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ABSTRACT

This thesis is concerned with the investigation of the uptake and 

translocation of microspheres from the rat gastrointestinal tract. The object 

was first to attempt to settle the controversy surrounding this topic which 

has arisen from the literature reports on the subject for over 30 years, as a 

prelude to studying the utility of microparticles as carriers for oral 

administration labile drug. The controversy over the possibility of the 

uptake of solid particles in the colloidal size range has continued for some 

time, some authors claiming, like Volkheimer (1965, 1978) that 

"persorption" occurs as a paracellular event.

The present work shows that the uptake of the microspheres occurs 

specifically from the Gut Associated Lymphoid Tissues (GALT), namely the 

Peyer's Patches. Non-ionic (plain) and carboxylated (negative) fluorescent 

microspheres of 50nm, lOOnm, 300nm, 500nm 1pm and 3pm diameters, 

were fed orally, by gavage (1.25mg kg'1) daily for 10 days to female 

Sprague Dawley rats. Peyers's patches, villi, liver, lymph nodes and spleen 

of animals fed the non-ionic microspheres showed unequivocal evidence 

of uptake and translocation of the particles, mainly restricted to the 

reticuloendothelial system. Heart, kidney and lungs showed no evidence 

of presence of microspheres. Carboxylated microspheres were taken up to 

a lesser degree than the non-ionised particles.

Experiments with 125 I radiolabelled lOOnm and 1pm particles showed a 

higher uptake of the smaller particles, which were concentrated in the GI 

tissue and liver. The microspheres were not distributed randomly in the 

tissues, but were concentrated at the serosal side of the Peyer's patches and 

could be seen traversing the mesentery lymph vessels towards the lymph 

nodes. The entry of the particle is gained into submucosal cells via the
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membraneous epithelial (M) cells which are specialized cells with a 

propensity to endocytosis, overlying the lymphoid follicles in the 

gastrointestinal and respiratory tracts.

This work has shown that no 3pm microspheres were located in the major 

target organs eg lymph nodes, liver or spleen, after oral administration for 

10 days. None was taken up by the gut or was found in the serosal layer 

of the Peyer's patches unlike the smaller diameter particles. Further 

quantitation of the presence of polystyrene in treated tissues, using Gel 

permeation chromatography (GPC), illustrated that the uptake and 

distribution of the microspheres in the systemic organs is size dependent.

GPC analysis of the tissues showed the extent of uptake of 50nm particles 

was 34% and of the lOOnm particles 26%, of which total, about 7% (50nm) 

and 4% (lOOnm), was in the liver, spleen, blood, and bone marrow. 

Particles larger than lOOnm did not reach the bone marrow, and those 

larger than 300nm were absent from blood. No particles were detected in 

the heart or lung tissues.
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CHAPTER 1 

GENERAL INTRODUCTIONS 

1.0 INTRODUCTION

1.1. Particulate Uptake from the Gastrointestinal Tract

This thesis is concerned with the investigation of the uptake and 

translocation of nanoparticles and microparticles from the rat gastro

intestinal tract. The object of the work described was initially to attem pt 

to settle the controversy surrounding the topic of the uptake of particles 

from the gut which has arisen from the literature reports on the subject 

over about 30 years. This was seen as a prelude to the study of the utility 

of microparticles as drug carriers for oral administration.

The controversy over the possibility of uptake of solid particles in the 

colloidal size range has continued for some time, some authors claiming, 

like Volkheimer (1965, 1975) that "persorption” occurs as a paracellular 

event. He claimed that starch granules ranging in diameter from 7pm to 

100pm, when administered orally (12 million granules per g) were 

observed in the venous blood. Volkheimer speculated that the passage of 

particulate matter across the intestinal barrier results from the muscular 

activity of the muscularis mucosa layer of the gut. He proposed that this 

resulted from kneading the particles with some regularity between cells at 

the desquamation zones of the intestinal villi, allowing movement from the



intestinal lumen into the subepithelial region. The intestinal barrier is 

considered to be more vulnerable at these sites, as its mucosa is covered 

by a single layer of epithelial cells and fenestrations, however small, are 

present. For this type of uptake Volkheimer (1978) introduced the term 

"persorption" and defined it as "the paracellular passage of large solid of 

non-deformable food and other particulate (PVC) matter in the micron size 

range (up to 100pm), through the epithelial cell layer of the intestinal tract".

Before Volkheimer, a number of other investigators had reported the 

passage of inert particulate across the intestinal mucosa. As early as 1960 

uptake of small resin particles, of size lpm-5pm, were administered in an 

aqueous suspension orally to calves (Payne et al 1960), and the particles 

were observed to accumulate relatively high in the tonsil, small intestine 

and certain lymph nodes. The authors observed the extent of uptake was 

"low" in the blood, muscles and bile. The notion of the skin and gastric 

mucosal membrane of a healthy body as an impenetrable barrier to the 

entrance of particulate matter faltered, yet the evidence, as several authors 

observed, was that bacteria such as M. tuberculosis and Salmonella spp are 

able to penetrate the tonsil and lungs to the systemic system and other 

bacterial and virus particles have been known for some time to traverse the 

gut wall. In 1961, Sanders and Ashworth (1961) administered, orally, to 

Sprague Dawley rats a concentrated emulsion of polystyrene latex and



were able to detect a large number of particles in the jejunal epithelial cells. 

Particles between lOOnm to 200nm diameter were occasionally observed 

between the microvilli or in the terminal web and the intracellular spaces 

of the epithelium and many were found in the cytoplasm of the jejunal 

epithelial cells, where they were always enclosed in vesicles. Two to four 

hours after administration, the particles were observed in the interstices of 

the lamina propria and in the lymphatic mucosa. After 4 days these 

particles were found in the hepatic sinusoid and the hepatic endothelial 

lining of the Space of Disse. Particles of lOnm size may be able to penetrate 

the intracellular spaces of the intestinal epithelium, and administration of 

the polystyrene latex in an emulsion would of course enhance the 

formation of vacuoles in the lamina propria.

With industrial pollution in mind, Pontefract et al (1973), Gerhart et al 

(1981) and Henderson et al (1986) demonstrated, with asbestos and coal 

particulates, uptake through the gastrointestinal tract. Particulate emissions 

during mining, storage and combustion of coal, and asbestos inhalation and 

subsequent swallowing and particulate contamination of drinking water 

does cause there to be legitimate concern of the oral uptake of these 

materials. On chronic administration they may accumulate in target organs 

such as liver and spleen and through inhalation in the lungs. The work 

with asbestos fibres by Pontefract et al (1973) showed the presence of 0.2 - 

2pm long fibres in air and city drinking water and in a num ber of



beverages especially beer. Their conclusion, after finding one fibre as long 

as 23.55pm, in the blood of rat was that smaller fibres pass through 

intestinal wall by pinocytosis and larger fibres may pierce the gut like a 

needle.

Gerhart et al (1981) observed, after chronic administration of coal particles 

of size 125pm to fathead minnow (Pimephales promelas), increased mucous 

globules from goblet cells of the intestinal wall results, as a physiological 

response consistent with the idea that mucous secretion is a mechanism for 

lubricating and protecting the gut from abrasion. The occasional piercing 

of the intestinal wall by a larger particle may be healed by this excessive 

lubrication.

The most extensive work carried out, to date , is that by LeFevre et al 

(1977, 1978a, 1978b, 1980, and 1989) which has showed, perhaps for the 

first time, that the epithelial Gut Associated Lymphoid Tissue (GALT) was the 

route of entry for the 2pm polystyrene latex particles that were 

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

showed that chronic adminstration of particles of diameter 6pm and 16pm 

for 60 days failed to cause particles to appear in the blood and the other 

body tissues, especially of 16pm size. Thus Volkheimer's results of the 

uptake of particles of size up to 110pm by the process of "persorption" may 

have been artefactual, or a completely different process.
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Peyer's patches, after examination of even a very concentrated suspension 

of 16pm particles for 60 days, failed to show the presence of particles; 

however, 6pm particles were found mostly adsorbed in the submucosal 

layer of the Peyer's patches but none were found in significant numbers in 

blood or other body tissues, both after short term (3 days) and long term 

(60 days) administration. In spite of this work (LeFevre et al 1980) and all 

the previous work mentioned above, the question still remains of the 

validity of uptake and several issues needs to be resolved, such as the
v

route by which colloidal drug carriers cross the endothelial barrier when 

administered by the oral route, and whether or not there is a limit to 

uptake depending on the size of the microspheres. How the surface 

characteristics of the microspheres influence the uptake through these sites 

remains to be determined, although Eldridge et al (1990) have very recently 

made some progress in this respect.

LeFevre and his colleagues (1978b) administered latex particles for 60 days 

and the choice of 2pm and upward of the polystyrene microspheres may 

be considered to be suboptimal for the uptake in mice; the duration of 

exposure of 60 days will obviously affect the probability of uptake and 

contamination through other routes (for example the lungs) because of the 

animal breathing in the particles as an aerosol. During the work described 

in this thesis particular attention will be placed on providing the answer 

of uptake by the studies of the membrane epithelial (M) cells and the
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underlying lymphoid organ of the Peyer's patches.

1.2. Macromolecular Uptake by Peyer's patches

The possibility of translocation of intact particulate matter across the gut 

wall has several toxicological and pharmaceutical consequences. There is 

evidence that small quantities of macromolecular material can penetrate 

mucosal surfaces of the small intestine intact. Several workers have 

demonstrated the uptake of macromolecules across the GI tract. Using 

tracer proteins such as horseradish peroxidase (HRP) (Owen et al 1977; 

Walker et al 1972,1974; Ducroc et al 1983), tritiated bovine serum albumin 

(Warshaw et al 1974) and cationized ferritin (Borbour et al 1983; Hemmings 

(1980), IgA (Hall et al 1979), p-lactoglobulin (Marco-Genty et al (1989), 

Clarke et al (1969), Pusztai (1989). Absorption of Ru 41740 (a glycoprotein 

extract from Klebsiella pneumoniae) from the GI tract of the rabbit was 

greater from the duodenum  than from Peyer's patches (Heyman et al 1987), 

a result similar to that obtained by Owen (1977) for glycoprotein 

horseradish peroxidase. However, most of the Ru 41740 crossing Peyer's 

patches was still in high molecular weight form, whereas the fraction 

absorbed from the duodenum  had been assimilate into lower molecular 

weight form.

Many workers have demonstrated the uptake of various macromolecules 

in the specialised region of the GI tract and through specific and non
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specific sites eg lymphoid tissue or through the pinocytotic vacuoles 

respectively, and there is observed a different extent of uptake between 

young and old (Clarke et al 1969). The neonatal mammalian small intestine, 

like the reticuloendothelial (RE) system in man has a capacity to ingest 

macromolecules by endocytotic mechanisms (Daniels 1972, Walker et al 

1974). The concept is well accepted of transference of maternal 

immunoglobulin via breast milk to the new born thus allowing 

transmission of passive immunity to the young.

The endocytotic mechanism involves both phagocytosis by macrophage 

cells and vesicular formation by intestinal epithelial cells; both processes 

can occur in the same cells as outlined by Walker et al (1974). The initial 

event in this process is an interaction between large molecules within the 

intestinal absorptive cells (adsorption). When a sufficient concentration of 

molecules comes in contact with the cell membrane, invagination occurs 

and small vesicles are formed. In studies of endocytosis using 

macrophages, the invagination process can be induced by opsonisation by 

antibody or complement attachment to the surface of the particulate or an 

antigen cell surface which facilitates phagocytosis. After invagination of 

both pinocytotic and macrophage membranes, the macromolecules within 

the membrane bound vesicles (phagosome) travel through the cell and are 

deposited in the intercellular spaces by reverse endocytosis (exocytosis).
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Repeatedly the transport of these macromolecules and particulate matter 

has been shown in the epithelial cells of the GI tract to be in a specialised 

region and not in the tight junctions (Neutra et al 1988; Bjamason et al 

1987; Owen 1977; Wilson et al 1989 Kushak et al 1988; Walker et al 1976) 

and repeatedly work has shown both in vivo and in vitro studies (Ducroc 

et al 1983; Heyman et al 1987) that there is high uptake of the intact protein 

and macromolecules through the cells of Peyer's patches, while the uptake 

through the villous epithelium although of higher rate, results in a lower 

molecular weight fraction thus showing there is a little degradation taking 

place. This also indicates that there is a higher degradation inside 

pinocytotic vesicles formed in the epithelial cells of the villi which are rich 

in lysosomal enzymes. The uptake through the Peyer's patches mostly 

resulted in the high molecular weight form, suggesting that there is a very 

little lysosomal enzymic activity in the pinocytic vacuoles formed in the 

Peyer's patches.

Although evidence for transcellular passage of 2O0nm diameter polystyrene 

latex particles was provided 30 years ago (Sanders et al 1961); there has 

been no general acceptance of such a probability, although opinions have 

changed somewhat since this work began. It was felt that the issue should 

be re-examined with the specific goal of studying the utility of the route for 

carrier uptake of labile drugs in sight. The current evidence suggests that 

the transport of intact carriers across the gastrointestinal tract is restricted
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to ’’exceptional circumstances" (CXMullane et al 1987; Daniels et al 1972; 

Walker 1974). Worthington and colleagues' (1976) work on the intestinal 

absorption of ferritin (MW 650,000) and virus particles (MW > 1,000,000) 

was assessed in control and protein-deficient rats, via ligated jejunal loops. 

Morphological evaluation of jejunal tissues revealed that both control and 

protein-deficient rats absorbed ferritin and virus particles via pinocytosis 

and in both situations the exogenous particles were believed to be present 

in lysosomal bodies of typical absorptive cells. Neither ferritin molecules 

nor virus particles were identified elsewhere in the jejunal mucosa of the 

control rats. Rats deprived of sufficient dietary protein for four months or 

longer, however, demonstrated exogenous tracer materials in intercellular 

spaces of the epithelium and lamina propria. Since these severely protein- 

deprived rats also demonstrated deterioration of apical intercellular 

junctions (tight junctions), the possibility exists that large particles moved 

directly between cells of the epithelial lining and subsequently into 

underlying connective tissue and vascular compartments, thence to other 

body regions.

We felt that with an appropriate technology and simple methodology it 

might be demonstrated that the uptake of particulate m atter can take place 

in normal situations. However, the role of intestinal barrier failure and 

bacterial translocation and infection of extra-intestinal tissue has been 

reported and therefore should not be underestimated in the manifestation

25



and course of certain diseases such as enterocolitis, Crohn's disease and 

cystic fibrosis (Olaison et al 1989, Udal 1990, Hubbard et al 1987, 

Ainsworth et al 1989, Deitch 1990).

1.3. M-CELLS and PEYER'S PATCHES

1.3.1 M-Cells:

The membraneous epithelial cell layer or the follicle-associated epithelium 

(FAE) that lines the lymphoid follicles of Peyer's patches is composed of 

absorptive cells, goblet cells, M-cells and enteroendocrine cells. The FAE 

overlying Peyer's patches has two important characteristics, compared with 

the adjacent villus epithelium, which helps to illustrate the rapid transport 

of macromolecules and their consequent reduced degradation. The first is 

that the FAE has fewer goblet cells (Owen et al 1978), consequently less 

mucus is produced, a circumstance which allows greater contact between 

luminal contents and the FAE, facilitating, for example, antigen sampling 

and processing. The second most important difference and feature is the 

presence of M-cells (Owen et al 1974, Bey et al 1984). These cells are 

specialised antigen transporting cells that are interspersed among the 

columnar epithelial cells of the FAE.

The M-cells observed in mice or rats have identical properties and 

structures to that of hum an and rabbit M-cells. The derivation of
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membraneous epithelial (M) cells, is unknown (Wassef et al 1989, Grutzkau 

et al 1990, Smith et al 1987, Sicinski et al 1990). It has been suggested 

recently, however, that M-cells differentiate from absorptive cells on the 

follicular epithelium. To examine whether M-cells, like other intestinal 

epithelial cells, derive directly from undifferentiated crypt cells, Bye et al 

(1984), studied selected functional features, proliferation and distribution 

of Peyer's patches M-cells structure ranging from mature to immature M- 

cells. Most immature M-cells lack the central cytoplasmic hollow found in 

the mature M-cells that contained lymphoid cells which are the focus of the 

uptake, hence the immature M-cells behave like the other intestinal 

epithelial cells until maturation takes place.

The microvilli of immature M-cells are more num erous and regular than 

those of mature M-cells but they are sparser and shorter, and some are 

wider than those of absorptive cells. Many immature M-cells contain more 

free ribosomes than do mature M-cells. Both m ature and immature M-cells 

can be observed on all regions of the follicular domes, including the base 

near the mouths of surrounding crypts. Type 1 reovirus adhered with 

considerable selectivity to the apical membrane of mature and immature 

M-cells but it was observed in endocytic vesicles only in the m ature M-cells 

(Wolf et al 1983, 1984). In contrast to mature absorptive cells, endocytic 

vesicles that transport macromolecular antigens and microorganisms are 

abundant in the apical cytoplasm of mature M-cells.
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Neither mature nor immature M-cells showed evidence of lipid absorption, 

in contrast to adjacent absorptive cells. Both mature and immature M-cells 

internalized more bound cationised ferritin than did absorptive cells. Only 

m ature M-cells transported cationised ferritin to intercellular spaces. 

Experiments of M-cell transepithelial transport of antigens and particulate 

matter, besides using ferritin, has also been carried out using BSA-colloidal 

gold particles (Neutra et al 1987) with similar findings.

1.3.2. Peyer's patches

While solitary lymphoid nodules may occur along the entire intestine they 

are more numerous and concentrated in the ileum, where they are grossly 

recognisable in aggregates called Peyer's patches. Intestinal epithelium 

overlying Peyer's patches has mainly columnar epithelial cells which are 

seen to lie upon the basement membrane (McClugage et al 1986). Beneath 

the basement membrane, there is a layer of flattened connective tissue cells 

with elongated processes from one another as well as from the epithelial 

layer. In the interval between these processes and dense lymphoid tissues, 

one usually observes loose reticular connective tissues containing blood 

and lymphatic vessels, occasional smooth muscle cells and unmyelinated 

nerve fibres, as well as lymphocytes, plasma cells, eosinophil and 

neutrophils granulocytes. Sometimes lymphatic blood vessels are related 

to elongated cell processes and appear to follow the contour of the
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epithelium of the intestinal gland.

Peyer's patches are generally oval in shape and are usually found on the 

side opposite to the mesenteric wall (antimesenteric) of the intestine. In 

man the num ber of patches increases with age from about 45 at 24 weeks 

of gestation to about 305 at 12-14 years of age, declining after puberty to 

average of 200 at 20 years and then further decreasing but more slowly to 

at least 100 remaining at the age of 75 years (Owen et al 1974, 1978). The 

morphological studies carried out in different species eg mice, rodent, 

rabbit and human shows there is no difference in the structure and 

physiological properties of the Peyer's patches (Faulk et al 1971, Chin et al 

1971, Owen et al (1978), Spencer et al (1986), LeFevre et al (1989), 

administered 1.8pm rhodamine polystyrene microspheres to young (24 

days) and old (18 months) mice. After 25 days, oral administration, he 

found no significant differences in the uptake of particles between the 

young and old. So it is debatable if there is a significant reduction in the 

working of the Peyer's patches after puberty.

Peyer's patches occur more frequently in the more distal areas of the small 

intestine and the terminal section of the colon, and there are follicular 

lymphoid aggregates like Peyer's patches around the appendix. Light 

microscopy and electron microscopy studies (Sobhon 1971, Faulk et al 1971) 

show that each Peyer's patch is divisible into four zones, a) the germinal
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centre b) the small lymphocytic areas; c) the interfollicular area and d) the 

subepithelial zone (see fig 1.2). Intraepithelial lymphocytes (IEL) comprise 

the largest population of lymphocytes in the body and by the virtue of 

their position have the closest direct relationship with foreign antigens, and 

have an important role to play in the intestinal mucosa and the GALT 

(Nash et al 1987, Mowat 1990).

Both germinal centre and lymphocytic zones are permeated by small 

capillaries and in the interfollicular zones, lymphatic vessels and large 

venules are located. "Post capillary" venules are found in the intervening 

region. The structure of the post capillary endothelial venules, suggests 

transportation of lymphocytes and antigenic particles from the Peyer's 

patches to the lymph nodes takes place by this route (Cho et al 1986). The 

sub-epithelial zone immediately below the membrane epithelial layer of the 

M-cells has a large number of macrophages and plasma cells (Brandtzaeg 

et al 1990, Sobhon 1971, Faulk et al 1971).
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Fig 1.1. Structure and morphology of Peyer's patches

A: Diagrammatic representation of one Peyer's patch. Note the surrounding 
villi, amongst the bulging lymphoid follicles, some of which overhang the 
follicular surfaces.

B: Diagram of a lymphoid follicle as seen in the light microscope. The 
follicles are marked with asterisks in the lamina propria and submucosa.

C: Diagrammatic representation of the lymphatic system showing the 
transportation of immunoglobulin and antigen.
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Fig 1.2. (o v e r l e a f )
Lymphatic vessels surrounds the periphery of each follicle and the capillary venules and 
are mostly present in the interfollicular area, tiny capillaries are scattered throughout the 
follicles.
Antigen or particulate matter is brought into the Peyer's patches through M-cells which 
themselves have phagocytic and pinocytic activity and thence into cells like the 
macrophages (Me).
The central shaded area is the germinal centre where there are mainly T lymphocytes, 
where an antigen such as a virus which may have been processed (opsonised) in the gut 
lumen by the secretory IgA antibody is presented to a T cell. The T cells then traverse to 
the serosal layer via the lymphatic supply, which collects on the antimesenterial wall of 
the Peyer's patches and thus to the mesentery lymphatic nodes.
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Fig 1.2. Schematic diagram of a Peyer's patch lymphoid follicle w ith 
germinal centre surrounded by overhanging villi (V).

SE = Subepithelial zone 
FZ = Inter-follicular zone 
E = Follicular associated epithelial surfaces 
Me = Macrophage 
M = M-Cell
VSL = Vascularised serosal layer (contains mainly lymphatic and blood 
vessels which form the mesentery supply to the lymph nodes)
GC = Germinal centre with T cells 
V = Overhanging villi (with lymphatic vessels)
C = High endothelial capillary venules 
#  = Antigen or particulate matter.
▲ = Protein or macromolecule
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1.3.2.1 The Germinal Centre

In the germinal centre there are 3 cell types:

1) lymphocytes, which are subdivided into large (13-15pm in diameter), 

m edium  size (8-12pm in diameter) and small (less than 8pm in diameter);

2) the "apoptotic (tingible) bodies" macrophages are macrophages laden 

with phagocytosized lymphocytes. These cells are oval or round and are 

approximately 20-25pm in diameter and are the largest cells in the 

germinal centre. The phagocytosized material is surrounded by a single 

unit membrane, presumably formed by the invagination of the plasma 

membrane during phagocytosis; and

3) the dendritic reticular cells which are stellate in shape, with attenuated 

processes embracing the lymphocytes, and which form the scaffolding of 

the germinal centre.

1.3.2.2 The Small lymphocytic zone

This zone partially surrounds the germinal centre. The great majority of 

cells are typical small lymphocytes, with only a small number of reticular 

cells and very few large or medium sized lymphocytes. A very small 

number of "apoptotic (tingible) body" macrophages are seen in this zone 

(Sobhon 1971, Owen et al 1978), hence in comparison to the germinal 

centre, phagocytosis of degenerated lymphocytes and other foreign bodies 

is minimal. There is evidence of moderate macro- and micro-pinocytosis. 

In some cells cytoplasmic vesicles and in vacuoles have been seen to
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contain 50nm viral particles (Landsverk et al 1987, 1990).

1.3.2.3. The Interfollicular zone

This zone has cells which are loosely packed with larger intercellular 

spaces. Collagen bundles occur between the cells and surround the 

lymphatic and vascular channels. The majority of the cells in the 

interfollicular area near the lymphocytic zone are small lymphocytes. 

However, as one approaches the more central area of this zone, m edium  

size lymphocytes, immature and mature plasma cells, as well as 

macrophages increase in number (Sobhon 1971, Owen et al 1978, Faulk et 

al 1971).

1.3.2.4. The Subepithelial zone

This is characterised by a large accumulation of macrophages and plasma 

cells. The cytoplasm contains numerous lysosomal granules similar to those 

of the "apoptotic (tingle) body" macrophages in the germinal centre; 

however phagocytosised lymphocytes are present in only few of these cells. 

These cells are phagocytic mainly towards extraneous substances. There is 

a greater abundance of plasma cells (plasmocytes which are derived from 

B-lymphocytes and are active in formation of antibodies) in this zone than 

in other parts of the Peyer's patches. The rest of the cellular population is 

predominantly medium size lymphocytes (Sobhon 1971, Faulk et al 1971, 

Owen et al 1978). In the subepithelial area, the accumulation in great
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number of macrophages and plasma cells occurs as a result of continuous 

and intense stimulation by antigens from bacteria, viral and food sources, 

which enter the patches directly by crossing the epithelial layer overlying 

each follicle (Durkin et al 1989, Bevilacqua et al 1989, Weltzin et al 1989, 

Elsinghorst et al 1989, Pusztai 1989). In addition to their large num ber, the 

cytoplasm of macrophages in this zone is primarily rich in lysosomal 

granules, in contrast to that of macrophages observed in the follicular area. 

Some cytoplasmic vesicles and vacuoles contain 50-1 OOnm viral particles 

(Landsverk et al 1987, 1990).

1.4. CELL PROLIFERATION IN THE GI TRACT

It is believed that there is controlled cell proliferation and cell replacement 

processes in the GI tract of both experimental animals such as rats and also 

in man (Appleton et al 1980). The whole population of the macrophage 

type of cell, for example, which has been removed from the centre of the 

Peyer's patches will be replaced in its entirety after 20h, and will be 

m atured and ready for action after 36h. If a dose of 0.1ml polystyrene 

(about 2x1010 particles) is phagocytosized by this macrophage cell 

population, on chronic administration (daily dosing for 10 days) this could 

be regarded to be an increase in cell demand which might reduce the 

probability of high uptake. Hence, it would be reasonable to administer 

doses on an alternate days to achieve an optimum uptake by the
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mechanism of phagocytosis. Loss of villous architecture with age may 

occur but little is known about this (Lebenthal et al 1989). It is a well 

known fact that simple drug absorption will be controlled by physiological 

factors such as intestinal blood flow (Diamond et al 1970), neurohumoral 

factors (Lenz 1989) and presence of food (Daniels et al 1972, Kojima et al 

1971), but much complex factors and intestinal architecture will affect the 

absorption of particulates and macromolecules.

