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Particle uptake by Peyer’s patches offers the possibility of tailoring vaccines
that can be delivered orally. However, particle uptake by the follicle-associ-
ated epithelium in the gastrointestinal tract depends on several different
factors that are the physicochemical properties of the particles, the physio-
pathological state of the animal, the analytical method used to evaluate
the uptake and finally the experimental model. These parameters do not
allow a clear idea about the optimal conditions to target the Peyer’s
patches. The goal of this review is to clarify the role of each factor in this
uptake.

Keywords: microparticles, nanoparticles, oral vaccine, Peyer’s patches, protein delivery

Expert Opin. Drug Deliv. (2004) 1(1):141-163

1. Introduction

In recent years, advances in biotechnology and biochemistry have led to the discov-
ery of a large number of therapeutically active molecules, such as proteins, peptides
and nucleic acids. In most cases, such compounds are indicated for chronic therapy
and will need to be administered by an appropriate formulation.

The oral route of administration represents a great challenge for the development
of effective and safe formulations. However, the bioavailability of proteins and
nucleic acids after oral administration is limited by their degradation by digestive
enzymes present in the gastrointestinal (GI) tract. The design of a carrier able to
transport these fragile molecules across the mucosal barrier without degradation
remains a major goal. Many delivery systems have been described as carriers to
improve the transport of macromolecules across the Gl mucosa [1]. Among these sys-
tems, the polymeric nano- and microparticles have been shown to allow the encap-
sulation of macromolecules inside the polymeric matrix and, when needed, the
protection against hydrolytic and enzymatic degradation [2-6].

The uptake, after oral administration, of nano- and microparticles by cells located
along the Gl tract has recently received much attention because of the possibility of
using these pathways to deliver macromolecules. However, in order to achieve an
efficient absorption, nano- and microparticles need to be taken up from the Gl tract

with a sufficient rate and extent.

Since the 1980s, the gut-associated lymphoid tissue (i.e., Peyer’s patches [PPs])
has been considered the primary site of particle uptake due to the presence of a fol-
licle-associated epithelium (FAE). The FAE is characterised by the presence of
M cells, which have been shown to facilitate the trancytosis of particulate material
[7-10]. Despite the large amount of literature concerning particle uptake by PPs, the
A best physicochemical parameters (size, zeta potential, hydrophobicity, coating with
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adhesion factors) of particles allowing an optimal uptake by PPs are not clearly
defined. Moreover, numerous discrepancies in the literature have led to an incoherent
and contradicting set of data concerning the extent of particle uptake by PPs. In
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Figure 1. Structure of the intestinal villus.

addition, due to the use of a wide range of polymer types and
different sizes of particles, and the large variety of analytical
methods and models that have been employed to investigate
particle uptake, it is difficult to draw a precise conclusion [11].

The aim of this paper is to review the physicochemical
properties of particles, which have been described to affect
their uptake by PPs, and their interdependence with physio-
logical factors. The different approaches available to study
particle uptake by PPs will also be discussed.

2. Structure of the mucosa of the small
intestine

Although consisting of only a single layer of cells, the intesti-
nal epithelium controls the passage of macromolecules and
pathogens, and, at the same time, allows the digestive absorp-
tion of dietary nutrients. The mucosa is organised into three
fundamental structures: the villi, the crypts (Figure 1) and the
gut-associated lymphoid tissues (Figure 3).

2.1 The villi

Villi project into the lumen and are covered predominantly
with mature, absorptive enterocytes, along with occasional
mucus-secreting goblet and endocrine cells. The function of
enterocytes is to take up and transport nutrients into the blood,
fulfilling the basic function of the digestive system. Indeed,
enterocyte apical surfaces are covered by rigid, closely packed
microvilli, the tips of which contain integral membrane mucin-
like glycoproteins that form a continuous, filamentous brush-
border glycocalyx [12]. This thick (400 — 500 nm) layer contains
adsorbed pancreatic enzymes and stalked intramembrane
glycoprotein enzymes responsible for terminal digestion. It also

