coupling to microspheres.

There have been extensive reports in the literature concerning the use of 

bioadhesive drug delivery systems which adhere to the absorbing mucosal epithelium 

(Harris and Robinson, 1990; Junginger, 1990; Naisbett and Woodley, 1994a,b). The 

concept of bioadhesion was introduced to pharmaceutical sciences more than 10 years 

ago, and there are abundant references concerning this topic. It is beyond the scope of 

this thesis to review the whole subject of bioadhesion, therefore the topic will be alluded 

to where directly necessary. One appUcation of bioadhesion is to improve the 

bioavailability of peptides, proteins and other macromolecular drugs which do not readily 

pass biological barriers by bringing the delivery system close to the absorbing 

membrane. In order to achieve adhesion between drug formulations and the various 

mucosal tissue surfaces of the human body, different approaches are being used. The first 

involves the use of synthetic or natural polymers which adhere by non-specific, general 

physicochemical interactions (e.g. interfacial energy effects, hydrogen-bonding, 

electrostatic attraction etc) to wet, mucus-covered biological surfaces; this approach has 

been termed “mucoadhesion”.

The second approach involves using ligands which will bind specifically to the 

epithelium, such as plant lectins, since lectins are able to recognise and bind to sugar 

moieties of receptors, thus providing mucus-independent mucoadhesion (Pusztai and 

Bardocz, 1995). An advantage of this approach is that given the ubiquitous nature of
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carbohydrate-lectin interactions in biological systems, it may be possible to use 

glycotargeting at both inter and intracellular levels (Wadhwa and Rice, 1995).

Goldstein et al. (1980) defined lectins as 'carbohydrate-binding proteins (or 

glycoproteins) of non-immune origin which agglutinate cells and/or precipitate 

glycoconjugates". The Nomenclature Committee of International Union of Biochemistry 

(Dixon, 1981) has reconunended this definition with minor modifications (e.g. deletion 

of the term glycoprotein).

The term lectin originates from the Latin lectus, the past participle of legere; to 

“pick, choose or select” (Boyd, 1954). Lectins are ubiquitous having been found in 

virtually all classes and subclasses of invertebrates examined, including crabs, snails, 

worms and molluscs. They also exist in enterobacteria, protozoa and viruses. Their first 

recognised biological activity was their ability to agglutinate erythrocytes.

Lectins can be classifred according to the monosacaccharide that is the most 

effective inhibitor of the agglutination of erythrocytes. These monosaccharides are: 

mannose, galactose, glucose, N-acetylgalactosamine, N-acetylglucosamine, L-fucose and 

sialic acid.

Their molecular weights range from 8,500 Da (nettle lectin) to 400,000 Da 

{Limulus polyphemus lectin). Their carbohydrate specificity is established by the 

Landsteiner hapten-inhibition technique (Landsteiner, 1962), in which the inhibitory 

effectiveness of various mono- and oligosaccharides of known composition is compared 

in a recognised and convenient reactions of lectins, such as haemagglutination and 

polysaccharide precipitation.

Because of their specific binding to intestinal mucosal cells and their generally 

good resistance to digestion within the gastrointestinal tract, plant lectins would appear to 

be very attractive carriers for oral drug delivery. However, some plant lectins show acute
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toxicity and/or other undesired biological effects. An example is Phaseolus vulgaris 

lectin (PHA) which causes severe enteritis and diarrhoea (Noah et al. 1980); and studies 

using animals and cell culture systems have revealed that high concentrations of this 

lectin disrupt the luminal surface of the small intestine.

In this chapter we describe the actions of Tomato lectin {Lycopersicon 

esculentum) chosen since it is resistant to digestion in the GI tract and as it has been 

reported by several authors to bind to the intestinal villi without deleterious effects 

(Kilpatrick et al. 1985; Naisbett and Woodley, 1994a,b). Total tomato consumption in 

the United States of America is estimated to be 74 pounds (~ 34 Kg) per person per year 

of which 12.5 (~ 5.6 Kg) are eaten raw (Nachbar et al. 1980). No data has been reported 

to the author’s knowledge of any adverse reaction caused by tomato consumption. 

Tomato lectin is a glycoprotein containing 50% carbohydrate of which 85% consists of 

arabinose and 15% of galactose. Its aminoacid composition is shown in Table 4.1. 

Analysis of carbohydrate and aminoacid composition indicate that is composed of equal 

amounts of carbohydrate and protein (Nachbar et al. 1980). It belongs to the class of 

solanaceous lectins which include potato (Solarium tuberosum) lectin and thomapple 

lectins (Datura stramonium). Tomato lectin (TL) has a molecular weight of 71,000 Da as 

determined by sedimentation-equilibrium studies and a sedimentation coefficient of 3.9 

S. It is an asymmetric molecule with an estimated axial ratio of about 1:20 (Tanford, 

1961).

We coupled Tomato lectin to nanospheres for three reasons:

1. Lectins are greatly resistant to proteolysis in the gut. Pusztai (1989) described 

90% recovery of TL in the faeces intact or slightly modified, and retaining its activity 

and being antigenicaUy identical to the original lectin.
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2. Lectins have been shown to bind to membrane-bound glycoconjugates of the 

glycocalyx and free glycoconjugates in the mucus; resulting in endocytosis of the lectin 

(Naisbett, 1994)

3. TL is able to transfer to the systemic circulation as demonstrated by King and 

Kelly (1991), when be showed a 5-10% systemic absorption of TL.

Table 4.1 Aminoadd composition of Tomato lectin

Aminoadd Aminoadd residues 
(residues/molecule)

Alanine 6.1
Arginine 6.3
Aspartic acid 12.3
Cysteine 17.0
Glycine 24.6
Glutamic acid 20.0
Histidine 3.2
Hydroxyproline 43.2
Isoleucine 1.8
Leucine 0.0
Lysine 10.9
Methionine 6.5
Ornithine 0.0
Phenylalanine Trace
Proline 27.8
Serine 34.1
Threonine 12.5
Tryptophan 7.7
Tyrosine 6.1
Valine 0.0

Redrawn from Nachbar et al. (1980)
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4.2 Materials

Fluorescent carboxylated nanospheres (Polysciences Ltd, Northampton, UK, 

2.5%w/v) of 500 nm diameter. Tomato lectin (Vector laboratories), from Fluka: 

ethanolamine, carbodiimide solution: (dimethylaminopropyl-3-ethylcarbodiimide HCl), 

NaCl and NaOH. The following reagents were purchased from Biorad (UK): 1.5M Tris- 

HCl pH 8.8, 10% (w/v) sodium dodecyl sulphate (SDS), 30% (w/v) 19:1 acrylamide bis 

acrylamide, 10% (w/v) ammonium persulfate, TEMED, 0.5 M Tris HCl pH 6.8 and 

Glycine running buffer. From Sigma (UK) the following chemicals were obtained: 

chloramine-T, sodium metabisulphate, barbitone buffer. Copper sulphate pentahydrate 

(CUSO4.5 H2O), sodium potassium tartrate, Folin-Ciocalteau's reagent and bovine serum 

albumin (fraction V).

4.3 Methods

4,3,1 Chloramine-T labelling o f polystyrene microspheres

The method used for chloramine-T labelling was followed as described in Hunter 

and Greenwood (1962). 2 ml Reaction volume of microspberes suspension, 25 mg/ml, 

was centrifuged at 12,000 g for 20 min. The supernatant was discarded and the pellet 

washed twice (by centrifugation as above) in 0.1 M phosphate buffer pH 7.0. After 

resuspending the pellet in 2 ml phosphate buffer the mixture was transferred to a glass 

viaL 75 pi of 2 mg/ml Chloramine T in phosphate buffer pH 7.0 were added together 

with 500 pCi Na (Amersham) and the reaction mixture was gently stirred for 15min. 

500 pi of sodium metabisulphate (2 mg/ml stock in phosphate buffer pH 7.0) were then 

added. The contents of the reaction vessel were removed using a 20 ml syringe fitted 

with a 21 gauge needle and dispensed into a standard cellulose acetate membrane (40,000 

Da, Millipore) for dialysis. The tubing was placed in a 5 L flask containing 1% NaCl
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solution. The dialysis solution was changed three times a day until the counts measured 

were lower than twice the background counts. The contents in the dialysis bag were 

transferred into a glass bottle. Subsequent checks for free iodine presence were 

performed by paper electrophoresis and gel chromatography.

43.2  BoUon-Hunter labelling of Tomato lectin and Bovine serum albumin

Labelling of TL and BSA was carried out according to the method of Bolton and 

Hunter (1973). Briefly, 100 pi (0.5 mCi) of Bolton-Hunter reagent (Amersham) were 

placed into a glass vial. This volume was evaporated using a stream of N2. Then, 5 ml (of 

a 10 mg/ml protein solution in borate buffer pH 9.6), were added and the reaction was 

left to stand for 15 min. 5 pi were removed to assay for percentage labelling efficiency 

(see paper electrophoresis, section 4.3.3.1). A crystal of potassium iodide (Sigma) was 

added to the remaining solution to absorb excess iodide. The reaction mixture was then 

placed on a standard cellulose acetate membrane (40,000 Da, Millipore) for dialysis, 

which was carried out at 4°C to protect protein stability.

4 3 3  Calculation of free [^^I] iodide

The percentage of free iodide remaining in the labelled molecules was 

determined by paper electrophoresis and gel chromatography.

4.3.3.1 Paper electrophoresis

Paper electrophoresis was carried out on the 5 pi of crude preparation (taken just 

after iodination and before dialysis) in order to determine the specific activity (expressed 

as pCi/mg) of the radioiodinated TL (or BSA). It was also used to determine free 

iodide (determined as a percentage of the total radioactivity recovered). Any preparation
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showing more than 1% free iodide, was re-dialysed and or washed off by

centrifugation to further remove free iodide. Samples of the radio labelled proteins as well 

as a standard solution of Na were also run. 5 pi of either sample were loaded 5 cm 

from the end of a length of chromatography paper (Whatman chromatography paper, 5 

cm X 30 cm, strips pencilled at 0.5 cm distance) and electrophoresed in barbitone buffer 

(0.1 M barbitone/sodium barbitone, pH 8.6), in a Shandon electrophoresis tank for 30 

min at 13 mA, 300 mV. The paper strips were then cut into strips of equal size (0.5 cm) 

and counted individually in a gamma counter (LKB Wallac, Reogamma), using Luckham 

tubes containing 1 ml of water (in order to correct for any volume dependency in gamma 

counting).

Load 5 )il of sample

Cathode (+) I Anode (-)

V.
5 cm 40 strips (0.5 cm in width and 5 cm in height) 5cm

Figure 4.1 Schematic representation o f the Whatman paper used for paper 
electrophoresis.

By plotting the standard solution of Na [^^I] (counts per minute versus strip number) and 

comparing the peak position to the radioiodinated proteins, the percentage composition 

of each peak could be calculated by;

Equation 4.1:

% component of each peak = Total counts per minute in each peak x 100
Total counts per minute
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4 3.3.2 Gel permeation chromatography

In order to further ensure the stability of all preparations, standard G-25 

Sephadex® columns (Pharmacia) were used; they consist of a bed volume of 9.1 ml and 5 

cm in height. Phosphate buffer (pH 7.4) was used as the eluting buffer. Colunms were 

equilibrated before use with Bcolumn volumes (30 ml of phosphate buffer (pH 7.4)) 

following the manufacturer's guidelines. After this, the sample (5 pi) was loaded with 3 

ml of buffer. 0.5 ml fractions were collected for the first 10 ml and after 1 ml fractions 

were collected until the total volume was 40 ml All fractions were read in the gamma 

counter.

4.3A  Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was used to determine lectin stability after the radiolabelling 

procedure.

Separating gel preparation

To 2.35 ml of deionised water, the following reagents were added:

1) 2.5 ml 1.5M Tris-HCl pH 8.8

2) 100 pi (w/v) 10% SDS stock

3) 5 ml 30% (w/v) 19:1 acrylamide /bis-acrylamide

This solution was then left to de-gas for 15 min at a minimum negative pressure 

of 125 Ton*. Following this 50pl of fresh 10% APS and 5pl of TEMED were added. The 

mixture was mixed gently and poured into the gel holder, leaving room for the stacking 

gel. Air bubbles were then excluded from the gel and a small quantity of water layered 

over the top of the gel. The separating gel was then left to polymerise for 30 - 45 min 

during which time the stacking gel was prepared.
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Stacking gel

To 6.1 ml of deionised water the following was added:

1) 2.5 ml 0.5 M Tris HCl pH 6.8

2) 10% (w/v) SDS

3) 1.3 ml 30% (w/v) acrylamide /bis-acrylamide

This solution was then degassed as before, and 50 pi of 10% w/v APS and 10 pi 

TEMED added. This preparation was then gently agitated and poured onto the separating 

gel The comb was then positioned and the gel left to polymerise for 45 min. The comb 

was then removed and the electrolyte buffer added (5x Stock: Tris base 15 g. Glycine 72 

g, SDS 5 g). The pH was adjusted to 8.3 and the final volume made up to 1 L with 

deionised water. This stock solution was then stored at 4°C and diluted 1:5 prior to use.

Sample preparation

For the purposes of the separation of Tomato lectin, a reducing sample buffer was 

chosen and this was prepared as follows:

1) 3.8 ml deionised water

2) 1ml 0.5 M Tris-HCl pH 6.8

3) 800pl Glycerol,

4) 1.6 ml 10% (w/v) SDS

5) 400pl 2-Mercaptoethanol

6) 400 pi 1% (w/v) bromophenol blue.

* When using non-reducing conditions, everything was done as above except adding 400 

pi mercaptoethano 1 which was instead replaced by distilled water.
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To 5 |nl of sample containing either 10 or 15 pg of TL, 25 pi of loading buffer 

was added. This solution was then added to the sample well, and the gel then run at 100 

V for Ih.

Autoradiography plate preparation

A gel prepared under non-reducing conditions was air dried overnight in a 

Promega gel drying acetate membrane. On the following day, it was placed on an 

autoradiography cassette with X-ray fihn (Kodak) in the dark (after clipping the bottom 

right comer of the gel for orientation purposes). The canister was sealed and left at -70°C 

for a week. It was then developed under red light conditions using standard developing 

and fixing reagents (Sigma).

43 .5  Preparation of Tomato lectin nanosphere conjugates

4.5 ml of 2.5% w/v carboxylated polystyrene microspheres were washed twice in 

10 ml of 0.1 M carbonate buffer (pH 9.6) by centrifugation (20, 000 rpm for 15 min at 

room temperature; MSE 50 M centrifuge) in 50 ml polycarbonate tubes (Oakridge, 

Beckman). Consequently they were washed twice in 10 ml of 0.1 M phosphate buffer to 

remove the storage buffer and any adsorbed surfactant/polymeric stabiliser. Then, the 

microsphere pellet was resuspended by adding 5.5 ml phosphate buffer and by mixing an 

equal volume of freshly prepared 2% w/v carbodiimide solution. The mixture was gently 

shaken for 3 h (in order to activate the carboxyl groups, a longer time leading to 

aggregation) at 140 rpm. The microsphere suspension was centrifuged (as above) and 

washed twice with 10 ml 0.1 M borate buffer to remove unreacted carbodiimide which 

may otherwise cross-link the protein molecules. 7 ml of borate buffer (pH 9.6) containing 

2 mg of Tomato lectin (or in the case of controls BS A) were then added and the mixture
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was shaken overnight at room temperature. After the incubation, 1 ml of 0.1 M 

ethanolamine was added to block any remaining speciAc sites, and the mixture shaken 

for 30 min at room temperature. The suspension was then washed twice by centrifugation 

(as above). The pellet was resuspended in 10 mg/ml BSA solution for 30 mins at room 

temperature, to further block non-specific adsorption of cellular proteins and washed 

again by centrifugation. Finally the pellet was resuspended to the original volume (4.5 

ml) in PBS, pH 7.4, containing 10 mg/ml BSA, 5% glycerol and 0.1% NaNg (sterile 

storage buffer).

4.3.5.1 Measurement of total protein using the Folin-Lowry assay

A modified Lowry method (Basinska and Slomokowski, 1991) was used to 

determine the percentage covalent coupling of TL to polystyrene nanoparticles, as also 

described by Hussain et al. (1997). This method is sensitive down to about 20 pg/ml and 

is probably the most widely used protein assay.

The reagents used in this method were prepared as follows:

Reagent A: 1 part CTC reagent [0.1% (w/v) CUSO4 5 H2O (or 0.064% anhydride. 

C U S O 4 ) ,  0.2% (w/v) Na/K tartrate, 10% (w/v) Na2C0 3 ]: 2 parts of 5% (w/v) SDS: 1 part 

0.8M NaOH.

Reagent B: 1 part of Folin-Ciocalteau’s phenol reagent: 5 parts of double distilled water.

Briefly, to 200 pi of lectin-nanoparticle conjugates, 200 pi of reagent A was 

added and incubated for 10 min after thorough mixing. 100 pi of reagent B was then 

added, the suspension was mixed and left for 30 min. On centrifugation (Biofuge, 

Germany, 7,000 rpm) the resultant supernatant was further clarified by filtration through
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a 0.45 nm filter (Millipore) and the absorbance of the filtrate was measured at 750 nm 

and 550 nm. Controls consisted of untreated microspheres. Results were calculated using 

a BSA calibration curve as well as a TL calibration curve.

4.3.S.2 Measurement of total protein using radiochemical methodology

The Folin-Lowry determination failed to quantify the amount of protein coating 

the microspheres (see results section). Thus, we decided to assess the amount of lectin 

bound to the microspheres by a radiochemical approach.

5 pi of ^^ Î-TL coated microspheres (or ^^I-BSA coupled nanospheres) were 

placed in a Luckham tube and 995 pi of water added. Counts were obtained from a 

ganuna counter over 10 min. The control was uncoupled nanospheres. By knowing the 

specific activity of the labelled Tomato lectin (30-40 pCi), the percentage bound to the 

microspheres could be elucidated.