Epithelial tight junctions

The epithelial tight junction will facilitate the permeability of some 

molecules such as lipids and proteins. As demonstrated by Cereijido and 

colleagues (1988) the monolayer of tight junctions at places may behave as 

a natural "leaky epithelium". Along the GI tract there are fixed and 

numerous negatively charged sites and this with the ubiquitous negative 

characteristics of cell membranes makes the GI tract prevalently a 

negatively charged organ (Quinton et al 1973, Gullikson et al 1977 

Ohyashiki et al 1989). Absorption of macromolecules and particulate matter 

involving the process of endocytosis is very complex and will involve 

formation of pinocytotic vacuoles and will be dependent on both the 

hydrophobicity of the membrane and the molecule or particle amongst 

others factors such as the charge of the particle, if any. Non-receptor and 

receptor-mediated endocytosis will also require the substance to make
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contact with the membrane and form enclosing vacuoles (Phillips 1986). 

The chemistry of the material under test will play an important role in the 

presentation and eventual uptake by endocytic processes (Quinton et al 

1973, Spychal et al 1989).

The susceptibility of the mammalian gastrointestinal tract to attack by 

microorganisms and dietary antigens may represent a dilemma. There are, 

however, along the GI tract, significant elements of defence by the mucosal 

layer against such attacks, accomplished by gastric acid, layers of mucus 

and mucin gel and glycocalyx (composed mainly of carbohydrates) 

(Lebenthal et al 1989, Mantle et al 1989, Chadee et al 1987, Hannine et al 

1987). Mucus and its gel-forming glycoprotein component, mucin, overlies 

the surface of the villous epithelium. Like all gels, mucus has the ability to 

change its physical properties from those of a viscous, mobile solution to 

a relatively impermeable state with fluid rejecting qualities of a gel. The 

fluidity of the mucus and mucin can be altered for example, by surfactant 

(Ma et al 1990, Nutting et al 1989, Bolin et al 1986, Gullikson et al 1977). 

This will result in increased uptake of dietary protein, in high molecular 

mass, and particulate matter, along the lamina propria (Hemmings et al 

1980) and mucosal surfaces. In the glycocalyx, the major sources of the 

carbohydrate, composed mainly of sucrase, maltase, and aminopeptidase, 

are attached to the external surface of the membrane and can easily be 

removed by proteinases and detergents. While it has been pointed out
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above, that there is little or no such covering on the lymphoid follicles, the 

aim should be to exploit this factor and thus endeavour to overcome the 

challenge of the oral route by altering the natural architecture of the GI 

tract as little as possible.

1.5. LAMINA PROPRIA

In addition to the organised lymphoid tissues of the GALT, the small 

intestinal mucosa contains large numbers of lymphoid cells scattered 

throughout the wall of the intestine, both in the lamina propria and 

epithelial layer. The lamina propria is the layer of connective tissue 

underlying the epithelium of the mucous membrane. The normal lamina 

propria is heavily infiltrated by a wide variety of lymphoid cells, including 

lymphocytes, plasma cells, macrophages, eosinophils, basophils and mast 

cells (Marsh 1987). Macrophages are also abundant in the lamina propria 

and, on morphological criteria, are highly activated cells. In Peyer's 

patches, macrophages are found within the epithelium, in the subepithelial 

region and within the germinal centres. Although macrophages are only 

rarely found in the villous epithelium, lamina propria macrophages 

frequently extend cytoplasmic protrusions into the epithelium and thus 

may be able to sample luminal antigen (Marsh 1987; Owen et al 1990). 

Thus, uptake of microparticles will also take place from these "solitary" 

region.
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Fig 1.3: A diagrammatic representation of the overall histological 
organisation of the digestive tract (Weiss and Greep 1977).
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1.6. PHAGOCYTOSIS

The neonatal mammalian small intestine, like the reticulo-endothelial 

system in the adult, has the capacity to ingest macromolecules by 

endocytotic mechanisms allowing transmission of immunity to the young. 

Endocytotic mechanism involve both pinocytosis and phagocytotic activity 

(see fig 1.4). Phagocytes are carrier or scavenger cells ie cells possessing 

the property of ingesting bacteria, foreign particles and other cells (Shaw 

et al 1981, Harmsen et al 1985). Phagocytes are divided into two general 

classes: macrophages (mononuclear phagocytes) and granulocytes 

(polymorphonuclear leucocytes) which ingests chiefly bacteria. 

Mononucleated cells (also known as histiocytes and monocytes) are largely 

scavengers ingesting dead tissues and degenerated cells and particulate 

matter. Histocytes (or histiocytes) are macrophages present in connective 

tissues mainly of the RE system.

Endocytosis refers to uptake of extracelluar molecules or particulate, 

involving transmembrane (trancellular) transport by process of pinocytosis, 

and phagocytosis within membrane bound vesicles rather than direct 

penetration of the lipid bilayer of plasma membrane or by paracellular 

passage (Goldstein et al (1979). The efficiency of this process can be 

considerably enhanced by specific surface receptors which bind various 

ligands and effect rapid internalization and delivery of these materials to 

the lysosomal system.
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Particles such as polystyrene microspheres and microorganisms and also 

macromolecular substances in the lymphatic fluids and Peyer's patches are 

usually enclosed and taken up by specialized cells in a process called 

phagocytosis. During phagocytosis, the phagocyte surrounds the object 

with an organelle called hyaline ectoplasm or hyaloplasm. Fusion then 

occurs with smaller objects such as a 50nm to 500nm particles (Kamovsky 

et al 1982). Macrophages (mononuclear phagocyte) and granulocytes 

(polymorphonuclear leucocytes or the neutrophils), these two types of cell 

types are called "professional phagocytes" to differentiate them from other 

cells that occasionally ingest particles such as the fibroblasts and epithelial 

cells and the cells of lamina propria or the M-Cells in the gastrointestinal 

tract.

The adhesion and phagocytosis of particulates by Polymorphonuclear 

Neutrophils (PMN) is based on the surface characteristics of the substances 

being ingested. The understanding is that first the approaching cell m ust 

generate a curvature of characteristic size (50nm) and secondly water m ust 

be excluded from the interface ie the surface must be hydrophobic. 

Exclusion of water allows the proximity between the particulate m atter and 

the cell surface. The hydrophobic condition depends on the nature of the 

surface to which the cell is attempting to bind. So a hydrophobic surface 

such as that of polystyrene meets the latter criteria.
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Attachment and engulfment

It is simple to think of phagocytosis as a process involving an "attachment 

stage" and an "engulfment stage". Certainly, objects m ust contact the cell 

("attach") to elicit phagocytosis, but the attachment-engulfment sequence 

may be overly simplistic and somewhat misleading (Wetzel et al 1969, 

Shaw et al 1981, Karnovsky et al 1982). Contact is presumably, initially, 

reversible (see fig 1.5). The surface chemistry has to be right, then non

specific attachments may occur. Non-specific attachment may not be 

always followed by ingestion. However, a suitable object may evoke some 

active response in the phagocyte, the presence of Ca++, actin and myosin 

molecules on the surface playing a part. An assumption is made that the 

prerequisite factor for phagocytosis is recognition of certain chemical 

structures on the surface of the object and the attachment of these to the 

surface receptors of the phagocyte (Wetzel et al 1969, Karnovsky et al 1982, 

Remold-O'Donnell et al 1988). Macrophages, for example, express receptors 

for the Fc regions of IgG, for the C3b complement system and for glyco- 

conjugates with terminal mannosyl or fucosyl residues which promote the 

uptake and destruction of microorganisms and macromolecules. On the one 

hand, endocytosis 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
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macrophage. So apart from its crucial role in the host defence, the highly 

specialized endocytic activity of the macrophage provides a rich field for 

study of its mechanism and control and its exploitation for specific drug 

delivery via polymeric drug carriers.

Receptor mediated endocytosis

The process of phagocytosis must not be taken as the only method of the 

processing as one must not forget receptor m ediated phagocytosis. In 

phagocytosis the binding of a very large particles to or formation of 

molecular complexes at the surface of the cell triggers an expansion of the 

membrane around the object; as expounded above. Receptor-mediated 

endocytosis, in contrast, is exquisitely specific. The receptors that mediate 

endocytosis are proteins that span the thickness of the plasma membrane. 

Receptor proteins are amphipathic ie they have one hydrophilic regions 

and one hydrophobic, which extend into the aqueous medium outside the 

cells and within the cytoplasm, and a central hydrophobic region that binds 

tightly to the fatty acid forming the core of the membrane. Little is known 

about the structure of these receptors but the receptor for transferrin is 

known to be a glycoprotein with a molecular weight of 180,000. Dautry- 

Varsat (1984) et al have shown that the transferrin receptor is made up of 

polypeptide chains, and in addition there are at least three carbohydrate 

chains, each polypeptide carrying a fatty acid, palmitate, that may help to 

anchor the receptor in the membrane. Each receptor binds two molecules
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of transferrin, presumably one molecule per polypeptide chain. Hemmings 

(1980) demonstrated using electron microscopy of ferritin uptake by the gut 

of the adult rats. Ferritin is a protein carrier for iron similar to transferrin 

with a molecular wight of 100,000 and molecular diameter of 10nm, has 

clearly shown by microscopy the involvement of vacuoles each containing 

several molecules of ferritin.

By way of receptor-mediated attachments some bacterial pathogenic 

substances are taken up from the gastrointestinal mucosal surfaces 

(Beachey et al 1988).

Pinocytosis

Pinocytosis is a process that results in the nonspecific uptake of extracelluar 

fluid. A minute droplet of liquid is surrounded by a portion of invaginated 

plasma membrane, and is internalised in vesicles only about 0.1 to 0.2pm 

in diameter, with whatever ions or small molecules happens to be in the 

droplet (Prusch 1981).

Surface characteristics and uptake

There is differential uptake of particles with different surface characteristic, 

eg those bearing carboxyl, hydroxyl and amino groups where significant 

differences are found, as demonstrated by Orsini et al (1987) who 

confirmed that underivatised (non-ionic) particles elicited the greatest
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response while those with surface amino groups, displaying +ve surface 

charges surprisingly showed poor uptake (bearing in mind that the GI tract 

surface overall bears a negative charge). Therefore, the contact with the 

foreign object where the phagocytic cells such as PMN or neutrophil would 

interact with attachment sites and form a pseudopod, which flows around 

the object and then internalizes it, proceeds avidly for a positively charged 

particle (Shaw et al 1981, Karnovsky et al 1982). Consequently, as 

demonstrated by both Orsini et al (1987) and Eldridge et al (1990), the 

underivatized (non-ionic) polystyrene are most avidly phagocytosised and 

exhibited a high uptake, while intermediate uptake was observed for 

particles with -COOH and -OH groups, while -NH2 derivatized particles 

showed lower uptake. It is therefore noteworthy to show that, as expected, 

particles with surface -NH2 groups should have invoked higher uptakes. 

This suggests that the contribution of direct electrostatic attraction may not 

be the only significant mechanism for cell-particle interaction in sofar as - 

N H 2 is concerned; the least negative surface would be least subject to 

electrostatic repulsion from the negatively charged PMN cell surfaces.

However, the situation may not be as simple as that, as the behaviour of 

colloidal surfaces in solution involves other electrostatic attractions, charges 

being dependent on the ionic composition of the medium in which the 

particles find themselves (Cuttitta et al 1989, Riddick 1968).
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1.6.1 Leucocyte differentiation

Lymphoid tissue and the distinct varieties of leucocytes that participate in 

the immune response in the body are important to the uptake of 

microspheres and macromolecules. Leucocytes, white blood cells, formed 

in the myelopoietic lymphoid and reticular portion of the RES in various 

parts of the body, and normally present in those sites and in the circulating 

blood but rarely in other tissues eg heart or muscular tissue. Leucocytes 

represent three line of development from primitive elements ie the 

myeloid, lymphoid and monocytic series. The myeloid series are also 

termed granulocytes also commonly known as Polymorphonuclear 

leucocytes (also polynuclear or multinuclear leucocytes).

Lymphocytes are either large lymphocytes or small lymphocytes, either of 

the Thymus or Bursa [derivatives] ie T-lymphocytes or B-lymphocytes. 

Plasma cell (or plasmocytes) are derived from B-type lymphocytes and are 

active in the formation of antibodies. Lymphocytes or lympholeucocytes are 

white blood cells formed in lymphoid tissue throughout the body, eg 

lymph nodes, spleen, thymus, tonsils, Peyer's patches and sometimes, in 

small numbers, in bone marrow. These cells make up, in equal proportion 

to phagocytic cells, the main cell population of the Peyer's patches, a 

primary site eliciting an immune response in the GI tract (Hill et al 1990a,b, 

Mowat 1990, Owen et al 1990).
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1.7. THE RETICULO-ENDOTHELIAL SYSTEM

The Reticuloendothelial system (RES) comprises macrophage cells, 

composed of mononuclear phagocytic cells (excluding therefore all the 

PMN's phagocytic cells). Collectively, these cells in different organs chiefly 

are concerned with phagocytosis. In connective tissue and the lymphatic 

system they may occur as free or fixed macrophages or form part of the 

lining of the sinusoid in the liver (Kupffer cells) or spleen. In connective 

tissue they are termed histiocytes, in the lungs, alveolar phagocytes; and 

in nervous tissue, microglia or astrocytes (see table 1.1) (Scheffel et al 1972,

Davis et al 1984).

In order for a drug-carrier complex to successfully reach target cells within 

a certain tissue, it must not only be able to exit from the circulation, 

passing the endothelial and basal lamina barriers, but it m ust also be able 

to escape the grasp of the reticulo-endothelial system, the body's disposal k

mechanism for foreign particles and macromolecules. The RES's 

mononuclear phagocytic cells originate from precursors in the bone 

marrow, enter the circulation as monocytes, then pass into various tissues 

where they differentiate into macrophages.
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Table 1.1 Cellular types and organs involved in phagocytic activity. 

The mononuclear phagocyte system:

Promonocyte (bone marrow )

I

Monocyte (blood)

I

M acrophages (tissues) highly phagocytic

Connective tissue 
Liver 
Lungs 
Spleen 
Lymph node 
Bone marrow 
Serous cavity 
Bone tissue 
Nervous system

(histiocyte) 
(Kupffer cells) 

(alveolar macrophage) 
(free and fixed macrophages,sinusoidal lining cell)

(free and fixed macrophages) 
(macrophages, sinusoidal lining cells) 

(peritoneal macrophage) 
(osteoclast) 
(microglia)
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The cells most closely involved with foreign particle uptake are the Kupffer 

cells of the liver, and the splenic macrophages. From scanning electron 

microscopy, it has become clear that the Kupffer cells actually sit astride 

the channels of the liver sinusoid and thus are in an ideal position to 

engulf passing particles. In the spleen, especially the red pulp, there are 

sheaths of macrophages bordering the sinusoids and these cells are also in 

an advantageous position to take up circulating particles.

Macrophages take up not only particles, but also certain proteins when 

these are capable of interacting with receptors on the macrophage surfaces 

(Shaw et al 1981). The protein-receptor complex is internalized into a 

vesicular structure which then fuses with lysosomes; the internalized 

protein is then usually degraded while the receptors may recycle to the cell 

surface, resembling the process of receptor-mediated endocytosis seen with 

less active phagocytic function.

In addition to the uptake of soluble proteins, these surface receptors can 

also mediate the uptake of particles, by a process called "opsonisation". 

Particles can be taken up by the macrophages, but if at first they are coated 

with proteins capable of interacting with macrophage surface receptors, this 

can enormously enhance the uptake of the particles (Jenkin et al 1961). For 

example, coating liposomes with the macrophage Fc receptors enhances the



rate of phagocytosis of liposomes 100-fold (Hsu et al 1982, Moghimi et al 

1989). Enhancement would similarly be expected with other types of 

particulate carriers. Sometimes opsonization occurs naturally, for example 

gelatin microspheres inevitably acquire a coating of fibronectin upon 

injection into the circulation (Poznansky et al 1984) and are cleared by the 

macrophages. Since drug carriers such as liposomes and microspheres will 

rapidly be cleared from the circulation by the RES then it is im portant to 

bear in mind that this will have two important consequences. Microspheres 

can be targeted to the RES and second and, perhaps most important, this 

could pose the danger of selective toxicity and destruction of macrophages, 

thus presenting grave consequences for the host defence system.
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1.8. LYMPHATIC SYSTEM

The lymphatic system consists of two elements: a) an extensive network of 

vessels containing the lymph, and b) scattered masses of lymphoid tissues 

with which these vessels may be associated. Lymph is the interstitial tissue 

fluid that enters the lymphatic vessels, draining from the lungs and from 

the rest of the body tissue. It comprises mainly of plasma proteins, which 

have initially leaked out of the capillary fenestration, such as albumin, 

fibrinogen and globulins and also foreign antigenic substances from the 

gut. It also contains water-insoluble fats especially those absorbed from the 

intestinal lumen. Lymph from all regions of the body finally enters the 

blood from the thoracic duct, into the left subclavian vein (innominate) and 

the right lymphatic duct into the right subclavian vein (Le Gros Clark 

(1939) (see fig 1.6).

Lymphoid tissue, especially the aggregated nodules of the Peyer's patches, 

plays an important part in the host defence system and uptake of the 

particulate matter from the GI tract. The lymph nodes constitute an 

extensive screening area in the vertebrate in the prevention of the systemic 

distribution infectious and particulate matter.
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A— open ing  i n to  r i gh t  
subclavian vein

r i gh t  l ympha t i c  duc t

m es en t e r i c  
l ymph nodes

cervical lymph  node

6— opening  in to  left 
subclavian vein

axil lary lymph n o d e

recep t acu lum chyli

t ho rac i c  duct

renal  lymph node

lum ba r  lymph node

inguinal  
l ymph  node

Plan  of  th e  l y m p h a t i c  sys t em

Fig 1.6 Illustration of the lymphatic system in a rat. The lym ph nodes of 
the rat are relatively large. The largest lymph vessel, the thoracic duct 
opens into the junction of the right subclavian and right internal jugular 
veins.
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However, in a given situation, as the concentration of the infectious and 

particulate matter increases, the flow of the lymph would take them to 

other parts of the body where infectious as well as particulate m atter will 

be processed further, namely by the liver, spleen and the bone marrow.

1.8.1. Lymphatic vessels

The network of lymphatic capillary and large vessels originates in 

connective tissues spaces and are seen to have gaps in their wall, thus 

making a relatively open system. For example, cell junctions have gaps 

15nm in width; the cell junctions are devoid of desmosomes. Occasionally 

gaps of lOOnm wide have been seen between neighbouring cells, therefore 

there are no intercellular tight junctions (Weiss and Greep 1977). Large and 

medium sized lymphatic vessels, especially in the mesentery, have an 

inside diameter of 100pm - 200pm. Like blood vessels, lymphatic vessels 

are a system of endothelium-lined tubes, but unlike the blood vessels, they 

do not form a continuous circular system, but originate in the connective 

tissue spaces and carry their contents, in one direction, towards the base 

of the neck which empties into the subclavian vein (Yoffey et al 1970, 

Weiss and Greep 1977). The lymphatic capillaries have the structure of a 

simple epithelial arrangement and the endothelial wall varying in thickness 

from about 6pm to as little as 0.1pm, but unlike the blood capillaries, the 

lymph capillaries have little or no basal lamina. In the larger vessels the 

endothelial wall thickness is as much as 50pm - 150pm and the vessels are



lined with muscle cells and elastic fibres thus speeding the passage of the 

viscous lymph through the lymph nodes. The large and medium size 

lymphatic vessels contains valves and regularly traverse the lymph nodes 

along their course to the base of the neck.

The GI tract is supplied with lymphatic vessels which arise as blind tubes 

in the mucosa and submucosae. In the submucosa the larger lymphatic 

vessels branch freely and have numerous valves. They cross the muscle 

layer spreading into the intermuscular tissue and serosa and pass through 

the mesentery network to the mesentery lymph nodes. The flow of the 

lymph is from the mesentery to the afferent lymphatic, first into cortical or 

subcapsular sinus, and from there, the medullary sinuses into the efferent 

lymphatic and then into the thoracic duct (see fig 1.7). Lymph containing 

particles such as microspheres and other matter, either passes through the 

medullary sinuses which may be clear channels, or traverses to a variable 

extent through a reticular edifice, consisting of cells which hold up the 

microspheres and viral particles from the GI tract, but also are actively 

phagocytocised by the abundant macrophages, free and fixed in the lymph 

nodes. (Yoffey et al 1970, Weiss and Greep 1977).

1.8.2. Lymphatic tissue and lymph nodes

Lymphoid tissue is divided into "central" and "peripheral" components. Gut



associated lymphoid tissue such as the bursa of fabricus, in birds, and 

Peyer's patches and gut associated lamina propria makes the "central" 

lymphoid tissue, while lymph nodes (especially those of the legs, skin and 

other parts of the body) are regarded as the peripheral lymphoid tissue. It 

is important to note that the immunological functions are carried out in the 

peripheral region, while the mesentery lymph nodes are the bridges 

between the central and peripheral tissues (LeGros Clark (1939), Yoffey et 

al (1970), Weiss and Greep (1977).

Lymphatic tissue of the GI tract plays an important part in the uptake and 

processing of macromolecules, viral protein, and also, as this work 

illustrates, the uptake of particulate matter. The lymphoid tissue, especially 

in the lamina propria is present as diffuse and solitary lymphatic nodules. 

However, some aggregated nodules may occur. Large lymphatic masses 

emerge from the muscularis mucosae and spread into the submucosa. 

Blood vessels also form a network in the lymphatic tissue and lymphatic 

masses.
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Fig 1.7 A diagrammatic cross-section of a lymph node.
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Solitary nodules occur throughout the GI tract especially in the stomach 

and along the entire length of the small intestine, while aggregated nodules 

occur in the small intestine especially in the distal end, on the side opposite 

the mesentery attachment, as Peyer's patches. Aggregated nodules are 

always present in the appendix and in the caecum. Antigens that pass 

through the lining of the epithelium of the GI tract effect an immune 

response in the local lymphatic tissues, the cells found most abundantly 

being lymphocytes, macrophages, plasma cells and eosinophils (Owen et 

al 1974, 1990, 1991).

I.8.2.I. Lymph node

A diagrammatic cross section of a lymph node is shown in fig 1.7. The 

capsule and trabeculae, shown in the dark outline, are composed of fibrous 

connective tissue. The subcapsular sinuses and trabecula sinusoid are lined 

with macrophages and there are many macrophages and lymphocytes 

amongst the interstitial cells that surround the lymphoid follicles. The 

lymphoid follicles contain densely packed masses of small lymphocytes 

with macrophages scattered between them. Although all mammals possess 

lymph nodes there is a little variation between species. For example, in 

monkey and in man, the mesentery lymph nodes appear to be smaller, 

discreet and more numerous than in animals such as dog, cat, rabbit and 

the rats. In the lower animals, though, the lymphoid tissue in the 

mesentery tends to form one large node (see fig 3.1, chapter 3) (Yoffey et 

al 1970).
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1.9. GEL PERMEATION CHROMATOGRAPHY

Gel Permeation Chromatography (GPC) is also termed Size Exclusion 

Chromatography (SEC) and Gel Filtration Chromatography (GFC). GPC 

and SEC are interchangeable and are the terms used when the technique 

employs organic solvents. GFC is the term utilised when aqueous solvents 

are used. We have used the term GPC and SEC interchangeably.

GPC employs organic solvents eg THF, chloroform, carbon tetrachloride 

etc, and typically a cross-linked polystyrene from co-polymerisation of 

styrene and divinyl benzene is used as a versatile stationary phase.

micropores macropores

Fig 1.8: Pore structure of styrene-divinylbenzene resin. The amount of 
divinylbenzene added for the reaction determines the degree of cross- 
linking and hence the pore structure.
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Resins containing less than 6% of DVB are not pressure stable while a high 

concentration of DVB results in rigid gels which are highly cross-linked 

and do not swell with organic liquid. Styrene-DVB phases may be 

microporous or contain a mixture of micro- and macropores (also known 

as mixed column) (see fig 1.8).

The presence of micro-macropores with diameters of several 10A to 100A 

facilitates access of large molecules to the active sites. Styrene-DVB is stable 

in the pH range of 1 to 13, but the salt concentration should not exceed 

0.5N. The technique is non-interacting whereby the solutes are separated 

as the basis of molecular weight (and molecular size) and thus unlike other 

chromatographic techniques, GPC is based on entropic rather than on 

enthalpic interactions within the chromatographic bed. Polymers with 

molecular weights (around 100,000 to 800,000) would be easily quantified 

after extraction from tissue as very few biological substances would survive 

the extraction procedures in the organic solvents employed for this 

technique. The eluent such as chloroform of THF is pum ped through the 

column at constant flow rate and solute to be analyzed are introduced at 

the top of the column by means of injection valve. After separation through 

the column the solute is characterised and quantified using a UV detector, 

(fig 1.9). GPC is a chromatographic technique in which the separation 

obtained is a function of molecular weight (Cazes, 1966a,b, Evans, 1973, 

Yau et al 1979, Husain et al 1981) and hence molecular size. This forms a

62



most valuable analytical technique in the molecular weight characterisation 

of polymers, relying on a mechanism of solutes of different size diffusing 

in and out of the porous structure at different rates and having different 

residence times within the porous structure.

The ability of molecules to diffuse in and out of the pore and the residence 

time within the pores is, as stated, related to molecular size and thus the 

molecular weight. The only space available for the sample molecules which 

are too large to diffuse into the pores is that between the individual 

stationary phase particles, hence they become eluted first. While medium 

size molecular weight particles will be in few medium size pores which 

will be washed with the solvent and thus they will be eluted next.
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•  •  o

O u t l e t

13

Fig 1.9 : Schematic diagram of a GPC unit. 1 = solvent reservoir;
2 = sintered metal frit; 3 = Low-pressure pum p with 
pulse damper (4), drain valve (5) and flow meter (6);
7 = pre-column; 8 = injection syringe; 9 = injection valve;

10 = column; 11 = thermostat lagging (optional); 12 = detector; 
13 = integrator and printer.
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Although, small molecules will penetrate most of the pores present, the 

whole of the mobile phase volume becomes available to them. As the 

mobile phase stagnates in the pores, diffusion is the only way in which 

small molecules can escape and as a result they are excluded last, (see fig 

1.10).

DIRECTION OF SOLVENT FLOW

!

t

Fig 1.10 Pictorial representation of processes involved in GPC, 
demonstrating that large solutes cannot penetrate into the pores of the gel 
matrix, hence they move with the solvent. Small molecules can diffuse into 
the "stagnant" pools and are retained. Therefore, small molecules have a 
high permeation volume, hence a longer retention time, and large 
molecules have low permeation volume, hence a shorter retention time.
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The size separation is carried out regardless of chemical nature of the 

species in most cases. The size parameter involved is the size of the 

solubilized molecules (Evans, 1973). The chromatograph is interpreted by 

reading the polymer molecular weight distribution (MWD) and calculation 

of the weight average molecular weight (Mw) and the number average 

molecular weight (Mn ). The column is calibrated with a test mixture of the 

polymer of accurately defined molecular weight and concentration as a 

means of finding the elution volume and the retention time for a specific 

molecular weight (see Fig 1.11).