serves as a diffusion barrier that prevents direct contact of many
macromolecular aggregates, particles, viruses and bacteria with
the microvillus membrane [13]. Thus, the glycocalyx has a pro-
tective function, preventing the uptake of antigens and patho-
gens, although also providing a highly degradative
microenvironment that promotes the digestion and absorption
of nutrients. The goblet cells secrete the mucus gel layer, a vis-
cous fluid composed primarily of highly glycosylated proteins
(mucins) suspended in a solution of electrolytes. The mucus gel
layer has many functions, including protection against shear
stress and chemical damage, and the entapment and elimina-
tion of particulate materials and microorganisms. Finally, the
endocrine cells regulate the digestive function by secreting
enteric hormones, such as cholecystokinin and secretin.

2.2 The crypts

Intestinal crypts, or crypts of Lieberkiihn, are moat-like invagi-
nations of the epithelium around the villi, and are lined largely
with younger epithelial cells which are involved primarily in
secretion (Figure 1). Towards the base of the crypts, located
along the length of intestinal crypts, are undifferentiated stem
cells, which continually divide to replenish the epithelial cells
that die (enterocytes and goblet cells). Small intestinal crypt
cells called Paneth cells, which are usually found clustered in
groups of three to six, are located in the deep part of an intesti-
nal crypt (Figure 1) [14,15]. The main defence molecules secreted
by Paneth cells are a-defensins, known as cryptdins [i6]. These
peptides have hydrophobic and positively-charged domains
that allow their insertion into biological membranes, where
they interact with one another to form pores that disrupt mem-
brane function, leading to cell death [171. Due to the higher con-
centration of negatively-charged phospholipids in bacterial
membranes compared with vertebrate membranes, defensins
preferentially bind to, and disrupt, bacterial cells. In addition to
defensins, Paneth cells secrete lysozyme and phospholipase A2
[14,15,18-20], both of which have clear antimicrobial activity 21).
These secretary molecules provide Paneth cells with a ‘potent
arsenal’ against a broad spectrum of agents, including bacteria,
fungi and some enveloped viruses.

2.3 The mucosal immune system

The mucosal immune system is divided into two sites: the
inductive site, where an immune response is initiated after
antigen uptake; and the effectors sites, where the immune
response is expressed. The effectors sites are loosely organised
and divided into the lamina propria lymphocytes (LPLs) and
the intraepithelial lymphocytes (IELs). LPLs are lymphocytes
scattered in the lamina propria of the mucosa. A majority of
these cells are IgA-secreting B cells and memory T effector
cells [221. IELs are lymphocytes that are positioned in the baso-
lateral spaces between luminal epithelial cells, beneath the
tight junctions. IELs consist mainly of cytotoxic T cells, and
have been divided into two subsets: type A and B, based on
their mode of antigen recognition. Responses of type A IELs
are major histocompatibility complex (MHC) restricted and
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Figure 2. Schematic presentation of the FAE overlying PPs
and the routes of macromolecule, microorganism and
particle transport across the FAE. The FAE is characterised by
the presence of highly specialised M cells. M cells differ from their
neighbouring enterocytes by the absence of the brush border, a
thinner mucous gel layer on the apical side and by the presence of
a hollow cavity space in the basolateral side. M cells transport
macromolecules, particles and microorganisms from the gut by
endocytosis in the apical surface into basolateral cavity hollow
space where particles or macromolecules are released by
exocytosis. M cell hollow space contains lymphocytes and a few
macrophage, which can interact with transported antigen or
microorganisms. The transport of soluble and particulate antigen
by M cells is the first step in producing a mucosal immune
response. There are three possible transport routes for
macromolecules, microorganisms and particles: (I) paracellular
transport; (Il) transcellular uptake across enterocytes by endocytic
process; (1) endocytosis by M cells. An alternative pathway was
suggested (IV) to uptake bacteria directly from the gut by
dendritic cells [68].

DC: Dendritic cells; FAE: Follicle-associated epithelium; PP: Peyer’s patch;
TJ: Tight junction.

directed against peptides derived from invading pathogens.
Type B IELs displaying limited T cell receptor diversity are
not restricted by classical MHC molecules [23].