4.3 Photon correlation spectroscopy (PCS) Studies

Photon correlation spectroscopy was used to determine whether there was a 

detectable increase in diameter of the latex particles once they had TL or BSA bound to 

their surface. In all cases measurements were carried out using a Malvern model 4300 

PCS and Malvern type K7023, 48 channel digital correlator operated in the single clipped 

mode. The light source was a model 4110 Linconix He-Cd laser which had a nominal 

output of 10 mW at 441.6 nm. Scattered light was detected using a EMI photomultiplier 

(tube type PMD 307). Temperature was controlled to 0.1°C, normally at 25°C using a 

Malvern RR 56 temperature controller.

All glassware was first cleaned with acid and rinsed with double distilled water, 

followed by steaming and drying at 65°C. To avoid high values of scattered hght due to
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dust and other contaminants, all solutions used were filtered using a 0.1 Millipore 

filter; microspheres suspensions were filtered through a 3 pm Millipore filter.

4 J  Haemaglutination studies

Lectin activity was checked by the ability of the lectin to agglutinate fresh, 

untreated human erythrocytes (group O, rhesus positive, donated by the author) taken 

from the left cephalic vein, as well as mouse and guinea pig erythrocytes (obtained by 

cardiac puncture after sacrifice) (Kilpatrick and Yeoman, 1978). The following samples 

were checked: ^^ Î-TL, ^^ Î-TL, TL covalently bound to ^^ Î-latex nanospheres and 

TL covalently bound to latex nanospheres. These were compared to a positive control: 

Tomato lectin and three negative controls: PBS, untreated nanospheres and lectin 

conjugated nanospheres in the presence of N-acetyl-4-glucosamine. This sugar was used 

since Tomato lectin has been previously reported to have a high specificity for it 

(Kilpatrick, 1980).

Blood (5 ml) was washed with 5 ml of Alsever's solution (4.2 mg/ml NaCl, 8 

mg/ml trisodium citrate, 20.5 mg/ml glucose; all adjusted to pH 7.1 using 10% citric 

acid) and centrifuged at 1000 rpm for 15 min at 4°C. The supernatant containing the 

plasma was discarded and the pellet was washed by centrifugation twice with chilled 

PBS. Finally, erythrocytes were made up with PBS to a 2% (w/v).

Serial dilutions of all samples to a final volume of 100 pi (in PBS) were placed 

into a microtitre plate to which 100 pi of the erythrocyte solution was added. Plates were 

incubated at 37°C for 30 min.

Lectin activity was determined by viewing (blind test) the samples under an 

optical microscope and rating the degree of agglutination on a scale of 1 to 5 (Kilpatrick, 

1980).
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4.4 Results

4,4,1 Chloramine -T labelling o f polystyrene microspheres

The oxidising agent chloramine-T (n-chloro-p-methyl benzenesulphonamide) is 

normally used for iodinating proteins that have tyrosine residues. Depending on the 

reaction conditions, iodinations can be performed to produce mono-iodo, di-iodo tyrosine 

or a mixture of both. Electrophilic substitution of atoms from Na occurs at the 

ortho positions on the aromatic ring. The hydroxyl substituent serves to force lone pair 

electrons onto the aromatic ring encouraging ortho position directed electrophilic 

substitution on the [̂ ^̂ 1] atoms into the molecule (see Figure 4.2a). Radioiodination of 

polystyrene would be better explained if we looked at the simpler molecule toluene. 

Electrophilic aromatic substitution of toluene leads to a mixture of the ortho and para 

substituted products (Figure 4.2 b). Similarly, it would be expected that radioiodination

(a)

(b)

(c)

x r r  X N
Chloramine-T Na‘“ l  h ^ - c j

H O - V  NH, NH,

H y d ro x y  g ro u p  - I
S tro n g ly  ortho d irec tin g

^ ^ - C l  +  N a jS jO s  ----------------- ^  N a ^ ^ I  +  N a C l +  S O 3  +  S O 2

Figure 4,2 Radioiodination of a tyrosine residue by the Chloramine-T method.

(a) Iodide is oxidised to the mixed halogen the source of^^^C cations.
(b) Electrophilic aromatic substitution occurs ortho to the hydroxy group of tyrosine 
to produce a mixture of mono and di substituted products
(c) The reaction is terminated by reduction of the ^^^I-Cl compound back to Iodide 
using sodium metabisulfate.
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of polystyrene would give both ortho and para substitution. However, due to the steric 

hindrance of the polymer backbone, only para substitution is observed (Figure 4. 2 c).

In Figure 4.4 and 4.6 the profile of the [^^I] labelled polystyrene is shown as 

obtained from paper electrophoresis and gel permeation chromatography respectively. It 

is clear from these graphs that most of the free [̂ ^̂ I] had been successfully removed 

(99.7% ^^I covalently attached to polystyrene, 0.3 % free [̂ ^̂ I]). These figures could be 

calculated from Figure 4.3 and 4.5 which showed the typical pattern which free [̂ ^̂ I] 

displays in both techniques. Whether or not the covalently attached free [̂ ^̂ I] was stable 

in different media and temperatures was investigated. It was clear from the beginning 

that the preparation was not stable. In an attempt to re-purify the preparation, the 

microspheres were eluted through a G-25 Sephadex® column (PD 10 colunm, 

Pharmacia). Fractions eluting at high molecular weight were collected, centrifuged and 

the pellet made up in double distilled water at the desired concentration. When this 

second preparation was once again tested for free [̂ ^̂ I], the elution profile in G-25 

Sephadex® columns showed that < 0.4% free [̂ ^̂ I] was present (Figure 4.7).

After 7 days storage at 4°C, the stability of the [^^^I]-polystyrene bond was 

checked in two media: phosphate buffer pH 7.4 (used to elute the colunm) and medium 

199 (Tissue culture media used in experiments for everted gut sacs, see Table 4.2 for 

composition). Again free [̂ ^̂ I] was shown to be present in the preparations (Figure 4.8). 

It became obvious that the bond between [̂ ^̂ I] and polystyrene was not stable, so it was 

decided to label the proteins instead and attach the proteins to the latex nanospheres for 

monitoring uptake.
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Figure 4.3 Trace obtained by running for 30 min a standard solution of Na [^^I] 
at 300 volts in paper electrophoresis (as described in section 4.3.3.1).
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Figure 4.4 Trace obtained by running for 30 min^^^I-labelled nanospheres in 
paper electrophoresis at 300 volts (as described in section 4.3.3.1).

Comparing Figure 4.4 to 4.3, it can be seen that the nanospheres being a larger 
molecular weight than Na stay at the beginning of the chromatography paper
(peak showing at 1 cm), whereas the Na peaks at 9 cm.
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Figure 4.5 Elution profile of Na obtained by sephadex~GPC as described in 
section 4.3.3.2. The void volume was 40 ml.
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Figure 4.6 Elution profile of I-labelled nanospheres run after dialysis obtained 
by sephadex-GPC as described in section 4.3.3.I. The void volume was 
40 ml.

When compared to the profile obtained in Figure 4.5, a shift to the left can be observed, 
thus there being no trace of free iodine. The small peaks obtained at fractions 25 and 30 
ml are thought to represent breakdown products o f the carboxylated nanospheres.
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Table 4.2. Composition of tissue culture medium 199

Aminoacids mg/litre Vitamins mg/litre

L-Alanine 25.0 L-Ascorbic acid 0.05
L-Arginine HCl 70.0 Biotin 0.01
L-Aspartic acid 30.0 Calciferol 0.10
L-Cysteine HCl 0.01 Calcium pantothenate 0.01
L-Cysteine, disodium salt 23.6 Choline chloride 0.50
L-Glutamic acid 66.8 Folic acid 0.01
Glycine 50.0 Inositol 0.05
L-Histidine HCI.H2O 21.9 Menaphthone Na2S0 3 .3 H2 0 0.02
L-Hydroxyproline 10.0 Nicotinic acid 0.03
L-Isoleucine 20.0 Nicotinamide 0.03
L-Leucine 60.0 p-Aminobenzoic acid 0.05
L-Lysine HCl 70.0 Pyridoxal HCl 0.03
L-Methionine 15.0 Pyridoxine HCl 0.03
L-Phenylalanine 25.0 Riboflavin 0.01
L-Proline 40.0 Thiamin HCl 0.01
L-Serine 25.0 DL-a-tocopherol phosphate 0.01
L-Threonine 30.0 Vitamine A acetate 0.11
L-Tryptophan 10.0
L-Tyrosine, disodium salt 49.7
L-Valine 25.0

Nucleic acid derivatives mg/litre Inorganic salts mg/litre

Adenine sulphate 10.0 CaCl2.2H20 264.9
5’-AMP 0.2 Fe(N03)3.9H20 0.1
ATP, disodium salt 10.0 KCl 400.0
2-Deoxyribose 0.5 MgS04.7H20 200.0
Guanini HCl 0.3 NaCl 6800.0
Hypoxanthine 0.3 NaHC0 3 2200.0
D-Ribose 0.5 NaH2P04.2H20 158.3
Thymine 0.3
Uracil 0.3
Xanthine 0.3

Miscellaneous mg/litre Lipid sources mg/litre

Sodium acetate 37.6 Cholesterol 0.2
Phenol red, sodium salt 17.0 Tween 80 5.0
D-Glucose 1000.0
L-Glutamine 100.0
Glutathione 0.05
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Figure 4.7 Elution profile of I-labelled nanospheres after being re-purified

using sephadex-GPC as described in results section (4.4.1).
Nanospheres do not display any peak at 8-9 ml as in the case of free Na[^^^IJ, 
suggesting a “clean " preparation.
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Figure 4.8 Elution profile of^^^I-labelled nanospheres after 7 days storage at 4^C.
Elutions were carried out in media 199 and phosphate buffer (pH 7.4).

The fraction shown to peak at 8-9 ml corresponds to free Naf^^^I], strongly suggesting 
an unstable C-l bond
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4.4.2 Bolton Hunter labelling of TL and BSA

Incorporation o f into a protein is commonly achieved by two basic methods: 

oxidising techniques and conjugation o f pre-labelled structure to the protein. In the first 

instance, the main variable parameter is the oxidising agent utilised (Figure 4.9); 

however the underlying principle remains the same.

O
q o  y

N©

Cl

Y
O

Chloramine-T lodo-gen lodo-bead

Figure 4.9 The structures o f oxidants routinely used for radioiodinating proteins.

The Chloramine-T reagent oxidises and generates the cation which is then 

incorporated into the aromatic ring of a tyrosine residue in the peptide by electrophilic 

substitution. The reaction is terminated by the use of sodium metabisulfate which 

reduces untreated chloramine-T and any remaining cations.

lodo-gen consists of l,3,4,6-tetrachloro-3a,6a-diphenylglycoluril which is virtually 

insoluble in water and is used to coat the reaction vessel, thereby functioning as a 

solid-phase oxidant. lodination is terminated by simply withdrawing the reactants from 

the coated vessel. In this method, contact between the oxidant and the protein is kept to 

a minimum; however lodo-gen is solubilised by detergents, and many proteins require 

detergent to remain in solution.

lodo-beads utilise the oxidant N-chloro-benzene suphonamide immobilised onto 2.8 

mm diameter polystyrene beads.. These beads provide an immobilised form of 

chloramine-T, which make this procedure very time effective since to terminate the 

reaction the reactants simply get withdrawn rapidly using a pipette. In addition, there 

is no need for fresh solutions and reducing agents.

Essentially, the radio iodide is oxidised to generate cationic iodine which, in presence of 

protein, can be incorporated predominantly as iodotyrosine but also as iodohistidine. The
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addition of reducing agent (sodium metabisulfate) inactivates the oxidising agent and 

causes the conversion of iodine to [^^I] iodide, thereby stopping the reaction. The 

major problem with this technique is oxidation damage to the peptide, for example 

oxidation of the aminoacid methionine to methionine sulphoxide (Figure 4.10), or

9® 0 .0

NHg NHg NHj
Methionine Methionine Methionine

sulfoxide Sulfone

Figure 4,10 Oxidation o f methionine.

This side reaction which occurs at the aminoacid methionine converting it to 

methionine sulphoxide, is one of the major disadvantages of oxidating methods of 

radiolabelling.

cleavage of the tryptophan. Other disadvantages include loss of immunoreactivity and 

decomposition during storage, the latter being due to the molecule being exposed to 

radiation damage, (Hayer et al. 1973).

The Bolton-Hunter reagent method (Bolton and Hunter, 1973) provides an 

alternative strategy for radioiodinating proteins and receptors that does not require 

oxidizing agent. It involves reacting the protein under mild conditions with the N- 

hydroxysuccinimide ester of 3-(4-hydroxyphenyl) propionic acid that has been 

previously labelled with and separated from the products of the iodination reaction 

by solvent extraction. Hydroxysuccinimide esters react with free aminogroups of proteins 

or peptides to form amides (see Figure 4.11).

We decided to use this method to label Tomato lectin and BSA to avoid oxidising 

related problems and because it provided a way of labelling without chemical alteration 

to the protein itself. The latter we believed it to be very important especially in order to
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assess the capability of the Tomato lectin (unmodified and coupled) to bind and to 

translocate the intestinal wall (see next chapter).

125|

HO

[^^]BoltDn-Hunter reagent

COgH

Lysine

Af-Hydroxysuccinimide

COgH

[125|]

Radiolabelled Lysine

4,11 Example of radioiodination o f a lysine residue by the Bolton-Hunter 
reagent.

Essentially, the label is incorporated by coupling the amino groups in the aminoacid, 
which cleave the ester linkage of the reagent.

In Figure 4.12 the initial and final preparation of ^^^I-Tomato lectin can be 

observed as confirmed by paper electrophoresis, and BSA final preparation can be seen 

in Figure 4.13. From Figure 4.12, the calculated labelling efficiency in all the labelling 

was found to be 50-60%, and the specific acitivity ranged between 30-50 pCi/mg of 

protein. Further characterisation included sephadex gel permeation chromatography as 

shown in Figures 4.14 and 4.15. Both proteins retained the covalently attached 

without any leakage for periods of 60 days or longer (Figure 4.16 and 4.17).

4,4,3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Tomato lectin was stated to be 100% purity. In order to confirm this, SDS-PAGE 

electrophoresis was run (Figure 4.18). Tomato lectin is composed of two monomers of 

71,000 Da each. When SDS gels were conducted under non-reducing conditions, we
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Figure 4.12 Traces of crude and purified I-labelled Tomato lectin obtained by 
paper electrophoresis run at 300 volts for 30 min.

The purified preparation shows a single peak, thus representing a lack of free iodide. 
From the crude preparation, the labelling efficiency was calculated for the purified 
protein, obtaining a value ranging between 50-60% depending on batch used. The 
calculated specific activity was in the range o f30-50 pCi/mg of protein.
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Figure 4.13 Traces of purified ^^^Flabelled BSA obtained by paper electrophoresis 

run at 300 volts for 30 min.
This preparation also shows a single peak, thus representing a lack o f free iodide.
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Figure 4.14 Elution profile of ̂ ^^I-Tomato lectin after being radioiodinated by the 
Bolton-Hunter method, obtained by sephadex-GPC (section 4.3.3.2).

As there is only one peak at the beginning of the fractions collected, this suggests that 
the preparation is devoid of free Na[^^^IJ.

300000

200000

i

Ï

I
9  100000

5

10 15 20  25  30  35 40  45  500 5

Eluted volume (ml)

Figure 4.16 Elution profile of 1-Tomato lectin, after storage at -4^C, obtained by 
sephadex-GPC (section 4.3.3.2).

The peak appearing between 7.5-9 ml would suggest a small breakdown of TL possibly
through environment proteases. This peak is too broad to consist only of free Na[^^^IJ.
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Figure 4.15 Elution profile of^^^I-BSA, after being radioiodinated by the 
Bolton-Hunter method, obtained by sephadex-GPC (section 
4.3.3.2).

This figure demonstrates purity after labelling as only one peak appears which 
represents the BSA preparation.

300000

200000

100000

0
0 5 10 15 2 0  25  3 0  35  4 0  4 5  50

Eluted volume (ml)

Figure 4.17 Elution profile of ^^1-BSA, after storage at -4^C, obtained by 
sephadex-GPC (section 4.3.3.2).

As only one peak is shown, the preparation appears stable after storage.
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obtained a band at 150 KDa representing the dimeric glycosylated protein. In contrast 

when the assay was run under reducing conditions, three bands appeared: the first (150 

KDa) representing the dimeric glycosylated lectin; the second (71 KDa) being the 

glycosylated peptide strand and the third being the glycosylated peptide strand (60 KDa).

T o m ato  lectin

Dimeric 
glycosylated 
lectin

Molecular
weight
markers

Non-reducing
conditions

■Dimeric glycosylated 
lectin

Glycosylated 
peptide strand

-Deglycosylated 
peptide strand

Reducing conditions

Figure 4.18 Silver stained SDS-PAGE of Tomato lectin run at 100 Volts under 

reducing and non-reducing conditions (7.5% separating gel and 4% 

stacking gel.

Under non reducing conditions (detailed on right hand side), three bands are shown 

at 150, 71 and 60 KDa, which represent the three forms presented by TL. On the 

other hand, under reducing conditions a tight band appear at 150 KDa indicating 

the dimeric form of TL

Moreover, to ascertain that the labelled Tomato lectin retained its original 

structure we performed autoradiography on a SDS gel containing ^^^I-Tomato lectin (run 

under non oxidising conditions). The band appearing at 150 KDa further indicated lectin 

stability after labelling (Figure 4.19).
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Tomato Lectin 100 ops 50 ops 100 cps 50 ops

150 KDa

Figure 4.19 Autoradiograph obtained after 48 h exposure to ^^^FTomato lectin run 

through SDS-PAGE under non-reducing conditions (12% separating, 

and 4% stacking gel, 100 Volts).