66



o

CD
CO

Oo owCOCD

Mn = 95560 
Mw = 252553 
Mz = 480223
Polydispersity (M w/M n) = 2.643

Fig 1.11 A GPC chromatogram of polystyrene latex. MN is the number 
average molecular weight of the polymer, Mw is the weight average 
molecular weight and Mz is the higher moment of distribution.
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The calibration graph is determined, as elution volume and hence the 

retention (exclusion) time as a function of molecular weight (and size). 

With accurate calibration, the raw data can be converted to a molecular 

weight distribution curve and respective molecular weight averages can be 

calculated eg the Mn  and Mw. Thus GPC enables one to determine 

analytically the distributions and the molecular weight averages of the 

polymer formed. The ratio M w /M n provides a measure of the molecular 

weight distribution, being equal to unity for a monodispersed system (Yau 

et al 1979, Cazes 1966a,b).
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CHAPTER 2

EXPERIMENTAL TECHNIQUES and MATERIALS USED to 

ASCERTAIN the PARTICLE'S CHARACTERISTICS.

2.1. EXPERIMENTAL

2.1.1. Particle Sizing Using Photon Correlation Spectroscopy.

2.1.1.1 Introduction

There are a wide variety of instruments and methodologies available for 

particle size measurement. Direct methods of characterization by optical 

microscopy involves observation and judgment of size by the operator. 

Similarly in indirect microscopy where image analysis and electron 

microscopy methods are utilized, where photomicrographs are obtained 

and the average size of the particles calculated, some judgemental factors 

are involved. In optical microscopy there is the limitation of the lowest 

diameter that one can measure being around 1pm. There are commercially 

available instruments utilizing several principles of electrical and optical 

imaging to derive the size distribution of particles; greater than 1pm. An 

example is the Coulter counter which is based on changes in electrical 

properties such as the resistance of the conducting medium when a particle 

passes through a well defined orifice. Other methods utilize the transport
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properties of the particles where gravitational sedimentation is used as the 

main principle. The extent to which sedimentation data can be interpreted 

in terms of particle size depends upon the particle shape and density of the 

medium.

Other methodology utilized in particle sizing falls under non-imaging 

optical methods. The most common and useful one for particles in the sub

micron range is photon correlation spectroscopy (PCS).

Photon Correlation spectroscopy

Photon Correlation spectroscopy is also known as laser-line broadening, 

quasi-elastic light scattering, doppler-shift spectroscopy and self-beating 

spectroscopy (Randle 1980). PCS is presently very much in the foreground 

of particle size analysis in the micron and submicron range. The technology 

as shown is superficially similar to that used for conventional light 

scattering photometry.

The overall theory behind photon correlation spectroscopy is in essence 

that the oscillating electric field in a beam of light passing through a 

dielectric medium induces oscillating electric dipoles in the polarizable 

particles constituting the medium. These oscillating dipoles, which re- 

radiate the light are the source of the scattered light. This is the Raleigh 

theory and it is correct for a single particle with size d, very much smaller
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than the wavelength of light, X . However in a condensed medium, the 

theory breaks down because of the destructive interference between 

scattered fields from different particles. Stokes and Einstein (Cummins et 

al 1974) reformulated the theory from one concerned with polarisablity and 

the resultant induced dipole moment per particle to one concerned with 

polarisability and dipole moment per unit volume of the dielectric medium. 

Since, at any finite temperature, there are thermal fluctuations in all the 

properties of any medium, the polarisability per unit volume at any 

position and time can be thought of as sum of the constant part and a 

fluctuating part. The constant part gives rise to the familiar optical effect 

of refraction, whereas the fluctuating part gives rise to scattering.

The intensity of the scattered light, according to fluctuation theory, may be 

calculated from the mean square fluctuations in the density and entropy for 

a pure fluid or the concentration for a suspension or solution and its 

application to the larger particles (van de Hulst 1957; Tanford 1961). When 

particles from 5nm up to 3 microns are moving under Brownian motion. 

The upper size limit is defined by whether or not the particles will stay 

suspended in the solution. The lower limit is determined by the signal to 

noise ratio (Randle 1980 Barth 1984). At any given instant, one particle will 

move towards the detector. Therefore, Is, a frequency distribution curve, 

has a frequency increase ie a Doppler shift. Conversely particles moving 

away results in a decrease frequency.
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Experiments utilizing PCS were first performed in 1970 (Cummins et al 

1974, Pusey et al (1974), Camerini-Otero et al (1974), Randle 1980). The 

method is based on the principle of the time dependence of the fluctuation 

in the scattered light intensity. It is the integrated or average intensity that 

is most commonly referred to when scattering experiments are discussed 

and not the intensity fluctuations (see fig 2.1)

Fig 2.1: Light with incident electrical field El polarised perpendicular to the 
plane defined by incident wave vector Ki and scattering wave vector Ks 
where q = ks - ki and q is the wave vector.

ks =27inA and ki = 2nn/X q= 4nn/X  {sin(0/2)| and n is the

refractive index of the suspending medium and X is the wavelength of the 

incident beam.
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If the sample is truly monodispersed (ie all the particles are identical in 

size and shape), the measured auto-correlation function is given as:

C(t)= B = A exp(-2Gt)

where A is a constant depending on the optical design and B is a baseline 

signal determined from monitoring channels on the correlator. The function 

G is the Raleigh line width obtained from a spectrum analyzer or the 

autocorrelator and is related to the diffusion coefficient, D, of the particle 

and the wave vector q by:

G=Dq2

where q=47tnA {sin(0/2)}

n is the refractive index of the medium in which the particles are moving 

and f) is the wavelength of the laser light. The diameter of a spherical 

particle, d, can then be determined from the diffusion coefficient by means 

of the Stokes-Einstein equation:

D= kbT/4jcvd

where kb is the Boltzmann constant, T is the absolute tem perature and v 

is the viscosity of the medium d is the hydrodynamic diameter of the 

particle. All parameters except G and d are known, and with G being
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detected by Photomultiplier, so D (or the radius) can be calculated. Since 

in this work monodispersed manufactured polystyrene nanospheres and 

microspheres were used these samples should produce a single exponential 

decay for G (Barth 1984).

Good agreement has been obtained with latex spheres between photon 

correlation spectroscopy and electron microscopy showing there is 

relatively high degree of monodispresity. Figure 2.2; shows typical PCS 

instrumentation.

sam p le cell

lens

aperture
len s

I(t)—  slit

pream p /d iscrim in ator

laser

PM T

Fig 2.2 Lay out of PCS instrumentation used in laboratory, PMT is the 
Photomultiplier
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2.1.2. MATERIAL AND METHODS

2.I.2.I. Polystyrene microspheres

Monodisperse negatively charged carboxylated microspheres with 

covalently linked rhodamine and non-ionised microspheres with covalently 

linked fluorescein were used as received from Polysciences Ltd 

(Northampton, UK). Table 2.1 summarises the data on the systems 

employed. In all cases where photon correlation spectroscopy was used to 

determine particle sizes, 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 lOmW at 441.6nm. 

Scattered light was detected using an EMI photomultiplier (tube type PM 

D 307). Temperature was controlled to 0.1°C, normally at 25°C using the 

Malvern RR 56 temperature controller.

After the laser had come to full intensity the sample was placed in the 

sample bath at the stated temperature. The photomultiplier tube is then set 

to the required angle; in all cases this is at 90° to the incident beam with 

the aperture set to 0.5. The channel 03 was set to the xl position and the 

curve on the monitor noted. When the correlator is in the correct mode, 

channel 03 was switched to the xlO position and the data collected.
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As a guide, the following sample times were used for the stated (by the 

manufacturer) particle size:

Particle size 
lnm  to lOnm 
lOnm to lOOnm 
lOOnm to 500nm 
500nm to 1pm

Sample tim es (us) 
1-2

10-20
20-50
50-100

2.I.2.2. Preparation of systems for Photon Correlation Spectroscopy

Dust and other contaminants lead to high values of the scattered light

intensity and must therefore be rigorously excluded. For this all glass ware 

was first cleaned with acid and rinsed with double distilled water, followed 

by steaming and drying at 65°C. All solutions which were used for PCS 

were filtered using a 0.1pm Millipore filter, except the original suspension 

under investigation which was filtered through a filter with a pore size 

much greater than the particle size under investigation, an attem pt to 

remove some of the aggregates and dust present in the concentrated 

dispersion, if required. This was not often necessary as practice showed 

that by filtering the concentrated stock solution of polystyrene beads 

resulted in some loss of the beads.
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2.I.2.3. Particle concentration monitoring

To calculate the particle concentration i.e. number of particles per ml, this 

was accomplished in the following manner. A volumetric flask containing 

a known volume of water was weighed. A small volume, around lp l, of 

the 2.5% w /v  fluorescent polystyrene beads was then added and the flask 

reweighed. The number of latex particles was calculated from the mean 

particle diameter, the weight of the added latex (2.5% w /v  solid) and the 

density of the polystyrene (1.05g per cm3).

2.2. RESULTS Tables 2.1 and 2.2 to 2.4 show the particle size 

characteristics of polystyrene obtained using the photon correlation 

spectroscopy (PCS). It can be observed from table 2.1, that the measured 

size is in a reasonable agreement with that indicated by the manufacturer. 

The polydispersity values shown with the results, are modest hence 

demonstrating that these are a monodispersed suspensions. Table 2.2 and 

2.3 shows the particle size results under different conditions. It should be 

noted that at pH2 there is particle aggregation and that there is an extreme 

change in the apparent size of the particles however, there is no extreme 

change in the apparent size of the particles after gamma irradiation to 

covalently link 125I on the polystyrene surfaces.
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The effect of mucus on the behaviour of the microspheres is profound, as 

the results in table 2.4 indicates. Here there is at least a two-fold increase 

in apparent diameter and the polydispersity values are much higher than 

in the other experiments.
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Table 2.1 Size characteristics diameter (nm) of the polystyrene microspheres

No of particles 

mL'1 (2.5% w /v )

Nominal

Size

(nm)

Size*

(± SD) (nm)

Lot num ber 

Polysciences 

Northam pton 

UK

4.11 x 1014 50 48 ±2nm 85470

2 x 1013 100 145 ±4nm 61034

1.68 x 1012 300 289 ±6nm 70125

2.8 x 10n 500 540 ±20nm 84102

6.25 x 1010 1000 956 ±44nm 71825

1.6 x 109 3000 3387 ±377nm 74352

* Measured by PCS.
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Table 2.2 Apparent particle diameter (nm) of 1pm microspheres (non-ionic) 
at different pH, measured by PCS+

pH pH 2 pH 7.4 pH  11

Size by PCS 
n=30

2761 ±1402 956 ±44 933 ±19

PD 0.464 ±0.188 0.108 ±0.056 0.08 ±0.034

Table 2.3 Particle diameter (nm) obtained by PCS of Radioactive 
Polystyrene microspheres 1-125 at pH 7.4

Polystyrene
1-125

lOOnm nominal size 
n=20 149 ±2

lum  nominal size 
n=30 973 ±88

Polydispersity 0.0699 ±0.025 0.187 ±0.063

Table 2.4 Apparent Particle size of 1pm microspheres in presence of 
Stomach and ileal mucus at pH 7.4.

Hours 6h 24h 2 days
Measured diameter 1929 ±192nm 1876 ±280nm 2059 ±422nm
(n=10)

Polydispersity 0.933 ±0.188 0.346 0.314
(PD) ±0.105 ±0.076

KEY : PCS+ Photon correlation spectroscopy. 
PD* Polydispersity values.
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2.3. DISCUSSION AND CONCLUSION

The colloidal size range will include macromolecules as well as particulates 

or carrier systems. The difference between a colloidal solution and 

macroscopic dispersion or suspension is mainly due to the particle size ie 

particles between approximately 0.1 and 5pm have properties of colloidal 

solution and particles above 5pm will exhibit suspension type of properties.

Dispersing a colloidal system in a liquid or another continuous medium, 

where particles of the disperse phase are between 1 and lOOnm, is difficult 

due to aggregation of particles (Attwood and Florence (1983), Parfitt 1981), 

yet effective size is vitally important if interactions at the cellular level are 

to be correlated with size. The determination of the size of the 

microspheres is thus critical. Their size-distribution will determine their 

destination in vivo, due to the size constraints shown in table 2.5.

Table 2.5. Size Distribution of Nanospheres and Microspheres which might 
reach certain Organs:

Kidney Fenestration lOnm - lOOnm
Reticuloendothelial System up to 10pm
Normal Capillary diameter 4pm - 7pm

Capillary blockage occurs > 10pm
Lung Sequestration 1pm - 100pm

These estimates are made after systemic (parenteral) administration of 
nanospheres and microspheres.
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In drug targeting of macromolecules and labile proteins the size of any 

carrier system used will be important in terms of drug load, transport and 

uptake. The size is important to the processes of involved in cellular and 

tissue uptake in view of the interaction that is envisaged to take place 

between the carrier and the phagocytic cells and the interaction that may 

take place between such a carrier system and the cells responsible for 

uptake achieved by formation of pinocytic vacuoles. Furthermore particle 

size will have important role to play in the behaviour of the particles 

involved in muco-adhesion; the extent of adhesion and aggregation that 

takes place in the gut will influence the effective size of particles presented 

to the target sites in the Peyer's patches. In the Peyer's patches there are 

the open venules of the lymphatic system, which sample the contents of the 

lumen for antigen, but particulate matter will be also taken up, as we have 

discussed.

The diameter of these venules is around 13pm so any particulate 

aggregates with diameters around and above this diameter will not be 

taken up. Aggregated carrier systems of say 5pm would not be taken up 

unless the particle itself, for example, disaggregated and presented as a 

singular discrete particle.
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Fig 2.3 and 2.4 Slides demonstrating explicitly the entanglement of 500nm 
non-ionic fluorescent polystyrene microspheres in the mucus layer in the 
rat GI tract after oral administration.
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Our experiments (table 2.4) with the behaviour of mucus and the particles 

showed that mucus does cause aggregation as does very low pH. This 

aggregation is a time dependent process, there being, in vitro at least, some 

dissociation of the mucus-microsphere aggregates. This is altogether the 

case in practice as shown by fig 2.3 and 2.4, through this mucus- 

microsphere aggregates, then the microspheres would be released and thus 

uptake would transpire or the fraction of the original dose administered, 

will be wasted with this aggregation.

If the microspheres were administered with an appropriate surfactant then 

the extent of aggregation of the microspheres might be reduced and uptake 

may be increased (Alpar et al 1989, LeFevre 1980) but if any additive 

results in excess mucus and mucin production this may counteract such an 

effect (Gerhart et al 1981).

It is difficult to define precisely the extent of uptake and the consequences 

of mucus-microsphere aggregation, but it can be surmised that this m ust 

be one vital factor which must reduce the overall quantitative of the uptake 

of the microspheres from the GI tract.

Nonionic surfactant block copolymers have been used to coat microspheres 

to prevent their sequestration by the RES (Ilium et al 1983,1986). It might 

be that the surfactant properties of block copolymers such as the Pluronic
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F-68 can be exploited to coat the polystyrene microspheres and perhaps 

also to increase the dissolution of the mucus barrier, so that more of the 

microspheres will be free to be presented to uptake sites such as M-Cells 

and of the Peyer's patches. If the surfactant coating was retained it might 

well also reduce uptake of the translocated particles by the liver.
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2.4. THE SURFACE CHARACTERISTICS of the POLYSTYRENE

MICROSPHERES

2.4.1. Introduction

The adsorption of anionic, cationic or non-ionic substances on to a 

hydrophilic material such as a protein or a hydrophobic matter such as a 

polystyrene will be dependent on the distribution of ionic groups on its 

surface. The attraction of the particles to one another, and to other surfaces 

is dictated, in part, by electrical interactions. It is a well known fact that the 

stability of colloidal systems is dependent upon adsorption of ions (or 

polymers) from the bulk of the suspending liquid (McFadyen 1986, Riddick 

(1968). In our work the interaction of polystyrene spheres with cellular 

components such as the phagocyte and their behaviour in the GI tract is 

influenced by the surface characteristics of the polystyrene microspheres 

utilized. The zeta potential of a sphere such as a polystyrene microsphere 

is a measure of its effective electrostatic charge, as shown in fig 2.5.(Mardn 

et al 1983).
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Fig 2.5 Illustration of the distribution of counter ions surrounding a particle 

in a solution and occurrence of the electrical double layer.
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All uncharged colloids, both organic and inorganic are electronegative 

when suspended in distilled water, or any aqueous suspension of low 

ionic concentration in the pH range of 4 to 10 and the zeta potential of 

such system would be about -14 to -30 millivolts. Zeta potential values less 

negative than -14 millivolts usually mean the onset of agglomeration. 

Values more electronegative than -30 mV generally allow sufficient mutual 

repulsion to result in stability. The general experience with anionic 

dispersed systems enables one to categorise the behaviour of particle 

suspension at different zeta potential as follows (Riddick 1968):

Stability Average Zeta potential in mV:

Maximum aggregation & precipitation 0 to +3
Range of strong aggregation & precipitation +5 to -5
Threshold of agglomeration -10 to -15
Threshold of delicate dispersion -16 to -30
Moderate stability -31 to -40
Fairly good stability -41 to -60
Very good stability -61 to -80

Origin of the Surface charge

For particles dispersed in a liquid two of the most im portant factors 

determining zeta potential are the ionization of chemical groups at the 

surfaces and the differential adsorption of ions of different charges from 

the solution. The oppositely charged ions or "counter ions" are draw n to 

the colloid by electrostatic attraction. Thus an electrical double layer is 

formed around each particle. Some counter-ions will be so strongly

88



attached that they will adhere to the surface of the colloid as the Stern 

layer (fig 2.5). This layer partially neutralizes the charge and on the colloid. 

When a liquid containing such charged particles is placed in an electrical 

field, the negative particles are attracted to the positive electrode, and the 

counter ions to the negative, the attraction increasing with the charge on 

the particles. Electrophoretic mobility of the particles is in practice w hat is 

measured to evaluate the surface charge of the particles.

2.4.2.Method of measurement of electrophoretic mobility

Electrophoretic mobilities were m easured using a particle 

Microelectrophoresis Apparatus Mark (II) (Rank Brothers. Cambridge 

England) with flat cell.

Calibration 

Calibration of cell.

Cell dimensions; depth d = 0.0705 cm

width w = 1.025 cm 

cross sectional area A = wxd 

Effective length L = A A C t G ,  where A= molar conductance of the KC1 

solution of a known concentration at 25°C with the concentration expressed 

in mol L'1 and A in Cm3 Q '1 mol'1, while A, the molar conductance of KC1 

is calculated from A= 149.93 - 94.65 cVz + 58.74 c log 10c + 198.4 c
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C in the equation for L is in unit of mol cm-3 

G is the measured conductance of the KC1 solution in (Q'1)

Values for G were measured using the Wayne Kerr A.C. conductivity 

bridge measured twice for separately made solutions of KC1 (dried at 

110°C) of concentration 10'2M. Value for L obtained were 5.171 cm and 

5.166 cm and the mean is equal to 5.17 cm.

Stationary levels: The position of the stationary level is S from the inside 

face of the cell obtained from the Komagata equation:

S /d  = 0.500 - [0.0833 + (32/ tc5) x  d /w ]%

valid for breadth : depth (w:d) ratio of <20, where w /d  = 14.54 and 

S = 0.14mm.

The eye piece graticule was calibrated so that one division was equal to 

34.2pm.

Electrophoretic mobility (p) was calculated using the following equations:

p = v /E

where p = electrophoretic mobility (cm2 V'1 s '1) 

v = Particle velocity (cm s"1), and 

E = applied field strength (V cm"1)
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Hence :

p  = distance travelled (cm) /  mean time taken 
voltage applied (V) /  distance between electrode (cm)

p = cm2 V'1 s’1

Values of p can be converted to Zeta potential using the following 

equation:

Zeta potential £ = 12.83 x 104 x p

where p = electrophoretic mobility (cm2 V'1 s_1) The distance between the 

electrode is L which is equal to 5.17 cm.

A very dilute (2 x 10'3 M) solution of KC1 as a medium for 1pm diameter 

non-ionic (plain) polystyrene microspheres was prepared and the pH 

adjusted to pH 2.0, 7.4 and 10 by addition of 1M HC1 acid or 1M NaOH.

The electrophoretic mobility of the particles was measured by introducing 

1 or 2mL of the solution to the flat cell and mixing at 25°C. After the 

suspension was equilibrated for 20 min, the voltage was applied and the 

time for a microsphere to move across a chosen number of distance at the 

stationary levels of the cell was measured. 20 such particles were timed in 

both directions by changing the polarity of the electrodes. Similarly the 

same procedures were applied to the solution of 1pm carboxylated 

microspheres at different pH's. The results are tabulated in table 2.6.
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2.4.3. RESULTS and DISCUSSION

Table 2.6 displays the electrophoretic mobility of carboxylated and non

ionic latex spheres utilised in the animal work in this thesis. From the 

values obtained of the different types of microspheres it is clear that the 

carboxylated spheres have, as expected, higher values of zeta potential than 

the non-ionic ones at pH 7 and pH 11. The non-ionic or plain latex 

microspheres are slightly electronegative as demonstrated by these results.

Comparing the results of non-ionic and carboxylated microspheres, we 

could surmise that the highly negatively charged particles could less 

efficiently be taken up, due to the ubiquitous negative characteristics of cell 

membranes of the GI tract thus making it prevalently a negatively charged 

organ (Quinton et al 1973, Gullikson et al 1977 Ohyashiki et al 1989). On 

the other hand due to their higher intrinsic charge it might be that the 

carboxylated spheres will survive better in the GI tract as individual 

particles because of electrostatic repulsion, however, we have no direct 

evidence of this fact.

Because of the influence of the surface charge on opsonisation activity more 

common in the GI tract, the more highly charged particles might provide 

greater interaction with these particles with the GI tract surfaces, again we 

have no direct evidence of this phenomenon either. Whereas non-ionic 

particles may fare better on the overall processes of endocytosis where both
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phagocytosis and pinocytosis events take place and where balance of the 

charge on a particle is of importance as demonstrated by Eldridge et al 

(1990) and Orsini et al (1987). Suffice to say that manifestation and the 

measure of charge on the surface of the particles will have an im portant 

part to play in the overall interaction between the particle and the cellular 

component of the GI tract as well as the other part of the anatomy.
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Chapter 3

Uptake and Translocation of Polystyrene nanospheres and microspheres

after Oral administration to Rats.

3.1 INTRODUCTION

Fluorescent polystyrene nanoparticles and microparticles of various sizes 

and different surface characteristics were administered orally for a period 

of 10 days to female Sprague Dawley rats. The aim was to investigate the 

site of uptake from the GI tract and the subsequent translocation of these 

microspheres, determined histologically by light and UV microscopy, and 

by use of radiolabelled microspheres.

Polystyrene is widely used as diagnostic tracer tool in animal and hum an 

investigations (Egensperger et al 1988, Roy et al 1989, Pappo et al 1989, 

Hale et al 1986, Oonishi et al 1985, Schroeder et al 1983, Wetzel et al 1969). 

Polystyrene is not biodegradable but particles of polystyrene have low 

toxicity and 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 degradation and 

paracellular uptake. Most importantly, the particles are non-immunogenic 

so there is no opportunity for them to enhance their own uptake or 

influence uptake by the lymphoid tissue.
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Feeding experiments by oral gavage of fluorescent polystyrene 

microspheres, carboxylated (negatively charged) and plain (non-ionic) 

types, are discussed below.

3.2. MATERIAL and METHODS

3.2.1. Polystyrene microspheres

Monodisperse negatively charged carboxylated microspheres with 

covalently linked rhodamine and non-ionised microspheres with covalently 

linked fluorescein were used as received from Polysciences Ltd 

(Northampton, UK). Table 2.1 (Chapter 2) summarises the data on the 

systems employed.

3.2.2. Rats

Female Sprague Dawley young adult rats (average weight 200g) (15 weeks) 

were used for all experiments. Each group of treated and untreated 

contained at least 3 rats.

3.2.2.I. Oral Procedures

Fluorescent non-ionised polystyrene and carboxylated fluorescent 

polystyrene microspheres were administered to female Sprague Dawley 

rats orally by the gavage needle method. A dose of 1.25mg/kg body 

weight was administered for 10 days. The animals were given free access
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to food and water, but the food was removed overnight (about 8-1 Oh) prior 

to the morning dosing of the microspheres. Food was restored at least l-2h 

after the dosing, to ensure a clear passage of the beads through the 

gastrointestinal tract. An average dose of 0.1ml was administered to each 

rat daily and 10 such doses were administered. Daily urine and faeces were 

collected and occasionally, at random, the urine was freeze dried and 

examined for the fluorescent beads. The animals were weighed daily and 

kept in metabolic cages to ease the collection of urine, faeces and to 

prevent coprophagia. On the last day, the final dose was administered and 

the animals kept for 2 days in a microsphere-free environment to clear the 

gastrointestinal tract of any unabsorbed polystyrene microspheres. Before 

sacrificing, the animals were fasted for 15h to clear the gut of food 

particles, but to further facilitate the removal of the unabsorbed 

microspheres access to water was allowed.

The animals were sacrificed by the excess ether method and then carefully 

dissected (fig 3.1), avoiding any cross contamination at all times. The 

various organs were carefully removed, weighed and placed in a plastic 

bag and plunged into a container of liquid nitrogen. The plastic bags were 

then placed in a polystyrene box containing a crushed solid carbon dioxide- 

ethanol mixture and the container transported to Glasgow Royal Infirmary 

for preparing frozen sections using a cryostat (Brights).
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bile duct
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hepatic portal vein 
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Fig 3.1 The midline incision of the rat abdomen locating the main organs 
of the gastrointestinal tract. The Peyer's patches occur in the small intestine 
principally on the side opposite the mesenteric attachment (marked +)
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Since some methods of traditional sectioning and fixing the tissue in 

absolute alcohol and clearing by using chloroform destroys the polystyrene 

microspheres, sectioning and mounting by the frozen m ethod was 

preferred. On the whole this is the most innocuous of all the histological 

methods. In total 10 microscopic slides were prepared from each animal 

and each tissue. Photomicrographs (at least 200) were prepared. A Reichert 

Polyvar I microscope (Reichert-Jung) with photographic attachment was 

used.