The inductive sites are marked by the presence of organised
lymphoid tissues [241. They generally consist of lymphoid folli-
cles composed of assemblies of immature B cells, and adjacent
T cells areas [24]. These lymphoid follicles are grouped in large
PPs visible to the naked eye [24]. The FAE overlying a single
follicle has unique biochemical features which make it a key
portal of intestinal uptake of intact macromolecules and
microorganisms.

2.3.1 Structure and function of the follicle-associated
epithelium

The FAE in the intestine differs from the villus by its cellular
phenotypes and biochemical properties. The FAE contains
few or no goblet and enteroendocrine cells [24. The FAE is
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characterised by little or no mucus gel and a decrease in
defensin- and lysosyme-producing Paneth cells in the follicle-
associated crypts [24,25]. Moreover, the brush border of the
FAE contains low levels of membrane-associated hydrolases
involved in the digestive functions [24,26.271. The essential
characteristic of the FAE is the presence of highly specialised
M cells (Figure 2). The specialised epithelial M cells deliver
samples of foreign material through an active transepithelial-
vesicular transport from the lumen directly to intraepithelial-
lymphoid cells and to organised mucosal lymphoid tissues
that are designed to process antigens and initiate mucosal
immune responses. The M cell transport system appears to be
a key to the pathogenesis of certain bacterial and viral
diseases [28] and for the effectiveness of mucosal vaccines [29].

2.3.1.1 Structure of intestinal M cells

M cells, as with enterocytes, are highly polarised with two
major plasma membrane domains (apical and basolateral),
and are in contact with adjacent epithelial cells through
tight junctions and interdigitations (Figure 2) [30]. However,
M cells and absorptive enterocytes differ from each other
both morphologically and biochemically [317. Morphologi-
cally, the microvillus of the apical surfaces of M cells are
irregular, shorter in length and fewer in number than those
in enterocytes (Figure 2). M cells also lack the thick filamen-
tous brush border glycocalix and have a thinner mucus gel
layer [13]. The basolateral membrane of M cells is usually
deeply invaginated, forming an intraepithelial hollow space
occupied by B and T lymphocytes, dentritic cells and mac-
rophages. Biochemically, M cells also lack the secretary IgA
antibodies and have very low levels of brush border enzymes
and lysosomes [28]. The properties of fully differentiated
M cells, particularly their poor degradative enzyme microen-
vironment, suggest that endocytosed macromolecules can
cross the barrier intact without being significantly degraded.
Hence, M cells appear to regulate the immune response by
serving as gatekeepers for proteins and microorganisms in
the mucosa-associated lymphoid tissue.

2.3.1.2 Origin of intestinal M cells

It has been reported that the entire epithelial substitution is
accomplished every 3 — 4 days [32,33], and that the intestinal epi-
thelium, as well as M cells, are derived from undifferentiated
stem cells present in crypts. These specialised crypts supply cells
to the FAE on one side and enterocytes of adjacent villi on the
other side [34-371. These observations have been supported by
experimental studies using M-cell-specific lectins 3] and mon-
oclonal anti-M antibodies [39], which demonstrate the presence
of M cells within the proliferative zone of follicle crypts prior to
the formation of the intraepithelial hollow space. However,
these data do not exclude the possibility that fully differentiated
enterocytes can be transformed into M cells under appropriate
conditions such as antigenic stimulation. For example, the
transfer of pathogen-free mice to a normal animal house
environment T[40, or invivo antigenic stimulation using
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Figure 3. Structure of Peyer’s patches. Histologically Peyer’s patches can be divided into four regions: (I) germinal centre, which is
packed with reticular cells and large lymphocytes; (I1) follicular area surrounding the germinal centre and containing dense, small
lymphocytes, among which small numbers of large lymphocytes and reticular cells are distributed; (Ill) the parafollicular area, which
surrounds the follicular area. This area is T cell-dependent — predominant cell types include CD8* cytotoxic or suppressor T cell and CD4*
T helper cells. In this area, lymphocytes are packed less densely than in the follicular area. This area also contains post-capillary veins and
lymphatic vessels. (IV) The dome area is situated just above the follicular area and projects into the intestinal lumen. This area is the
centre of antigen processing and presentation — predominant cell types include lymphocytes, macrophages and dendritic cells.