4.4.4 Determination o f coupling efficiency

4.4.4.1 Folin-Lowry determination

This procedure was employed since it was claimed (Hussain et at. 1997) to have 

the advantage of directly determining the amount of protein attached to the nanoparticles 

as compared to the determination of protein remaining in solution after the incubation of 

nanoparticles. Two wavelengths were used for this assay: 750 and 550 nm. A typical 

BSA standard curve for both wavelengths is shown in Figure 4.20 a, while Figure 4.20 b 

shows the standard curve for Tomato lectin. Note that the Tomato lectin gives much 

lower absorbance than BSA for the same amount (pg) of substrate, as Tomato lectin is a 

glycoprotein which contains only 50% protein. The protein concentration was calculated 

for samples containing TL coupled nanospheres using the standard curves; however 

when compared to those of untreated nanospheres (controls), we found that the values 

were almost identical, and when a t-test was performed the difference was non

significant (p= 0.08 and 0.06 for both wavelengths respectively) in terms of protein 

content. Thus, we concluded that this technique was not suitable for detection of protein 

coupled to nanospheres.
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Figure 4.20 (a) BSA and (b) TL standard curves obtained by the Folin-Lowry assay
at two different wavelengths.

The difference between protein content in both graphs is noticeable, this being due to TL 
containing 50% protein and 50% carbohydrate.
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Figure 4.21 Elution profile of^^^I-Tomato lectin coupled to nanospheres after 
conjugation.

Although, there exists a peak that eluted at the same fraction (8-9 ml) than free Na[^^^I], 
this peak only amounted to <1% Naf^^^I].
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Figure 4.22 Elution profile of^^^I-BSA coupled to nanospheres after conjugation.

As above, although there exists a peak that eluted at the same fraction as Na[^^^I], when 
quantified the preparation was shown to exhibit <1% Na[^^^I].
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4.4.4 2 Radiochemical measurements

The proteins were radioiodinated (section 4.3.2) and the specific activity and the 

amount unbound was determined by paper electrophoresis (section 4.3.3.1, equation 4.1). 

When the coupled nanospheres were tested for free there existed < 1% in the

preparation (Figures 4.21 and 4.22). All the different batches of protein were labelled 

with a labelling efficiency of 40-50% and the specific activities ranged between 30-40 

pCi/mg. By calculating the counts per minute obtained in the preparations against a 

blank (untreated nanospheres) and knowing the specific activity of the protein (30-40 

pCi/mg depending on batch used) added we were able to determine exactly how much 

protein was coupled to the particles. In the case of TL an average mean coupling of 7.7% 

± 3.0 was observed whereas a 6.8% ± 1.4 was found for BSA (Table 4.3). When a T-test 

of the varying percentage coupling of both proteins was applied, a p value of non

significant variance (p = 0.329) was obtained. The percentage values were based on the 

amount of starting protein added. It is important to note that 100% coupling to 

nanospheres would not be possible due to steric hinderances, and also the lectin would be 

so packed that its properties could potentially change due to modification of the overall 

conformation.

The calculated specific activity for the microsphere conjugates ranged between 15-20 

pCi/mg of spheres.

4.4.5 Photon correlation spectroscopy studies after coupling

Data from the PCS showed an increase in size of the nanospheres afrer being 

coupled to Tomato lectin. Results are shown in Table 4.3. However, when a t-test was 

performed with either 1 tail and equivalence or 1 tail and non-equivalence, this increase
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Table 4.3 Amounts of protein bound to nanospheres in different preparations

y

Samples pg protein/ 
mg spheres

♦protein molecules/ 
mg of spheres

♦♦protein molecules/ 
nanosphere

♦♦♦[ No Molecules/pm^] % Coupled

1) Ms-Tl 1.09 9.27 X 10̂ ^ 700.30 864.57 4.55
2) Ms-Tl 2.35 1.99 X 10̂ ^ 1506.33 1859.66 10.55
3) Ms-Tl 1.91 1.62x10^^ 1220.57 1506.88 7.94

4) Ms-BSA 1.68 1.45 X 10̂ ^ 1091.78 1347.88 7.00
5) Ms-BSA 1.93 1.67 X 10̂ ^ 1251.00 1544.44 8.02
6) Ms-BSA 1.27 1.09 X 10̂ ^ 824.69 1018.14 5.29

(1.05 g/ml for polystyrene)

^Equation 4.3: No of protein molecules /mg sphere = [Amount of protein coupled (g) molecular weight] x Avogadro's number

I
jjj

The results above were calculated by knowing the number of nanospheres present per ml is given by

Equation 4.2: No of particles per ml = 6W x 10^ /̂p x n x ^ ^  |.

Where W = grams of polymer per ml in latex, ÿ = diameter in microns of latex particles (0.509 pm), and p = density of polymer ^

1

♦♦Equation 4.4: No of protein molecules/nanosphere = (no of protein molecules/mg of sphere)/(no of particles/mg of sphere) SI
♦♦♦ Equation 4.5: Surface area of sphere = 4 fl i .̂ Thus, a nanosphere of 509 nm has a surface area of 0.81 pm^ |
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was shown to be non-significant (p= 0.27 and 0.25 respectively), when comparing 

untreated nanospheres and TL-coupled nanospheres. The fact there was non-significance 

in size before and after coupling is not surprising. The weight of a sphere was calculated 

to be 6.9 X 10̂ "̂  g, using equation 5 and 6.

Equation 5: Volume = {An i^)/3= 4 x 3.14 x (2.5 xlO^ m )̂ = 6.54x10^° m̂

Equation 6: Mass = density x volume= (1.05x10^ g/m^) x 6.54 10^° m^) = 6.87x10^^

Figure 4.23 shows a schematic diagram of how a nanosphere appears after 

coupled to Tomato lectin. Calculations showed that there were 1142.4 ± 235.9 

Tomato lectin molecules/nanosphere and 1055.5 ^^ Î-BSA molecules/nanosphere. When 

molecules were converted to weight in Da (Table 4.5), there was only a 0.002% increase 

in weight in the coupled nanospheres over the untreated ones, thus confirming the PCS 

data.

Table 4.4 Sizing of nanospheres using photon correlation spectroscopy (PCS)

Sample 2.5 % w/v Nominal Size* Size obtained by Average

(3.45x10" particles/ml) (nm) PCS (nm ± SD) (nm ± SD)

Plam nanospheres
1** Batch 
2“* Batch 
3"* Batch

516
641.0 ± 204.3
366.0 ± 43.9
520.0 ± 160.1

509.4 ± 138.0

TL coupled nanospheres 
1“ Batch 
2"̂  Batch 
3"* Batch

591.7 ± 139.1 
441.4 ± 103.3 
713.2 ±213.1

594.7 ± 139.1

* As described by the supplier
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Table 4.5 Calculated molecular weight (Da) of compounds used

Number of molecules Molecular weight (Da)

Nanospheres
One sphere
one sphere + 1142.40 TL molecules 
one sphere + 1055.80 BSA molecules

Tomato lectin (TL)
1142.40 protein molecules

BSA
1055.80 protein molecules

4.14 X 10'"
4.15 X 10'"
4.15 X 10'"

8.11 xlO  ̂

7.4 X 10"

Cross-Linked Polystyrene 
Molecular Structure

PM

PhLectin bound to 
microsphere 
by amide bond

Ph

o o o
2 S n m

500 nm

Tomato lectin 
Volume= 1.9 x 10'’̂ pnf 
Loading approx. 1150/sphere

Carboxylated nanosphere: 
Volumes 0.065 pm^

Figure 4.23 Schematic modelling o f TL molecules coupled to a polystyrene 
nanosphere.

The 50 pm square sections and the TL molecules represented in the figure are to scale. 
At the molecular level, as drawn, the surface of these spheres consists o f carboxylated 
polystyrene crosslinked with divinylbenzene. TL is covalently coupled to the carboxyl 
groups which are part o f the polystyrene chain.
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4,4,6 Haemaglutination studies

The retention of activity of the lectin after covalent coupling was assessed by 

lectin-induced agglutination of human (Rhesus O), mice and guinea pig erythrocytes. 

When erythrocytes were incubated in the presence of Tomato lectin untreated or 

labelled, erythroagglutination occurred, seen as flocculation of erythrocytes, appearing as 

a diffuse red colour. In the case of controls (untreated nanospheres as untreated TL) a 

bright red spot in the centre could be seen due to the sinking of non-agglutinated 

erythrocytes. Titre values for the labelled Tomato lectin were identical than those of the 

untreated lectin. In the case of lectin (labelled or unlabelled) coupled to microspheres, 

titre values were ten fold less than the obtained for the untreated Tomato lectin; thus 

confirming lectin activity after coupling. The three controls exhibited negative results as 

early as the first dilution. One interesting finding was that at the higher concentration 

tested (200 pg/ml) untreated microspheres caused red blood cell lysis, this effect ceased 

below concentrations of 50 pg/ml.
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4.5 Discussion

The attempt to develop a rapid method of particle detection by radiolabelling 

polystyrene highlighted the caution that must be exerted in determining bond stabilities. 

The chloramine-T method for latex labelling was used because Pratten and Lloyd (1984) 

reported with this reagent that there was high stability of radio labelled polystyrene beads. 

They found that the bonds were stable at 4°C for 3 months and in tissue culture media for 

2-3 h. This was in contrast to other authors whom by using other methods found latex 

labelling problematic. Hussain (1995) attempted to label the polymer using the method of 

Huh et ah (1974). They subjected 500 nm latex particles in aqueous suspensions to an 

ionising form of ̂ ^Co, after which, they irradiated in the presence of iodine, upon which 

chemical bonding between iodine and the surface occurs through the formation of C-I 

bonds. However, 1 h after oral gavage of these particles to rats, the breakdown of 

radioactive latex became apparent (Hussain, 1995). LeFevre and colleagues (1979) also 

found 14-56% of the free label in mice urine after intragastric administration of 250 nm 

styrene-butadiene copolymer latex particles that had been labelled by iodine 

monochloride.

A possible explanation could be that the C-I bonds are not stable: the C-I bond is 

weak and thus is prone to disruption at basic pHs such as occurs the intestine. Another 

possibility came to light after reviewing the chloramine-T protocol, since we had initially 

used carboxylated polystyrene, rather than plain polystyrene. Discussions with Professor 

Helmut Ringsdorf (University of Mainz, Germany) suggested that the carboxyl groups 

prevent the iodine bonding with the phenyl ring of the latex polymer spheres. Therefore, 

covalent labelling would not have taken place, but instead the iodine simply complexed 

with the carboxyl groups. This would explain the continuous release of radio label at the 

shghtest modification of storage or incubation. This problem could have been overcome
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by iodinating in solvents such as acetone since it would induce the iodine to have more 

affinity for the polymer. Instead, in our reaction we had been using phosphate buffer, and 

since polystyrene is hydrophobic the reaction most probably had not taken place. It was 

decided to abandon this approach, opting for the safer protocol of iodinating the protein 

ligands.

The analytical problem faced here arises from the sparse information found in the 

literature on the stability of the bond between the radioactive label and the carrier itself. 

Bhalla and Owen (1983), reported the existence of specific esterases in the small 

intestine which attack the C-I bond. The fact that labels instead of carriers may be 

followed, by not fully characterising the systems used, may be the cause for the high 

discrepancy in the literature of actual uptake through the gut. A conclusion that can be 

safely drawn fi*om these experiments and the controversy found in the literature is that 

experiments using radioactive labels in biological systems should always include stability 

data on the carriers. For this reason it was decided to monitor closely every formulation 

using sephadex-gel chromatography.

Radiolabelling Tomato lectin and BSA was successful. Using the Bolton-Hunter 

reagent we were able to avoid any exposure to oxidising and reducing agents (which are 

used in the chloramine-T method). An advantage of the Bolton-Hunter method is that is 

not speciBc for tyrosine residues, as in the case of Tomato lectin there are only 6.1 

tyrosine residues per molecule.

The covalent attachment of both Tomato lectin and BSA was characterised in 

terms of molecules of hgand per sphere; rather than measuring protein content by a 

protein quantifying method, since the latter was found to be leading to erroneously high 

results. This conclusion was reached when protein containing samples (TL and BSA 

conjugates) were leading to the same results in terms of protein concentration as the
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blanks (untreated nanospheres). The reason for these findings could lay in the basis of the 

Folin-Lowry method. This technique is based on the production a blue/purple colour 

(with a maximum absorption of 660 nm) by the phenolic group of tyrosine residues in a 

given protein, with Folin Ciocalteau reagent which consists of sodium tungstate, 

molybdate and phosphate. Carboxylated polystyrene may have reacted in the same way 

as a phenolic group, thus making quantification very difficult by this method.

Different techniques for covalent attachment have been used in the literature, 

depending on the principal functional groups located on the carrier surface. When 

hydroxyl groups are present in the surface of the carriers one of the widely used methods 

for ligand coupling is the use of cyanogen bromide (Dolinnaya and colleagues, 1991) and 

periodiate (Tijssen and Kurstack, 1984). Glutaraldehyde and ethylene glycol diglycidyl 

ether (Sano et al 1993) are used for amino groups and carbodiimide is the preferred 

method for carboxylic groups (Shenoy et al 1992). Ezpeleta and colleagues (1997) also 

used the carbodiimide method to couple Mlex europaeus lectin to vicilin nanoparticles. 

Moreover, they studied the influence of incubation time and concentration of 

carbodiimide. They reported that coupling increased with increased incubation time to a 

maximum of 3 h. Concentration of carbodiimide was also important reaching a plateau 

after 0.7- 1 mg/mg of particle. In our studies we chose 3 h incubation and 0.8 mg/mg of 

particles according to the manufacturer's guidelines. Ezpeleta's group (1997) reported 

nearly 20% coupling in their vicilin nanoparticles as opposed to the value obtained here 

of 7-8 %. These differences are probably due to the fact that the nature of their particles 

(themselves lectins) were more prone to coupling to another lectin than the polystyrene 

surface of our particles.

A well defined method to couple ligand to particles which was highly 

reproducible was derived. All batches of particles used for the experiments in this work
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were freshly made, as lectin is not stable at 4°C for long periods of time and the 

nanospheres could not be frozen. Any change in coupling efficiencies could thus be 

assessed and most importantly the stability of the iodide coupled to the proteins 

ascertained.

A major consideration in all different methods of coupling is that the ligand 

(lectin in this case) needs to retain its biological activity after the coupling and that the 

active lectin coating on the microparticles has to be high enough to confer good adhesive 

properties to the lectin-particle conjugates. The fact that our particles coated with lectin 

agglutinated red blood cells was an indication that Tomato lectin had not been denatured 

by the process of coupling. SDS-PAGE studies confirmed lectin stability after labelling 

and corroborated Kilpatrick et ah (1983) findings that Tomato lectin is a dimer.

Sizing studies using PCS showed good correlation of size with that indicated by 

the manufacturer. In drug targeting it is generally important to have a monodisperse 

carrier, in particular for processes involving cellular and tissue uptake in terms of 

interactions between the particle and the cells responsible for endocytosis. Particle size is 

also important because it will play a significant role in mucoadhesion (Jani, 1991); the 

extent of adhesion and aggregation will determine the amount of particles that would be 

reaching the target site such as Peyer's patches or enterocytes. In Peyer's patches the 

diameter of the venules of the lymphatic system responsible for sampling the contents of 

the lumen, is around 13 pm. If particles aggregate (polystyrene particles have been 

shown to do so at low pHs) then carrier systems of above 3 pm would not be able to be 

taken up; unless presented as a single particle (ie non-aggregated particles). With the 

latex nanoparticles used in these studies, we saw a size increase after coupling to either 

Tomato lectin or BSA, as determined by PCS. These findings are in accordance with 

those of Hussain and Florence (1998) where they found that by covalently attaching
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maltose-binding protein (MBP) and the MBP-fusion protein containing a carboxy- 

terminal 192 aminoacids of invasin (45KDa and 63KDa) to 500 nm polystyrene 

microspheres also lead to a size increase of 30 nm. The fact that peptide conjugation 

could have occurred by the smaller invasin-C192 moiety or within the carrier molecule 

(MBP) via their basic aminoacid; makes multiple conjugation points. This may lead to 

higher peptide "loading" than in our case, providing an explanation for their significant 

size increase, as opposed to the one in the present work.

In the next chapter, we will study the mechanisms of uptake these particles 

through the intestine.
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5.1 Introduction

In this chapter, TL and BSA conjugated uptake was quantified using the everted 

gut sac in vitro system. Moreover, the mechanisms by which particles are taken up by 

enterocytes was studied. Tomato lectin and BSA were used as controls.

There are now extensive studies on the phenomenon of particulate uptake from 

the GI tract of animals (Florence, 1997). There is less direct evidence of the process 

occurring in humans, although the general related processes of bacterial and viral 

translocation and the existence, structure and function of the gut associated lymphoid 

tissue (GALT) is essentially the same in humans and animals. It is precisely through the 

GALT that many studies on particulate uptake have been focused as it has been assumed 

to be the primary source of uptake through the specialised antigen sampling cells: the M 

cells. However, there is increasing evidence through in vivo studies in our laboratories 

that normal enterocytes are also involved in this uptake process (Hussain et al. 1997). 

Since those studies have told us httle of the mechanisms at the cellular and molecular 

levels in the GI tract, it was decided to turn to in vitro techniques in order to elucidate the 

mechanisms involved at the cellular level. In vitro techniques of course have 

disadvantages, inevitable once the hving system is no longer intact. However, since the 

goal of microparticulate delivery systems is to improve oral bioavailability and target 

specifically to certain cells, it was considered reasonable to use the everted gut sac 

system to allow the definition of absorption mechanisms and kinetics at the cellular level 

Since there exists in the literature correlations between sites of absorption studied in vitro 

with human in vivo data (Staveris et al. 1994; Gramatté, 1994; Yee, 1997).

There are numerous advantages to using an in vitro techniques: (1) requires less 

compound; (2) is relatively easy to use and in the case of everted gut sacs, avoids 

complicated surgery and maintenance of surgically prepared animals; (3) is more rapid
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and has the potential to reduce animal usage since a number of variables can be 

examined in each experiment; (4) provides insights into the mechanisms, routes and 

differences in uptake from different regions and (5) it is analytically more simple because 

compounds are being analysed in tissue culture media or buffers as opposed to blood or 

plasma. There are also obvious disadvantages to using in vitro methods: (1) the animal is 

no longer whole; (2) there is no blood or lymphatic flow or drainage; (3) studies are 

restricted in time; (4) gastric mobility cannot be simulated.