3.2.2.2. Intravenous Administration.

Leg vein intravenous injection of lOOnm and 1.0pm fluorescent polystyrene 

microspheres was carried out as controls, the two sizes of polystyrene 

microspheres being administered intravenously to compare the results with 

those obtained after oral administration. lOOnm latex beads (volume 0.2ml, 

containing 5x108 particles) and 1pm latex beads (volume 0.2m l, containing 

5x106 particles) were injected into the leg (femoral) vein of each of the two 

groups of two female Sprague Dawley rats. The femoral veins were 

exposed by first treating the rats with light ether anaesthetic and then 

dissecting the thigh region and exposing the femoral vein, the main vein 

going to the pelvic region. After administering the dose, the skin over the 

thigh region was clipped back. After the rats had recovered from the 

anaesthesia they were sacrificed 40-50 min later by the excess ether method, 

and the rats dissected and the organs examined as in the oral experiments
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described in section 3.2.2.1 i.e. liver, spleen, stomach, Peyer's patches (with 

mesentery tissues) were removed and weighed. The organs were 

transferred into a plastic bag which was then immersed in liquid nitrogen 

and stored at -70°C. A small section of each organ was used for frozen 

sectioning.

3.3. Histology

3.3.1. Frozen sections

Organs removed from the rats were maintained under -70°C using a dry 

ice-ethyl alcohol (90%) mixture. Small samples (0.5 to 1cm2) were used for 

sectioning. To prevent any cross contamination each group was sectioned 

and mounted on separate days and the laboratory cleaned and instruments 

cleaned and changed between experiments. Throughout the sectioning and 

mounting procedures, the temperature was maintained at -30°C to -20°C. 

An object holder (a small metallic cylindrical chuck) was used to mount the 

tissue. The tissue was held solid by surrounding the tissue with a cryostat 

embedding medium [OTC (TEK11) 4583 compound]. The OTC compound 

supports and protects the tissue whilst sectioning. When the tissue is 

transferred on the slide the OTC compound melts away and does not 

interfere with the tissue. The sections were produced and held lightly 

against the knife with a soft brush, thus preventing the tissue from curling. 

The sectioned tissue was lifted on to a cold slide by gently pressing the 

glass slide over the sectioned tissues by the aid of the OTC compound; the
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tissue adhered to the glass slide. The slide was then marked with its 

characteristic reference and viewed under a fluorescent UV microscope. 

The cryostat used throughout this experiment was a Bright's Cryomatic 

Instrument.

3.3.2. Conventional Histology

A group of 3 female Sprague Dawley rats was dissected and the vital 

organs removed and fixed in buffered formalin (10% w /v ) solution. The 

histology was carried out at Syntex Research Centre Riccarton, Edinburgh. 

10% formalin solution is used as a fixative as it penetrates the tissue very 

rapidly, hence dense tissue such as gastrointestinal tract, heart and kidney 

also are thoroughly permeated by the fixative medium. Fixation in formalin 

prevents major changes on storage.

3.3.2.I. Post fixation procedures

Small and appropriate sections were placed in a small plastic cassette 

holder, which was then placed in fresh formalin (10%) for a further 2h. The 

cassettes containing the organs were subjected to cycles of dehydration, 

lasting for 2h each, starting with 50% ethyl alcohol. A series of alcohol 

changes were carried out from 50%, 60%, 70%, 80%, 90%, and then to 

absolute alcohol and then to chloroform. After the tissue was dehydrated, 

the next stage was to embed the tissue in paraffin wax.
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During fixing and dehydration, some acceptable shrinkage will occur due 

to removal of water and some lipids, the tissues lacking the ideal 

consistency for sectioning thin slices of a few microns in thickness. To 

preclude these problems, the cells are filled intracellularly (impregnated) 

and enclosed extracellularly (embedded) with the medium such as paraffin 

wax (Humrson (1973). The dehydration is usually achieved by immersing 

the tissue in the alcohol, as outlined above, and then the tissue m ust be 

cleared. Chloroform is used as "clearing" agent, removing the opacity from 

the dehydrated tissues, making them transparent and almost crystalline. 

After clearing, the tissues are transferred directly to paraffin for 

embedding.

The melting point of soft paraffin lies in the ranges 50-52°C or 53-55°C; that 

of hard paraffin in the range 56-58°C or 60-68°C. The choice of melting 

point is important and depends upon the thickness at which the tissue is 

to be sectioned or upon the type of tissues. If relatively thick sections are 

to be cut a soft paraffin is used. If thinner 5-7pm sections are desired, 

paraffin in the 56-58 grade is used, and for extremely thin sections of less 

than 5pm the best results are obtained with a hard paraffin of 60-68°C 

melting point. The paraffin used in this experiment was that with a 56-50°C 

melting point.

Normally, tissue are transferred directly from chloroform to a paraffin bath,
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keeping paraffin in a melted state, to lessen the danger of overheating the 

tissue, which can harden and shrink. It was noted that the paraffin had to 

be molten to freely infiltrate the tissue effectively, as partially melted 

paraffin penetrates poorly, if at all. The best procedure followed was to use 

melted paraffin that had been kept in a warm oven for several days. After 

lh  to 2h in the first bath containing the paraffin, the tissue is removed to 

a fresh dish of paraffin and subjected to infiltration and embedding for the 

same period of time. As soon as the tissues were thoroughly infiltrated 

with paraffin it is then embedded. The tissue was placed centrally in the 

plastic cassettes and filled with melted paraffin for embedding the tissue. 

The cassette was than rapidly cooled on an ice slab. As the melted paraffin 

is poured in the cassette with the tissue, the tissue is manipulated and 

orientated in a carefully known position with electrically warmed forceps. 

Next a rotary microtome ("820" Spencer microtome, American Optical 

Corporation) was used for cutting sections of the paraffin blocks. The 

cassette was mounted on the holder of the rotary microtome instrument 

and set to section at 5pm thickness.

The next stage is the removal of the paraffin wax from sections to allow 

uniform staining throughout the cells. The tissue sections are thus m ounted 

on a glass slide to assist with the removal of the embedding medium. The 

slides are immersed into bath containing xylene to remove paraffin wax. 

This procedure is carried out twice in each cycle lasting 3-5 minutes each.
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The slides were subsequently washed in series of concentration of ethanol, 

starting from absolute alcohol to 70%, followed by a wash in water for 10 

min (this is the reversal of dehydration). Haematoxylin (Acid) and Eosin 

was used to stain the tissue. The final slide is then dried and a cover slip 

put gently after applying mounting and sealing agent such as xylene and 

a mixture of synthetic resins.

Slides from control rats group were obtained and stained to show different 

organelles eg Peyer's patches, liver lobules with sinusoids and Kupffer cells 

and the mesentery network with the lymph nodes. It was found that under 

UV fluorescence microscopy the fixing in formaldehyde increases cross- 

linkage of the fibrous components of the cells and thus produces an 

autofluorescence. Subjecting the tissue samples from the treated group, in 

various concentrations of ethyl alcohol distorted the structure of the 

spheres. Treating the tissue sample in the two baths of chloroform to clear 

the tissue resulted in the complete dissolution of the microspheres. It took 

10-15 min to completely dissolve the microspheres in vitro. The remaining 

microspheres, if any, were dissolved when subjected to removal of the 

embedded paraffin wax on the mounted slide with xylene. Frozen sections 

were thus utilised for tissue suspected of containing microspheres and the 

conventional histology reserved for the preparation of control samples and 

to indicate physiological structures of significance in this work.
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3.4. RESULTS AND DISCUSSION

Table 3.1 summarises in a semi-quantitative manner the data gleaned from 

examination of the histological data on the uptake of microspheres in the 

tissue after the oral administration of the non-ionic and carboxylated 

polystyrene spheres. In the experiments discussed here, it was found that 

1 micron diameter polystyrene microspheres were taken up less efficiently 

than the smaller 50,100,300 and 500nm non-ionic fluorescent microspheres 

which produced unequivocal evidence of their presence in organs after oral 

administration.

When viewed under the uv fluorescence microscope the tissues of Peyer's 

patches, villi, lymph nodes, liver and spleen of the rats fed on the non-ionic 

microspheres showed evidence of the presence of the microspheres. As can 

be seen from the photomicrographs (Figs 3.4 - 3.17), the microspheres are 

distributed in each organ associated with specific structures such as the 

serosal layer, the mesentery lymph vessels and liver sinusoids.
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Fig 3.2. Photomicrograph (x200) of conventional histological slide of Peyer's 
patch. Lymphoid follicle prepared from a control Rat. Note the diffused 
over hanging villi nearby the lymphoid follicles.

Fig 3.3. Photomicrograph of magnified section (x500) of the serosal layer of 
Peyer's patches of section in fig 3.2, clearly showing the vasculature, 
containing blood cells, which will act as a transportation route of 
macromolecules and microspheres which enter the Peyer's patches.
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Fig 3.4a. Photomicrograph (x200), showing f e w  500nm non-ionic fluorescent 
microspheres in the serosal layer of the villi (section prepared by frozen 
sectioning). Latex spheres can also be seen in the submucosal layer and 
mainly appear in the granular cells.

Fig 3.4b. Photomicrograph (x200) showing a frozen section ot Peyer's 
patches with 500nm non-ionic fluorescent microspheres in the serosal layer. 
Comparison shows that more microspheres accrete in the Peyer's patches 
than in villi; the microspheres in villi occur mainly in granular structures.
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The animals fed carboxylated (negatively charged) fluorescent 

microspheres presented less clear evidence of uptake. Even the smaller, 

lOOnm particles of carboxylated microspheres appeared not to be absorbed 

to a significant extent in comparison to absorption of similar sized of non

ionic microspheres, although the evidence is not unequivocal because of the 

difficulty in distinguishing the rhodamine fluorescence and the auto

fluorescence of some of the body tissue components such as red blood 

cells. As the Peyer's patch and mesentery node comprise the most obvious 

part of the GALT, we have shown the microspheres being translocated in 

the submucosal and serosal layer of the Peyer's patches and then to the 

lymphatic nodes via the lymphatic and blood vessels of the mesentery 

network. Most importantly, there is substantial evidence of these 

microspheres in the Peyer's patches (fig 3.4b to 3.6b), confirming LeFevre's 

findings (LeFevre et al 1978,1989) although we believe we have more 

clearly defined the location and subsequent fate of the particles. The 

Peyer's patches (as described in chapter 1) are richly supplied with 

lymphatic vessels which arises as blind tubes in the mucosa, whilst in the 

submucosal layer the larger lymphatic vessels branch freely and have 

various openings. Figures 3.5a and 3.5b show a collection of 500nm 

fluorescent microspheres and it is thought these are equally divided, 

between the lymphatic vessels and the macrophagic cells in both 

interfollicular and subepithelial sections of the Peyer's patches.
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Fig 3.5a. Photomicrograph (x500) of submucosal layer of the Peyer's patches 
(frozen section) showing 500nm non-ionic fluorescent microspheres 
translocated to the lower area of the Peyer's patches.

Fig 3.5b. Another distinct photomicrograph (x200) of Peyer's patch (frozen 
section) showing a collection of 500nm non-ionic fluorescent latex particles 
arranged uniformly in the serosal layer, with some spheres in the mucosal and 
submucosal layers.
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Fig 3.6a. Photomicrograph (x200) of a folded section of the serosal layer of a 
Peyer's patches with collection of 300nm non-ionic fluorescent beads, again 
emphasising that the collection of the microspheres in this area is exceptionally 
specific and consistent.

Fig 3.6b. Photomicrograph (x200) of serosal layer of Peyer's patches of rat 
orally administered with 1pm non-ionic fluorescent microspheres. Notice the 
discreteness of the large 1pm beads in the serosal layer tissue in this section.



Fig 3.7. Photomicrograph (x200) of the mucosal/submucosal region of a 
Peyer's patch with 3pm non-ionic fluorescent microspheres which appear to 
be adsorbed in this region of the section. None were found to translocate to 
the serosal layer or to any major target organ.



Fig 3.8a. Photomicrograph (x200) of a control rat's mesentery lymph node 
displaying blood and lymph vessels in the network of the mesentery 
connective tissue between two lymph nodes (prepared by conventional 
histology).

Fig 3.8b. Photomicrograph (x400) of a section of mesentery lymph node with 
a major lymph vessels cut in horizontal section carrying blood cells and other 
substances which may be transported from the Peyer's patches and other 
lymphoid structures of the GI tract.
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Fig 3.9a. Photomicrograph (x200) of a frozen section of mesentery lymph node 
connective tissue network, demonstrating lymph vessels and 500nm non-ionic 
fluorescent microspheres translocating towards the lymph nodes.

Fig 3.9b. A higher magnification (x500) of another section of mesentery 
network showing a collection of the 500nm microspheres around the extremity 
of a lymph node bottom right).
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Fig 3.10a. A higher magnification (x500) of an portion of Fig 9a showing 
mesentery vessels cut in the horizontal plane, translocating 500nm non-ionic 
fluorescent microspheres.
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Fig 3.10b. Photomicrograph of the above at the same magnification with bright 
field illumination demonstrating the outline of the mesentery vessel amongst 
the mesentery connective tissue.



Fig 3.11a. Higher magnification (x500) of a different area of fig 9a showing an 
afferent lymphatic vessel, at the convex surface, discharging the 500nm non
ionic fluorescent microspheres.

Fig 3.11b. Photomicrograph of lymph node, where the 500nm non-ionic 
microspheres are deposited into the lymph capsules and then into the 
subcapsular sinuses.
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Fig 3.12. Photomicrograph (x200) of mesentery network neighbouring the GI 
tract perceived to be translocating the 300nm non-ionic fluorescent 
microspheres.
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Fig 3.13. A photomicrograph of a diagrammatic cross section of a lymph node, 
displaying the capsule and trabeculae, in black, which are composed of fibrous 
connective tissue. The subcapsular sinuses and trabecular sinusoid are lined 
with macrophages and some lymphocytes amongst the interstitial cells that 
surround the lymphoid follicles.
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Fig 3.14a. A magnified (x500) frozen section of lymph node showing 
50nm non-ionic fluorescent spheres percolating through a lymphoid follicle.

Fig 3.14b. A low power photomicrograph (xlOO) of the above section with 
bright field background clearly showing the lymphoid follicle with 
surrounding interstitial cells (see fig 13).
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Fig 3.15a. A photomicrograph (x200) of part of the rat liver, prepared by 
conventional histology, showing small and very large sinusoidal spaces with 
red cells in close contact during forced sieving through the narrower spaces 
of the sinusoid.
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Fig 3.15b. Magnified area of the above section showing how the Endothelial 
and Kupffer cells (arrow) sit astride the sinusoid canal, being in the strategic 
position to pick up microspheres or any foreign particulate matter.



Fig 3.16a. Photomicrograph (x200) of a frozen section of liver lobule displaying 
500nm non-ionic fluorescent microspheres in the sinusoid.

Fig 3.16b. Photomicrograph (x400) of liver showing 500nm microspheres in the 
sinusoid and the bile canaliculi; the sinusoid spaces appear to be collapsed, a 
frequent occurrence with frozen sectioning



Fig 3.17. Photomicrograph (x200) of frozen section of liver showing, explicitly, 
300nm non-ionic fluorescent microspheres in the sinusoid spaces transpiring 
in a consistent order

L i v e r

Mp l e e n

GUT

Bone  M a r r o w

Fig 3.18. A diagram showing the sites of reticulo endothelial-mediated blood
clearance.



The serosal layer of the Peyer's patches is well supplied with lymphatic 

vessels, and it has been observed in this work that microspheres will travel 

from these to the mesentery nodes. The lymphatic vessel wall is thickened 

in certain places by muscles forming a pump, which help to propel the 

lymph. Fig 3.8b shows a major lymphatic vessel of a control rat illustrating 

the muscular cross section of the wall. Similarly Figs 3.9a,b show the frozen 

sections of the mesentery network with major and minor lymphatic vessels 

and veins containing some 500nm non-ionic fluorescent polystyrene 

spheres, whereas Fig 3.10a is a magnification of a section of Fig 3.9a. and 

Fig 3.10b is the corresponding bright field photomicrograph to show the 

surrounding architecture.

Our experiments showed that no 3 pm microspheres were located in any 

major target organs and as mesentery network, lymph nodes, liver and 

spleen, after oral administration for 10 days. None were found in the 

serosal layer of the Peyer's patches unlike the 1pm, 500nm, 300nm, lOOnm 

and 50nm microspheres. However, the 3pm microspheres were found to 

be adsorbed and immobile within the sub-mucosal layers of the thicker 

mucosa of the stomach and also of the Peyer's patches (see fig 3.7). 

Eldridge et al (1990) and LeFevre et al (1980) have also reported similar 

findings. However, both worked with particles about 6pm in diameter.
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Fig 3.19. The diagrammatic plan of the lymphatic system. The nodes of the 
rats are relatively large and very conspicuous during dissection. They lie 
in definite positions compared with surrounding structures.
The largest lym ph vessel, the thoracic duct, opens in to the junction of the 
right and left subclavian and the right internal jugular veins.
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The study of the translocation of the microspheres can be taken a stage 

further by cannulating thigh hepatic bile duct and jugular vein of an 

experimental animal (Bakar et al 1983; Poelma 1987). Recovering the 

microspheres in the bile and blood selectively would then show that the 

microspheres follow the RES (Fig 3.18) blood clearance. The microspheres, 

while circulating in the lymph would eventually enter the liver and general 

circulation when the main lymphatic vessel of the body which is the 

thoracic duct empties into the left subclavian (innominate) vein (Fig 3.19). 

The venous circulation would then take the microspheres to the liver 

sinusoid where they are phagocytosized by the Kupffer cells and some 

would end up in the bile canaliculi and would be excreted into the bile 

duct. The Kupffer cells sit astride the channels of the liver sinusoid (Fig 

3.15a, 3.15b) and thus are in ideal position to phagocytose passing particles. 

Recently, Alpar et al (1989) demonstrated the ability of 1.1 pm  albumin 

particles to reach the general circulation, rapidly within 40 minutes, after 

oral administration. Although there has been a strong and circumstantial 

evidence of the uptake of particulate matter, our results clearly show the 

uptake and subsequent translocation from the GI tract absorptive surfaces 

of the microspheres.

As early as 1961 Sanders and Ashworth used electron microscopy to 

demonstrate the uptake of 200nm latex particles suspended in an emulsion 

system and administered orally to Sprague Dawley female rats but their
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work then did not demonstrate the site of uptake or mechanism of uptake. 

We have shown conclusively that the passage of particulate matter does 

take place through the GALT and that the limitation of uptake and 

distribution to the organs is dependant to the size of the microspheres and 

their surface characteristics.

3.5. CONCLUSION

In our current understanding, lymphoid organs in all locations are 

characterized by an epithelium which differs from that of the adjacent areas 

and which has features which enhance trapping and uptake of antigenic 

and particulate materials. This contrasts with the rem ainder of the 

epithelium which forms a barrier to large particulates, organisms and 

undigested macromolecules.

Goblet cells which secrete mucus to entrap microorganisms and undigested 

macromolecules and impede their attachment to the epithelium are largely 

absent over the antigen trapping epithelium of lymphoid follicles or are in 

small numbers but are nevertheless present to slow down and decrease the 

uptake. The membranous epithelium is not just a covering obscuring the 

follicles, but is the main site for antigen receptors which initiate the 

movements towards the germinal centre and then to the afferent 

lymphatics.
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Chapter 4

RADIOLABELLED MICROSPHERES WITH A Co-60 SOURCE PRIOR

TO INTERACTION WITH 125~I

4.1. RADIATION ENERGY BONDING of POLYSTYRENE 

MICROSPHERES

4.1.1 Introduction

The absorbed dose from source like Co-60 has to be imparted to a medium 

in order for such medium to increase its measure of energy and have 

reactivity and thus loose or gain electron or even a proton to form radicals 

or ionization of its particles (Shapiro 1974). Controlled levels of ionising 

radiation can produce areas of energy exchange on the surface of the cells 

or particles, in this case on the surface of the polystyrene microspheres, 

thus inducing covalent bonding of the Iodine to the polystyrene surfaces, 

by production of reactive radicals. A model for the reaction was outlined 

by H uh et al (1974), one in which radical sites were formed at the particle 

surface, either or both as a result energy absorption within the particles or 

by reaction at the surfaces of the particles produced in the aqueous phase. 

Iodine bonding at the surface would then result from reaction between the 

surfaces of the radicals and iodide as sodium iodide (1-125). A reactive 

surface on polystyrene must possess at least a transient positive charge.
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The results of Huh et al (1974), indicated that the radical sites on the 

surface of polystyrene particles are evidently formed as a result of an 

attack at the surface by reaction species formed in the aqueous phase. Such 

sites would be relatively long-lived in the aqueous medium and would 

undergo reaction predominantly with I, I'2 or I2 formed from the iodide by 

reaction with -OH radicals. The formation of halogen intermediates and I2 

in the irradiated iodide solutions has been characterised by H uh et al 

(1974). The principal chemical reaction process is summarized below:

C-H + I2 - r  -> C-I + V£H2 + OH'

Radiation with the intention of scavenging surface radical sites and 

producing surfaces labelled with 1-125, is carried out in a suspension in 

which an I2-I‘ mixture is present; irradiation of the polystyrene surface 

groups is achieved using Co-60 gamma radiation at doses as high as 5 x 

1020 eV mL-1 (Huh et al 1974).

4 .I.I.I. Co-60 irradiation

The Co-60 irradiation source consisted of around 12,000 curies of Cobalt-60 

encapsulated in stainless steel rods and mounted in an annular 

arrangement, about 25cm in diameter, at the bottom of a water tank 5m 

deep. Samples can be irradiated at the centre of the annular source, 

arranged in a sample holder approximately 25cm diameter and 40cm high,
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or on the outside of the annulus in a holder 5cm diameter and 30cm high.

The gamma radiation dose rate varies with the exact position of the sample 

but is in the region of 0.3 megarads per hour.

4.2. METHODS and MATERIALS

4.2.1. Liberation of Iodine (1-125) from Polystyrene Latex Microspheres

4.2.1.1 Preparation of 125"I Polystyrene Latex Microspheres

To lm L of polystyrene beads, diameter 1.0pm (Cone 6.2x1010 particles mL' 

1) was added 2mL of water, lmL of 0.01M Nal (cold) and lOpL of 500 pCi 

Nal(hot) in a glass vial, ensuring complete removal of oxygen and air by 

bubbling excess nitrogen at each stage of preparation. The glass vial was 

sealed under nitrogen and sent to the Scottish University Research Reactor 

Centre at East Kilbride for the covalent binding procedure. After 

irradiation, and after dialysis, the radioactivity in each sample was 

calculated to be 50.09 pCi, a percentage binding of 10%, 2mL of distilled 

water being added to each to make a 6mL sample. A 10%v/v solution of 

trichloroacetic acid (TCA) (the acid used to end the enzymic reaction) was 

prepared from a 40% stock solution.
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4.2.1.2. Titration of Trichloroacetic acid (TCA) 10% v/v

A mock reaction mixture of gastrointestinal homogenate in Tyrode solution 

was prepared. To 4mL of the homogenate an Eppendorf tube, lm L of 

distilled water was added and the contents mixed. The mixture was kept 

for 15 min at 37°C in a rotating water bath. The reaction is stopped by 

addition of lOpL of 10% TCA. The mixture was mixed and the pH  

measured using Acilite indicator paper. A sufficient am ount of 10% TCA 

is used to stop the reaction when the pH is 2-3. The above procedure was 

repeated with increasing amounts of TCA until the desired pH was 

attained in the reaction mixture. The volume used was lOpL, 20pL, 30pL, 

35pL 40pL, 45pL and 50pL. The correct volume of 10% TCA which gave 

the relevant reaction mixture pH was 35pL, 40pL, 45pL and 50pL therefore 

40pL of 10% TCA was taken throughout to stop the reaction.

4.2.1.3. Procedure to measure the liberation of free Iodine from tissues

Two female Sprague Dawley rats were dissected and the stomach, GI tract 

and the liver removed. Using 3x5mL Tyrode solution, the GI tract contents 

were removed with aid of a gentle squeezing action. The contents were 

weighed. A suspension of gut contents (25% w /w ) was made using Tyrode 

solution. This mixture was homogenised on ice and kept in the ice beaker 

for later use. 20mL of the homogenate was taken and boiled for 10 min to 

denature any protein present.

130



Similarly the separate GI tracts were weighed, homogenised on ice and a 

25% w /v  homogenate was prepared with the Tyrode solution. 20mL of this 

solution was boiled for 10-15min to denature the gut enzymes.

The livers from the two rats were carefully removed and weighed. A 25% 

w /v  homogenate was prepared with the Tyrode solution as above, a 

sample (20mL) was boiled (10-15min) to denature the liver enzymes 

present. The remainder of the three homogenate mixtures were kept on ice. 

The homogenate was maintained at pH 7.4 by adding 0.1M imidazole 

buffer.

The gastrointestinal content homogenate was measured (2x4mL) in to a 

small galley pot and kept at 37°C in a rotating water bath for 10-15min. 

The reaction was started by addition of radioactive latex microspheres 

(lmL; lOxlO10 particles mL"1; radioactivity 8 pCi mL'1). At the appropriate 

time, 500pL of the mixture was added, in an Eppendorf tube, with 40pL of 

the 10% TCA, mixed well and left for 5 min. The tube was centrifuged at 

10,000 rpm  for 15 min using an "Eppendorf Centrifuge 5413" (Anderman 

Ltd), and lOOpL of the supernatant was removed and the y-radioactivity 

measured. The reaction sample mixture (500pL) was taken at 30 min, lh , 

2h, 6h, 12h, and 24h. The experiment was carried out in duplicate.
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2x4mL of the GI content homogenate, boiled for 15 min, was measured out 

accurately in a small galley pot and kept at 37°C on a rotating water bath 

for 10 min. The reaction was started by addition of lmL of the radioactive 

latex microspheres as described above. At an appropriate time, 500pL of 

the reaction mixture was removed in an Eppendorf tube and 40pL of the 

10% TCA was added to stop the enzymic reaction. The contents were 

mixed well on a Whirly Mix and left for 5 min. The contents of the 

Eppendorf tube were then centrifuged at 10,000 rpm  for 15 min and then 

supernatant, (lOOpL) was removed for measuring y-radioactivity. Samples 

was taken at 30minutes, lh , 2h, 4h, 6h, 12h, and 24h. The experiment was 

carried out in duplicate.

2x4mL samples of GI contents were kept at 37°C for 10-15 min and 

measured out in a galley pot as above. The reaction was started by adding 

lm L of deionised water. Similarly, 2x4mL samples of boiled GI contents 

were treated in a similar method and the y-radiation of a lOOpL sample 

was measured.

Samples (2x4mL) of the Tyrode solution kept at 37°C in a rotating water 

bath were treated as above. The resulting y-radioactivity values were used 

for the background correction. As before, readings were taken at 30min, lh , 

2h, 4h, 6h, 12h, and 24h.
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The above series of experiments were repeated in duplicate exactly, for the 

homogenate of the GI tract and the homogenate of liver which were 

maintained at pH 7.4 with 0.1M imidazole and kept on ice.