Salmonella typhimurium 411 or Streptococcus pneumaniae [42],
induces an increase in M cell numbers. The authors suggest that
under these conditions, enterocytes could be transformed to
M cells. Others suggest that antigenic stimulation may induce
an increase surface area occupied by M cells, due to the migra-
tion of lymphocytes and mononuclear cells to the M cell cavity
[3543-45]. Furthermore, enterocytes being the origin of M cells
could be supported by studies demonstrating that co-culture of
an intestinal epithelial cell line (Caco-2) with PP lymphocytes
induces the epithelial cells to be transformed into M-like cells
[46-50]. Moreover, injection in vivo of a similar lymphocyte prepa-
ration into the duodenal mucosa of recipient mice at sites lack-
ing organised lymphoid tissues, also induces the formation of
PP-like structures, including an M cell-containing epithelium
analogous to the normal FAE [46]. These observations suggest

that fully differentiated enterocytes can be transformed into
M cells @851). However, the transformation of enterocytes into
M cell in vitro does not necessarily imply that similar transfor-
mations occur in vivo because Caco-2 cells display crypt-like cell
properties (i.e., the ability to divide) [521. However, in either case,
local factors in the lymphoid tissue are likely to influence the
development of PPs. Further research should be carried out to
establish the factors which seem to increase M cell number, or
their surface area in FAE. Results of such studies may offer a
potential application in mucosal vaccine delivery.

2.3.2 Peyer’s patches

PPs are collections of subepithelial lymphoid follicles bur-
geoning amongst villi and distributed throughout the small
intestine, mainly on the antimesenteric side, from pylorus
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to the ileocaecal valves, in a wide variety of animals includ-
ing birds and mammals. PPs can be divided into
four regions (Figure 3):

e The germinal centre, which is packed with reticular cells
and large lymphocytes.

e The follicular area surrounding the germinal centre and
containing dense small lymphocytes, among which a
small number of large lymphocytes and reticular cells are
distributed.

e The parafollicular area, which surrounds the follicular area.
This area is T cell-dependent and the predominant cell
types found include CD8* cytotoxic or suppressor T cell
and CD4" T helper cells. In this area, lymphocytes are
packed less densely than in the follicular area. This area also
contains postcapillary veins and lymphatic vessels.

e The dome area situated just above the follicular area, pro-
jecting into the intestinal lumen. This area is the centre of
antigen processing and presentation. Predominant cell
types include lymphocytes, macrophages and dendritic
cells. PP follicles are separated from the lumen by the FAE.

2.3.3Isolated lymphoid follicles

Isolated lymphoid follicles (ILFs) are forms of lymphoid
aggregations which have been identified in the small intestine
in human 53], rabbit [54], mice [55] and guinea-pig [s6]. ILFs
are invisible from the serosal or mucosal surface of the small
intestine. They are structurally and functionally similar to the
follicular units that compose PPs and are believed to be an
equivalent or complementary system to PPs for the induction
of intestinal 1gA antibody response [s5,57,58].

3. Transport pathways of synthetic particles
across the intestinal barrier

Conceptually, there are two routes by which a macromolecule
or a particle can pass across the intestinal epithelia: between
(paracellular uptake or transport) adjacent cells or through
(transcellular uptake or transport) adjacent cells (Figure 2).