There are various in vitro systems that have been designed to study absorption 

across the gut. These include:

4 The Caco-2 cell line derived from a human colon carcinoma, and described as 

behaving like enterocytes. Their major advantage is that they are a human cell line 

but since they are a cancer-derived line they may have different properties from 

normal cells. Moreover, many transport measurements across these cells are 

derived from electrical resistance measurements which although they may correlate 

well with drug uptake, are indirect measurements subject to the ionic composition 

of media and the activity of molecular ion pumps. Their major disadvantage is the 

very slow absorption/transport rates achieved with this colonic cell line compared 

to rat intestine (Artursson et al. 1993). This slow absorption could be due to the 

over expression of the p-glycoprotein pump in these cell lines. They lack a mucus 

layer and the cellular heterogeneity found in intestinal mucosa (globet cells, paneth 

cells and undifferentiated crypt cells) (Hidalgo, 1996). Furthermore, cell 

preparation is long (2-4 weeks to reach confluence).

♦ Ussing chambers: resulted from the pioneering work of Ussing (1949). Although 

originally they were used to measure ion fluxes in “short-circuited” frog skin, 

nowadays they are also used in a variety of epithelia including the intestine (Field
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et al. 1971). The apparatus consists of small sections of intestine clamped between 

two chambers containing buffers, the target molecule is added to the apical side. 

Their advantage is their easy preparation and their usefulness for measuring 

transport at specific sites (Smith, 1996; Alvarez et al. 1998). However, most 

systems described use simple Ringers-type salt buffers as incubation media and 

there is doubt to the viability of the tissue in buffer.

Perfusion system: involves segments of intestine being cannulated and although 

they are the nearest to the in vivo system they give no information about events at 

the cellular level or membrane level. They can be used for gross regional 

absorption studies, and to study the effects of enhancers in drug absorption (Park 

and Mitra, 1992). However, there may be effects from anaesthetics and surgery 

(Plumb et al. 1987; Uhing and Kimura, 1995a,b). Moreover, it offers little 

advantages over other in vitro techniques since large amounts of test compounds 

are needed, tissue viability is a concern since the serosal side is not well 

oxygenated and relatively few perfused segments can be obtained from one animal 

(Hillgren et al. 1995).

The everted gut sac; first described by Wilson and Wiseman in 1954 and 

extensively used by several authors to the present day. It involves isolating the 

small intestine of a rat and everting it over a glass rod, in order to obtain the villous 

side on the outside. It is then filled with media and sections are sutured using silk 

thread. These sections can then be incubated with a given substrate to study its 

uptake. Up to date, this method has been used using simple salt media, which is 

surprising since in 1970 it was clearly demonstrated that in such media there was 

rapid histological damage to the tissue (Levine et al. 1970), this was further 

reported by Walker and co-workers (1972). The composition of these salt solutions
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vary but the majority (Tyrode’s, Youngs’s, Locke’s, Meng’s and Da Jalon’s) are 

derived from Ringer’s solution which was one of the first to be formulated. Two of 

the most conunon are Krebs-Ringer bicarbonate. Typically such salt solutions 

contain NaCl, KCl, MgS0 4 , CaCla, NaHCOg and K2HPO4 in various amounts and 

may be gassed with O2-CO2 mixtures. It is important to consider that the intestine 

is a very active tissue metabolically and abundant energy sources are required to 

maintain full viability and active function. Woodley in the late 1970’s developed 

the system using complex tissue culture medium (TC 199) and found through 

oxygen consumption, sugar and aminoacid uptake and histology by light and 

electron microscopy that tissue was viable for up to 120 min (Bridges, 1980). This 

tissue culture medium contains among many ingredients (see Table 4.1, page 115) 

glutamine a major energy source for intestinal tissue, as well as glucose, another 

energy source. Since then, this system has been largely used to study the cellular 

uptake and/or transepithelial transport of liposomes and proteins (Rowland and 

Woodley, 1981a-c), synthetic polymers (Rowland and Woodley, 198 Id), lectins 

(Naisbett and Woodley, 1994b) and synthetic non-degradable polymers (Blundell 

et al. 1993; Patô et al. 1994).

In this chapter, the translocation of polystyrene microspheres of 500 nm in 

diameter is studied through the everted gut sac system. It was decided not to pursue 

further the chitosan microspheres for several reasons. The first being their adverse 

biocompatibility shown in Chapter 3, the second because through the spray drying 

technique we could not obtain microspheres of sufficiently small diameter, and finally 

polystyrene particles are non degradable and thus can be monitored at every step of their 

absorption whereas chitosan has been described in the literature as being biodegradable 

(Hirano et al. 1990). Polystyrene has widely been used as a diagnostic tracer tool in
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animal and human investigations (Egensperger and Hollander, 1988; Pappo and Ermark, 

1989) because of its low toxicity. It can be used with assurance that the integrity of the 

intestinal barriers will not be interfered with, thus avoiding the complication of 

interpretation of the uptake which would follow from any polymer degradation.
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5.2 Materials

Carboxylated fluorescent polystyrene microspheres (500 nm in diameter, 2.5% 

w/v) were obtained from Polysciences (U.K). Male Wistar rats (300-400 g) were used in 

all experiments to avoid complications that may arise from hormonal fluctuations in 

females. The following reagents were obtained from Sigma (U.K): Dextran-FITC of 

72,000 Mwt, Medium 199 with Earle’s salts, L-glutamine and NaHCOg, O-dianisidine- 

HCl, peroxidase, glucose oxidase, copper sulphate pentahydrate, sodium potassium 

tartrate and BSA fraction V. MEM medium with Earle’s salts and L-glutamine was 

purchased from Gibco, BRL, (U.K). Sodium dodecyl sulphate was from Bio-Rad 

Laboratories. 2 N Folin-Ciocalteau’s reagent was bought from Fluka. Glucose was from 

BDH.

All other reagents used were of analytical grade.

5.3 Methods

5.3.1 Evaluation of cytotoxicity

Caco-2 cells (courtesy of Dr. A. Shaw, School of Pharmacy, London) were used 

at passage 80 and Hep G2 cells to evaluate the cytotoxicity of Dextran-FITC and 

polystyrene microspheres. Cells were grown and treated as in section 3.3.1 with the 

exception of the media used to grow cells, in this case, MEM culture medium. To 

determine cytotoxicity the MTT assay was used (see section 3.3.1).

5.3.2 Everted gut sac preparation and incubation: in vitro uptake studies

Adult male Wistar rats were starved overnight, sacrificed by cervical dislocation 

and the small intestine removed and washed through three times with saline (0.9% NaCl 

solution) at room temperature. The intestine was hnmediately placed in 37°C,
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oxygenated (O2/CO2, 95%:5%) medium 199. The intestine was everted on a glass rod 

(2.5 mm in diameter). One end of the intestine was clamped and the whole intestine was 

filled with fresh, oxygenated medium using a 50 ml plastic syringe. The intestine was 

then sealed with a second clamp. Small sacs (2.5-3 cm in length) including Peyer’s 

patches (PP) were then tied using silk braided sutures (Davies and Geek, U.K.). Each sac 

was placed in a 50 ml Erlenmeyer flask containing 9.0 ml of oxygenated media at 37°C 

(Figure 5.1), to which 1 ml of the test substrate had been added at the required 

concentration. Flasks were stopped using gas-tight sihcone bungs.

Whole intestine (normally 14 sacs extracted)

^  Gas-tight silicon bung

Serosal transportO, Medium 199 2 cm

Substrate
Serosal
fluid

Tissue transport

Figure S.l.a Preparation of everted gut sacs.
Once the intestine is filled with oxygenated tissue culture media, individual sacs are 
prepared by suturing with silk thread. Once the whole of the intestine is sectioned, sacs 
are cut and incubated individually with the macromolecule that is to be tested.

Figure S.l.b The everted gut sac system, showing tissue and serosal transport.
The total medium content is 10 ml (9 ml of oxygenated tissue culture medium and 1 ml 
of substrate at the desired concentration). Length of each sac: ~ 2 cm, with an 
approximate volume of 1 ml. Uptake o f macromolecules into the internal fluid will be 
referred as serosal uptake and uptake to the exposed tissue will be called tissue 
accumulation or tissue uptake.
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Sacs were incubated at 37°C in a Grant Instruments (Cambridge, U.K, 5540-5) 

shaking water bath (70 beats/min). At the desired time points, sacs were removed, 

washed three times in saline and blotted dry. Sacs were then weight and their contents 

(serosal fluid) were drained into Luckham tubes for subsequent radioactive counting. 

Sacs were re-weighed after draining to calculate accurately the volume inside each sac. 

The sacs were then digested individually in 5 ml of 5 M NaOH at 37°C for 2 h, after 

which 2x1 ml aliquots/sac were assayed for radioactivity as above. The protein content of 

the digest was determined by the Lowry method as modifled by Peterson (1983). The 

transport of the incubated substrate from the mucosal to the serosal side (Figure 5.1) was 

calculated as ng transferred/mg of total sac protein and the rate was expressed as ng /mg 

protein/min. All results are the mean of 9 sacs.

5.3.3 Gut sac viability

In order to verify the integrity of the sacs, glucose was measured both in the 

incubation medium and in the sac contents using a modification of the method by 

Dahlqvist (1968). Briefly, 20 pi of sample were incubated for 45 min with 1 ml of 

glucose oxidase reagent (0.2% Triton-XlOO (w/v in ethanol)), lOpg/ml O-dianisidine- 

HCl, 1 pg/ml peroxidase, 2(X) pg/ml glucose oxidase in 0.5 M Tris/HCl, pH 7.2). The 

reaction was stopped by the addition of 2 ml of 5 M HCl, and the absorbance measured at 

525 nm. Results were then read off a glucose standard curve.

5.3.4 Folin-Lowry protein determination

The total protein of each individual sac was quantified using the method of 

Lowry et al. (1951) as modified by Peterson (1983). To 25 pi of sample (sacs digest), 

975 pi of water and 1 ml of reagent A were added (see section 4.3.5.1 in Chapter 4 for
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reagents A and B composition, page 107). The solution was mixed and left at room 

temperature for 10 min. After, 0.5 ml of reagent B were added, mixed and left to react for 

30 min at room temperature. The absorbance was read at 750 nm in a Shimadsu UV- 

1601 spectophotometer. Total protein content was calculated against two protein 

standards containing 25 pg/ml and 100 pg/ml of BSA. Peterson suggests two functions to 

describe the typical non-linearity observed between protein concentration and absorbance 

in the Lowry assay. It can be shown that a power function of the form

P = (A/a)

where P is protein concentration in mg/ml, A is absorbance, and a and b are constants, 

provides a good fit of the data. The constants are given by the equations

1/b = log (Pb/Pl)/log (Ab/Al) 

1/a = antilog (b log Pb - log Ab)

where Pb is the protein concentration of the high standard (100 pg/ml), PI is the protein 

concentration of the low standard (25 pg/ml), and Ab and A1 are the average absorbance 

values of the high and low standards, respectively.

5,3,5 Analysis o f serosal contents and media by sephadex gel permeation 

chromatography

In order to monitor integrity of the proteins and the microspbere conjugates, 

standard G-25 sephadex colunms (Pharmacia) were used as in section 4.3.3.2 of Chapter 

4 (page 104). The serosal contents of a sac that bad been incubated for 2 b in media 199 

were pooled and loaded onto the PD 10 columns. Media containing either substrate
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incubated for 2 h was also examined in the same manner. The void volume was 40 ml 

and 1 ml fractions were collected into Luckham tubes. These were read in the y-counter, 

and the composition of both serosal and media samples was determined by comparison 

with the original elution profiles obtained in Chapter 4.

5.3.6 Histological examination using cryostat sections

Cryostat sections were used since conventional histology employs organic 

solvents that would the solubilise polystyrene nanospheres. Everted gut sacs were 

washed three times in 0.9% saline solution after each time point and immersed 

immediately in liquid nitrogen. Once frozen, they were embedded in water soluble 

cryostat medium (Tissue Tek 4583 compound, U.S.A.) onto a cylindrical metal chuck. 

The temperature was kept at -20-30°C throughout the sectioning and mounting 

procedures. Gut sacs were cut in 5 pm sections and between sectioning, the blade was 

washed thoroughly using acetone to prevent cross contamination of nanospheres between 

tissues. The sections were viewed by fluorescence microscopy using a Nikon Microphot 

FS A microscope equipped with a FTTC filter.
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5.4 Results

5.4.1 Evaluation of cytotoxicity

In order to study the mode of uptake of polystyrene nanospheres, it was important 

to elucidate any toxic effects they may have, since if toxic concentrations were to be 

used, possible uptake could be mediated through damaged tissue and not normal 

epithelial uptake. Two cell lines were used for this purpose: Caco-2 and Hep G2 cell 

lines. Polystyrene microspheres did not show any cytotoxicity towards Caco-2 cells 

(Figure 5.2 a) or Hep-G2 cells (Figure 5.2 b) in any of the concentrations assayed. 

Microspheres followed the same trend as dextran (negative control) and displayed no 

toxicity when compared to the positive control poly(l-lysine).

5.4.2 Gut sac viability

The integrity of the sacs was confirmed by the active transport of glucose to give

a concentration inside the sacs up to 1.5-2 times that on the mucosal side (Table 5.1). The

active transport of glucose requires metabolic energy and so clearly if the sacs were not

biochemically active, or if they were not physically intact, such a concentration gradient

would not be maintained. From recovery of total glucose in the system, it is clear that the

cells were metabolically active, with approximately 20-30% of the total glucose in the

system being utilised by the sacs during 60 min of incubation. It could be also be

observed that the sacs actively transported ions. The tissue culture medium contains a 
I (phenol red)

coloured indicatoÿpiat facilitates a visual estimation of the pH medium. After incubation, 

by noting the change in the colour, the interior of the sacs could be clearly seen to be 

approximately 1 pH unit lower than the medium bathing the apical cell surface, 

representing a 10 H^ fold concentration gradient and a further indication of sac integrity. 

Careful and gentle handling of the tissue during preparation was probably very
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Figure 5.2 Effect of polystyrene microspheres on the viability of (a) Caco-2 cells
and (b) Hep-G2 cells.

All incibations were carried out in the presence o f serum. Both in (a) and (b) dextran 
and PLL were used as reference controls. Data represent the mean ±SEM, n=12. 
Polystyrene micro spheres did not show any toxicity in either of the cell lines used.

147



__________ Chapter V: Uptake ofconjugated nanospheres an d  p ro te in s  in  ra t everted  g u t sa cs

important. For this reason, the intestine was removed as quickly as possible from the 

animal and the sacs prepared with the entire intestine bathed in warmed (37°C) medium 

199 with constant oxygenation.

Table 5.1 Effect of different macromolecules and polystyrene microspheres on the 
viability of everted gut sacs, as determined by the glucose gradient

Substrate Time (min) (pg/ml) Medium: Serosal ratio

Media 199 60 1: 1.3
120 - 1:2.3

Microspheres 60 10 1: 1.0
120 10 1:2.3

125j_t l 60 20 1: 1.2
120 20 1:2.0

BSA 60 20 1: 1.2
120 20 1:2.5

i25-TL_microspheres 60 20 1: 1.1
120 20 1:2.2

^^^IBSA-microspheres 60 20 1: 1.1
120 20 1:2.4

[ G 1c N A c ]4 60 100 1: 1.3
120 100 1:2.2

5.4.3 In vitro uptake of macromolecules using radiolabelled markers

5.4.3.1 Tomato lectin and BSA

The tissue accumulation and serosal uptake of the two control molecules; ^^^I-labelled 

Tomato lectin and ^^^I-labelled BSA (2 pg/ml) in rat everted gut sacs is shown on Figure

5.3 a and b respectively. From the graphs and Table 5.2, it can be seen that tissue uptake 

in both cases increases with linearly with time at rates of 31.3 ng/mg of tissue protein/h 

for TL and 0.5 ng/mg of tissue protein/h for BSA. Thus TL uptake into the tissue is
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Figure 5.3 a) Serosal uptake of^^^I-BSA and /-TL (2 pg/ml) in rat everted gut sacs 
over time (min).

Both proteins serosal tranfer is almost linear with time, TL being absorbed more readily 
than BSA. Data represent the mean ±SEM (n=9 sacs).
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Figure 5.3 b) Tissue uptake of^^^FBSA and /-TL (2 pg/ml) in rat everted gut sacs 
over time (min). Data represent the mean ±SEM (n=9 sacs).

The rate of TL and BSA accumulation is linear with time, and TL accumulates52 times 
more than BSA. Note the scale change between the V axes between Figures 5.3 a and b.
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Figure 5.4 a) Serosal uptake of^^^I-TL and conjugated microspheres
(20 pg/ml) over time (min).

Both conjugates serosal uptake increases linearly with time, TL conjugates rate of uptake 
being twice that of BSA conjugates. Data represent the mean ±SEM (n=9 sacs).
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Figure 5.4 b) Tissue uptake o f and /-BSA conjugated microspheres (20
pg/ml) over time (min). Data represent the mean ±SEM (n=9 sacs).