4.3. RESULTS and DISCUSSION

The volume of 10% TCA which stopped the enzymic reaction and gave a 

pH  of 2-3 in the reaction mixture was 40pL. After calculating the 

percentage of free iodine liberated the results were plotted and the values 

of tVi were tabulated (see table 4.2). From the graph various parameters 

such as the slope were calculated and hence the tVi of the free iodine 

liberation. These results can then be used to analyze the results obtained 

in the oral feeding experiments.

From the equation Y = 2 -  (slope x X) the value of Y at 8 days can be

calculated as X = hours = 24 x 8 days = 192 h.

and tVi = (log Co = LogC e'kt) and the slope will be 0.293/k

k is worked out from the graph and the values were tabulated and

displayed in tables 4.1 to 4.3.

Although this may appear to be a somewhat crude method to estimate the 

liberation of free iodine from the latex spheres, similar methods have
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Table 4.2 Loss of Radioactivity from 1-125 Polystyrene.

Incubation in 
Tyrode at 37°C

tVi of 1-125 after 24h 
incubation

% Loss of 
radioactivity 
after 8 days.

IE1 Intestine
homogenate

62491 h 
7.14 yrs

0.152%

IE2 Boiled Intestine 
homogenate

85700 h 
9.78 yrs

0.112%

IE3 Intestinal contents in 
tyrode

96396 h 
11 yrs

0.09%

IE4 Boiled Intestinal 
contents

88922 h 
8.22 yrs

0.107%

IE5 Polystyrene 1-125 in 
tyrode

45737 h 
5.22 yrs

0.209%

IE6 Liver homogenate 
in tyrode

101563 h 
11.7 yrs

0.094%

IE7 Boiled liver homogenate 159132 h 
18.8 yrs

0.06%

IE8 Polystyrene 1-125 in 
distilled water

51927 h 
6 yrs

0.184%

IE9 Polystyrene 1-125 in 
distilled water 
at 4°C

68169 h 
8 yrs

0.14%

135



24 hours 12 hours

IE A=l.99984 A=l.99984
1 B=-4.81531 x 10'6 B=-4.22632 x lÔ 6

k=-l.ll x 10'5 k=-9.733 x 10-6
t1/2=62491h /  7.14y t1/2=71199 h /  8.12 yrs

IE A=l.99981 A=l.99981
2 B=-3.55121 x 10'6 B=-3.39177 x 10‘6

k=-8.08631 x W 6 k=-7.81126 x 10‘6
t1/2=85700 h /  9.78 yrs t1/2=88718 h /  10.12 yrs

IE A=l.99982 A=l.99982
3 B=-3.12162 x 10'6 B=-4.3395 x 10'6

k=-7.1891 x 10'6 k=-9.98108 x 10‘6
t1/2= 96396 h /  11 yrs t1/2=69431 h /  7.93 yrs

IE A=1.99986 A=l.99986
4 B=-3.384 x 1(T6 B=-4.62994 x 10'6

k=-7.791 x 10'6 k=-l.06627 x 10 5
t1/2=88922 h /  8.22 yrs t1/2=64993 h /  7.42 yrs

IE A=l.99981 A=l.99981
5 B=-5.388 x 10‘6 B=-6.56796 x 10'6

k=-1.241 x 10'5 k=-1.5126 x 10’5
t1/2=45737 h /  5.22 yrs t1/2=45815 h /  5.3 yrs

IE 1.99983 A=l.99984
6 B=-2.96282 x 10'6 B=-4.81846 x lO*6

k=-6.82337 x 10'6 k=-l.ll x 10*5
t1/2=101563 h /  11.7 yrs t1/2=62450 h /  7.2 yrs

IE A=l.99986 A=l.99986
7 B=-l.89098 x 106 B=-3.23012 x 10'6

k=-4.3549 x 10'6 k=-7.439 x 10'6
t1/2=159132 h / 18.18 yrs t1/2=93158 h /  10.63 yrs

IE A=l.99985 A=l.99986
8 B=-5.7949 x 10'6 B=-9.34023 x 10'6

k=-1.3346 x 10'5 k=-2.1511 x 10'5
t1/2=51927 h /  6 yrs t1/2=32217 h /  3.678 yrs

IE A=l.99984 A=l.99985
9 B=-4.41419 x 10'7 B=-2.63796 x 10‘6

k=-1.02 x 10’6 k=-6.075 x 10'6
t1/2= 68169 h /  8 yrs t1/2= 114069 h /  13 yrs

* Using the equation Y= A + Bx, slope (0.293/k) and the t1/2 =(logCo = LogC e kt).
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been utilized in other laboratories (Pasternak 1975, Wilson et al 1982). From 

the several values of P/2  obtained of the liberation of free iodine, it is clear 

that there is less than 0.1% loss of radioactivity, in intestinal homogenate, 

from the start to the eighth day of the experiment.

It can safely be concluded that the results obtained from oral feeding of the 

radioactive 1-125 polystyrene spheres will be valid, and not due to 

instability of the complex. Therefore negligible amount of the radioactive 

iodine would be lost from the targeted organs due to the biochemical 

activity of the organs.
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Chapter 5

QUANTITATIVE MEASUREMENTS of the UPTAKE of 

POLYSTYRENE in TARGET TISSUES

5.1. INTRODUCTION

Although evidence for transcellular passage of 200nm diameter polystyrene 

latex particles was provided about 30 years ago (Sanders and Ashworth 

1961), this and subsequent work has been subject of much controversy. 

Convinced that this evidence and the work of a number of investigators 

(Volkheimer et al 1968 1975; Pontefract et al 1973 and LeFevre et al 1978ab 

1980 1989) had left unexplained the optimum size range for uptake and 

site(s) of the uptake of these particles through the GI tract, the present 

work was embarked upon as explained earlier. No group had 

systematically quantified uptake convincingly, although some attempts at 

this had been made.

Numerous methods for measuring the extent of absorption of 

macromolecules or proteins and polystyrene microspheres have been 

carried out (Georgopoulou et al 1988; Rembaum et al 1980; Ziv et al 1987). 

These methods range from enzyme-linked immunoabsorbent assay (ELISA) 

by Georgopoulou (1988) to the direct titration of such macromolecules as 

insulin given orally (Ziv et al 1987). Other workers have applied a different
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approach to quantification. Pappo (1989) and colleagues have developed a 

light microscopy morphometric model for uptake through Peyer's patches 

and M-cells. This involved obtaining 7-1 Opm thick frozen sections of 

Peyer's patches and detecting fluorescent polystyrene microspheres using 

an image analyzer. This is probably not a conclusive method of 

quantification. In chapter 3 we also used such a semi-quantative method, 

using photomicrographs to estimate the translocation and amounts of 

translocated beads through the various sections of the Peyer's patches, 

primarily to prove whether or not uptake occurred.

Others (Ebel 1990; LeFevre et al (1989) have, more recently, utilised a direct 

m ethod of counting the microspheres after a known concentration had been 

administered orally. They carried out, manually, reckoning of the particles, 

after the particles were recovered by dissolution of the tissue, with tissue 

necrotising solutions containing potassium hydroxide. LeFevre and 

colleagues (1989) filtered off the debris and recovered the microspheres and 

counted these on a grid microscope slide, examined by fluorescent 

microscope. Ebel (1990), using a similar methodology measured the 

intensity of the fluorescent light that resulted from the treated sample. So 

in our endeavour to quantify our results, several methodologies were tried.

One method which has been consistently in use is the administration of
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radiolabelled beads. Quantitative radiographic studies have been carried 

out by Kreuter and colleagues (1989) using 14C labelled polycyanoacrylate 

nanoparticles. Since in the present work polystyrene microspheres are used, 

this required the preparation of radiolabelled microspheres by the method 

which has been outlined by Huh et al (1974) and which have been utilised 

in several experiments of a similar studies (Ilium et al 1982, 1987a,b).

After preparation of the radiolabelled microspheres they were administered 

orally to the rats housed in the metabolic cages. To corroborate these 

radioactivity results and the histological work described (in chapter 3) but 

several other approaches were attempted and are described in this chapter. 

Quantitative estimations of polystyrene uptake by Gel Permeation 

Chromatography (GPC) was also undertaken. Separation of the polystyrene 

microspheres from the tissues and their subsequent dissolution for the use 

in GPC is fraught with difficulties. We used the common technique of 

solubilising the tissue with KOH solution (5%w/v) and then 

depolymerization of the polystyrene, using ultrasonic cavitation method 

(Weisseler 1950; Noltingk 1962; Suslick et al 1990). Transmission of 

supersonic acoustic waves causes dissipation of thermal energy waves 

which results in the bulk degradation of polymers into mixtures of 

monomers, dimers tetramers and decamers and so on. We also employed 

the method of freeze drying the tissue and then dissolving in organic 

solvent as outlined below.
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5.2. MATERIALS AND METHODS

5.2.1. Microspheres

Monodispersed non-ionised polystyrene microspheres with covalently 

linked fluorescein, nominally 50nm, lOOnm, 300nm, 500nm, 1pm and 3pm 

in diameter, were used as received from Polysciences Ltd (Northampton). 

Particle sizes were confirmed using photon correlation spectroscopy as 

before and the results shown in Chapter 2, table 2.1.

5.2.2. Female Sprague Dawley rats were used as before.

5.2.3. Analysis of microspheres uptake in tissues.

5.2.3.I. Homogenisation of Organs and Analysis by Fluorescence 

Measurement.

lOOnm fluorescent microspheres (2 x 1013 particles mL'1) and 1.0pm 

fluorescent microspheres (6.25 x 1010 particles mL'1) were used to study the 

possibility of measuring the concentration of the microspheres utilising its 

fluorescence. A series of dilutions, in duplicate of the appropriate 

concentration of suspension of the lOOnm bead and 1pm beads were 

prepared in filtered double distilled water. The dilution was done in 

duplicate. Fluorescence was measured by a spectrofluorimeter (Perkin- 

Elmer Model 203). The sample was placed in a thoroughly cleaned glass
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cell and the reading adjusted to give a 100% readout for the most 

concentrated of the suspensions produced, and a 0% reading for a blank 

solution, using distilled water. The readings obtained were first analyzed 

on the lower sensitivity control and another calibration curve, using 

diluted samples, was obtained on a higher sensitivity control. This method 

enabled the lowest possible concentration of microspheres present in any 

system to be determined. The highest concentration of each size particles 

which gave a 100% fluorescence reading was taken and centrifuged to 

examine if centrifugation at different rates would bring about distinct 

precipitation of the polystyrene microspheres. The concentration of lOOnm 

beads employed was 1 x 109 particles mL'1 and the concentration of 1.0pm, 

particles was 1.25 x 106 particles mL'1, The minimum centrifugation rate for 

clearing, cellular debris is around 2000g (4000 RPM) to 5000g (6500 RPM). 

A volume of lOmL of sample was taken and subjected to centrifugation for 

12 to 15 min. Centrifugation was carried out in a high speed 

Ultracentrifuge (Sorvall RC-5B, Dupont), at 4°C. 3mL of the resulting 

supernatant was removed and the precipitated pellet of the beads 

resuspended in a lOmL distilled water; 3mL of this resulting sample was 

transferred to a glass cell and the fluorescence measured.

Table 5.1 shows that for lOOnm polystyrene microspheres at 4000 rpm  

(2000g) and 6500 rpm (5000g), the supernatant gave an absorbance reading 

between 98.5% to 88.5% respectively. Whilst the supernatant and the

142



precipitate at higher sensitivity setting gave poor results for analysis if 

applied to the treated samples, it was necessary to carry out in case some 

tissues had a lower concentration of beads. The graphs (Fig 5.1 and Fig 5.2) 

also show that for 1pm polystyrene microspheres, unlike the lOOnm 

microspheres, the reading of fluorescence of the supernatant and precipitate 

at 4000 rpm  (2000g) and 6500 rpm (5000g) are not a poor representation of 

the movement of the microspheres. However at higher rate of 

centrifugation ie 13000 rpm (20,000g) and 18000 rpm  (40,000g), the 

precipitate, when re-suspended gave 91 and 95% fluorescence reading 

respectively. Hence, for tissues treated with the larger size of the 

microspheres, re-suspending the pellets was found to be the best method 

for detection and quantification.

A spiked control of Liver sample.

A 10% w /v  of untreated, control, liver of a female rat was prepared in 

distilled water by homogenising the tissue using a Polytron tissue disruptor 

(Model PT10) and further sonicating the sample the sample, gently, using 

an Ultrasonics soniprobe (Lucas-Dave Ultrasonic). This solution was used 

to make a realistic mixture of tissue and microspheres with the lOOnm and 

lpm  microspheres, separately, using a concentration of 1 x 109 particles 

mL'1 for lOOnm microspheres and 1.25 x 106 particles mL'1 for 1pm. lOmL 

of each samples, in duplicate, was subjected to different degrees of 

centrifugation, as carried out with the microspheres above. The supernatant
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and the precipitate likewise was taken, and the fluorescence measured 

against a blank that consisted of a 10% w /v  pure liver homogenate. The 

results obtained are given in Table 5.3 and 5.4
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The above method was repeated several times but gave no satisfactorily 

reproducible results. In most instances, the contents of the blank cell 

showed excessive fluorescence readings and there was a wide dissimilarity 

of reading eg between 15 to 110% in similar samples. This method of 

quantification was abandoned and not used due to its unreliability.

5.2.3.2 [Manual] Calibration of a known Sample of 1pm Polystyrene 

Fluorescent Microspheres in Distilled water and Tissue homogenate.

5.2.3.2.1 Methods and materials

A series of dilutions of a polystyrene microsphere suspension was made 

in filtered distilled water. A sample (lOpL) was evenly spread out on a 

calibrated microscope slide and viewed under the fluorescent microscope. 

Similarly, in a haemocytometer slide, a small volume of the microsphere 

suspension was placed and an attempt was made of counting the spheres. 

The haemocytometer slide, due to its depth (at least 10pm) and also due 

to the size of the microspheres, 1pm in diameter, was not a good choice as 

not all the microspheres could be accounted for, due to parallax. The lOpL 

sample was evenly spread out on a calibrated microscope slide, where the 

top and the side of the slide has graticule calibrated imprint. Four such 

slides were prepared, in duplicate, with different concentrations of 

microspheres and then viewed under a fluorescent microscope; the
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microspheres were counted, systematically but mechanically, with an aid 

of a blood cell counter. The results were tabulated and plotted (Tab 5.5, Fig

5.5). A known weight of liver was taken from the orally treated group of 

rats and homogenised in distilled water using the tissue disruptor and then 

sonicated, as described in section 5.2.2. lOpL of this sample was evenly 

spread out on a microscopic slide and the microspheres counted, as above, 

with a aid of haemocytometer cell counter and the results tabulated (Tab

5.5) and plotted (Fig 5.5).

5.2.4. RESULTS and DISCUSSION

From the liver (8.46g) of rat orally fed with 1.0pm polystyrene 

microspheres, 3.82g of liver homogenate was prepared in 20mL distilled 

water. 5 random samples of accurately measured lOpL of the above sample 

gave an average of 1487 ±164 = 1500. From the calibration graph, 1500 

particles in lOpL represents 1.95 x 105 particles mL"1, Compared with the 

theoretical reading of 2.55 x 105 particles mL-1.
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Since the homogenate was made in a total of 20mL, this is equivalent to 5.1 

x 106 in the 3.82g of liver and 8.46g of liver is equivalent to 5.1 x 106 x 

8.46 = 1.13 x 107 particles altogether in the liver. Consequently, from the 

graph in fig 5.5, a 100% theoretical result of lOpL (3.82g liver) is equivalent 

to 6.25 x 1010 particles mL'1. Therefore 1.13 x 107 represents only 0.02% 

dose in total in the liver of 1pm treated samples.

Being a very tedious and labour intensive method, but above all since 

smaller size microspheres such as the 500nm, 300nm, and especially 100 

and 50nm polystyrene spheres cannot be resolved by optical microscopy, 

the method was not pursued. Consequently, this method was not regarded 

as a reliable way to assay the tissue for the microspheres.

Quantization by grid microscope as carried by LeFevre et al (1989), in our 

experience is not a reliable method as it is difficult to relate when and how 

many particles, especially the smaller sizes (eg 300 and 500nm) aggregate.

In our experience using fluorescence measurements may result in 

erroneous data as, however exhaustive a method is used in its removal, 

some tissue will remain and its autofluorescence will give a high results.
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5.3. Gel Permeation Chromatography

5.3.1. Apparatus and Materials

2x 300 x 7.5mm, 10pm mixed pore highly crosslinked spherical 

macroporous polystyrene-divinylbenzene matrix (PLGel) columns (Polymer 

Laboratories Ltd 1112-6100) preceded by a 50 x 7.5mm 10pm mixed pore 

guard column (PLGel) (Polymer Laboratories Ltd 1110-1120) and a 

Rheodyne injector valve (Waters' USA 7125) fitted with a lOOpL sample 

loop, formed the components of the GPC apparatus. A Waters' 484 tunable 

UV absorbance detector, was used in conjunction with a chart recorder/ 

integrator (Hewlett Packard (3396A).

The polystyrene calibration mixture was gift from Polymer Laboratories 

UK.

Tetrahydrofuran (THF), stabilized with 0.1% w /v  quinol, was used 

throughout, as solvent and as mobile phase. All work was carried out 

using glass containers. A solvent flow rate of 1 cm3 per minute was 

maintained throughout.

The pair of columns and the guard column total retention time (27 ± 0.6 

min) was determined using a very dilute solution of toluene in THF.
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5.3.2. M olecular weight calibration

A polystyrene calibration mixture sample (about 5mg) containing polymers 

of molecular weight of 4 x 106, 950K, 165K, 28.5K, 7000 and 1250 was 

dissolved in 6mL of THF to give approximately 0.08% w /v  of polystyrene 

mixture. Aliquots (30pL) of the polystyrene mixture were injected and the 

elution profile of a given molecular weight corresponding with its retention 

time was obtained for the system in operation. A typical chromatograph is 

shown in figure 5.6a and the relationship between the molecular weight 

and the retention time illustrated. The polystyrene microspheres (all sizes 

used) were dissolved in THF (lmg/lOOmL). As before, aliquots (30pL) 

were injected and the elution profile obtained, from which the molecular 

weight distribution (MWD) was derived. The weight average molecular 

weight is measured from the apex of the curve, which is also the retention 

time of the peak (see Table 5.6). The concentration dependency of the area 

under the curve was determined for all solutions of the microspheres.
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Table 5.6 Calibration of the Polystyrene mixture (GPC)

Molecular
Weight

number of 
readings (n)

Retention time in 
minutes

SD

4 x 106 16 12.23 ±0.067

1 x 106 16 13.47 ±0.087

200,000 16 14.81 ±0.194

28,000 16 16.41 ±0.122

7,000 16 17.64 ±0.131

1,250 16 19.29 ±0.206

Table 5.7 Characterisation of the Polystyrene Microspheres with reference 
to Molecular Weight and Size.

Size number of 
readings (n)

Peak retention time 
in minutes

SD Molecular
weight*

50nm 20 14.36 ±0.224 410,000

lOOnm 20 14.83 ±0.069 220,000

300nm 20 13.61 ±0.152 800,000

500nm 20 14.43 ±0.098 380,000

1pm 20 14.31 ±0.132 410,000

3pm 20 13.76 ±0.096 700,000

* The Polystyrene Nanosphere and Microsphere Molecular weight obtained 
from the Retention time of the apex of the peak, refers to the Number 
average (Mn) molecular weight.
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5.3.3. Extraction of polystyrene from tissues

The organs selected for analysis were stomach, small intestine (with 

mesentery lymphatic network and lymph nodes), colon, liver, spleen, heart, 

lungs and kidney. Stomach, small intestine and colon were longitudinally 

dissected to remove any unabsorbed microspheres, avoiding damage to the 

intact areas which may harbour microspheres. In selected groups of 

animals, blood samples (2mL) were also taken for detection of the 

polystyrene. Three animals were used in each group.

Dissected organs were clamped with freeze-clamping tongs and the 

resulting "wafers" of the organs were subjected to further freeze drying 

over 60h, ensuring total removal of the water from the samples, which 

were then transferred to a mortar (porous pot) pre-cooled to -70°C and 

containing liquid nitrogen. The organ was ground to a fine powder, which 

was transferred to a stoppered flask and 15-20mL chloroform added. This 

was mechanically shaken overnight in a water bath at 30°C. After two 

further washes with chloroform, the slurry of the ground organ with 

chloroform was first filtered through a glass wool wedge in a glass funnel. 

The chloroform was evaporated to dryness on a rotary evaporator 

(Rotavapor-R, Buchi) under reduced pressure. The dry residue was 

resuspended in an accurately measured volume of THF up to 6mL. Each 

sample was then filtered through a 0.5 micron Millex-SR Millipore solvent
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resistant filter. An aliquot of the sample was then analyzed for polystyrene 

using GPC. Each group of treated organs from animals fed latex were 

prepared for analysis separately and at all times steps were taken to 

prevent cross contamination of the latex polymer between the samples.

5.3.4. Recovery of polystyrene from a spiked tissue sample

Recovery of polystyrene from a tissue was determined by perfusing a 

suspension of polystyrene microspheres into one rat liver (7.5g) in situ, 

ensuring that the exits were ligated, so that the total dose of the latex 

microspheres remained in the liver. The liver was removed after 30 

minutes, freezed dried as above and extracted with chloroform and THF 

as outlined above. This was repeated for the 300nm, 500nm and 1pm 

samples of polystyrene. The tissue samples obtained were treated as 

described above and the percentage recovery obtained. This was found to 

be 76% ±6 w /v . Later results were therefore corrected in the light of this 

finding.

5.3.5. Sensitivity studies

The detection level sensitivity studies were carried out for the 

microspheres, of size 50nm, lOOnm, 500nm and 1.0pm in THF with 

concentrations similar to those used for calibration. It was found that for 

all sizes, concentrations lower than 6.25 x 10*5 % w /v  were not detectable
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by the UV detector.

5.4. ORAL EXPERIMENTS ON RADIOLABELLED POLYSTYRENE

5.4.1 Material and methods

5mL to lOmL glass vials for y-radiation counts were employed. lOOpL of 

3.7GBq lmL-1 (lOOp Ci/M l) Sodium iodide (125"I) in NaOH solution, pH  7- 

11 (Code IMS 30) was obtained from Amersham Pic, UK. lOOnm and 1pm 

polystyrene latex microspheres and 0.01M sodium iodide were also 

utilized.

5.4.I.I. Preparation of Covalently Bound 1-125 Polystyrene Microspheres

2mL of lOOnm (2 xlO13 particles /mL) (non-ionised fluorescein 

microspheres) were added to a 2mL aliquot of distilled water and lmL 

aliquot of 0.01 mol sodium iodide (cold). To this lOpL (500p Ci) of I-125 

sodium iodide (hot) were added. Each addition was preceded by gently 

bubbling nitrogen gas to remove air/oxygen. This 5mL solution was sealed 

using an ampoule sealer in a 10mL-15mL amber glass vial, under nitrogen 

in a fume hood, and sent to the Scottish Universities Research Centre 

(SURRC) at East Kilbride, Glasgow. A duplicate vial was processed exactly 

as above thus making a total stock solution of lOmL of the radioactive
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polystyrene latex.

Similarly, a sample of 1pm latex microspheres (6 x 1010 particles per mL) 

was prepared as above. This was irradiated (5M rads over 20h) from a 

source of cobalt-60. The contents of the ampoule were dialysed in Visking 

tubing to remove free (unbound) radioactive iodide ions, the Visking 

tubing having been boiled in double distilled water for 3h and left to stand 

overnight in distilled water. The radiolabelled latex was transferred from 

the ampoule to the Visking tubing using a syringe and the tube sealed. The 

dialysis bag was then placed in 800mL of continuously stirred double 

distilled water. After lh  a 2mL sample was removed and placed in a glass 

vial and counted for 100s. The conical flask was washed and a further 

800mL of water was added and after a further lh  a second sample was 

removed and counted. This procedure was repeated until the radioactivity 

in the dialysate water had reached a constant low value, usually about 100 

to 120h. All counts were corrected for background.

5.4.I.2. Oral Administration of radioactive (1-125) latex microspheres.

Female Sprague Dawley adult rats (Average wt 200g; 15 to 20 weeks) were 

used. Each group of treated and untreated animals contained at least 3 rats. 

The microspheres were administered by oral gavage, each treated group 

receiving 0.4mL (3.2 x 1012 particles; dose 2.00mg/kg) of the radioactive
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latex microspheres daily for 8 days. The animals were given free access to 

water, but food was removed overnight for 8 to 1 Oh before the morning 

dose of the microspheres. The food was resumed l-2h after the dosing. The 

animals were weighed daily and were kept in individual metabolic cages 

to ease the collection of urine and faeces and to prevent coprophagia. The 

urine and faeces were collected daily and the radioactivity measured after 

being homogenised in 5% w /v  KOH solution.

On day 9-10 the animals were kept in a particle free environment with 

limited food supply but plenty of access to drinking water to clear the GI 

tract of any unabsorbed microspheres. Urine and faeces were collected as 

usual and radioactivity measured.

On day 11 the animals were starved but given access to water. Again urine 

and faeces were collected and radioactivity measured. The animals were 

sacrificed by the excess ether method. Stomach, intestine (with mesentery 

network and mesentery lymph nodes) colon, liver, spleen, kidneys, lungs, 

heart and thyroid were carefully removed and weighed. Stomach, small 

intestine, and colon were longitudinally dissected to remove any 

unabsorbed microspheres with saline, and to avoid damage to any intact 

areas which may harbour microspheres. The organs were separately 

homogenised in 5% w /v  KOH solution and an accurately measured small 

aliquot removed and its radioactivity measured.



A control group (n= 3) was treated in exactly the same manner as above, 

receiving 0.4mL of normal saline via oral gavage daily. The urine and 

faeces were collected and weighed and homogenised in 5% w /v  KOH 

solution and measured for gamma-radioactivity; these values were used for 

background correction. On the last day of the experiment, the animals were 

sacrificed by the excess ether method and the organs removed and 

homogenised in 5% w /v  KOH solution, the radioactivity measured and 

used as background correction.

The thyroid levels in each organ are indicators of the uptake of free Iodine- 

125, that has hot been excreted in the urine.

5.5. RESULTS and DISCUSSION

Using both GPC and radiolabelled microspheres we were able to measure, 

quantitatively, the uptake of the polystyrene microspheres of different sizes 

as a percentage of the mass administered, and also determine the 

percentage absorbed and retained in the various tissues, e.g. small intestine 

(with lymph nodes), colon, liver, spleen and blood after 10 days of oral 

administration.
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5.5.1. GPC results

GPC forms a most valuable analytical technique in the molecular weight 

characterisation of polymers such as polystyrene (Yau et al 1979, Husain 

et al 1981; Evans 1973, Cazes 1966a,b). The molecular weight distribution 

and weight average molecular weight (Mw) and the number average 

molecular weight (MN) are obtained from the calibration plot (Fig 5.6). The 

chromatogram in Fig 5.7 is the molecular weight distribution peak, with 

retention times, of the 50nm polystyrene microspheres dissolved in THF; 

Fig 5.8 is the chromatogram of the 50nm beads recovered from the treated 

tissue. The retention time of the peak provides the number average 

molecular weight (MN).