3.1 Paracelluar transport

Paracellular uptake was first described to explain the rapid
apparition of orally administered particles in the blood [59-61].
It was also reported that paracellular passage between entero-
cytes was the major mechanism of intestinal uptake of large
particles (> 1 um). Biopsy observations by electron-scanning
microscopy revealed a loosening of the tight junctions of the
intestinal mucosa that occurred in the immediate neighbour-
hood of the goblet cells, enabling the passage of the particles.
Moreover, it has been reported that polyalkylcyanoacrylate
nanocapsules (< 300 nm), containing lipiodol, and adminis-
tered in the lumen of an isolated ileal loop, were also able to
pass through the ileal mucosa of the rat via a paracellular
pathway in the non-follicular epithelium [62,63]. However, the
paracellular spaces represent < 1% of the intestinal mucosa
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surface. They are sealed by tight junctions and the pore diam-
eter of these junctions is < 10A, which does not explain any
significant paracellular uptake of colloidal particles. Neverthe-
less, paracellular transport can be improved by enhancers,
such as chitosan [e4], polyacrylate [s5], starch [e6] and thiolated
polymers [67]. These polymers can enhance the paracellular
transport of macromolecules by interactions between the neg-
atively-charged cell membrane and the positive charges on the
polymer, or by a complex of Ca?* involved in the structure of
the tight junctions. However, these observations of increasing
paracellular permeability were mostly observed in cell culture
models and were validated for macromolecules. Their rele-
vance for the in vivo situation and particle uptake is not clear.

A recent mechanism, mediated by dendritic cells and
independent of M cells has been reported for bacterial
uptake [e8]). Dendritic cells can express tight junction pro-
teins and penetrate the gut epithelial monolayers to sample
bacteria. There are no data, at present, about particle uptake
using this pathway.

3.2 Transcellular uptake

Transcytosis is a particular process by which macromolecules
or particles, are taken up by enterocytes lining the intestinal
epithelia. This occurs through an endocytic process which
takes place at the apical plasma membrane of the epithelial
cells. It is followed by transport to the contralateral plasma
membrane and release into the basolateral compartment. The
transcellular uptake of particles, suggesting an endocytic proc-
ess at the apical cell membrane followed by exocytic release at
basolateral compartment, was first proposed by Sanders and
Ashworth [s9]. They observed the fate of polystyrene nanopar-
ticles of a mean diameter of 220 nm within jejunal epithelial
cells, 1 h after intragastric administration to rats. The nano-
particles were numerous in the cytoplasm of the epithelial
cells, where they were enclosed in vesicles. Particles were also
observed in narrow intercellular spaces. After 2 — 4 h follow-
ing oral administration, nanoparticles were observed in the
interstices of the lamina propria and in the lymphatic of the
mucosa. The transport of nanoparticles by the transcellular
pathway was also supported by Mathiowitz and collaborators
r70]. They showed that nanoparticles made of poly(fumaric-
co-sebacic anhydride), which display strong adhesive interac-
tions with GI mucus and cellular linings, can pass across both
the mucosal absorptive epithelium and the FAE covering the
lymphoid tissue of PPs.

3.3 Lymphatic uptake via the M cells

Although there is some controversy in the literature on the
extent of particle uptake by PPs, there is evidence that particle
translocation can occur in PPs. It has been thought that the
highly specialised M cells, which are present in the FAE over-
lying PPs, play a major role in the endocytosis of nano- and
microparticles. However, the complete mechanism of uptake
and endocytic transport by M cells is unclear, although it is
generally accepted that the entry into M cells occurs via this
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Table 1. Extent of particle uptake by gastrointestinal tract.

Polymer Animal Administered dose Particle  Analytical method Uptake (%) Ref.
model (particles) size (um)
Polystyrene  Rat Single dose 2.139 Tissue digestion, <1 [149]
2.33 x 108 particles particle extraction,
2.33 x 106 particles direct counting by fluorescence microscopy
2.33 x 10° particles
Polystyrene  Rat Single dose 1 Tissue digestion, 2.1 x 106 [152]
7.6 x 10° particles 3 particle extraction, 2.7 x 103
2.8 x 108 particles flow cytometry
Polystyrene  Rat Single dose 2.25 Tissue digestion, <05 [132]
2.15x 10° particle extraction,
direct counting by fluorescence microscopy
Polystyrene  Rat Chronic administration 0.05 Tissue digestion, 33.72 [80]
(10 days) 0.1 polymer extraction, 25.95
1.25 mg/kg/day 0.3 GPC (sum of stomach, small intestine, colon, 9.5
0.5 liver, lungs, spleen, heart, kidney) 13.7
1 4.6
Polystyrene  Rat Single dose: 12.5 mg/kg 0.05 GPC (blood) 9 [163]
0.5 1
1 0
3 0
Polystyrene  Rat Chronic administration (5 days) 0.06 Tissue digestion, 10 [154]
14 mg/kg/day polymer extraction,
GPC (sum of stomach, intestine, liver, spleen)
Polystyrene  Mouse Single dose 2-9 Tissue digestion 0.01 [75]
10° particles particle extraction,
108 particles flow cytometry
Poly(lactide- Rat Single dose 1-5 Fluorochrome extraction, 12.7 [144]
co-glycolide) 1.44 x10° particles 5-10 fluorescence quantification 0.11