Both conjugates tissue accumulation increases lineraly with time until 60 min. After that, 
a saturation pattern is seen for both conjugates. TL conjugates rate o f uptake being three 
times that of BSA conjugates. As in Figure 5.3 b, note the scale difference in the Y axes.
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Table 5.2 Rates of uptake of different substrates tested expressed in different units

LA

Substrate Concn Rate of uptake Endocytic Index % Uptake/h
(pg/ml) (ng/mg of tissue protein/h) ± SËM (pl/mg of tissue protein/h) ± SEM

Controls Serosal Tissue Serosal Tissue Serosal Tissue

Tomato lectin 2.0 3.91 ± 0.9 31.310 ±3.1 1.50 ± 0.3 13.43 ± 4.0 0.003 0.039
5.0 10.01 ± 3.3 99.68 ± 10.9 2.10 ±0.7 19.94 ± 2.7 0.006 0.060
10.0 35.10 ±6.6 200.32 ± 27.0 3.50 ± 0.7 20.03 ± 2.2 0.011 0.060
20.0 30.00 ± 3.2 195.12 ±9.8 1.50 ± 0.2 9.76 ± 0.5 0.005 0.029
30.0 29.00 ± 10.7 200.33 ± 30.6 0.97 ± 0.4 6.68 ± 1.9 0.003 0.020

BSA 2.0 0.50 ± 0.1 0.72 ± 0.3 0.25 ± 0.0 0.35 ± 0.0 0.001 0.001
5.0 0.45 ± 0.0 2.36 ± 0.5 0.09 ± 0.0 0.43 ± 0.0 0.000 0.001
10.0 1.61 ± 1.0 6.00 ± 1.7 0.16 ±0.1 0.31 ± 0.0 0.000 0.002
20.0 4.03 ± 0.6 8.03 ± 2.0 0.20 ± 0.0 0.41 ± 0.0 0.001 0.001
30.0 6.11 ±2.3 9.42 ± 2.9 0.20 ± 0.1 0.30 ± 0.0 0.001 0.001

Microspheres

TL conjugates 5.0 4.21 ± 0.5 291.72 ± 77.0 0.84 ±0.1 58.34 ± 15.4 0.003 0.175
10.0 12.85 ± 2.8 387.20 ± 25.1 1.20 ± 0.3 38.71 ± 2.5 0.004 0.116
20.0 22.72 ± 4.9 1680.15 ± 137.2 0.68 ± 0.2 84.01 ± 6.9 0.003 0.252
50.0 28.21 ± 1.9 3684.45 ± 745.0 0.56 ± 0.0 73.69 ± 14.9 0.002 0.221

BSA coiyugates 5.0 3.61 ± 1.0 58.52 ± 7.8 0.72 ± 0.2 11.70 ±7.5 0.002 0.035
10.0 3.80 ± 0.4 159.35 ± 17.6 0.38 ± 0.0 15.93 ±9.1 0.001 0.048
20.0 11.81 ±3.1 529.61 ± 43.7 0.39 ±0.1 17.65 ± 0.0 0.001 0.053
50.0 14.51 ±0.9 653.40± 173.1 0.29 ± 0.0 13.07 ± 3.8 0.001 0.039
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shown to be 52 times that of BSA. Transfer to the serosal fluid was much slower in the 

case of TL (3.9 ng/mg of tissue protein/h) compared to tissue accumulation but still much 

higher than BSA. In contrast, BSA tissue uptake rate (0.5 ng/mg of tissue protein/h) was 

similar to serosal transfer.

S.4.3.2 Uptake studies of TL and BSA coupled microspheres

The uptake of TL and BSA conjugated microspheres (20 pg/ml) into the tissue 

and into the serosal fluid is represented in Figures 5.4 a and b respectively. It can be seen 

that serosal uptake for both molecules increased linearly with time, the same was true for 

tissue uptake except that after 60 min incubation, saturation occurred for both molecules. 

The calculated rates of uptake can be found in Table 5.2. When comparing serosal uptake 

BSA conjugates were two times slower than TL conjugates and tissue uptake was three 

times slower.

5,4.4 Determination of the mechanism o f uptake

5.4.4.1 Effect of substrate concentration

Everted gut sacs were incubated with ^^^I-Tomato lectin and ^^^I-BSA (at 2, 5, 10, 

20 and 50 pg/ml) for 1 h (Figures 5.5 a and b). Further studies included incubation of 

^^ Î-TL conjugated microspheres-and ^^^I-BSA conjugated microspheres for 1 h at 5, 10, 

20 and 50 pg/ml (Figures 5.6c-d).

Tomato lectin uptake both into the tissue and the serosal fluid, increased with 

concentration up to 10 pg/ml, after which a plateau is observed as in Figure 5.7a 

(showing the serosal uptake) and Figure 5.5b (accumulation into tissue). This behaviour 

is typical of specific receptor-mediated pinocytosis. In the case of BSA, uptake (both in 

serosa and tissue) was linear with increasing concentration, typical of fluid phase 

endocytosis (Figure 5.5 a-b). BSA, however, has been claimed to enter cells by non
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Figure 5.5 a) Serosal uptake o f different concentrations /-TL and ^^^1-BSA after 
1 h incubation with rat everted gut sacs.

TL serosal uptake is linear up to 10 pg/ml, thereafter a saturation pattern is obtained, in 
contrast BSA serosal transfer is linear within the concentrations tested. Data represent 
the mean ±SEM (n=9 sacs).
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Figure 5.5 b) Tissue uptake of different concentrations of^^^I-TL and ^^^I-BSA after 
1 h incubation with rat everted gut sacs.

Aj in serosal transfer, TL tissue accumulation appears to saturate after 10 pg/ml. In 
contrast, BSA tissue accumulation increases with increasing concentrations. Data 
represent the mean ± SEM (n=9 sacs). Note the scale change between the axes in 
Figures a) and b).
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Figure 5.6 a) Serosal uptake of TL and BSA conjugated microspheres at different 
concentrations after 1 h incubation with rat everted gut sacs.

Both conjugates are taken up to the serosal fluid in a concentration dependant manner. 
Data represent the mean ±  SEM (n=9 sacs).
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Figure 5.6 b) Tissue accumulation of TL and BSA conjugated microspheres at
different concentrations after 1 h incubation with rat everted gut sacs.

As in serosal transfer, tissue accumulation is also linear with increasing concentrations 
of conjugated microspheres. Data represent the mean ±  SEM (n=9 sacs). Note the 
different Y axes between a and b.
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Specific receptor mediated pinocytosis (Naisbett, 1994). The most likely reason for our 

findings, is that at the highest concentration used in this study, saturation of the 

enterocyte receptors that bind BSA is not achieved.

In contrast, both conjugates (TL and BSA conjugated microspheres) displayed a 

linear increase in both serosal and tissue uptake with respect to concentration. These 

experiments lead to the conclusions that uptake takes place by receptor mediated 

pinocytosis for the TL conjugated microspheres and most probably by non-specific 

receptor mediated pinocytosis for BSA conjugated microspheres. This is supported by 

the data in the time course studies. While BSA conjugates uptake saturates at Ih, TL 

conjugates’uptake is linear throughout, typically showing that receptor mediated 

pinocytosis is much more efficient process than non-receptor mediated pinocytosis.

5.4.4 2 Effect of [N-Acetyl-D-glucosaimne]4 inhibitor

In order to establish further the mechanisms of uptake, a conunon inhibitor of 

Tomato lectin was incubated with TL conjugated microspheres and BSA conjugated 

microspheres at different time points, at lOx excess in molar concentration with respect 

to the coating protein. The tetra form of N-acetyl-D-glucosamine [GlcNac]4 was shown 

by Nachbar and Oppenheim (1982) to be the most potent inhibitor of Tomato lectin. 

Figures 5.7 a and b summarise the results obtained. It can be seen that uptake was 

reduced only in the case of TL conjugated microspheres, where tissue uptake was 

8.2±2.1 ng/mg of tissue protein/h (a 95% inhibition) and serosal uptake was 14.9 ± 2.8 

ng/mg of tissue protein/h (a 64% inhibition). These data confirms the specific nature of 

lectin binding to the mucosa, providing further proof of the concept of receptor mediated 

endocytosis being the mechanism by which TL conjugated particles are absorbed through 

the gut.
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Figure 5.7 a) Serosal uptake of TL and BSA conjugated microspheres (20 pg/ml) 
incubated with [GlcNAc] 4  (xlO molar excess)  ̂ in rat everted gut sacs 
over time (min).

[GIcNAc ] 4  inhibits TL conjugates serosal uptake by 64% with respect to Figure 5.4. In 
contrast BSA uptake remains the same as in Figure 5.4.
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Figure 5.7 b) Tissue accumulation of TL and BSA conjugates (20 pg/ml) incubated
with [GIcNAc] 4  (xlO molar excess), in everted gut sacs over time (min).

[GIcNAc ] 4  inhibits TL conjugates tissue accumulation by 95% with respect to Figure 5.4 
b. In contrast BSA conjugates uptake remains the same as in Figure 5.4 b.
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Q

o  o

Microspheres entering the cell by fluid-phase pinocytosis, where no selection o f 
molecules takes place

^  2  Q  Q  n
B

a  a

Microspheres entering the cell by specific receptor-mediated pinocytosis, where 
complete or partial selection of molecules takes place

(c) Microspheres entering the enterocytes by non specific receptor mediated 
pinocytosis. In this case relatively non-selective adsorption takes place.

Figure 5.8 Mechanisms o f pinocy tic capture: the three possible ways in which
microspheres (yellow spheres) may be entering enterocytes.
(Redrawn from Pratten et al. 1980)
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In contrast, [GlcNAc]4 had no visible effect on the uptake of BSA-microspheres, which 

clearly implies that the process by which these particles get across the mucosal barrier is 

by non-specific receptor-mediated pinocytosis, since the inhibitor was not shown to 

compete with any binding sites for BSA.

5,4,5 Analysis o f serosal contents and media by gel permeation chromatography

The elution profiles of all substrates tested in this chapter in media and serosa are 

represented in Figures 5.9-5.11. In all graphs, the first peak corresponds well with the 

original profile of the labelled proteins or conjugates (also plotted in the graphs for a 

better comparison). These profiles show a high percentage of unbound ^̂ 1̂ in the serosal 

contents, however it is clear that the highest proportion of radioactivity in the serosal 

fluid has a macromolecular origin.

The calculated percentage of unbound ^̂ 1̂ has been calculated fi*om the area 

under the curve are described in Table 5.5. There did not seem to be any correlation fi*om 

the unbound ^̂ 1̂ amount in the media and the serosal fluid content. For instance, in the 

case of BSA, after 2 h in the media there exists 1.28%, whereas in the serosal there exists 

75%. In contrast, in the case of media in BSA conjugated microspheres the % of 

unbound ^̂ 1̂ corresponds to 10% and in the serosa there exists 35%. This can also be 

attributed to BSA degradation in the presence of luminal peptidases (in media) and 

breakdown within the enterocytes which would account for the subsequent peaks 

determined in the serosal contents. This hypothesis is supported in the TL analysis. TL is 

shown to be more resistance to proteolysis than BSA, since only 30% breakdown in the 

serosa and in the media, there only exists 0.5% unbound ^̂ 1̂. The conjugated TL also 

displays more resistance than the conjugated BSA (see Table 5.5).
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Figure 5.9 Elution profile obtained by GPC of (a) TL incubated in media 199 and 
an everted sac; (b) TL obtained from the serosal fluid of sacs incubated 
f o r i  hatSTC .

In both graphs the original profile ofTL has been plotted for easy comparison. It is clear 
that in both graphs the first peak corresponds to the original preparation. In (b) some 
breakdown of TL is seen, whether it was just unbound or fragments o f the protein 
could not be determined.
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Figure 5.10 Elution profile obtained by GPC of (a) BSA incubated in media 199 and 
an everted sac; (b) BSA obtained from the serosal fluid o f sacs 
incubated for 2 h at 3 T  C.

In both graphs the original profile of BSA has been plotted for easy comparison. It is 
clear that in both graphs the first peak corresponds to the original preparation. In (b) a 
substantial breakdown of BSA is seen compared to the profile of TL in Figure 5.8 b; 
whether it was just unbound or fragments of the protein could not be determined.
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Figure 5.11 Elution profile obtained by GPC of (a) TL conjugates incubated in 
media 199 and an everted sac; (b) TL conjugates obtained from the 
serosal fluid of sacs incubated for 2 hat 3TC.

In both graphs the original profile of TL conjugated microspheres has been plotted for  
easy comparison. It is clear that in both graphs the first peak corresponds to the original 
preparation. In (a) a second pronounced peak {5-10 ml) is present that corresponds to 
also the second peak shown in the original preparation; in (b) the second peak also 
corresponds to that in (b) between 5-10 ml, the following peak suggests a probable 
breakdown of TL conjugates, but whether it corresponds to the TL becoming unbound 
from the microspheres, or TL actually breaking down was not possible to determine.
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Elution profile obtained by GPC of (a) BSA conjugates incubated in 
media 199 and an everted sac; (b) BSA conjugates obtained from the 
serosal fluid of sacs incubated for 2 hat 3TC.

In both graphs the original profile o f BSA conjugated microspheres has been plotted for  
easy comparison. It is clear that in both graphs the first peak corresponds to the original 
preparation. In (a) a second pronounced peak (5-10 ml) is present that corresponds well 
to the original preparation; in (b) breakdown of BSA conjugates is seen, the second peak 
showing at the same position as in the media (5-10 ml) most probably representing 
unbound ^̂ Î, and the third peak shown seems to be products o f protein breakdown or the 
possiblity of BSA not longer being attached to the spheres could exist.
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Finally, an interesting observation is that once the proteins are conjugated, a decrease in 

their degradation is seen, much more pronounced in the case of BSA than in TL.

To provide visual evidence on particulate transport rather than only breakdown 

products of the conjugates, fluorescence microscopy is shown in Figures 5.13-5.15.

Table 5.3 Calculated percentages of unbound found in gut sac preparations

Substrate % unbound 
in media contents

% unbound 
in serosal contents

TL 0.5 27.5

BSA 1.3 76.7

TL conjugates 9.1 24.5

BSA conjugates 10.2 35.8

Figure 5,13 Control photomicrograph (xl2$) showing a frozen section o f an everted 
gut sac. Some tissue autofluorescence can be observed.
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Figure 5.14 Photomicrograph (xJ25) showing a frozen section o f an everted gut sac 
that had been incubated with BSA conjugated microspheres (20 p/ml) 
for 30 min, showing few microspheres in the serosal layer o f the villi. 
Particles are predominantly in the villi area.

Figure 5.15 Photomicrograph (x50) showing a frozen section o f an everted gut sac 
that had been incubated with TL conjugated microspheres (20 p/ml) for 
30 min. Particles are found predominantly around and inside the villi
area.
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Figure 5.16 Photomicrograph (xSO) showing a frozen section o f an everted gut sac 
that had been incubated with TL conjugated microspheres (20 pg/ml) 
for 60 min, showing microspheres translocated to the serosal layer o f the 
villi, with some particles showing in the submucosal layer. Particles are 
largely in the villi area as in Figure 5.14 and 15.

, S f • ‘V - '
m

Figure 5.17 Photomicrograph (x SO) showing a frozen section o f a distinct PP on an 
everted gut sac that had been incubated with TL conjugated 
microspheres (20 pg/ml) for 60 min. Particles are seen around the dome 
of the PP, with less seen in the mucosal, submucosal and serosal layer.
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5.5 Discussion

There have been numerous methods to measure the extent of absorption or uptake 

of macromolecules, proteins and polystyrene microspheres reported in the hterature. 

Methods range from enzyme-linked immunoabsorbent assay (ELISA) (Geogopoulou et 

al. 1988), to the direct titration of macromolecules such as insulin given orally (Ziv et al. 

1987). Previous researchers in our group (Jani, 1991; Hussain, 1995), used gel 

permeation chromatography to quantify accurately the extent of particulate uptake from 

the gut. However this method involved the extraction of the polystyrene.

In Chapter 4, radioiodination of particles was attempted with unsatisfactory 

results. By careful characterisation, labelling of the proteins overcame the problem of 

iodine "leaching" within preparations, so it was possible to determine uptake of both ^^I- 

Tomato lectin, ^^ Î-BSA which we used as controls. Moreover, by following the iodine 

bound to the proteins, uptake of TL conjugated microspheres and BSA conjugated 

microspheres was quantifred. Sephadex gel permeation chromatography highlighted that 

both the unbound ^̂ Î within the labelled preparations and the fragments resulting from 

peptidase breakdown, contributed significantly to substrate transferral into the serosal 

fluid (20-75%). Therefore, the actual amounts of uptake of proteins or conjugates may be 

lower than those represented in Figures 5.3-5.6. Since the results obtained in this chapter 

correlate well with those reported in the literature (Tables 5.4-5.5), it is within some 

degree of confidence that it can be concluded that the differences between TL versus 

BSA, and TL conjugates versus BSA conjugates are likely to be due to the specific 

nature of the interactions with enterocytes conferred by TL, rather than the differences of 

unbound ^̂ Î in the preparations. The uptake patterns represented in this chapter are in 

agreement with the literature (Bridges, et al. 1978; Woodley, 1985; Naisbett and 

Woodley, 1994b; Blundell, 1995) where it is reported that in the gut sac system the

166



Table 5.4 Different endocytic indexes reported in the literature compared to the present study

Substrate Concentration
(pg/ml)

Endocytic index 
(pl/mg protein/h)

References

Tissue Serosal

Neutral Polymers
Polyvinylpyrrolidone 2.0 0.6 0.2 Naisbett&Woodley, 1994b
Polyvinylpyrrolidone 2.0 0.7 0.1 Bridges et a l 1987
Poly (NVP MA) 2.0 1.6 0.1 Pato et al 1994
HPMA copolymers 2.0 0.6 0.3 Cartlidge et a l 1987

Modified Polymers
Poly (NVP MA) (2+) 2.0 9.6 1.6 Pato et al 1994
Poly (NVP MA) (2-) 2.0 7.8 2.0 Pato et al 1994
Poly (NVP MA) (C8) 2.0 16.5 2.0 Pato et al 1994
HPMA copolymers (Mw>400K) ns 3.2 0.5 Cartlidge et al 1987

Proteins
Bovine serum albumin 2.0 1.1 0.2 Naisbett&Woodley, 1994b
Tomato lectin 2.0 13.0 0.85 N aisbett&Woodley,1994b