Results, shown in table 5.6 and graphically in Fig 5.9 to 5.10, Fig 5.9 

suggest that the total uptake, which might include in some cases binding 

of particles to tissue, ranges from about 37% of the 50nm microspheres to 

about 7% of the 1pm size; this values also demonstrates the size 

dependency of the cumulative uptake in all the tissue examined.
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♦FIRST RUN 50pL 5 0 nf1 BEADS 100JJL IN 10ML THF

CtL
• I

MAR 6 ,  19  9 0 1 7 : 0 6 : 2 ,

A R E A ^

RT
14.663 
2 0 . 3 3 0

h R E h TYP E WI DTH 
8 - 9 0 5 7 7 9  p V 2 . 4 1  9
3 1 1 1 9  2 6 I V6 . 2 0 4

AREA:-; 
7 4 .  1 0 5 5 0  

2 5 . 3 9 4 5 1

TOTAL A R E A = 1 . 2 0 1 3 E + 0 7  
MUL F AuT 0 R =1 . 0 8 0 0 E + 0 0

Fig 5.7 Chrom atogram  of molecular weight distribution peak with retention 
time of polystyrene (from 50nm microspheres) in THF.
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R U N #

h R E M

<*»■»!W.T,

i—

1 6 9 N 0 V 2 7 ,  19 3 9 1 4 : 2 0 : 2 5

RT AREA T Y P E WI DTH AREA' ;
9 7  9 1 3 3 5 3 1 9 B V 3 . 6 1 1 . 4  5 7 4 0
6 10 5 8 0 9 4 9 1 V H 2 . 6 9 5 1 . 9 1 7 4 7
3 3 5 2 6 3 3 7  9 9 2 0 < S H B . 9 3 7 S 3 . 4 1 6 0 6
6 3 5 2 7 9 0 14 0 8 I BH 1 . 3 0 6 9 . 2 0 9 1 0

TOTAL A R E A = 3 . 0 2 9 3 E + 0 8 
M U L F A C T 0 R = 1 . y 0 0 0 E + 0 0

Fig 5.8 Chrom atogram  of molecular weight distribution peak with retention 
time of polystyrene (from 50nm microspheres) recovered from liver.
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F i g .  5 .9  The total uptake of polystyrene microspheres from the 
gastrointestinal tract of female Sprague Dawley rats (n =  3) follow
ing oral administration for 10 days at a dose of 1-25 mg kg-1 as 
measured by extraction of polystyrene from the tissues mentioned in 
the text, the data being plotted as a function of the particle size of the 
latex.
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FiG.§J0The uptake of orally administered polystyrene latex by the 
small intestine as analysed by gel permeation chromatography, as a 
function of particle diameter. Histological evidence showed that the 
microspheres are present mainly in the Peyer’s patches and the 
mesentery network of the small intestine.
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FiG.5.1lUptake of orally administered polystyrene latex particles by 
the colon, as a function of latex size. Histological evidence points to 
the accumulation of particles in the lymphoid aggregates present in 
the colon.
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F ig . 51ZThe concentration of orally administered polystyrene latex in 
the liver (O) and spleen (a ) as a percentage of administered dose 
plotted as a function of particle size. The particles are present mainly 
in the macrophage cells of the liver and the granular follicles of the 
spleen.
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administration of particles in the size range 500 nm to 3 /mi; the limit 
of detection of 6*25 x 10~5% w/v does not allow a conclusion that 
there are no particles in the blood, but the probability is reduced at 
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FiG.5J4The cumulative uptake of polystyrene, orally administered to 
female Sprague Dawley rats for 10 days at a dose of 1 *25 mg kg -  *, as 
a function of particle diameter in the liver, spleen, blood, bone 
marrow and kidney. In the case of particles o f500 nm and 1 /mi these 
data refer only to liver and spleen as no microspheres were detected 
in blood, bone marrow and kidney. For the 300 nm latex the data 
refer to liver, spleen and blood.
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While the data which refers to the GI tissues (Fig 5.10 -Fig 5.11) may be 

inflated because of the possibility of the inclusion of the particles which 

have been adsorbed but have not penetrated the epithelial barriers, there 

is no doubt that particles which are found in tissues physically separate 

from the mucosal surfaces are conclusive proof of the uptake and transport.

The results show the presence in several organs (Fig 5.12 to 5.14) of the 

polystyrene microspheres in the size range 50nm to 1pm. The largest 

microspheres studied (3pm diameter) were not found and one must 

conclude that they do not apparently migrate to the liver, spleen and 

blood. The total polystyrene in the liver, spleen, bone marrow and blood 

possibly shows the truest extent of translocation. The highest level is about 

7% of the administered dose for 50nm particles to about 1% for 1pm and 

zero for 3pm microspheres (Fig 5.13, 5.14).

Although the 3pm latex microspheres were detected neither in the systemic 

circulation nor in the liver and spleen, the histological evidence showed 

that these microspheres were adsorbed and immobile within the 

submucosal layer of the thicker mucosa and the of the stomach and the 

mucosa of the Peyer's patches. Other workers (LeFevre 1980; Eldridge 1990; 

Eble 1990) have also found similar findings with larger sizes of latex 

particle.

175



In the stomach there is an extensive and thicker mucosa layer which has 

a higher concentration of mucus glands; these represent tubular 

downgrowths of the epithelium from the gastric pits into the lamina 

propria. The orifice of the glands would also allow the microspheres to 

enter and become lodged in the pits. Examination of the histological 

sections produced evidence of small as well as large microspheres in the 

pits of the stomach. These may be unlikely sites for the possible uptake of 

the microspheres, but may prove to be a powerful area to exploit for 

storage and release of some therapeutic entities.

The smaller microspheres are quickly translocated into the serosal layer 

and thence into the systemic circulation (Fig 5.13). So the apparent high 

uptake of the 3pm microspheres (Fig 5.11 to 5.12) may be explained by 

adsorption. However, adsorption of smaller microspheres in the mucosal 

and submucosal layer of the GI tract is undoubtedly a prelude to 

absorption into the systemic organs and circulation.

Heart and lungs did not show the presence of any latex microspheres. The 

smaller 50nm size in the kidney (table 2). There was no histological or 

chromatographic evidence of the microspheres of other sizes in the kidney. 

lOOnm latex microspheres seem to represent the upper limit for transport 

into the bone marrow.
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5.5.2. Results from radiolabelled polystyrene administration

Results from the measurement of radioactivity of suspension of lOOnm and 

1.0pm microspheres are shown in fig 10. In experiments discussed here, 

instead of subjecting the polystyrene microspheres to radiation bonding 

energy between 0.9 to 1.14 x 1016 eV per mL'1 s"1 as recommended by H uh 

et al (1974), we chose a dose of between 2.5 to 5 x 1015 eV mL-1 s’1 for 20 

h. Although this results in a lower percentage binding of radioactive iodide 

to the surface of the polystyrene microspheres, the microspheres better 

conserve their structural integrity. Earlier batches suffered surface damage 

as well as damage to the core, such that the radioactive moiety is loss 

rapidly in tissue enzyme homogenate experiments.
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2 mg kg-1 for 8 days to rats; the extent of uptake in the liver and 
spleen is comparable to that estimated by determination of poly
styrene levels.

178



After exposure to Cobalt-60, the particle suspension was examined and 

found to be undamaged and stable with regards to the external structures 

as determined by PCS and covalent bonding as determined by the enzyme 

experiments. The suspensions are stable with regards to coagulation and 

particles undergo no detectable configurational changes; both electron 

microscopy and light scattering (PCS) substantiated no changes in the 

particle size and configuration after the treatment with the radiation source. 

Furthermore in vitro studies with liver and gastrointestinal enzyme tissue 

homogenate indicated a low order (0.1%) of cleavage of the iodine. Fig 5.15, 

however, shows high levels of radioactivity in the urine, which suggests 

some breakdown of the latex.

The rather inexplicable urinary data led to abandonment of this assay 

technique and caused the emphasis to be placed on the histological work, 

and, subsequently the more secure virtually direct analytical determination 

of the polystyrene content of the tissue and organs. In spite of the 

uncertantity over the urinary data and its cause, the urinary radioactivity 

levels are thought to result from the undialysed free Iodine-125 which is 

very difficult to remove completely. The radioactivity results of the tissues 

of stomach, small intestine, colon, liver, spleen heart and lungs (fig 5.15) 

suggest uptake of particles comparable to those discussed in Section 5.7.1 

obtained by extraction and GPC determination.

Our histological work (Chapter 3) indicated that the particles in the liver
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were present mainly in the hepatic sinusoids, principally in the Kupffer 

cells and the endothelial cells of the sinusoids. The Kupffer cells have 

active fixed macrophages which line the sinusoid side by side with regular 

endothelial cells. Some investigators (Weiss and Greep 1977) believe that 

the endothelial cells and Kupffer cells belong to the same cell lines, and 

their different appearance reflects different functional states, but both cell 

types have a great capacity for phagocytosis. Particles are also found in the 

bile canaliculi and may eventually get translocated into the bile duct. Some 

of the faecal radioactivity levels however small may, therefore, be due to 

the excretion of the microspheres by this route. During the process of 

cavitation the tissue becomes heated and it was not certain what 

polystyrene chain length resulted and if there was reproducibility. Lower 

molecular weight fractions would mean that any contamination by tissue 

protein will give high results. Using a 5% w /v  KOH solution, to dissolve 

the treated tissue, would then require complete neutralization by acid. 

Removal of the resulting salts would have to be meticulous, as any salt 

remaining would interfere with the GPC columns. So we employed the 

methods outlined in the text such that the dissolution of the polystyrene of 

the freeze dried tissues in organic solvents, resulted in mostly uniform 

polystyrene chain length, as indicated by the various chromatogram.

Work carried out by Ilium et al (1982) showed blood clearance and organ 

deposition of intravenously administered particles in the colloidal size range
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and above (0.5pm - 30pm) showed that the distribution was size 

dependent. 1.27pm diameter polystyrene particles were localised in the 

liver with small quantities in the spleen, in contrast to the 16pm diameter 

polystyrene particles which were found mainly in the lungs. There are 

several reports in the literature on the size dependence of particle 

absorption from the small intestine (Kreuter et al 1989; Alpar et al 1989; 

LeFevre 1978, 1980; Eble 1990; Eldridge 1990) but these results had a 

possibility of a high error rate eg LeFevre's method of counting of the 

beads would produce a potentially high percentage error.

O ur results convincingly conclude that very small particles (for example 

50nm and lOOnm) are found as far removed from the gut as in bone 

marrow, while 300nm, 500nm and 1pm particles are not found in the bone 

marrow. Of the two techniques used, Gel Permeation Chromatography 

(GPC), is more reliable than the technique involving the radiolabelled 

microspheres. We have shown (in chapter 3) that the microparticles gain 

access to the mesentery lymph by passing through the Peyer's patches, 

then traverse to the systemic circulation via the lymph and thoracic duct 

and are located to the organs of the RES which includes the spleen and 

bone. We found only the small size microspheres, found in the bone 

marrow. We also found that the larger 3pm diameter cannot escape the 

Peyer's patches and are therefore not distributed in systemic organs.
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We have included the results of the 1-125 studies as confirmatory, but 

consider the direct measurement of the polystyrene to be the more 

definitive.

5.6. CONCLUSION

The data in this section, although subject to some difficulties in 

interpretation, lend strong support to the observations made earlier in this 

thesis on the translocation of intact particles in measurable quantities across 

the gastrointestinal wall. It has been shown that there is a size dependency 

of uptake, uptake of 50nm polystyrene microspheres to the extent of 7% 

whilst about 1% of 1pm polystyrene microspheres in systemic organs after 

oral administration of 1.25mg kg’1 microspheres daily for 10 days. This size 

dependence is a good test of the physiological nature of the process.
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Chapter 6

BIODEGRADABLE PARTICLES for ORAL DELIVERY: A 

PRELIMINARY STUDY 

6.1 LIPOSOMES

As the bulk of the work described in the thesis has been concerned with 

polymeric microspheres, time did not permit, as had been the intention, the 

investigation of the delivery of an experimental drug by incorporating it 

into biodegradable microspheres. Liposomes were chosen as a versatile 

option, in the full knowledge that they are not directly comparable with 

polymer microspheres.

6.1.1. Introduction

Towards the end of the project it was required to look at the possibility of 

preparing biodegradable particles entrapping a labile drug to attem pt oral 

delivery. The growing importance of the use of biodegradable 

microspherical carriers has resulted in appearance of several types of 

carrier systems. Liposomes (see Gregoriadis 1988), lipid (Ozawa et al 1986) 

and albumin microspheres (Scheffel et al 1972, Kramer 1974, Klipstein et 

al 1983, Alpar et al 1989), polymethylmethacrylate microspheres (Sjoholm 

et al 1979, Nefzger et al 1984) and non-ionic surfactant vesicles (niosomes) 

(Baillie et al 1985,1986). Synthetic and semisynthetic components have been 

used to make liposomes with different characteristics. For example, 

synthetic lipid peptides have been employed by Murakami et al (1985), 

while Neumann et al (1986) have manufactured peptide liposomes from
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amphiphilic amino acids, thus changing the natural chemistry of these 

carriers.

In the past 20 years, there have been many reports concerning the use of 

liposomes as drug carriers (Gregoriadis 1971, 1988, Korting et al 1989, 

Kirby 1990, Kumashiro et al 1986, Nagata et al (1984). Liposome technology 

has been exploited in studying the behaviour of different types of 

macrophages by studying the uptake of vesicles with different surface 

characteristics (Muller et al 1989, Guise et al 1987). As the oral route is the 

most widely used for drug administration, attempts have been made to use 

liposomes to carry labile drugs by the oral route (Harsanyi et al 1986). 

Liposomes have been used as carriers for water soluble drugs, but here 

their incorporation in the vesicles is justified in term of dosage reduction 

and drug targeting to the liver (Ueno et al 1982, Gao et al 1987).

It has been suggested by some workers that intact liposomes with drug 

have been endocytosised by specialized absorptive cells, for example, by 

M-cells and lamina propria cells of the GI tract (Rowland et al 1981), 

thereby facilitating the transport of drug molecules otherwise thought not 

to cross the GI tract. It is also claimed that peptides given in liposomal 

carrier systems have enhanced intestinal absorption. This was the primary 

objective of Patel et al (1978) and Hemker et al (1980) who demonstrated 

delivery of insulin for the treatment of diabetes and Factor VIII for the 

treatment of haemophilia A, respectively, by oral administration of
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liposome-entrapped protein. The dose of insulin and Factor VIII giving this 

way was substantially higher than when given systemically. Moreover 

work carried out by Chiang et al (1987) suggests that the enhanced 

intestinal absorption may be due to increased drug availability at the GI 

mucosal surfaces rather than an uptake of intact liposomes.

6.2. MATERIALS and METHODS

6.2.1. RS88007-004

RS 88007-004 is a potent antihypertensive drug (Syntex Research Centre 

Edinburgh UK), similar to Nicardpine in its pharmacological properties 

(signifying a calcium ion influx inhibitor activity or slow Ca++ channel 

blocker), with a very poor water solubility (1 in 5000), molecular weight 

595, melting point 60-64°C. Time allowed only in vitro investigation of 

uptake into liposomes. The chemical characteristic of RS88007-004 are 

shown in Table 6.1 and its solubility profile in Table 6.2.

R S - 8 8 0 0 7 - 0 0 4  

Chemical Structure

C H 2 0 £

0^4

C02(CH2)2-0 CH2Clt~ o
Empirical formula C32H38N 2°9 
MW 5 9 4 . 6 6  MP 5 9 . 5 - 6 3 . 5 ° C

Fig 6.1 Chemical structure of RS88007-004
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6.2.2. Phospholipid

Distearyl phosphatidyl choline (DSPC) (was purchased form BDH), 

(molecular weight 790, lOOmg/mL in chloroform). Cholesterol, (molecular 

weight 387, (as above BDH) and used as a 20mg mL'1 solution in 

chloroform.

6.2.3. Phosphate buffer was prepared from:

Sodium chloride 8.0g
Potassium chloride 0.2g
Sodium Hydrogen phosphate.2H20  0.025g
Sodium dihydrogen phosphate.2H20  0.050g
Distilled water to 1.0 litre

the pH of (7.4) is adjusted and maintained by addition of 1M sodium 

hydroxide.

6.2.4. M ultilamellar vesicles

To prepare the multilamellar liposomes, the following procedure was 

followed:

33 micromoles of DSPC was added to 33 micromoles of cholesterol with 10 

millimole of RS88007-004, which was dissolved in methanol. All the above 

three ingredients were mixed in 5mL methanol in a 50mL round bottom 

flask. The flask was then secured to a rotary evaporator (Rotavapor-R) and 

the mixture was evaporated to dryness, under vacuum, at 55°C. A thin film 

was formed on the side of the flask. The stock phospholipid and
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cholesterol, was maintained at -20°C under nitrogen. The mixture of DSPC, 

cholesterol, and RS 88007-004, was removed from the rotary evaporator and 

nitrogen gas bubbled for lOmin, to remove organic solvents used to 

dissolve the ingredients that may still have remained, and to remove any 

oxygen present. The flask is suspended in a water bath (50°C - 55°C), in a 

beaker while bubbling nitrogen and gently shaking, thus dispersing the 

thin film.

2mL of 0.05M carboxyfluorescein (purified on Sephadex LH 20 column; 

Pharmacia Ltd, Lot No Na 003334) (2mL) was added to the reaction 

mixture with 3mL of phosphate buffer maintained at pH 7.4. The resulting 

suspension was bath sonicated, for 1 min at 50°C, until the thin film from 

the side of the flask dislodged completely. The suspension was left to stand 

in a water bath at 55°C to form vesicles. This "annealing" process was 

carried out for lh . The diameters of the resulting liposomes ranged from 

lp m  to 2pm. Probe sonication, was carried out whilst the beaker containing 

the liposomes was kept in a water bath maintained at 50°C for a total of 10 

min in 1 min bursts with 30s rests. The resulting liposomes (MLVs) were 

between lOOnm to 800nm in diameter, as determined by transmission 

electron microscopy and PCS. The liposomes were left at room temperature 

for 10-20 min, then transferred to a Visking tubing dialysis sac (Medi Cell 

International Ltd), and dialysed with PBS, for 48 h, with 4 to 6 changes of 

PBS. The resulting (2mL) suspension of liposomes containing RS 88007-004,
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was diluted to 15mL with PBS. The suspension of liposomes was then 

treated on Sephadex LH 20 column to remove any untrapped drug.

The percentage entrapment of the drug in the MLVs was calculated by first 

dissolving lmL of the sample in 5-1 OmL chloroform, to achieve a complete 

dissolution of the liposomes. The solvent was evaporated at 55°C, under 

vacuum, and the solids resuspended in an accurately measured 5mL 

(70:30% v/v)  acetonitrile-water mixture. Several 50pL aliquot samples 

were used to determined the concentration of RS 88007-004 using HPLC 

utilising a guard and analytical column (Vydac C18 Technicol Stockport 

UK). The results are tabulated in table 6.3.
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Table 6.1: RS88007-004 extinction values and solubility.

Solvent Max (nm) E Solubility
m g/m l

Methanol 228 31738 >350
350 6631

Water (30%) 226 26778 -

methanol 356 7023

Acetonitrile/ 228 300649 65.9
water 70/30 350 6494

Table 6.2: Solubility of RS88007-004 in various solvents at room 
temperature.

Solvent Solubility mg /  ml

Water < 5x1 O'5

Isopropanol /  Buffer pH 7 14/86 < 5x10"5

Acetonitrile /  water 70/30 65.91

Ethanol >350

Methanol >350

Acetone >350

Acetonitrile >350

Ethyl Acetate >350

Toluene >350

Dichloromethane >350

Isopropanol >350

Heptane 0.11
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Fig 6.3 Transmission Electron Photomicrograph (x 25,000) of m ultilam ellar 
liposomes (140 ±25nm) with RS 88007-004.
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6.3. RESULTS and DISCUSSION

One of the most popular experimental approaches to controlled drug 

delivery has been the use of liposomes, or phospholipid vesicles 

(Gregoriadis 1988). Phospholipid dispersed in water, can form a variety of 

structures depending on the molar ratio of lipid to water. There are several 

distinct types of liposomes available and most common preparations are 

multi-lamellar vesicles (MLV) as prepared here. RS88007-004 being a 

lipophilic drug has its maximal incorporation into liposome phospholipid 

bilayer, thus the incorporation into liposomes depends on the amount of 

lipid and the solubility of the drug in the lipid layers. Transmission 

Electron micrographs demonstrates the vesicles to be multilamellar and of 

uniform size. The concentration curve obtained by HPLC analysis enabled 

the calculating of the drug entrapment in the liposomes prepared in the 

above experiment. RS-88007-004 is incorporated to the extent of up  to 60%.

Due to lack of time, the oral administration of the drug loaded liposomes 

was not carried out. Obviously this and other such experiments will be a 

priority in future work.
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Chapter 7

GENERAL CONCLUSIONS

The potential for the delivery of labile drugs in a carrier system via the oral 

route was the primary motivation of the work discussed in this thesis. The 

absorption of carriers into the systemic circulation via the oral route means 

that the carriers have to survive disruption due to drastic fluctuations of 

pH, the effect of digestive enzymes and other gastric contents eg mucus 

and bacteria and so on, and must have a significant residence time within 

the gastrointestinal tract at the site of uptake before translocation across the 

epithelial barrier.

Peptide and proteins represent an important group of drugs which often 

have a highly selective effectiveness as therapeutic agents. The 

development in abundance and in much purer form of these compounds 

has been made possible by advances in their chemical synthesis and the 

technology of recombinant genetic engineering. Although such products 

have been administered intravenously, intraperitoneally, intranasally and 

transdermally, successful oral therapy has largely eluded solution.

Workers have attempted a wide range of techniques to administer these 

proteins and enzymes by the oral route. Emulsion and lipid vesicles have
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been used for experimental peptide oral administration (Chobert et al 

1987, Cheema et al 1986, Kimura et al 1989, Mizushima et al 1982a,b) and 

the adsorption and immobilization of the proteins, labile drugs and 

hormones on biodegradable polymers and silicon surfaces has been used 

as a technique for both oral and systemic administration, but largely by the 

intravenous route (Venter 1982, Ekman et al 1976, He et al 1987, Drake et 

al 1985, Saffran et al 1986, Edman et al 1980, 1981, 1982). Changes in the 

membrane surface charge of the GI tract could achieve increased uptake of 

vesicles and microspheres loaded with drugs (Ohyashiki et al 1989).

Tropical diseases of infectious nature affects almost half a billion people 

world wide. There would be tremendous benefit from oral immunisation 

against diseases such as malaria, leishmaniasis, schistosomiasis, lymphatic 

filariasis etc (O'Hagan et al 1989, 1990, Lehner et al 1989, Klipstein et al 

1983, Kirsh et al 1988, Hill et al 1990a,b). Oral administration of vaccines 

in biodegradable microspheres have been reported (Eldridge et al 1990, 

Mestecky et al 1989) to produce high antibody titres, possibly because of 

the interaction and presentation of the antigenic substances for 

immunization directly to the cells of the immune system, thereby making 

the gut associated immune tissue, the centres of T and B immunocytes, as 

the first stop, and then further percolating in to lymphatic system as the 

target (Dean et al 1985, Bienestock et al 1987, Congleton et al (1989), 

Mesteky et al 1989).
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It is well known that the antigenicity of antigens is increased in the 

presence of metallic as well as lipid adjuvant (Allison 1987, Gregoriadis 

1990, Morein et al 1984, Diner et al 1979). So the administration of a 

vaccine in a polymeric colloid, might offer an advantage. Oral 

administration of vaccines would not only make vaccination acceptable but 

above all, revaccination more forthwith and effortless. Prevention of some 

diseases in the Third World will not only have significant economical 

outcome but also due to prevention of debilitating diseases like polio etc 

would have direct results on prevention of at present, a high infants and 

young adult mortality, and would eventually result in lowering of the birth 

rate.

The primary aim of the work in this thesis was to explore the oral uptake 

of microspheres from the GALT and subsequent concentration in lymphatic 

system.

Mullock et al (1983), and Johnston et al (1988); showed that drug-protein 

immunogenic conjugates of digoxin, benzylpenicillin and chlorpromazine 

enter the lymphatic circulation via Peyer's patches, thus producing active 

"immunization" of these drugs to the antibodies of the lymphatic system. 

Hepatotoxic reactions such as jaundice which occur in a small num ber (c 

1%) of patients following treatment with chlorpromazine may be due to 

hypersensitivity reactions which result from the production of humoral and
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secretory antibodies to chlorpromazine. These antibody-antigen reactions 

may have a connection to the hepatic cholestasis following oral 

administration of chlorpromazine. Dunkley et al (1987) demonstrated that 

the antigen specific helper cells of w3\25 mice (T-helper /  inducer) 

phenotype arises in Peyer's patches of the rats after intra-Peyer patch (iPP) 

immunisation with keyhole limpet haemocyanin (KLH) and subsequently 

appears in the thoracic duct lymph via the mesentery lymph nodes (MLN), 

gut epithelium and gut lamina propria. Even in animals with 

lymphadenectomy to affect significantly the T-helper activity among 

thoracic duct lymphocytes, indicates that T helper cells arise from the intra- 

Peyer's patch immunisation regime and thus are generated solely in the 

GALT after oral administration, and that MLN play a "storage" role. Thus 

there may be advantages in introducing antigens into the percolating 

lymphatic system, by the oral route instead of by the subcutaneous route.

The concept of drug targeting is not a new one. Since the time of Paul 

Ehrlich, it has been widely accepted that the usefulness of many drugs in 

therapeutic medicine would be enhanced if they were to exert their desired 

effects selectively on the target site. Therefore the concept of site specific 

drug delivery is at present very much in the vanguard of the field of 

pharmaceutical science. As mentioned above, advances in technology have 

resulted in powerful and "natural" drugs, but the need for effective drug 

delivery systems is paramount. In the last decade there have emerged



several controlled drug delivery system such as liposomal drug carriers, 

antibody drug carriers and various other technologies (Gregoriadis 1988, 

Davis et al 1988, O'Mullaine et al 1987, O 'Hagan et al 1987, Aprahamian 

et al 1987, Laakso et al 1987, Artursson et al 1983, 1984,1987., Bijsterbosch 

et al 1989, Florence et al 1979, Starkhammar et al 1987, Ratcliffe et al 1984). 