Dendrimers
Polyamidoamine G2.5 20.0 0.76 4.04 Wiwattanapatapee et al 1998a,b
Polyamidoamine G3.5 20.0 0.65 3.39 Wiwattanapatapee et a l 1998a,b
Polyamidoamine G5.5 20.0 2.48 4.40 Wiwattanapatapee et a l 1998a,b
Polyamidoamine G3 20.0 3.33 2.34 Wiwattanapatapee et al 1998a,b
Polyamidoamine G4 20.0 3.46 2.45 Wiwattanapatapee et al 1998a,b
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Table 5.5 In vivo uptakes of polystyrene microspheres described in the literature

os
00

Organ Animal used Particle Dose Time (h) % uptake Reference

P o l y s t y r e n e  m i c r o s p h e r e s
MLN Male Wistar rats (-160 g) 1x10̂  (150 nm) 1.05 2.0x 10-® Jenkins e t  a l .  1994
MLN Male Wistar rats (-160 g) 1x10̂  (1000 nm) 1.05 2.6x 10^ Jenkins e t  a l .  1994

LC Sprague-Dawley rats (ns) IxlO’ (1660 nm) 0.50 2.04x10^ Hodges e t  a l  1995b
PP Sprague-Dawley rats (ns) 1x10® (1660 nm) 0.50 3.45x10-® Hodges e t  a l  1995b

PP Balb/c female mice (ns) 1x10® (2650 nm) 2.00 3.90x10-’ Ebel, 1990
Balh/c female mice (ns) 1x10̂  (2650 nm) SD* 4.50x10’ Ebel, 1990
Balb/c female mice (ns) 1x10̂  (2650 nm SD* 2.50x10’ Ebel, 1990
Balh/c female mice (ns) 1x10̂  (9130 nm) SD* 1.50x10"̂ Ebel, 1990

Spleen Balb/c female mice (ns) 1x10® (2650 nm) 2.00 4.50x10’ Ebel, 1990
Balb/c female mice (ns) 1x10̂  (2650 nm) SD* 6.50x10’ Ebel, 1990
Balb/c female mice (ns) 1x10® (2650 nm) SD* l.OOxlO’ Ebel, 1990
Balb/c female mice (ns) 1x10̂  (9130 nm) SD* nd Ebel, 1990

SI Balb/c female mice (ns) 1x10® (2650 nm) 2.00 3.00x10’ Ebel, 1990
MLN Balb/c female mice (ns) 1x10® (2650 nm) 2.00 1.00x10’ Ebel, 1990

SI/PP/MLN Female Sprague-Dawley (200g) 2x10*̂  (50 nm) 288.00 12.00 Jani e t  a l .  1990
Female Sprague-Dawley (200g) 2x10^^(100 nm) 288.00 3.40 Jani e t  a l .  1990
Female Sprague-Dawley (200g) 2x10̂  ̂(300 nm) 288.00 2.027 Jani e t  a l .  1990
Female Sprague-Dawley (200g) 2x10*̂  (500 nm) 288.00 2.027 Jani e t  a l .  1990
Female Sprague-Dawley (200g) 2x10̂  ̂(1000 nm) 288.00 1.082 Jani e t  a l .  1990
Female Sprague-Dawley (200g) 2x10^^(3000 nm) 288.00 3.627 Jani e t  a l .  1990

Intestine Female Sprague-Dawley (180g)
U s i n g  T i n s  a  t i g a n d

lxl0” (500nm) 132 12.80 Hussain, 1995
Female Sprague-Dawley (180g) 2xl0‘̂  (500nm) 12 nd Hussain, 1995

PP Female Sprague-Dawley 080g) IxlO’̂  (500nm) 132 0.89 Hussain, 1995
Female Sprague-Dawley (180g) 2x10*̂  (500nm) 12 nd Hussain, 1995

Spleen Female Sprague-Dawley (180g) 1x10*̂  (500nm) 132 1.17 Hussain, 1995
Female Sprague-Dawley (180g) 2x10'  ̂(500nm) 12 nd Hussain, 1995

Spleen Female Sprague-Dawley 080g) lxl0‘̂  (500nm) 132 1.17 Hussain, 1995
Female Sprague-Dawley (180g) 2x10'  ̂(500nm) 12 nd Hussain, 1995

Systemic Female Sprague-Dawley (180g) 1x10̂  ̂(500nm) 132 23.00 Hussain, 1995
Female Sprague-Dawley (180g) 2x10*̂  (500nm) 12 2.01 Hussain, 1995

intervillous region, mucosal surface): PP- Pever's natch (Follicle associated enithelium and Ivmnhoid tissue): SI= Small intestine

I

I
'S.

1

I
I

I
»•
2

&



___________C hapter V: Uptake o f  conjugated nanospheres an d  p ro te in s  in  ra t everted  gu t sa cs

amount of macromolecules that accumulate into the tissue is higher than that transfer into 

the serosal fluid. In contrast, recent experiments reported by Wiwattanapatapee and 

colleagues (1998a,b) showed that anionic polyamidoamine dendrimers of generation 2.5 

and 3.5 transferred into the serosal fluid 5 times faster than they were shown to 

accumulate in the tissue whereas generation 5.5 was only 1.5 times faster. Cationic 

polyamidoamine dendrimers of generation 3 and 4 showed reversed behaviour, tissue 

accumulation being 1.5 times higher than serosal transfer.

There has been some controversy in the literature (Thomas et al. 1996; OHagan, 

1996) about the quantities of particulate uptake from the gut. Table 5.5 summarises the in 

vivo data on uptake of polystyrene microspheres. The major problem arises because there 

has not been a consensus of animal model, size of the particles, dose and time points or 

indeed the technique employed to detect absorption. In the present study, we aimed to 

characterise dose concentration and time dependence by using a well defined in vitro 

technique. Our results are shown in Table 5.2. When the past results obtained in vivo 

(Table 5.5) from our group (Jani et al. 1990; Hillery et al. 1994; Florence and co

workers, 1995; Hussain et al. 1997) were compared to the ones obtained in this chapter, 

we found that they correlated well. For instance Jani and colleagues (1990) dosed rats for 

10 days and sacrificed them 2 days after the last dose, so spheres were in the animal for 

288 h. They found 12% of the dose accumulated in the small intestine, PP and MLN. If 

we were to express the average percentage uptake per hour, then this gives a figure of 

-0.04% average uptake which is the figure we obtained for the BSA coupled 

microspheres. If we condider Hussain's results, 13.69% of the dose was found to 

accumulate in the intestine and PP, equivalent to an average of -0 .104%/h which again 

correlates with the data in Table 5.2 in the case of microspheres coupled to Tomato
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lectin. Thus, through two different models and two different quantitative assays, we 

obtained the same results.

By turning to in vitro techniques we have been able to postulate a possible mode 

of entry for these particles. In the literature, most authors have reported that uptake of 

particulate matter mainly occurs through the PP and specifically through the M cells. 

However, in recent publications Florence, (1997), Hussain and Florence, (1998) have 

shown data on polystyrene particles with covalently attached ligands (TL and invasin) 

that get absorbed through enterocytes. In this chapter, by "engineering" our particles, we 

have corroborated those results by being able to achieve endocytosis through normal 

epithelia (enterocytes rather than M-cells), an important finding since the targetable 

absorbing area is multiplied substantially. Furthermore, the PP route of uptake is 

compromised by three factors: (a) the limited efficiency and capacity of this pathway, (b) 

the lag before onset of any pharmacological effect (due to the kinetics of processing and 

slow rate of lymph flow) and (c) the potential of drug loss through local lymphocytes and 

macrophages (Stemson, 1987). This was further highlighted by Pappo and Ermark 

(1989) when they found that only 5% of the total dose of 500 nm polystyrene particles 

placed in rabbit ligated loops containing PP were taken up in a single round of 

endocytosis and no additional nanospheres adhered to the M cell membrane during the 

following 90 min of the experiment. Further reports of enterocytes being involved in 

particulate uptake include the early work of Walker (1987) that suggested that although 

the preferred route of uptake for low concentrations of luminal antigens is through the M 

cells, when higher concentrations are present, enterocytes are also involved. Therefore, 

the emphasis that the PP have obtained as the principal site of particulate absorption may 

have been exaggerated in line with the evidence presented in recent years.
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The diameter of particles able to cross through PP and enterocytes has also been a 

disagreement point. With respect to uptake through the PP, LeFevre et al. (1980) showed 

that 5.7 pm polystyrtene particles were taken up by PP but 15.8 pm particles were not. In 

a separate study, Ebel (1990) showed that in mice, 2.65 pm polystyrene particles were 

taken up to a greater extent than particles of 9.13 pm. Eldridge and colleagues (1990) 

compared the extent of uptake of different polymeric particles, and highlighted that 

hydrophobic particles were more readily taken up than hydrophilic ones (polystyrenes 

polymethylacrylato polylactideS polylactide-co-glycohde>ethyl cellulose) and 

suggested that the upper limit for particle uptake into mouse PP was about 10 pm, while 

Jani et al. (1992) suggested an upper limit of 3 pm in the rats PP. There have been fewer 

reports on enterocyte uptake, OHagan, (1990) stating that the maximum diameter for 

such uptake being 30 nm, but results of Sanders and Ashworth (1961) showed the 

presence of 220 nm latex in rat jejunal epithelial cells which subsequently translocated to 

the liver sinusoids.

Results throughout this chapter have pointed towards pinocytosis being the major 

mechanism for the microspheres and proteins studied uptake. PP were also seen to be 

involved since fluorescence micrographs showed evidence of particle accumulation in 

the PP dome (Figures 5.16). In order to solve the problem of data comparison between 

different research groups, we have expressed or pinocytosis data in terms of an Endocytic 

Index. This unit takes into account inter-experimental variables. The concept of an 

endocytic index was proposed by Williams et al. (1975). It is defined as the volume of 

culture medium (pi) whose contained substrate is captured per milligram of cell protein 

per hour. Many biologists express their data as amount of radioactivity or chemical 

marker added to each culture vessel. The endocytic index eliminates the variability
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arising from the above and normalises for the effects of variation in specific radioactivity 

or specific enzymatic activity and for the amount of tissue present (Pratten et al. 1980).

As outlined in the introduction and in the results section of this chapter, during 

pinocytosis, substrates may be captured in two possible ways, either in solution (fluid- 

phase) or after attachment to the invaginating plasma membrane (receptor mediated, 

either specific or non-specific). We know from the literature that during fluid-phase 

pinocytosis, an increase in concentration of the extracellular medium results in uptake 

increased linearly with concentration (expressed in nanograms/mg of tissue protein/h). A 

substrate entering by receptor mediated pinocytosis does so in a concentration dependent 

manner: as the concentration increases, the sites to which the substrate binds become 

saturated and uptake levels off. This uptake is therefore dependent on the number, 

affinity and function of the cell binding sites.

By studying the effect of substrate concentration we were able to identify the 

possible mechanisms of entry. For Tomato lectin, (Figure 5.2 a-b) the rate of uptake by 

the tissue and the rate of appearance of the protein into the serosal fluid both increased 

with substrate concentration up to 10 pg/ml, thereafter saturation occurred. This suggests 

strongly receptor mediated endocytosis.

In the case of TL and BSA conjugates, uptake (Figures 5.5 c-d) was linear with 

increasing particulate concentrations. However, in the time studies, the uptake patterns of 

TL and BSA conjugates differered, so that BSA conjugates uptake was shown to saturate 

after 1 h. Two modes of entry could be taking place (Figure 5.7), suiting either conjugate. 

In the case of BSA conjugates absorption points towards a mechanism of non-receptor 

mediated pinocytosis induced by the ligand (BSA). On the other hand, TL conjugates did 

not show any saturation pattern, but showed linearity in all experiments carried out. Thus 

it is feasible to assume that microspheres coupled to Tomato lectin are absorbed by
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receptor mediated endocytosis (TL being specific for gut mucosa as stated by Naisbett 

and Woodley, (1994 a,b)).

[GICNAC4] reduced Tomato lectin conjugated microspheres tissue accumulation 

by 95% and 64% reduction was shown in serosal uptake. These data confirms lectin 

binding to the mucosa being specific thus providing further proof to a receptor mediated 

endocytosis mechanism of entry.

With respect to rates and amount of uptake achieved, in Table 5.2 it can be seen 

that microspheres were more readily taken up than the proteins alone. Although the 

figures suggest a similar uptake, we must realise that only -0.34 pg of Tomato lectin or 

BSA was present in studies at a concentration of 20 pg/ml microspheres. For example, 

TL coupled microspheres (20 pg/ml) accumulated in the tissue at a rate of 1680.2 ±

137.2 ng/mg/h and transferred into the serosal fluid at 22.7 ±4.9 ng/mg/h. In contrast. 

Tomato lectin (20 pg/ml) rates of uptake were shown to be 30.01 ± 3.2 and 195.12 ± 9.8 

ng/mg/h in the serosa and tissue respectively. This comparison could be useful in terms 

of drug delivery since it highlights the increased uptake of proteins such as TL when 

coupled to nanospheres. There are two factors to consider: the conformation that TL 

acquires once coupled to the nanosphere (since once TL is on the surface of the particles 

it may display more binding sites than when it is by itself adopting a terciary 

conformation) and the effect of nanospheres mediating uptake.

This finding is also encouraging from an immunological response point of view. 

Naisbett and Woodley (1995b) cast some doubts on the use of prolonged doses of 

Tomato lectin for oral drug delivery since it elicited an immunological response (serum 

IgG and intestinal IgA) after only an oral dose of 2.5 pg of TL per mice. In this chapter 

we have observed that very small amounts of TL once coupled to microspheres are 

required to obtain enhanced uptake. High doses of TL coupled to microspheres could be
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used as immunoprophylactic agents and also as carriers for vaccine-relevant antigens 

such as cholera toxin, staphylococcal enterotoxin B and others.

How the particles described here compare to the other systems described 

in the literature can be seen in Table 5.4. TL conjugated particles have the highest tissue 

accumulating rate reported using the rat everted gut sac system. Transfer to the serosal is 

also shown to be high compared to other systems, although dendrimers transfer to the 

serosal fluid has been reported to be more efficient (Wiwattanapatapee, 1998a,b).
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_______________________ C hapter VI: In teraction  o f  conjugated nanospheres w ith  Caco-2 ce lls

6.1 Introduction

The aim of the work described in this chapter was to elucidate the binding 

properties of the macromolecules studied in chapter 5, using the Caco-2 cell line as a 

model. The human colon carcinoma cell line (Caco-2) is devoid of a mucus layer. It is a 

unique in vitro model for studies on the structural and functional properties of 

differentiated enterocytes (Koninkx et at. 1992). Confluent Caco-2 cells possess the 

differentiation characteristics of small intestine enterocytes both structurally, in terms of 

microvilli and tight junctions, and functionally, in terms of brush border enzymes.

In chapter 4 and 5, the rationale behind using Tomato lectin was explained. It was 

shown by Hussain and colleagues (1997) that Tomato lectin improved oral absorption of 

polystyrene particles once covalently attached to the surface. This finding was of interest 

for two main reasons. First Tomato lectin is part of the regular diet in humans and second, 

there has been interest in lectins in the context of drug delivery with the important 

objective of improving oral bioavailability of poorly absorbed drugs, such as peptides and 

proteins, by means of prolonged and/or intensified contact to the intestinal mucosa. 

Moreover, lectins could be the answer for specific bioadhesion, whereby receptor 

mediated interactions and drug targeting within the GI tract could be achieved. As we 

learned in Chapter 4, lectins will recognise the terminal end of oligosaccharide chains 

and/or internal sugar sequences of glycoproteins and glycolipids. Many studies have been 

carried out using lectins for dehvery to the small intestine and a summary of these can be 

found in Table 6.1. However, the majority of lectins in the table have been found to cause 

toxicities ranging from actin cytoskeletal lesions to morphological alterations in the brush 

border membrane.

175



Table 6.1 Lectins used in studies of GI tract specific bioadhesion and their sugar specificities

ON

Lectin Conunon Name Nominal Specificity References

Aracis lymogaea Peanut Galactosep3-GaINac Fischer a/. 1984

Bandeiraea similicifolia D-galactose pyranosyl Peschke et al. 1983

Concanavalin A a-glucose, mannose, GlcNAc 'Pusz^ietal. 1991

Dolichos biflorus Horse gram GalactoseNAcaSGalNAc Kessimian, et al. 1986

Glycine maximum Soybean Fucosea2Galactosep4GlcNAc Kessimian et al. 1986

Helix pomatia Garden snail GalNAcal, 3GalNAc, aGalNAc Fischer et al. 1984

Lycopersicon esculetum Tomato GlcNAc(Pl,4GlcNAc)i.3 Naisbett and Woodley, 1994a,b

Phaseoulus vulgaris Bean Gaip 1,4GlcNAcp 1,2 Mannose Donatucci gr a/. 1987

Pisum sativum Pea aMannose, aGlc, GlcNAc Koninkx et al. 1992

Ricinus communis I Castor oil Galactose Fischer g f «A 1984

Ulex europeus I Gorse a-L-Fucose Kessimian gf «A 1986

Vicia fava Lentil «Mannose, «Glc, GlcNAc Koninks et al. 1992

Triticum vulgare Wheat germ agglutinin GlcNAc(pi,4GlcNAc)i.2 Lorenzsonn and Oison, 1982
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_______________________ C hapter VI: In teraction  o f  conjugated nanospheres unth Caco-2 ce lls

Although among other lectins, Tomato lectin constituted an exciting one due to its 

reported non-toxicity and non-degradabihty in the GI tract, increasing reports in the 

literature regarding Tomato lectin and its cross-reactivity with crude mucus (Lehr and 

Lee, 1993; Naisbett and Woodley, 1995a; Irache et al. 1996) highhght the limitations of 

Tomato lectin "bioadhesive" properties. Lehr et al. (1992), showed that binding of 

Tomato lectin to pig enterocytes was inhibited by crude gastric mucin at an IC50 of 2 

mg/ml, and that adhesion of lectin-coated microspheres to the same cells was reduced at a 

mucin concentration as low as 0.2 mg/mL In vivo experiments performed by Naisbett and 

Woodley (1995a), also suggested high interactions of Tomato lectin with mucus when 

they observed that httle difference was seen, after intragastric administration to rats, 

between Tomato lectin and their control, polyvinylpyrrohdone (PVP) an inert non

absorbable polymer, in terms of gastrointestinal transit.

As described in Chapter 1, mucus is present as a fine layer covering the whole of 

the small intestine except the PP. Mucus varies in thickness between species. In man it has 

been reported to be between 50 and 450 pm, around 180 pm average (Gibbons, 1982) 

whereas in rat is only 80 pm in thickness (Allen and Pearson, 1993). The mucus turnover 

in rats have been estimated by Lehr and colleagues (1991) between 47 and 270 min, 

although other authors have reported it being between 17-24h (Festa, 1987). Mucus is 

mainly composed of mucin (as well as water) which is 2-40 million Da glycoprotein 

(Lamont, 1992); mucus also contains other macromolecules such as secretory IgA, 

lysozyme and lactoferrin which provide additional protective properties. Mucin contains 

70 to 80% carbohydrate (Irache et al. 1996). Mucins are formed by chains of 

oHgosaccharides, which are composed of 5 different sugars (galactose, fiicose, N- 

acetylgalactosamine, N-acetylglucosamine and siahc acid) arranged in various 

combinations and linkages (Lamont, 1992). Moreover, mucins fi-om each region of the GI
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tract are highly heterogeneous with respect to charge and composition (Munster and 

colleagues, 1989). These differences make it very difficult to extrapolate between humans 

and animals in terms of mucus cross-reactivity.

Studies on M-cell binding to lectins have been carried out by Gebert and Hach 

(1993); they studied different lectins according to their specificity (fucose, galactose, 

GlcNac, mannose) in rabbit caecal and jejunal PP. Their conclusions were that lectin 

binding patterns differed in 1) caecal lymphoid tissue compared to other locations of in the 

GALT and also that 2) interindividual differences were observed. Further studies on 

intervariability include those by Jepson et al. (1995) where they found that a-L-fucose- 

specific lectins such as Ulex europaeus agglutinin 1 bound selectively to M cells in rat PP 

but that this selectivity was not observed with mouse caecal M cells. This lectin also 

exhibited selective binding to rabbit caecal M cells and enterocytes in the PP. These 

findings further highlight the importance of the care needed in extrapolating fi*om one type 

of GALT to others in different regions as well as interspecies variations.

In contrast to the in vitro studies reported by Irache et at. (1996) and Lehr et at. 

(1992), Hussain and others (1997) reported that after oral administration on 5 consecutive 

days of 5(X) nm Tomato lectin conjugated microspheres, 23% had translocated into the 

systemic circulation, therefore providing proof that the conjugates were able to permeate 

through the mucus.

By using the Caco-2 cell line we wished to quantify the extent of Tomato lectin 

binding and to understand further the extent of enterocyte binding, rather than mucus 

binding.
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6.2 Materials

Fluorescent carboxylated nanospheres of 500 nm diameter (2.5%w/v), were 

obtained from Polysciences Ltd, Northampton, UK. Tomato Lectin (Vector laboratories, 

U.K.). From Sigma the following chemicals were obtained: bovine serum albumin 

(Fraction V), bicinchoninic reagent, copper sulphate pentahydrate, CaCh, MgCh and 8- 

amino-l-caproic acid. Dulbecco's Modified Eagle's Medium (DMEM), foetal calf serum 

and non-essential aminoacids were from Gibco (U.K). Phosphate buffer saline was 

obtained from Oxoid (U.K).

All other reagents used were of analytical grade.

6.3 Methods

6,3d Ligand binding assays

Cells were kindly supplied by Dr. A. Shaw (Toxicology, School of Pharmacy, 

London); ECACC number 86010202, at passage 52. These cells originated from a 

primary colonic tumour of a 72 year old Caucasian male (Fough et al. 1977). Cells were 

grown in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% foetal 

calf serum and 1% non-essential aminoacids. Cultures were maintained in a humidified 

atmosphere (5% CO2) at 37°C. The medium was changed twice a week. Once they 

reached 80% confluence, they were seeded in sterile 12 well plates (Gibco, U.K) at a 

density of 1x10  ̂cell/ml, using 0.5 ml per well (a schematic representation can be seen in 

Figure 6.1). They were left to attach for 48 h before the assays. Ligand binding buffer was 

composed of phosphate buffer saline, 1 mM CaCh, 0.5 mM MgCh supplemented with 10 

mM G-amino-1 -caproic acid (Bu et al. 1992). Cell monolayers were washed three times 

with binding buffer and were incubated with either unlabelled or ^^ Î-labelled hgands
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(including TL, and TL and BSA conjugated microspheres) in binding buffer for 1 h at 4°C, 

to prevent cellular metabolism and thus particle internalisation. Cells were washed three 

times with hgand buffer and cells were lysed using 1 ml of 5 M NaOH. Radioactivity of 

cell lysates was quantified by gamma scintillation. Protein content was quantified using the 

Bicinchoninic assay.

^  Microvilli

^ T ig h t junction 
Nucleus

Figure 6.1. Schematic representation of the microtitre wells used in this chapter.

Caco-2 cells are seeded 48 h prior to binding studies at a concentration o f lx l ( f  
cells/ml {5xl(f cells/well).

Total binding was determined in the presence of *̂ Î-hgand alone. Non-specific 

binding was determined in the presence of excess unlabelled hgand (x 500). Specific 

binding was calculated as the difference between total and non-specific binding. Further 

studies for specific binding were performed in the presence of the TL inhibitor [GlcNAc]  ̂

(at lOx molar excess).

6.3.2 Protein determination using the Bicinchoninic assay (ECA assay)

Cell lysates protein content were determined by the BCA assay. This method was 

preferred over the Folin-Lowry because only small amounts of sample are needed. The 

phenohc group of tyrosine residues in proteins will produce a blue/purple colour, with a 

maximum absorption in the region of 562 nm, with bicinchoninic reagent (BCA reagent), 

which is composed of BCA acid (4,4,dicarboxy,2,2,biquinoline disodium salt), sodium 

tartrate, sodium hydrogen carbonate and O.IM NaOH. The basis of the assay is thought to
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be the production of the cuprous ion with copper sulphate pentahydrate which reduces the 

BCA reagent. This reagent has been claimed to offer a more convenient and reproducible 

assay than the Folin-Ciocalteau reagent since the latter is subject to interference from Tris 

and zwitterionic buffers such as HEPES and EDTA.

A cahbration curve using BSA was obtained by ahquoting 10 pi of different 

known BSA concentrations into a 96 well flat bottom tissue culture plate (Gibco, U.K). 

For each BSA concentration, 8 wells were used to render calculations as accurately as 

possible. 5 pi of cell lysates were placed in triphcates and the volume was made up to 10 

pi in double distilled water. 200 pi of BCA reagent (20 ml of Bicinchonninic reagent + 

400 pi of copper sulphate pentahydrate) were added to each well, the plate was gently 

agitated and incubated at room temperature for 30 min, after which, the absorbance was 

read at 550 nm, using a standard plate reader (Titerteck, Multiscan plus, EFLAB, 

Findland).

6.3,3 Fluorescence microscopy

Assays were conducted as detailed in section 6.3.1, with the difference that a 

sterile glass cover shp was attached to the bottom of the 12 well plates. After assays were 

concluded, the cover shp was removed and placed onto a microscope glass shde. Samples 

were viewed using a Nikon Microphot FSA microscope equipped with a FTTC filter, with 

a x40 objective.
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6.4 Results

6.4A, Interaction of microspheres coated with Tomato lectin or BSA with Caco-2 cells 

A range of concentrations of microspheres were tested (Table 6.2 and 6.3) over an 

hour period and results are shown in Figures 6.2 and 6.3. Direct cell counting and trypan 

blue exclusion were used to check cell viability and the results showed that after each 

experiment, 95% of cells were still viable, thus excluding any toxicity from microspheres 

at concentrations up to 1 mg/mL In both figures results are expressed as p g of f i^  

microspheres against pg of bound microspheres per mg of cell protein (Lehr et al. 1992b). 

From both, it can be clearly seen that binding increased linearly with time and that no 

saturation occurred at concentrations as high as 1 mg/ml. Microsphere TL conjugates 

displayed increased binding over microsphere BSA conjugates, and this increase was very 

significant when a one way t-test of two samples of equal variance was apphed p< 0.005.

Since saturation point was not reached it was not possible to calculate constants 

such as Bmax (Equation 6.1) which would have given information about the conjugates 

maximal binding capacity nor Kd (Equation 6.1) which is an apparent affinity constant 

that indicates the concentration of hgand at which 50% of the binding places are occupied.

Thus, we decided to perform experiments using unconjugated Tomato lectin to 

approach the question of why maximum binding with the conjugates tested had not 

apparently been reached.

6.4.2. Interaction o f Tomato lectin with Caco-2 cells

Binding of TL to Caco-2 cells was found to be saturable at 1 h (Figure 6.4) and the data is 

shown in Table 6.4. This confirmed previous work by Lehr et al. (1992b) who
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Table 6.2 Tomato lectin conjugated microspheres binding to Caco-2 cells at different concentrations over lb  at 4^C

TL copjugated 
nanospheres added 
(pg/ml)

TL present coupled onto* 
the nanospheres 
(pg/ml)

Amount of TL conjugated 
nanospheres bound to Caco-2 cells 
(pg/mg of cell protein)

Amount of TL bound** 
to Caco-2 cells 
(pg/mg of cell protein)

1 0.002 0.74 ±0.1 0.0001 ±0.0001
10 0.018 8.5 ±2.5 0.016 ±0.005
70 0.129 70.52 ±20.1 0.130 ±0.037
100 0.184 94.00 ± 36.8 0.173 ±0.069
300 0.552 220.62 ±50.1 0.406 ±0.092
1000 1.840 817.38 ±89.8 1.504 ±0.165

00U) Table 6.3 BSA conjugated microspheres binding to Caco-2 cells at different concentrations over Ih  at 4"C

I

BSA coi^ugated 
nanospheres added 
(pg/ml)

BSA present coupled onto* 
the nanospheres 
(pg/ml)

Amount of BSA conjugated 
nanospheres to Caco-2 cells 
(pg/mg of cell protein)

Amount of BSA hound** 
to Caco-2 cells 
(pg/mg of cell protein)

1 0.002 0.12 ±0.02 0.000 ± 0.000
10 0.016 0.65 ±0.2 0.001 ±0.0003
70 0.114 3.44 ±1.5 0.006 ± 0.003
100 0.163 6.44 ±1.9 0.010 ±0.002
300 0.489 24.75 ±9.2 0.040 ± 0.015
1000 1.630 70.08 ±21.0 0.112 ±0.034

!
I

* Is extrapolated from the calculated average amount of protein coupled to nanospheres (calculated in Chapter 4 to be 1.8 pg/mg of spheres for 
TL and 1.6 pg/mg of spheres for BSA)
** Extrapolated from the amount ofTL bound to Caco-2 cells, by knowing the average amount of protein coupled to nanospheres.



Chapter VI: Interaction o f  conjugated nanospheres w ith  Caco~2 cells
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Figure 6.2 Specific binding of BSA conjugated microspheres to Caco-2 cells, after 
Ih incubation at 4"C in the presence or absence o f lOx excess 
[GIcNAc]4. Data represent the mean ±SEM (n=3).

No significant differences in binding are observed, thus [GlcNAc] 4  does not have any 
effect on the BSA conjugated nanospheres binding to Caco-2 cells.
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Figure 6.3 Specific binding of TL conjugated microspheres to Caco-2 cells, after Ih 
incubation at 4"C in the presence or absence of lOx excess [GlcNAc]4. 
Data represent the mean ±SEM (n=3).

A significant inhibition (80%) in the binding o f TL conjugated nanospheres to Caco-2 
cells caused by [GlcNAc] 4  is observed.
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Table 6.4 Tomato lectin binding to Caco-2 cells over 1 h at 4”C

TL concentration 
(pg/ml)

TL bound to Caco-2 cells 
(pg/mg of cellular protein)

0.2 0.010 ± 0.004
0.5 0.222 ± 0.028
1.0 0.314 ±0.014
2.0 0.573 ± 0.076
3.0 0.859 ± 0.095
4.0 1.131 ±0.105
5.0 1.437 ± 0.060
6.0 1.765 ± 0.081
7.0 2.044 ± 0.086
8.0 2.228 ± 0.046
9.0 2.372 ± 0.052
10.0 2.386 ± 0.099

Data represent the mean ±SEM (n=3)
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Figure 6.4. Specific binding of Tomato lectin to Caco-2 cells after 1 h incubation at 
4^C. Data represents the mean ± SEM (n=3). Saturation takes place 
after 7 pg/ml TL.
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had found that equihbrium of binding occurred after 15-30 min and did not change when 

incubations were prolonged to 4 h.

Figure 6.4 and Table 6.4, show that specific binding corresponded to 80-90% of 

total binding, thus corresponding to the assumption of a one ligand-one receptor model 

From equation (6.1) we calculated Bmax from

T' , • r  1 rt Bmax X FEquation 6.1 B=
F + Kd

where B is the amount of lectin bound per mg of cell protein (pg/mg) F is the 

concentration of free lectin (pg/ml) and Kd is an apparent affinity constant (see above); 

which in the case of Tomato lectin is equal to 3.0x 10^ M (213 pg/ml) in Caco-2 cell 

monolayers (Lehr et al. 1992b). Assuming a molecular weight of 71,000 for Tomato 

lectin, Bmax obtained in these studies was: 61.46 ± 5.83 pg/mg (8.66x10^^ ± 8.20x10'*  ̂

mol/mg of cell protein). As the total amount of cell protein was 0.533 mg/5xlO^ cells and 

considering 95% viability, a calculated 1.12x10^ mg of Tomato lectin was present per cell 

and thus the total number of lectin molecules maximally bound per cell corresponded to 

6.2x10*.

6,4.3, Interaction o f TL or BSA conjugated microspheres with Caco-2 cells in the 

presence o f excess [GlcNAc]4,

In the presence of 10 times excess [GlcNAc]4, with respect to the coupled lectin 

or BSA, binding was reduced considerably, an average of 80% reduction in binding of the 

conjugates, in the case of TL conjugated microspheres. In contrast, BSA conjugated 

microspheres were not affected by the presence of the inhibitor. Results are shown in
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Figures 6.2 and 6.3 and Tables 6.5 and 6.6. Results followed the same trend as without 

the inhibitor and saturation was not achieved.

Table 6.5 Tomato lectin conjugated microspheres binding to Caco-2 cells in the 
presence of xlO molar excess [GlcNAc]4, over 1 h period at 4 C

TL conjugates 
(pg/ml)

TL conjugates bound % Inhibition 
to Caco-2 cells (pg/mg of protein)

10 1.87 + 0.5 80%

70 13.21 ±4.2 81%

100 10.55 ± 2.4 80%

1000 329.59 + 50.3 60%

Table 6.6 BSA copjugated microspheres binding to Caco-2 cells in the presence of 
xlO molar excess [GlcNAc]4» over 1 h period at 4"C

BSA copjugates 
(pg/ml)

BSA copjugates bound 
to Caco-2 cells (pg/mg of protein)

% Inhibition

10 0.76 + 0.5 ns

70 3.08 + 1.2 ns

100 6.72 + 2.5 ns

1000 67.21 ±25.1 ns

In both tables data represent the mean +SEM, ns= nonsignificant, (n-3)

6.4.4 Fluorescence micrographs

Photomicrographs of Caco-2 cells incubated with the two types of 

microsphere conjugates can be seen in Figure 6.5 a-c. It was difficult to photograph the 

monolayers of cells as they were saturated with microspheres. Instead, isolated cells were 

photographed in order to demonstrate binding of the conjugates. In the controls (where 

cells were just incubated with hgand buffer) no fluorescence was observed (Figure 6.5 a).
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Figure 6.5 a)
Photomicrograph(x 1200) showing a 
cluster o f Caco-2 cells that have been 
incubated with ligand buffer only. No 
fluorescence is detected

Figure 6.5 b)
Photomicrograph (xHOC)showing BSA 
conjugated microspheres bound to the 
outer surface o f a single Caco-2 cell

Figure 6.5 c)
Photomicrograph (mIZOO) showing TL 
conjugated microspheres, bound 
throughout the surface of a single 
Caco-2 cell
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6.5 Discussion

The results described in this chapter together with those in Chapter 5, stongly 

suggest that it may be possible to exploit Tomato lectin for oral drug dehvery and small 

intestine targeting when coupled to microspheres. This view is substantiated by the high 

binding and increased uptake observed from TL microspheres conjugates compared to the 

free lectin.

The fact that saturation was not reached by the TL conjugates can be seen as an 

advantage as more doses could potentially be administered. The reason for not saturating 

the lectin receptors became clear when results from the experiments using the 

microspheres conjugates were compared to the free lectin. It could be seen that at the 

maximum microspheres concentration used, the amount of protein (lectin or BSA) on the 

particle’s surface varied from 1.8 pg for TL and 1.6 pg of spheres for BSA (as calculated 

in Chapter 4, also tabulated in Tables 6.2 and 6.3. At a “free” lectin concentration of 1.8 

pg/ml, figure 6.4 shows a binding of ~0.6 pg/mg of cell protein. On the other hand, at a 

concentration of coupled TL of 1.84 pg/ml (equivalent to 1 mg/ml of particles) binding 

was shown to be twice that of “free” TL, 1.5 ± 0.2 pg of conjugated TL per mg of cell 

protein, equivalent to 817 pg of microspheres per mg of cell protein (Table 6.4). Thus, at 

the highest microsphere concentration used saturation was not achieved because the 

amount of TL coupled to the spheres was not sufficient to block all receptors, since in 

“free” TL studies the concentration that displayed saturation was 7 pg/ml (Figure 6.4). 

This concentration correlates well with Chapter 5, where TL accumulation into the tissue 

was shown to saturate above 10 pg/ml There are two factors to consider: the maximum 

polystyrene concentration which will not be toxic to cells, and the maximum loading of 

TL on spheres which can be achieved experimentally.
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TL conjugated microspheres displayed more binding than those of BSA (Tables

6.3 and 6.4) together with the fact that when using [GlcNAC]4, only TL conjugated 

microspheres were inhibited, lead to specific binding (Table 6.5). This increase in binding 

was also seen quahtatively on fluorescence micrographs. Although we were not able to 

show Caco-2 cell monolayers due to microsphere clustering, Figures 6.5 b and c show 

single cells with microspheres attached to their surface. It is not surprising that 

monolayers were saturated with particles, especially since Jepson et al. (1993b) reported 

values of 1x10  ̂ microspheres/mm^ in the follicle-associated epithehum of rabbits and 

found that administration of 5xlO^°/ml of 460 nm spheres saturated the apical surface of 

many cells. In the present study, it was calculated that the total number of TL conjugates 

attached per cell at the highest concentration used (Img/ml) was ~45 particles/cell.