The preparation and application of a magnetic carrier system allowing 

external direction to the target site has been described (Mosbach et al 1979, 

Gallo et al 1989, Widder et al 1979, Ranney et al 1988). However, successful 

oral therapy with a labile protein and some drug molecules have largely 

eluded solution.

A number of attempts have been made to enhance the GI absorption of 

peptides, by simultaneous administration of chemicals with proteolytic 

inhibitor activity, or bound to surfactant micelles (Masuda et al 1986, 

Paulssen et al 1981, Fukui et al 1987, Kamo et al 1987) but with mixed 

results. Liposomes and other polymeric carriers have been utilised to 

administer insulin through the oral route (Patel et al 1976, Oppenheim et 

al 1982, Saffran et al 1986, Couvreur et al 1980a, Aprahamian et al 1987, 

Damge et al 1987, 1988, 1990) but have often achieved little success. Oral 

treatment of Haemophilia A by liposome loaded factor VIII has been 

attempted by Hemker et al (1980) and Morgenthaler (1980). It has been 

claimed by Chiang et al (1987), that oral delivery of Factor VIII and insulin 

by carriers such as liposomes may not have resulted from enhanced



absorption via uptake of intact liposomes, but be due to greater drug 

availability at the mucosal surfaces; the concentration of insulin and Factor 

VIII utilised for such oral delivery is substantially higher than when given 

parenterally.

Another area of human disorder where delivering a proper amount of the 

drug to a specific region in the body is a major concern is in the 

chemotherapy of cancer. The therapeutic effects are often limited by the 

toxicity of the drug to the healthy tissue and diminished ability to gain 

access to the diseased sites at an appropriate dosage. It is not that the 

medical armoury lacks effective and powerful chemotherapeutic agents, 

there are many hundreds of potential antitumour agents that exhibit 

excellent cytotoxic activity in vitro cell culture. Delivery of such drugs in an 

appropriate carrier, which might be selectively targeted to the tumour sites 

and thus allowing an efficient tumour cell kill while largely sparing the 

normal tissue has been undertaken vigorously by several workers over the 

decade (Astier et al 1988, Azmin et al 1985, Bobichon et al 1987, Couvreur 

et al 1980b, Gigli et al 1988, Jeyanthi et al 1989, Juni et al 1985a,b, Kato et 

al 1980, Storm et al 1989). Many such experimental delivery systems for 

chemotherapy are delivered by the intravenous route.

Since the present work is concerned with drug delivery by the oral route, 

an oral carrier system should be produced which must be stable in the GI
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tract against digestive enzymes and fluctuating pH; such a system, which 

was absorbed as the systems studied in this thesis, could be employed in 

the treatment of lymphatic cancers.

The pharmaceutical consequences of the uptake of the colloidal particulate 

matter and its subsequent concentration in the lymphatic tissues and the 

tissues of the RES after oral has been stressed above (see 3.1.1). Utilization 

of biodegradable polymeric drug carriers should now be exploited, for 

instance, in the treatment of experimental models of a lymphoproliferative 

disorders such as multiple myeloma or Hodgkin's lymphoma which affect 

the cells of the reticuloendothelial and lymphatic system (Chisesi et al 1987, 

Hagiwara et al 1987, Roberts 1963). There are primary lymphomas of the 

GI tract notably affecting the B and T cells population of the lymphoid 

tissues of the GALT, such as polymorphic small and large B cell 

lymphoma, Burkitt-type lymphoma and pleomorphic small and large T cell 

lymphoma (Hall et al 1988). LeFevre et al (1980), Eble (1990) and Eldridge 

et al (1990), have claimed that microspheres of 3pm diameter are taken up 

by the GALT and are found to be adsorbed and immobilised to the 

submucosal layer, as no 3pm particles were found in the mesentery nodes 

and mesentery network. As particles from Peyer's patches via the M-cells 

would at least be found in the node, there is a higher possibility of the 

larger size becoming lodged in the mesentery network and not being 

quickly cleared by the lymphatics into the thoracic duct and thence into the



venous circulation to the organs of the RES. Thus, microspheres loaded 

with a chemotherapeutic agent such as doxorubicin, bleomycin and 

vincristine which are all given at present by the intravenous route, might 

be administered orally to treat these lymphomas. A more specific 

deposition of the microspheres at the site of need with reduced drug 

concentration elsewhere would be of tremendous advantage. However, 

there is the problem of drug loading into the microspheres and the key 

question of the extent of uptake.

Quantitation of the presence of polystyrene in treated tissues illustrated 

that the uptake and distribution of the microspheres in the systemic organs 

is size dependent. Analysis of the tissues showed the extent of uptake of 

50nm particles was 34% and of the lOOnm particles 26%, of which total, 

about 7% (50nm) and 4% (lOOnm), was in the liver, spleen, blood, and bone 

marrow. Particles larger than lOOnm did not reach the bone marrow, and 

those larger than 300nm were absent from blood. No particles were 

detected in the heart or lung tissues. The deposition of the microspheres at 

the site, such as the bone marrow, has clearly shown size dependency. The 

fact that the bone marrow's fenestration is about lOOnm (Le Gros Clark 

1939) would make the deposition of larger size microspheres difficult but 

probably not impossible.

It is important to mention the possible toxicological consequences of the
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uptake of particulate matter from the gut. Wolf et al (1983) have shown 

that the penetration of certain reoviruses through the GI tract occurs via the 

GALT. Although in small numbers such viruses would be dealt by the 

formidable immune system of the body, occasionally in an endemic area, 

but an overwhelming loading could give rise to viral as well as bacterial 

diseases eg rubella, smallpox, polio, yellow fever, tuberculosis. Some 

common travellers' diarrhoea is caused by infiltration of the GI tract by 

virulent Vibrio cholera (500nm to 1pm in diameter). Prions cause scrapie (a 

neurological disorder of sheep and goats) and Cruetzfeld Jacob disease, a 

rare hum an dementia. Prions are also considered the probable agents of 

two other human diseases of the central nervous system, Kuru and 

Gerstmann-Staussler syndrome (Prosiner 1987).

One must also not over-rule the possibility of the dietary ingestion of viral 

and prion particulate matter which has caused anxiety with reports of 

bovine spongyform encephalopathy ("mad cow" disease/BSE) (Manuelidis 

et al 1978, Matthews et al 1979). Dietary ingestion of macromolecules 

present as food additives and oral ingestion of particulate or 

macromolecular additives present in pharmaceutical formulations have 

been highlighted (Ohta et al 1989, Weiner 1988, Florence et al 1990, Brenner 

1989, Fleming et al 1989). This should be considered thoughtfully by the 

pharmaceutical formulators.
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7.1.1.Future work

Future work requires the examination and study of biodegradable 

microspheres for oral delivery. It is important to choose material for such 

microspheres carefully, whereby it would survive the digestive enzymes 

and fluctuations of gut pH. The carrier system must have a significant 

residence time within the GI tract at the site of uptake before the 

translocation across the epithelial barrier. Preparation techniques and 

characterisation of microspheres of limited size range is well documented 

(Al Khouri Fallouh et al 1986, Baillie et al 1985, Bodmeier et al 1988, Chang 

et al 1966, Hosaka et al 1983, Stjarnkvist et al 1989, Ugelstad et al 1980, 

Wakiyama et al 1981). A system such as the polylactide polyglycolide - 

copolymer, whose biodegradability can be controlled by choice of monomer 

ratios is a likely candidate.

As demonstrated by Ilium et al (1983, 1986, 1987a,b) the surface of the 

microspheres can be coated, for example with a hydrophilic block co

polymer surfactant poloxamer (or polaxamine) to reduce sequestration by 

the RES, but this might also militate against uptake by Peyer's patches. 

Perhaps what may be required is an outer coating of hydrophobic polymer 

which would first facilitate uptake by Peyer's patches and as the first coat 

is digested, the second hydrophilic one would enable the microspheres to 

spend more time in the general circulation. There are various distribution 

and drug elimination pharmacokinetic profiles to be studied after delivery
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in such polymeric carrier systems (Ekman et al 1976, 1978, Ishizaka et al 

1983, Nefzger et al 1984) revealing more about the factors that control 

release and the behaviour of the microspheres. Simple models which have 

been used in the laboratory to study the absorption kinetics of drugs such 

as the isolated internal loop in the rat or chronic cannulation of the jugular 

vein for pharmacokinetic studies should not be underestimated (Bakar et 

al 1983, Poelma et al 1987, Kaplan et al 1972, Lovering et al 1974, Wolfe et 

al 1973, Turner et al 1970, Kessler et al 1978). Perhaps the method and 

technique that would be relevant for the study of microspheres and their 

uptake through the gut is the method of Dolusio et al (1969a,b, 1970), 

which allows the study of the kinetics of absorption in situ. This, perhaps, 

is a better method as it is not possible to guarantee the viability of isolated 

tissue after certain time, and it may not be possible to correlate kinetics in 

vitro to those in an intact model where the drug is constantly removed 

from the lumen of the small intestine.

Since we have demonstrated that the microspheres are mainly taken up by 

the GALT and traverse the intestinal lymphatic system a simplified method 

of cannulating the lymphatics of experimental animals would be an 

advantage (Crouthamel et al 1970, Warshaw 1972).

Mucosal barriers are always disrupted by the gut's natural environment. 

A plethora of activity is unleashed by intestinal bacteria for example
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production of bacterial N-formyl-methionyl-oligopeptides induce adhesion 

and causes the chemotaxis of bacteria, and superoxide production. The 

oligopeptide also causes the release of lysosomal enzyme especially in the 

neutrophil leucocytes, producing a pronounced inflammatory response on 

the mucosal barriers (Ferry et al 1989). Yamamoto et al (1989) examined the 

adherence of Vibrio parahaemolyticus and Vibrio cholerae in the small 

intestinal mucosa with mucus coating, villi and lymphoid follicle 

epithelium at the mucosal surfaces. V. parahaemolyticus' adherence to 

hum an small intestinal mucosa correlated roughly with the cell associated 

haemagglutinin (HA) levels of the strain adherence which was of lower 

level. M-cells provided the best adherence and internalization occurred 

more with these cells. V. cholerae 01 can adhere to the formalin fixed brush 

border of villus absorptive cells to a similar extent as to freshly isolated 

brush border, supporting the idea that bacterial pathogens including V. 

cholerae 01 recognises sugar residues of receptor with their adhesins. Since 

M-cells are better adherence targets then other intestinal epithelial cells this 

observation together with the fact that M-cell microfolds lack receptors, 

leads to the conclusion that there are different chemical structures between 

M-cells microfolds and microvilli of major constituent epithelial cells. This 

experiment also showed that there is adherence but not internalization of 

E. Coli and ability of the pathogen to release toxigenic substances.
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Hence, it might be possible to learn from the tactics of N ature how to 

engineer particles with the appropriate affinity for Peyer's patches. It is not, 

however, a simple task. The work described in this thesis is simply a 

starting point.
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The Uptake and Translocation of Latex Nanospheres and 
Microspheres after Oral Administration to Rats
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The School of Pharmacy, University of London, London WC1N1AX, *Department of Pharmacy, University o f Strathclyde, 
Glasgow G1 IXW  and f Syntex Research Centre, Edinburgh EH14 4AP, UK

Abstract—Non-ionic and carboxylated fluorescent polystyrene microspheres (100, 500 nm, 1 and 3 pm in 
diameter), were fed by gavage (2-5% w/v; 1-25 mg kg-1) daily for 10 days to female Sprague Dawley rats. 
Peyer’s patches, villi, liver, lymph nodes and spleen of animals fed the non-ionic microspheres from 100 nm 
to 1 pm  showed unequivocal evidence of uptake and translocation of the particles. Heart, kidney and lung 
showed no evidence of the presence of microspheres. Carboxylated microspheres were taken up to a lesser 
degree than the non-ionised particles. Experiments with 125I radiolabelled 100 nm and 1 pm particles showed 
a higher uptake of the smaller particles, which were concentrated in GI tissue and liver. Particles were not 
distributed randomly in the tissues, but were concentrated at the serosal side of the Peyer’s patches and 
could be seen traversing the mesentery lymph vessels towards the lymph nodes. The results demonstrate a 
need to re-examine the possibilities of particulate oral delivery, as well as the potential toxicity of ingested 
particulates.

The wall of the mammalian gastrointestinal tract is com
monly assumed to be an impenetrable barrier to the passage 
of inert particulates. O’Mullane et al (1987) have concluded 
that “the transport of intact carriers across the gastrointesti
nal tract is restricted to exceptional and unusual circum
stances” . However, a number of investigators have shown 
that passage of colloidal particles across the intestinal 
mucosa is possible (Thompson et al 1960; Sanders & 
Ashworth 1961; Volkheimer 1968, 1975; Pontefract & 
Cunningham 1973; Le Fevre et al 1978). Most recently, 
Alpar et al (1989) found 1-1 pm particles to reach the 
circulation after oral administration, and evidence for 
transcellular passage of 200 nm diameter latex particles was 
provided over 25 years ago (Sanders & Ashworth 1961).

The neonatal mammalian small intestine, like the reticu
loendothelial (RES) system in man, has a capacity to ingest 
macromolecules by endocytotic mechanisms (Daniels 1972; 
Walker et al 1974) allowing transmission of immunity to the 
young.

Membraneous epithelial (M) cells are specialized cells 
overlying the lymphoid follicles in the gastrointestinal and 
respiratory tracts; a review by Wolf & Bye (1984) has 
outlined their nature and structure. While solitary lymphoid 
nodules may occur along the entire intestine, they tend to be 
more numerous in the ileum, where they are grossly recogniz
able in aggregates as Peyer’s patches. These are generally 
oval and usually located in the antimesometrial wall of the 
intestine. Their number changes with age, being maximal 
(circa 300) at puberty. Viral and bacterial particles can 
penetrate the mucosal barrier via membranous epithelial 
cells which endocytose and transport macromolecules, 
including antigens, and microorganisms into the Peyer’s 
patches or associated lymphoid tissues (gut-associated 
lymphoid tissue).

Correspondence to: A. T. Florence, The School of Pharmacy, 
University of London, 29/39 Brunswick Square, London WC1N 
1AX, UK.

The ability of the intestinal mucosa of the adult rat to 
transport macromolecules from the lumen to the lymphatics 
and other organs of the RES was demonstrated by Hem- 
mings (1978) and Barbour & Hopwood (1983) who clearly 
showed the involvement of pinocytotic vacuoles each con
taining several molecules of ferritin (mol. wt 750000 and 
mol. diameter 10 nm). The intestinal transport of macromol
ecules in food has been discussed by Weiner (1988).

Absorption of Ru 41740 (a glycoprotein extract from 
Klebsiella pneumonia) from the gastrointestinal tract of the 
rabbit was greater from the duodenum than from Peyer’s 
patches (Heyman et al 1987), a result similar to that obtained 
by Owen (1977) for glycoprotein horseradish peroxidase. 
However, most of the Ru 41740 crossing Peyer’s patches was 
still in high molecular weight form. Le Fevre et al (1978, 
1989) have shown that macrophages of Peyer’s patches may 
be responsible for the uptake of particulate matter in the 2 
pm  size range, which then reaches the lymph nodes via the 
lymphatic circulation.

Patel & Ryman (1976) and Hemker et al (1980) have 
demonstrated successful oral delivery of insulin and Factor 
VIII, respectively, in liposomal carriers. Oral uptake of 
methotrexate administered in non-ionic surfactant vesicles 
of about 120 nm diameter and elevated liver levels of 
methotrexate suggested the uptake of intact vesicles and their 
subsequent sequestration by the RES (Azmin et al 1985).

The products of biotechnology in the form of peptide and 
protein drugs now present new challenges in the pharmaceu
tical areas of specific drug targeting and for delivery by the 
oral route.

Successful oral therapy with labile peptides, proteins and 
drug molecules has largely eluded solution. Immunization 
via the oral route would have many obvious advantages 
(Mestecky & McGhee 1989). The potential for the delivery of 
labile drugs in carrier systems was the primary motivation 
for the present work.

In this work fluorescent polystyrene nanoparticles and 
microparticles in the size range 100 nm-3 pm with varied
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Table 1. Characteristics of the fluorescent microspheres.

Lot Number
No. of particles Polystyrene Size in (Polysciences) Excitation Emission 
m L '1 (2-5% w/v) microspheres ^m ( + s.d.) (Northampton) maxima (nm) maxima (nm)
4 x l0 13 Carboxylated 0-1 ±0-003 55171 530 590
3-8 xlO10 (negative) 1-1+0-03 64381 530 590
2 x l0 13 Non-ionic 0-13±0-01 61034 458 540
2-8x10" (plain) 0-54+0-005 84102 458 540
6-25 x 1010 0-95 + 0-01 71825 458 540
1-6 x 109 3-06 + 0-17 74352 458 540

surface characteristics were administered orally to rats. The 
location of the microspheres was determined histologically 
by light and UV microscopy, and confirmed by the use of 
radiolabelled microspheres. Polystyrene is not biodegrad
able but its use here avoids complications of interpretation 
which would ensue from degradation. Most importantly, the 
particles are non-immunogenic so there is no opportunity for 
them to enhance their own uptake or influence uptake by the 
lymphoid tissue.

Materials and Methods

Microspheres
Monodisperse negatively charged carboxylated polystyrene 
microspheres (nominally 100 nm, 1 pm  in diameter) with 
covalently linked rhodamine, and non-ionized polystyrene 
microspheres with covalently linked fluorescein (nominally 
100 nm, 500 nm, 1 pm, 3 pm  in diameter) were used as 
received from Polysciences Ltd (Northampton). Particle 
sizes were confirmed using photon correlation spectroscopy 
and are shown in Table 1 along with a summary of the data 
on the systems employed.

Animals
Female Sprague Dawley adult rats (average weight 200 g; 
15-20 weeks) were used. Each group of treated and untreated 
animals contained at least 3 rats.

The microspheres were administered by gavage. A dose of 
1-25 mg kg-1 (=0-1 mL volume) was administered daily for 
10 days. The animals were given free access to water, but 
food was removed overnight, about 8-10 h before the 
morning dose of microspheres. Urine and faeces were 
collected daily, and, occasionally, at random; the urine was 
freeze dried and examined for the fluorescent beads. The 
animals were weighed daily and were kept in individual 
metabolic cages to ease the collection of urine and faeces and 
to prevent coprophagia. After the final dose was adminis
tered, the animals were kept for two days in a microsphere- 
free environment to clear the gastrointestinal tract of any 
unabsorbed microspheres. Before being killed with ether, the 
animals were fasted for 15 h to clear the gut of food particles. 
Stomach, intestine (with mesentery network), colon, liver, 
spleen, kidney, heart and lungs were carefully removed to 
avoid cross contamination of microspheres, weighed and 
stored at — 70°C before the preparation of frozen sections 
using a cryostat. This was preferred since some methods of 
traditional sectioning, fixing and cleaning of the tissue in 
absolute ethanol and chloroform would destroy the poly
styrene microspheres. Ten sections were prepared from each 
tissue for each animal.

Intravenous administration
Two sizes of polystyrene microspheres were administered 
intravenously to compare the results with those obtained 
from oral administration. 100 nm beads (volume 0-2 mL, 
containing 5 x 108 particles) and 1 pm  beads (volume 0-2 mL, 
containing 5 x 106 beads) were injected into the exposed 
femoral vein of each of the two groups of two rats 
anaesthetized lightly with ether, the skin then being clipped 
back. The animals were killed with ether 40-50 min after 
recovering from anaesthetic and organs weighed and stored 
as before.

Histology
The organs were maintained at — 70°C using a dry ice- 
ethanol (90%) mixture. Samples (0-5 to 1 cm square) were 
taken for sectioning. To prevent cross contamination sam
ples from each group were sectioned and mounted on 
separate days. Throughout the sectioning and mounting 
procedures, the temperature was maintained at -30° to 
—20°C. Sample tissues were embedded in a cryostat medium 
[OTC (TEKII) 4583 compound], and 3 ^m thick sections 
were prepared except for the mesentery lymph nodes which 
were sectioned 6 pm  thick because of difficulty in thin 
sectioning of frozen fatty tissue. The sections were viewed by 
fluorescence microscopy.

Results and Discussion

There has always been strong circumstantial evidence of the 
uptake of particulate matter, and our results clearly show the 
uptake and the subsequent translocation from the gastroin
testinal tract (or GI mucosal surfaces) of the non-ionic 
fluorescent polystyrene microspheres. Table 2 summarises 
the data from the histological slides. These showed the 
presence of 100 nm particles clearly by the fluorescence of the 
tissue, but the resolution of individual particles was not 
possible under the light microscope, hence the concentration 
of our commentary on the 500 nm size particles.

Not surprisingly, we found that the 1 pm  diameter 
microspheres were taken up less efficiently than smaller 
particles. The 100 and 500 nm non-ionic microspheres 
producing unequivocal evidence of their presence after oral 
administration (Fig. 1A-F). Viewed under the fluorescence 
microscope the liver, the tissues of Peyer’s patches, villi, 
lymph nodes and spleen showed evidence of non-ionic 
microspheres while sections of heart, kidney and lung tissues 
showed none.

Animals fed carboxylated (negatively charged) fluorescent 
microspheres presented less clear evidence of the uptake 
(Table 2). Even the 100 nm particles appear not to be
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Table 2. Uptake in various tissues after oral feeding of microspheres.
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Particle Peyer’s Small Mesentery Kidney Lungs
type Stomach patches intestine node Colon Liver Spleen (1) Heart (2)
YG + + + + + + ++ + + + + ++ + + + + +  + O O O
YO + + + + + + + + + o o O O

Key: YG = Fluorescein dye non-ionized (monodispersed) microspheres of size 0-13 /im and 0-95 fim. 
YO = Rhodamine dye carboxylated (negative) (monodispersed) microspheres of size 0-1 fim and 1-1 jim.

0  = no evidence of latex particles, +  = very low uptake, +  + =low uptake, + + + = moderate uptake, 
+  +  + + = high uptake.

absorbed, although the evidence is not unequivocal because 
of the difficulty in distinguishing the rhodamine fluorescence 
and the auto-fluorescence of the tissue.

The Peyer’s patches and the mesentery nodes comprise the 
most obvious part of the gut-associated lymphoid tissue 
involved in the uptake of these particles. Fig. 1A -F show 500 
nm non-ionic microspheres being translocated in the submu
cosa and serosal layer of the Peyer’s patches and traversing 
the lymphatic vessels from the gut to lymph node. Most 
importantly, there is substantial evidence of these micro
spheres in the Peyer’s patches, confirming Le Fevre’s findings 
(Le Fevre et al 1978, 1989) although we have more clearly 
defined the location and subsequent fate of the particles.

Le Fevre et al have provided the most convincing evidence

F ig . 1. A. Photomicrograph (x400) of a Peyer’s patch showing a 
collection of 500 nm non-ionic fluorescent polystyrene microspheres 
in the submucosal layer of a frozen section. Amongst the lymphoid 
nodules in the Peyer’s patch the surrounding villi, some of which 
overhang the follicular surfaces, should be noted. The Peyer’s 
patches, which make up the most obvious part of the gut-associated 
lymphoid tissue system in the intestine contain fibroblasts, macro
phages as well as masses of lymphocytes. There are on average 20 
such patches in the rat principally in the lower part of the ileum on 
the side opposite the mesenteric attachment. B. Photomicrograph 
( x 400) of a Peyer’s patch showing a collection of 500 nm non-ionic 
fluorescent polystyrene microspheres arranged uniformly in the 
serosal layer, with some microspheres in the submucosal layers. 
More microspheres accrete in the Peyer’s patches than in the villi and 
the microspheres in the villi occur mainly in the granular cells. The 
serosal layer, composed mainly of connective tissue, contains 
phagocytic macrophages as resident cells and is served well with a 
lymphatic supply which goes directly to the lymph node. As 
indicated in the text, the microspheres will be translocated from the 
Peyer’s patches to the mesenteric lymph node by the lymphatic 
system. C. A higher magnification ( x 400) of part of the section 
showing an afferent lymphatic vessel, at the convex surface, 
discharging the 500 nm non-ionic fluorescent microspheres into the 
lymph capsule and then into the subcapsular sinuses. D. Photo
micrograph (x400) showing a collection of 500 nm non-ionic 
fluorescent microspheres in a lymph node. The microspheres appear 
to be in the subcapsular sinus, and amongst the interstitial cells. The 
interstitial cells contain lymphocytic and other free cells especially 
the full lineage of phagocytic plasma cells, relevant to the fate of 
colloidal particles. The trabecula can be seen making the character
istic appearance in this frozen section.E. A low power photomicro
graph ( x 100) of the mesentery lymph node (frozen section) showing 
lymph vessels containing 500 nm non-ionic fluorescent micro
spheres, taken up during the feeding studies and moving towards the 
lymph nodes. Unlike lymphatic vessels in many other parts of the 
body, those in the mesenteric network possess muscular walls and 
are thus able to propel their contents towards and through the 
mesenteric lymph nodes. F. A higher magnification ( x 400) of part 
of this section (E) showing a lymph vessel cut in a horizontal plane 
translocating the 500 nm microspheres.

to date for a mechanism for the uptake of micrometre size 
particles via the gut-associated lymphoid tissue system, but 
their choice of 2 /im polystyrene beads may be considered to 
be suboptimal for uptake in mice.

The Peyer’s patches are another major site of recirculation 
of small lymphocytes, i.e. the process whereby small lympho
cytes continually extravasate and are then returned to the 
blood via the lymph. This recirculation gives the peripheral 
lymph a uniquely high content of lymphocytes and other 
macrophage cells. Peripheral lymph from other organs and 
tissue contains very few white cells. In addition, intestinal 
lymph, be it peripheral or post-nodal, contains the chylo- 
micra and any other macromolecular materials taken up 
from the gut lumen (Weiss & Greep 1977).

Our experiments showed that no 3 fim microspheres were 
located in the major target organs, e.g. lymph nodes, after 
administration for 10 days. None was taken up by the gut or 
was found in the serosal layer of the Peyer’s patches, unlike 
the 500 nm particles, but this may well be the result of the 
difference in number of administered particles in each size 
range. Le Fevre et al (1978, 1989) after chronically feeding 
microspheres for up to 60 days, found a greater uptake than 
we have shown. Duration of exposure (in our case 10 days) of 
the GI surfaces to particles will obviously affect the probabi
lity of uptake. Now that the potential for oral uptake has 
been confirmed, there is a need to determine the effect of 
single dose administration and the extent of uptake.

As early as 1961, Sanders & Ashworth used electron 
microscopy to demonstrate the uptake of 200 nm latex 
particles into the rat intestinal and hepatic cells after oral 
administration. These particles were also observed in the 
lamina propria and the lymphatics of the mucosa. Sections of 
the intestinal epithelial cells revealed that the particles were 
contained in the membrane-bound vesicles suggesting an 
endocytotic mechanism of uptake. We also believe that the 
100 nm diameter microspheres are also taken up by endocy- 
tosis. We are now investigating the extent and uptake of 50 
nm particles and will endeavour to quantify the “absorp
tion” data by chemical analysis of the polystyrene in various 
tissues.
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Nanoparticle Uptake by the Rat Gastrointestinal Mucosa: 
Quantitation and Particle Size Dependency

PRAFUL JA N I, GAVIN W . HALBERT*, JOHN LA N G RID G Ef AND ALEXANDER T. FLORENCE

The School o f Pharmacy, University of London, 29/39 Brunswick Square, London WC1N 1AX, *Department o f Pharmacy, University of 
Strathclyde, Glasgow G1 1XWand f Syntex Research Centre, Heriot-Watt Campus, Edinburgh EH 14 4AP, UK

Abstract—Polystyrene microspheres in the size range 50 nm to 3 pm were fed by gavage to female Sprague 
Dawley rats daily for 10 days at a dose of 1 -25 mg kg ~1. Previous histological evidence of the uptake of these 
particles and their absorption across the gastrointestinal tract and passage via the mesentery lymph supply 
and lymph nodes to the liver and spleen was confirmed by analysis of tissues for the presence of polystyrene 
by gel permeation chromatography. Measurement of radioactivity of tissues following administration of 
100 nm and 1 pm Ii25-labelled polystyrene latex particles for 8 days was corroborative although less secure 
because of the potential lability of the labelled particles. The extent of absorption of 50 nm particles under 
the conditions of these experiments was 34% and of the 100 nm particles 26% (as measured by 
determination of polystyrene content), of which total, about 7% (50 nm) and 4% (100 nm), was in the liver, 
spleen, blood and bone marrow. Particles larger than 100 nm did not reach the bone marrow, and those 
larger than 300 nm were absent from blood. No particles were detected in heart or lung tissue.

Oral immunization and delivery by mouth of molecules 
which presently must be given parenterally has obvious 
advantages, and might be possible if absorption of colloidal 
carriers for vaccines and drugs could be achieved in useful 
quantities. Carriers can protect labile molecules from 
degradation in the gastrointestinal tract, and, if absorbed 
intact, might transport labile and non-absorbable molecules 
into the systemic circulation. The possibility of uptake and 
absorption of nanoparticles and microparticles by the gas
trointestinal tract has been a controversial issue, although 
there is now accumulated evidence that it can and does occur 
(Thompson et al 1960; Sanders & Ashworth 1961; Volk
heimer 1968,1975; LeFevre et al 1978,1989; Aprahamian et 
al 1987; Alpar et al 1989; Jani et al 1989; Kreuter et al 1989), 
although reliable quantitative estimates of uptake are largely 
lacking. Alpar et al (1989) claimed that about 39% of 
administered 1 • 1 pm  polystyrene latex particles appear in the 
circulation after 45 min in the rat. We (Jani et.al 1989) 
showed that polystyrene latex particles in the size range of 
100 nm to 3 pm were taken up by the rat gastrointestinal tract 
via the gut-associated lymphoid tissue (GALT) and particles, 
with the exception of the 3 pm sample, were subsequently 
transported to the liver, albeit in low numbers. Polystyrene 
particles were seen in discrete anatomical compartments and 
structures such as Peyer’s patches, the mesenteric lymph 
vessels and lymph nodes and, in lesser amounts, in the liver 
and spleen. The evidence from our laboratories (Jani et al 
1989), suggests that the sites of latex uptake are the lymphoid 
aggregates of the Peyer’s patches in the gastrointestinal tract. 
Absorbed microspheres then traverse the mesentery via the 
mesentery lymph vessels towards the mesenteric lymph 
nodes and are transported from the lymphatic circulation 
into the venous circulation and subsequently into the liver.

LeFevre et al (1978,1989) have similarly shown uptake of 
latex microspheres by the lymphoid aggregates of the Peyer’s 
patches. Many particulate materials find their way into the

Correspondence to: A. T. Florence, The School of Pharmacy, 
University of London, 29/39 Brunswick Square, London WC1N 
1AX, UK.

gut, from inhaled and swallowed dusts, to insoluble drugs 
and materials in pharmaceutical formulations such as tita
nium dioxide, aluminium and bismuth salts, and many 
others. Without quantifying the extent of uptake, the 
question whether uptake of colloidal carriers implies any
thing of potential therapeutic, or indeed, toxicological 
significance cannot be answered.

The “porosity” of the epithelial membrane to particulates 
could be due to the macrophagic and pinocytotic activity of 
the M-cells, overlying the Peyer’s patches, as discussed by 
McClugage et al (1986) and Wolf & Bye (1984). Aprahamian 
et al (1987) reported transmucosal absorption of 100-200 nm 
diameter polyalkylcyanoacrylate nanoparticles; insulin 
administered in these particles (220 nm diam.) resulted in 
decreased glucose levels allowing the authors to conclude 
that polyalkylcyanoacrylate nanoparticles could be useful 
carriers for oral administration of peptides and other labile 
drugs (Damge et al 1987, 1988).

What factors alfect uptake of particles? In a recent article, 
Eldridge et al (1990) found that the nature and surface 
characteristics of the polymer microsphere affects uptake, 
some cellulosic nanoparticles being unabsorbed. In our work 
(Jani et al 1989) there was an obvious qualitative difference in 
the absorption and uptake of particles of different size but 
the results obviously required quantification. The present 
paper describes both the use of radiolabelled nanospheres 
and microspheres and quantitative analysis of uptake follow
ing oral administration of cold particles by gel permeation 
chromatographic determination of extracted polystyrene, to 
establish the extent of uptake as a percentage of administered 
dose.

Materials and Methods

Microspheres
Monodispersed non-ionized polystyrene microspheres with 
covalently linked fluorescein nominally 50,100,300,500 nm, 
1 and 3 pm  in diameter were used as received from 
Polysciences Ltd (Northampton, UK). Particle sizes were
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Table 1. Characteristics of the polystyrene microspheres.

No. of Nominal Size*
particles size (±s.d.) Lot Apparent
m L"1 (2-5% w/v) (nm) (nm) numbert mol. wt**
4T1 x 1014 50 48 ±2 85470 410,000
2 x l0 13 100 130+10 61034 220,000
1-68 x 1012 300 298 + 6 70125 800,000
2-8 xlO11 500 540 + 5 84102 380,000
6-25 x 1010 1000 950 + 10 71825 410,000
l-6xl09 3000 3060+170 74352 700,000

* Measured by PCS. ** From gel permeation chromatography 
(see Fig. 1) t  Polysciences (Northampton).

confirmed using photon correlation spectroscopy (Malvern 
Instruments) with the results shown in Table 1.

Ins labelled polystyrene spheres
Two mL of 100 nm (2x 1013 particles mL-1) and 1 pm 
( 6 x l0 10 particles mL-1) non-ionized fluorescein-labelled 
particles (Polysciences, UK) were added to distilled water (2 
mL) and 0 01 m  N al (1 mL). To this 10 pL  (500 ̂ Ci) of Na l25I 
was added, each addition preceded by bubbling nitrogen to 
remove air/oxygen. This solution was sealed in a 10-15 mL 
amber glass vial, under nitrogen. A duplicate vial was 
processed exactly as above.

The ampoules were gamma-irradiated from a ^Co source 
(5M rad over 20 h) (Huh et al 1974). The contents of the 
ampoules were dialysed in Visking tubing to remove free 
(unbound) radioactive iodide, the Visking tubing having 
been boiled in double distilled water for 3 h and left to stand 
overnight in distilled water. The radiolabelled latex was 
transferred from the ampoule to the Visking tubing using a 
syringe, and the tube sealed. The dialysis bag was then placed 
in 800 mL of continuously stirred double distilled water. 
After 1 h a sample (2 mL) was placed in a glass vial and 
counted for 100 s. The conical flask was washed and a further 
800 mL of water added; after a further 1 h, a second sample 
was removed and counted. This procedure was repeated until 
the radioactivity in the dialysate water had reached a 
constant low value, usually after 100-120 h. All counts were 
corrected for background.

Oral administration o f polystyrene suspension 
Female Sprague Dawley adult rats (average wt 200 g; 15-20 
weeks old) were used, each group of treated and untreated 
animals comprising at least 3 rats. The microspheres were 
administered by gavage, a dose of 1-25 mg kg-1 (01 mL 
volume) being administered daily for 10 days, as described by 
Jani et al (1989). Animals were given free access to water, but 
fasted for 8-10 h before each dose. After the final dose, the 
animals were kept for two days in a microsphere free 
environment to clear the gastrointestinal tract of unabsorbed 
microspheres.

Oral administration o f1251 polystyrene beads 
Female Sprague Dawley adult rats (average wt 200 g; 15-20 
weeks) were used as above. Each treated group (n=3) 
received 0-4 mL (3-2 x 1012 particles) (dose 2-00 mg kg-1) of 
radioactive latex beads daily by gavage for 8 days. The 
animals were given free access to water, but were fasted for

about 8-10 h before the morning dose of the microspheres, 
food being restored at least 1-2 h after the dosing. The 
animals were weighed daily and kept in individual metabolic 
cages to facilitate the daily collection of urine and faeces (for 
measurement of radioactivity) and to prevent coprophagia. 
On days 9-10 the animals were kept in a particle-free 
environment with limited food supply but access to drinking 
water. On day 11 the animals received water only and again 
urine and faeces were collected.

Animals in both sets of experiments were killed by the 
excess ether method.

Extraction o f polystyrene from tissues 
Stomach, small intestine (with mesentery lymphatic network 
and lymph nodes), colon, liver, spleen, heart, kidney and 
lungs were analysed. Stomach, small intestine and colon were 
longitudinally dissected and washed gently to remove any 
unabsorbed microspheres, avoiding damage. In selected 
groups of animals, blood samples (2 mL) were also taken.

Dissected organs were clamped with freeze-clamping 
tongs and the resulting “wafers” of organs were subjected to 
further freeze drying for 60 h, ensuring total removal of water 
from the samples, which were then transferred to a mortar 
(porous pot) pre-cooled to — 70°C and containing liquid 
nitrogen. The organ was ground to a fine powder, which was 
transferred to a stoppered flask and 15-20 mL chloroform 
added. This was mechanically shaken overnight in a water 
bath at 30°C. After two further washes with chloroform, the 
slurry of the ground organ with chloroform was first filtered 
through a glass wool wedge in a glass funnel. The chloroform 
was evaporated to dryness on a rotary evaporator (Rotava- 
por-R, Buchi) under reduced pressure. The dry residue was 
resuspended in an accurately measured volume (up to 6 mL) 
of tetrahydrofuran (THF), filtered through a solvent resis
tant filter (Millex-SR, Millipore, UK, 0-5 pm) and a sample 
was analysed using gel permeation chromatography. At all 
times, steps were taken to prevent cross contamination of the 
latex polymer between samples.

Gel permeation chromatography
THF, stabilized with 0-1% quinol, was used as solvent and 
mobile phase; all work was carried out using glass con
tainers: 2 x 300 x 7-5 mm, 10 pm  mixed pore highly cross- 
linked spherical macroporous polystyrene-divinylbenzene 
matrix (PLGel) columns (Polymer Laboratories Ltd 1112- 
6100) preceded by a 1 x 50 x 7-5 mm 10 pm  mixed pore guard 
column (PLGel; Polymer Laboratories Ltd 1110-1120) a 
Rheodyne injector valve (Waters USA 7125) fitted with a 
100 pL sample loop, formed the gel permeation components. 
A Waters 484 tunable UV absorbance detector, was used in 
conjunction with a chart recorder/integrator (Hewlett Pack
ard 3396A). The polystyrene calibration mixture was a gift 
from Polymer Laboratories UK. A flow rate of 1 mL m in '1 
was maintained. The total retention time calibrated using a 
very dilute solution of toluene in THF was 27 min.

Molecular weight calibration
A polystyrene calibration mixture containing polymers 
(about 5 mg) of mol. wt 4 x l0 6, 950 xlO3, 165 xlO3, 
28-5 x 103, 7000 and 1250 was dissolved in 6 mL THF to give 
approximately 0-08% w/v of the polystyrene mixture. A
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Fig. 1. A. Gel permeation chromatogram of the standard (Polymer Laboratories Ltd, UK) mixture of polystyrene of a 
range of molecular weights; B is derived from such plots (n = 16) and shows the molecular weight of polystyrene versus 
retention time, under the conditions of the experiment. These data were used to estimate the mean molecular weight of the 
polystyrene which constitutes the latex particles, the results being recorded in Table 1.

number of 30 pL  samples of the polystyrene mixture were 
injected and the elution profile of a given molecular weight 
corresponding with its retention time was obtained for the 
system. A typical chromatogram and the relationship 
between the molecular weights and the retention time are 
shown in Fig. 1. Individual samples of polystyrene micro
spheres were dissolved in THF (1 mg/100 mL). Thirty pL  
samples were injected and the elution profile was obtained, 
from which the molecular weight distribution was obtained. 
The weight average mol. weight can be obtained from the 
chromatogram for the individual sample (Evans 1973; Yau et 
al 1979).

Recovery o f  polystyrene from  tissue
This was assessed by perfusing a suspension of polystyrene 
latex beads into a rat liver (7-5 g) in-situ, ensuring that the 
exits were ligated so the total dose of latex remained in the 
liver. The liver was removed after 30 min, freeze-dried as 
above and extracted with chloroform and THF. This was 
repeated for 300, 500 nm and 1 ^m latex particles. The tissue 
samples obtained were treated as described above and the 
percentage recovery obtained. A mean value of 74% was 
obtained; extraction values were corrected by a constant 
factor throughout.

Sensitivity
For latex of 50,100,500 nm and 1 -0 pm  size it was found that 
the lowest limit of detection was 6-25 x 10-5% w/v poly
styrene.

Measurement o f  radioactivity
For measurement of radioactivity, organs were separately

homogenized in 5% w/v potassium hydroxide solution and 
small samples assayed. A control group, also with 3 animals, 
was treated in the same manner and received 0-4 mL of 0-9% 
NaCl (saline) by gavage daily. The urine and faeces were 
collected and weighed, and homogenized in 5% w/v potas
sium hydroxide and activity measured as background. On 
the last day of the experiment, the organs were removed and 
homogenized in 5% w/v KOH, the gamma-emission meas
ured and used for background correction.

Results and Discussion

In this work we have endeavoured to quantitate the oral 
absorption and the location of polystyrene latices of a range 
of sizes. Of the two techniques used, gel permeation 
chromatography is more reliable than the technique involv
ing the radiolabelled latex. We have included the results of 
the 125I studies as confirmatory, but consider the direct 
measurements of the polystyrene to be the definitive results.

Results are shown in Table 2 and graphically in Figs 2-8. 
Fig. 2 suggests that total uptake ranges from about 33% (50 
nm latex) to about 7% (1 pm  latex); this figure also 
demonstrates the size-dependency of cumulative uptake in 
all tissues examined. While these data and those which 
include gastrointestinal tissue (Figs 3, 4) may be inflated 
because of the possible inclusion of particles adsorbed, but 
that did not penetrate the epithelial barrier, there is no doubt 
that particles found in tissues physically separate are conclu
sive proof of transport. The results show the presence in such 
organs (Figs 5,6) of polystyrene particles in the size range 50 
nm-1 pm, although the largest particles studied, which are 
3-0 pm  in diameter, do not apparently migrate to the liver
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Table 2. Polystyrene latex uptake (per cent±s.d.) as a function of size and tissue.

Organs(g) Particle size
(n=21) 50 nm 100 nm 300 nm 500 nm 1 /mi 3-0 n m
Stomach (1-76+0-163) 
Small intestine with

1-1 ±0-189 0-65+0-15 0-45+0-07 1-013 + 0-06 0-27+0-12 1-376+0-08

Peyer’s patches and mesentery (5-142+0-386) 
Colon with Peyer’s patches,

12+0-47 3-4+0-21 2-027 + 0-14 4-28+0-52 1-082+0-12 3-627+0-05

appendix and mesentery (3-621 ±0-282) 14 + 1-46 16+1-61 4-32 + 0-47 6-53+0-75 2-43+0-46 7-53+0-5
Liver (8-335 + 0-662) 3-3+0-93 3-8+0-73 1-38+0-35 1-38+0-34 0-54+0-03 Not detected
Spleen (0-53+0-083) 0-92+0-22 0-69 + 0-07 0-21+0-03 0-507+0-03 0-24 + 0-01 Not detected
Blood 2 mL per animal (n=3) 2-2+0-39 1-255+0-44 1-1 + 0-19 Not detected Not detected Not detected
Bone marrow 2 mL per animal (n = 3) NE 0-1+0-011 Not detected Not detected Not detected Not detected
Kidney (2) (1-7+0-282) 0-2+0-05 Not detected Not detected Not detected Not detected Not detected
Lungs (2) (1-302 + 0-061) Not detected Not detected Not detected Not detected Not detected Not detected
Heart (0-682 ±0-063) Not detected Not detected Not detected Not detected Not detected Not detected
Total 33-72 + 3-71 25-95 + 3-21 9-487 + 1-25 13-71 + 1-2 4-562+0-73 *

NE = not examined. * see text
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F ig . 2. The total uptake of polystyrene microspheres from the 
gastrointestinal tract of female Sprague Dawley rats (n = 3) follow
ing oral administration for 10 days at a dose of 1-25 mg kg-1 as 
measured by extraction of polystyrene from the tissues mentioned in 
the text, the data being plotted as a function of the particle size of the 
latex.
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F ig . 4. Uptake of orally administered polystyrene latex particles by 
the colon, as a function of latex size. Histological evidence points to 
the accumulation of particles in the lymphoid aggregates present in 
the colon.
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F ig . 3. The uptake of orally administered polystyrene latex by the 
small intestine as analysed by gel permeation chromatography, as a 
function of particle diameter. Histological evidence showed that the 
microspheres are present mainly in the Peyer’s patches and the 
mesentery network of the small intestine.
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F ig . 5. The concentration of orally administered polystyrene latex in 
the liver (O) and spleen ( a ) as a percentage of administered dose 
plotted as a function of particle size. The particles are present mainly 
in the macrophage cells of the liver and the granular follicles of the 
spleen.
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F ig . 6. The presence of polystyrene latex particles of varying size in 
the blood. No evidence of polystyrene was found in blood after 
administration of particles in the size range 500 nm to 3 /xm; the limit 
of detection of 6-25 x 10_5% w/v does not allow a conclusion that 
there are no particles in the blood, but the probability is reduced at 
these larger diameters.

Cumulative uptake in liver, sp leen , blood, bone m arrow  and kidney
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F ig . 7. The cumulative uptake of polystyrene, orally administered to 
female Sprague Dawley rats for 10 days at a dose of 1 -25 mg kg- ', as 
a function of particle diameter in the liver, spleen, blood, bone 
marrow and kidney. In the case of particles of 500 nm and 1 /im these 
data refer only to liver and spleen as no microspheres were detected 
in blood, bone marrow and kidney. For the 300 nm latex the data 
refer to liver, spleen and blood.

and spleen and blood. The total polystyrene in liver, spleen, 
bone marrow and blood possibly show the truest extent of 
translocation, falling from 6% for 50 nm latex to around 1 % 
for 1 fim and zero for 3 /im particles (Fig. 7).

Although 3-0 //m latex beads were not detected either in 
the systemic circulation or in the liver and the spleen, the 
histological evidence was that these particles were adsorbed 
and immobile within the submucosal layer of the thicker 
mucosa and the Peyer’s patches. Eldridge et al (1990) have 
also reported similar findings. The smaller beads are quickly 
translocated into the serosal layer and thence into the 
systemic circulation (Fig. 6). The apparently high uptake of 
the 3 fim particles may be explained in part by adsorption. 
However, adsorption of smaller particles is undoubtedly a 
prelude to absorption.
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F ig . 8. Measurement of radioactivity following administration a) of 
100 nm and b) of 1 nm I125-labelled polystyrene (see text) at a dose of 
2 mg k g 1 for 8 days to rats; the extent of uptake in the liver and 
spleen is comparable to that estimated by determination of poly
styrene levels.

Results from the measurement of radioactivity for 100 nm 
and 1-0 /tm particles are shown in Fig. 8. The high levels of 
radioactivity in the urine cast doubt on the stability of the 
labelled latex; levels in the tissues of the intestine, stomach, 
liver and spleen are comparable with those discussed above. 
The urinary levels are thought to result from the undialysed 
free iodine.

After the exposure to “ Co the particle suspensions were 
examined and it was found that they were stable with regard 
to the external surfaces and covalent bonding and to 
coagulation, the particles undergoing no detectable change, 
as seen both by electron microscopy and light scattering. In- 
vitro studies with liver and gastrointestinal enzyme tissue 
homogenate prepared in Tyrode solution gave little (1%) 
evidence of cleavage; however, the data indicate high levels 
of activity in the urine which suggests breakdown. Chrono
logically these were the first experiments carried out; the 
inexplicable urinary data led to the histological work and 
subsequently what we consider to be the definitive work on 
the analytical determination of the polystyrene content of 
tissues and organs.

Our histological work (Jani et al 1989) indicated that the 
particles in the liver were mainly present in the Kupffer cells
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and the endothelial cells of the sinusoids. The Kupffer cells 
have active fixed macrophages which line the sinusoids 
alongside regular endothelial cells. Some investigators 
(Weiss & Greep 1977) believe that the endothelial cells and 
Kupffer cells belong to the same cell lines, and their different 
appearances reflect different functional states; both cell types 
have a capacity for phagocytosis.

Heart and lungs revealed no latex particles, and, except for 
the 50 nm particles, no polystyrene was detected in the 
kidney, while 100 nm latex particles seem to represent the 
upper limit for transport into the bone marrow.

We have so far shown that particulate uptake in the 
gastrointestinal tract takes place mainly at the Peyer’s 
patches, which are rich in lymphatic supply and mono
nuclear phagocytic cells; the beads then are translocated to 
the mesentery network especially to the mesentery nodes. 
The microspheres, within the size constraints discussed, 
while circulating in the lymph, would eventually enter the 
liver and general circulation. The venous circulation would 
transfer the microspheres to the liver, the blood circulation of 
which transports the beads to the liver sinusoids where they 
are phagocytosed by the Kupffer cells and the epithelial cells 
of the sinusoid spaces. It is pertinent that there is a direct 
lymphatic portal circulation connection from the meso- 
metrial wall of the Peyer’s patches and the mesentery 
network and the other parts of the gastrointestinal tract.

Conclusions
The translocation of intact particles in measurable quantities 
across the gastrointestinal wall has several toxicological and 
pharmaceutical consequences. We have shown that there is 
an uptake of polystyrene particles of 50 nm (to the extent of 
7%) in systemic organs, after oral administration of micro
spheres daily for 10 days.

Acknowledgements
P.J. was supported by a grant from Syntex Research Centre. 
We thank Professor C. B. Macfarlane of Syntex for his 
continued support; we are grateful to Dr L. E. Meehan and 
Mr Alan Brookes of Polymer Laboratories Ltd (Church 
Stretton, UK), for advice on the gel permeation chromato
graphy.

References
Alpar, H. O., Field, W. N., Hyde, R., Lewis, D. A. (1989) The

transport of microspheres from gastrointestinal tract to inflam
matory air pouches in the rat. J. Pharm. Pharmacol. 41:194-196 

Aprahamian, M., Michel, C., Humbert, W., Devissaguet, J. P., 
Damge, C. (1987) Transmucosal passage of polyalkylcyanoacry
late nanocapsules as a new drug carrier in the small intestine. Biol. 
Cell 61: 69-76

Damge, C., Aprahamian, M., Balboni, G., Hokltzel, A., Andrien, 
V., Devissaguet, J. P. (1987) Polyakylcyanoacrylate nanocapsules 
increase the intestinal absorption of a lipophilic drug. Int. J. 
Pharm. 36: 121-125 

Damge, C., Michel, C., Aprahamian, M., Couvreur, P. (1988) New 
approach for oral administration of insulin with polyalkylcya
noacrylate nanocapsules as drug carrier. Diabetes 37: 246-251 

Eldridge, J. H., Hammond, C. J., Meulbroek, J. A., Staas, J. K., 
Gilley, R. M., Tice, T. R. (1990) Controlled vaccine release in the 
gut-associated lymphoid tissues: orally administered biodegrad
able microspheres target the Peyer’s patches. J. Controlled 
Release 11: 205-214 

Evans, J. M. (1973) Gel permeation chromatography; a guide to 
data interpretation. Polymer Engineering Science 13: 401-408 

Huh, Y., Donaldson, G. W., Johnston, F. J. (1974) A radiation- 
induced bonding of iodine at the surface of uniform polystyrene 
particles. Radiation Research 60: 42-53 

Jani, P., Halbert, G. W., Langridge, J., Florence, A. T. (1989) The 
uptake and translocation of latex nanospheres and microspheres 
after oral administration to rats. J. Pharm. Pharmacol. 41: 809- 
812

Kreuter, J., Muller, U., Munz, K. (1989) Quantitative and micro- 
autoradiographic study on mouse intestinal distribution of poly
cyanoacrylate nanoparticles. Int. J. Pharm. 5: 39-43 

LeFevre, M. E., Vanderhoff, J. W., Laissue, J. A., Joel, D. D. (1978) 
Accumulation of 2 nm latex particles in mouse Peyer’s Patches 
during chronic latex feeding. Experientia 34: 120-122 

LeFevre, M. E., Boccio, A. M., Joel, D. D. (1989) Intestinal uptake 
of fluorescent microspheres in young and aged mice. Proc. Soc. 
Exp. Biol. Med. 190: 23-27 

McClugage, S. G., Low, F. N., Zimny, M. L. (1986) Porosity of the 
basement membrane overlying Peyer’s patches in rats and mon
keys. Gastroenterology 91: 1128-1133 

Sanders, E., Ashworth, C. T. (1961) A study of particulate intestinal 
absorption and hepatocellular uptake. Use of polystyrene latex 
particles. Exp. Cell. Res. 22: 137-145 

Thompson, A. R., Payne, J. M., Sansom, B. F., Garner, R. J., Miles, 
B. J. (1960) Uptake of small particles (1-5 /an) by the alimentary 
canal of the calf. Nature 188: 586-587 

Volkheimer, G. (1968) The phenomenon of persorption. Digestion 
1: 213-218

Volkheimer, G. (1975) Hematogenous dissemination of ingested 
polyvinyl chloride particles. Ann. N.Y. Acad. Sci. 246: 164-171 

Weiss, L., Greep, R. (1977) (eds) Histology (4th edn) McGraw-Hill, 
New York

Wolf, J. L., Bye, W. A. (1984) The membraneous epithelial (M) cells 
and mucosal immune system. Ann. Rev. Med. 35: 95-112 

Yau, W. W., Kirkland, J. J., Bly, D. D. (1979) (eds) Modern Size- 
Exclusion Liquid Chromatography. Wiley, Chichester