Table 6.7 Brush border enzymes in the human brush border intestinal membrane 

that are glycosylated

Enzyme Molecular Weight (KDa)

Glycosidases:
Sucrase-isomaltase 145 + 151
Lactase-phlorizin hydrolase 160
Trehalase 80

Peptidases:
Aminopeptidase A 170
Aminopeptidase N 162
Aminopeptidase P 130
Endopeptidase P 130
Endopeptidase 24, 18 100
Endopeptidase 24, 11 96
y-Glutamyl tranferase 62

Phosphatases:
Alkaline phosphatase 86

Taken from Holmes and Lobley (1989). In: Naisbett and Woodley, (1994a)
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The receptors involved in Tomato lectin binding are still unknown. Naisbett and 

Woodley (1995a) have contributed vastly to the understanding of lectin binding to the GI 

tract. By performing Western blotting, they detected strong TL binding to the brush 

border glycoproteins showing bands ranging from 200 to 37 KDa. These bands could 

correspond to four brush border hydrolase enzymes (aminopeptidase N, dipeptidyl 

peptidase IV, sucrase-isomaltase and alkaline phosphatase) whose glycosylated sequences 

contain N-acetylglucosamine residues. These enzymes have also been reported to bind to 

the lectin wheat germ agglutinin which binds to GlcNac and siahc acid residues (Weiser, 

1973). Morita and colleagues (1986) have shown that proximal and distal rat small 

intestine contains 62.2 and 76.4 nmol of [GlcNAc] per mg of intestinal protein. Weiser

(1986) also showed high incorporation of N-acetylglucosamine residues in the intestinal 

membranes glycoproteins. Brush border enzymes contain between 13 and 35% 

carbohydrate of which N-acetylglucosamine and glucose are the most abundant sugars, 

this is also found in intestinal glycohpids (Naisbett and Woodley, 1994c). It is known that 

these binding sites also occur in the human GI tract, since from Holmes and Lobley 

(1989) we know that there are many intestinal enzymes (Table 6.7) in humans containing 

carbohydrate which could provide possible binding sites for Tomato lectin.

A further advantage of the Tomato lectin conjugates is that particles can travel 

through the mucus (Hussain et al. 1997) and reach the enterocytes upon which Tomato 

lectin can then bind to the glycocalyx receptors. The Caco-2 cell model, devoid of mucus, 

allows the quantification of binding of TL conjugated particles to the “enterocyte” 

glycocalyx. Pimienta et al. (1990) described the use of 250 nm negatively charged 

hydroxypropylmethacrylate (HPMA) nanoparticles as mucoadhesives. They performed in 

vitro experiments using the intestinal ileal segments and found strong interactions with 

mucus. They reported that mucus bioadhesion was affected by different types of bonding
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between the two surfaces (van der Waals forces, hydrogen bonding, or ionic interactions). 

Furthermore, they suggested that at the molecular level, these interactions, described by 

the authors as an "interpenetration theory**, depended on the diffusion of the polymers 

into the mucus and of mucin into the polymeric network. They concluded that since 

adhesion to the intestinal mucosa was very high and adhesive bonds developed relatively 

quickly, the nanoparticles were able to “penetrate** through the mucus towards the 

enterocyte surface.

In contrast to “enterocyte like** binding observed in this chapter, Jepson and 

colleagues (1993) reported that latex microspheres of 460-670 nm bound selectively to M 

cells within the follicle-associated epithelium of rabbits and very few particles were 

observed on the surface of adjacent villi. Naisbett and Woodley (1995a) showed that TL 

transit in vivo was not significantly different from PVP (an inert polymer). They suggested 

that since the mucus in the GI tract is rich in N-acetylglucosamine, **the lectin would just 

bind to the mucus and travel by peristalsis down the GI tract never seeing the enterocyte 

surface** However, there are more reports in the literature using microspheres conjugated 

to different lectins which support the theory that the microspheres can in some way 

circumvent the mucus. Pusztai and Bardocz (1995) after rat intragastrical administration 

of polystyrene particles (0.05-2 pm) coupled to different lectins of different specificities; 

found that lectins with mannose specificity {Galanthus nivalis agglutinin) or 

mannose/glucose (Concanavalin-A) behaved like control particles (coated with 

lactalbumin, human gamma-globulin or uncoated) and transit through the GI tract was not 

retarded. However, when they tested lectin-particle conjugates specific for galactose/N- 

acetylgalactosamine (eg. Soya lectin) they found that gastric residence increased 

significantly in comparison with controls. When they tested bean agglutinin coated 

particles with similar carbohydrate specificity to that of Tomato lectin (N-
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acetylglucosamine),' they found that transit was not altered compared to controls but that 

more (5-10% of initial dose) particles were observed compared to the controls.

Although these findings are promising, there are still many questions that need to 

be addressed. The differences in uptakes after a single dose (Pusztai and Bardocz, 1995) 

and after multiple doses (Hussain et al. 1997) need to be further explored in terms of 

efficiency and possible toxicity. The effects of quantity in dosing, fed or fasted state and 

the variance in lectin density coating these delivery systems are experiments that need to 

be performed before Tomato lectin can be accepted as a model bioadhesive.
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General Discussion

In the last 15 years there has been extensive research and development in the field 

of micro- and nanoparticulate drug carriers. Although there have been different aims, the 

goal has always been a common one: the magic bullet. Paul Ehrlich was the one that first 

dreamt of the “magic bullet” (Greiling, 1954), after attending a performance of the opera 

“Der Freischutz” by Carl Maria von Weber. In the opera there was the “Freikugeln” (fi-ee 

ball) which could be fired in any direction and still reach its goal (Kreuter, 1995). 

Consequently, Ehrlich thought of the idea of having small drug loaded ‘*magic bullets” 

that could be used similarly to target a specific site of the body.

Despite all efforts in microparticulate delivery, few have made it to the clinic, the 

majority failing at the pre-clinical level. The most favoured polymer has been 

poly(lactide-co-glycolide) (PEG) since this polymer has been approved to prepare several 

conunercially available controUed-release systems including 2^1adex™ (Zeneca), 

Decapeptyl™ (Ipsen Biotech) and Prostap SR™ (Lederle) which are licensed for use in 

humans in Europe and the USA (Hutchinson and Furr, 1985, Okada et al. 1991). Birth 

control vaccines based on human chorionic gonadotropin (hCG) have been evaluated in 

humans (Stevens et al. 1990), achieving antibody-mediated contraception without any 

residual side effects upon reversal. Other promising candidates include tetanus toxoid 

(TT) PEG nanoparticles (Gupta et al. 1996), which have to overcome problems due to 

TT aggregation and poor immunogenicity, before they can be evaluated in humans. Other 

major problems with PEG microencapsulation include storage and hydration of the 

microparticles in vivo and during extended periods in the body at 37°C (O’Hagan et al. 

1998). Other single-dosed PEG vaccines currently in clinical trials includeidiphteria 

toxoid, hepatitis B, and HTV: all the advantages and disadvantages are fully detailed in 

the review written recently by O’Hagan and colleagues (1998).
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Further practical issues include the scale-up manufacturing process of these 

systems. With this in mind. Chapter 2 of this thesis deals with the preparation of antigen- 

loaded microspheres with the ultimate goal in oral immunisation, using a simple method 

to produce large quantities of entrapped antigen microspheres (spray-drying). The yields 

obtained were far from optimal, albeit acceptable (Carreno-Gomez et aU 1995; Gonzalez- 

Siso, 1996). During the writing of this thesis, a paper by Benoit’s group (Amiet- 

Charpentier et al. 1998) provided proof that microencapsulation using the spray-drying 

technique is feasible. The authors were able to encapsulate rhizobacteiia (Pseudomonas 

fluorescens-putida) within the methacrylic polymer Eudragit® achieving bacterial 

survival for periods of up to one year.

As mentioned above, the focus on PLG is not unfounded, since it is the only 

polymer that has been approved by the FDA due to its reported biocompatibility and 

biodegradability. At the time work described in this thesis started, chitosan looked like a 

suitable new polymer candidate from which to construct drug delivery systems, due to its 

proposed biodegradability and biocompatibilty. However, there had not been any 

thorough biocompatibility studies on this polymer. We were the first to systematically 

study the effect of polymer molecular weight, salt form and degree of acétylation of 

chitosan in terms of potential toxicity (Carreno-Gomez and Duncan, 1996, 1997). Any 

biomaterial’s biocompatibility must be defined in the context of its intended route of 

administration, polymer morphology and final use, including the likely frequency of 

dosing. Since the chitosan particles devised in Chapter 2 were to be used for M-cell 

targeting, we endeavored to investigate whether chitosan or indeed chitosan 

microspheres would cause any adverse effects. The cellular toxicity and blood lysis 

conferred by all the polymers tested, lead us to the conclusion that soluble chitosans of 

high molecular weight, like most cationic polymers such as poly-L-lysine, would not
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make suitable candidates for intravenous administration or, indeed, oral use since 

fragments liberated following microparticle or polymer catabolism could potentially 

induce cellular toxicity.

Since this work was completed, numerous efforts to tailor-make low molecular weight 

chitosan polymers have been described (Bemkop-Schnurch and Krajicek, 1998; Sieval, 

in press). Moreover, other groups have also focused on the hiocompatibility issue, 

including reports from Femandez-Urrusuno (1995), on poly(alkylcyanoacrylate) 

nanoparticles, which were shown to be more toxic to murine hepatic cells than the 

degradation products. Further observations on the biodégradation and biocompatibility of 

PLA and PLG A microparticles has been reported (Anderson and Shive, 1997)

To this date, there have heen no successful oral nanosphere systems, thus the 

concept of dehvering macromolecules orally is still extremely challenging. The 

advantages would be numerous, especially to deliver drugs with a low therapeutic index 

such as insulin and the goal to develop a single-dose oral delivery of major pediatric 

vaccines is still a priority of the World Health Organisation. The main advantages of oral 

immunisation would be the obvious simplicity of administration, which would involve 

patient compliance, would not require the use of sterile syringes nor trained personnel. 

There have been four major drawbacks in the success of oral particulate systems.

The first one has been the lack of an overall consensus in demonstrating the 

capacity of the GI tract to ahsorh microparticulate materials, as described in Chapter 1. 

The second, albeit uptake of microparticles though the gut has only recently heen 

accepted as a true biological phenomenon (Thomas et al. 1996; Florence, 1997), the 

mechanism of uptake has been a cause of many debates and no accepted route of particle 

uptake has been confirmed. The third problem arises from uncertainty over the site of 

particulate uptake. While some groups have overemphasized the involvement of uptake
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through the membranous/microfold (M) cells in the PP of the mammalian gut (Thomas et 

al. 1996), other groups claim that uptake across villous epithelium occurs, via damaged 

regions or by a paracellular route (Kreuter, 1991; O’Hagan, 1994), as well as by 

transcytosis (Hussain et al. 1997). Finally, controversy still exists about quantifying the 

level of uptake across the gut, with different investigators reporting widely variable 

results.

From this perspective, the present thesis has made an attempt to shed some light 

into some of the possible mechanisms of uptake and the possibility of mediating this 

uptake through a bioadhesive ligand. Although several authors have attempted targeting 

to the PP by optimising the nanoparticle surface characteristics such as hydrophobicity 

(Eldridge et al. 1990, Jepson, 1993 a-b), in this thesis we decided to follow up on reports 

from our laboratories of enhanced enterocyte uptake by TL (Hussain et al. 1997) because 

of the attractiveness in targeting normal enterocytes. It is understandable that the main 

focus of attention has been to direct antigens to M cells since the PP are thought to be the 

inductive sites for a mucosal immune response which would consequently lead to a 

systemic immunisation. However, reports by Nanno and co-workers (1994) have 

suggested that the development and maturation of intestinal intraepithélial T- 

lymphocytes is possible, demonstrating that the lamina propria is able to present luminal 

antigens to T-cells, thus PP role is not unique. The practical advantages of targeting the 

normal epithelium are obvious. The M cell represents less than 1% of the total enterocyte 

population, thus more success can be achieved if the intestine as a whole is used as the 

bioadhesive target, rather than having to target sparse M-cells. In Chapter 5, we 

corroborated the earlier results from our group concerning increased uptake of TL 

conjugated microspheres through enterocytes. When we compared the TL conjugated 

microspheres to BSA conjugated microspheres the evidence in TL providing higher
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particulate absorption was clear. This increased uptake was shown to be specific by using 

a TL inhibitor.

Regarding mechanisms of enterocyte capture of particulates, we have hoped to 

dissipate doubts that endocytosis through enterocytes indeed takes place. Back in 1980, 

Pratten and colleagues, described how the vesicles formed after endocytosis, at the time 

called pinosomes, varied greatly in their morphology. They observed by electron 

microscopy that the smallest vesicles formed had a diameter of approximately 70 nm, but 

larger vesicles had a diameter between 0.5 and 2 pm. Those vesicles that were electron- 

lucent were later referred to as clathrin-coated vesicles (Mellman, 1996; Okamoto, 1998). 

Endocytosis has been mainly associated with the formation of clathrin vesicles at the 

plasma membrane which results in the delivery of receptor-hgand complexes to early- 

endosomes in the peripheral cytoplasm. Clathrin independent pathways of endocytosis 

have also been reported although the nature of this process is largely unknown; examples 

of this mode of entry include caveolae and micropinocytosis.

While most of the hterature concentrated in proving that particulate uptake was a 

true phenomenon, it avoided pinocytosis quantiGcation or indeed study the mode of 

capture of the substrate employed. It was only Rowland and Woodley (1981a-d) that 

systematically studied the capture of insulin or HRP entrapped into liposomes through 

the rat intestine, demonstrating uptake by absorptive endocytosis.

Having provided evidence for receptor mediated endocytosis taking place, due to 

TL, these conjugates may be an example of utilising the endocytic potential of the 

enterocyte. The fact the TL conjugated microspheres were absorbed more readily than 

TL itself could be due to various reasons. TL cross-reactivity with the mucus (Chapter 6) 

has been reported whereas in vivo proof of TL conjugates passage through this barrier 

has been demonstrated (Hussain et al. 1997). The overall density and spatial location of
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the TL binding sites once coupled to the nanospheres may be a key factor in determining 

the rate of uptake observed.

During the writing of this manuscript, two papers highlighted the importance of 

interdisciplinary research in this area. Fischer’s group (Molnar et al. 1997; Fakla et al. 

1998) have reported a high affinity of TL for the SDS-soluble form of p-glycoprotein. P- 

glycoprotein (p-gp), a 170-180 KDa transmembrane protein member of the ABC family, 

is encoded by three genes in rodents and two in humans. P-gp is responsible for poor oral 

bioavailability of many drugs such as antibiotics, anticancer agents, and antidepressants, 

and its attracted interest has been due to its involvement in conferring multidrug 

resistance. Although p-gp is over-expressed in cancer cells, it has also been found in 

healthy tissues including the blood brain barrier, pancreas, hver and the intestinal tract. 

P-gp structure consists of twelve transmembrane domains with six extracellular loops 

and its glycosylated sites are found in the first extracellular loop near the N-terminal end 

of p-gp. These oligosaccharide chains are needed for correct protein folding and 

stabilisation of the active structural conformation of p-gp but do not contribute to the 

efflux mechanism. TL showed high affinity to the oligosaccharide chains of brain p-gp 

and contributed to the stabilisation of the active conformation of p-gp. This finding opens 

a whole array of prospective uses for TL, since in the same study, Fakla and co-workers 

(1998) showed that TL antagonised the action of verapamil (an inhibitor of the efflux 

mechanism) but did not change the activity of the pump when alone. The fact that TL has 

an affinity for p-gp can further explain results by Lehr and Lee (1993) who found that TL 

did not enhance transcytosis in Caco-2 cell (being a cancer cell line it over expresses p- 

gp). Whether the interaction of TL with p-gp can be worked to our advantage remains to 

be seen and opens fascinating lines for future experiments.
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There is still a long way to go before “engineered” ligand coated polymeric 

particles can be commercially used to the extent of fulfilling the magic bullet. However, 

drug delivery has become a remarkably interdisciplinary field and important 

contributions have been made by many different scientists who have helped to develop 

important concepts and brought them to clinical application. Transdermal delivery 

systems are examples of this, already in the market, dehvering drugs such as 

scopolamine (for motion sickness), nitroglycerin (for angina), nicotine (for smoking 

cessation), clonidine (for hypertension), fentanyl (for pain rehef), oestradiol (for 

oestrogen replaplacement), and testosterone (for male hormone replacement).

There is still the need to overcome a crucial step, and this is to demonstrate that 

therapeutic levels of low bioavailability drugs (or gut labile molecules) can be deUvered 

by oral nano- or micro-particulate systems in vivo in a reproducible manner. The ultimate 

test will be human experiments since the surface area is extensively greater than in 

laboratory animals. The human intestine with a potential surface area of 200-300 m  ̂

could represent a substantial site for particulate uptake.

Thus there is still much to leam. Advances in the oral delivery of particulates will 

depend on the joint output of interdisciplinary scientists. Before nanoparticles can 

achieve their deserved place among marketed therapeutic agents several questions need 

to be ascertained (Table 7.1).

Table 7.1 Key issues still unsolved for oral particulate delivery

> Can engineered systems be used for prolonged periods of time without causing 

deleterious effects?

> Can nanoparticles dehver enough drug to achieve a therapeutical dose?

> Can the quantified uptake be extrapolated to humans?

2 0 0



General discussion

Once ail the parameters tabulated above have been characterised, the reality of 

marketed oral nanoparticles can be as close as the next millenium!
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