1.83 x 108 particles

GPC: Gel permeation chromatography.

type of transport. Inert particulate can adhere to M cell sur-
face by a nonspecific (adsorptive endocytosis) [71] or specific
(active endocytosis) mechanism [72]. The particles are endo-
cytosed and transported to the basolateral side, where they
will be exocytosed into the M cell hollow space in contact
with antigen-presenting cells. These particles may then be
taken up by intestinal macrophages [73] or gut-associated
dendritic cells [74].

4. Factors affecting particle uptake by M cells
and Peyer’s patches

Although a large number of studies have demonstrated that
intestinal M cells have the capacity to take up particles from
the gut lumen to subepithelial levels, the extent of this uptake
is still a subject of discrepancy. Some authors have reported
that the extent of in vivo uptake of polystyrene microparticles
751 as well as poly(lactide-co-glycolide) (PLGA) nano- and
microspheres by PPs is < 0.01% of the total number of parti-
cles orally administered [76]. However, many other studies
have shown that 2 — 3% of the ingested dose of submicron
particles can be taken up (Table 1) [77]. It is evident that most

Figure 4. Histological analysis of the uptake by murine
Peyer’s patches 4 h after oral administration of single 20 mg
of fluorescent poly(lactide-co-glycolide) nano- and
microparticles. (A) Particle of mean diameter 1.1 pm.

(B) Microparticles of mean diameter 3.9 pum. Reprinted from
SHAKWEH M, CALVO P, GOURITIN B, ALPHANDARY H, FATTAL E:
Uptake of biodegradable nano- and microparticles by Peyer’s
patches after oral administration to mice. Proceeding of 4th World
Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical
Technology, Florence, Italy (2002), with permission [84].

of the studies were conducted with non-biodegradable poly-
mer polystyrene. However, the differences observed are largely
due to the wide range of polymers used for preparing parti-
cles, their different sizes, different dose, and the large variety
of analytical methods carried out to evaluate particle uptake

146
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Table 2. The uptake of poly(lactide-co-glycolide) nano-
and microparticles by murine PPs at different time
intervals.

Particle size 15min 1h 4h 24 h 48 h
(um)

0.3+0.04 - +++ +++ ++ +
1.1 £0.09 - + +++ ++ +
3.9+0.62 - + ++ + +

(-) No fluorescence observed in PP sections;
(+++) Particle number/PP section > 100;
(++) Particle number/PP section < 100;

(+) Particle number/PP section < 10.

PP: Peyer’s patch.

Reprinted from SHAKWEH M, CALVO P, GOURITIN B, ALPHANDARY H,

FATTAL E: Uptake of biodegradable nano- and microparticles by Peyer’s patches
after oral administration to mice. Proceeding of 4th World Meeting on
Pharmaceutics, Biopharmaceutics and Pharmaceutical Technology. Florence, Italy
(2002), with permission [84].

by PPs [11]. Therefore, it is very difficult to conclude which of
these studies is the more relevant. Indeed, many factors may
influence the uptake of nano- and microparticles by PPs.
These factors are relatively well known. They can be divided
into three categories: the factors associated with the physico-
chemical properties of particles, such as the size, zeta poten-
tial, hydrophobicity/hydrophilicity balance and the presence
of a ligand at the particle surface [7s]; the factors associated
with the physiology of the GI tract (gel mucus layer, glycoca-
lyx); and the factors associated with the animal models used to
evaluate the uptake by PPs, such as the animal species, age and
the immuno- and physiopathological state.

4.1 Physicochemical properties of particles

4.1.1 Particle size

Particle size is a critical parameter for their uptake by PPs. It
is now generally accepted that particles in the nanorange
(<1 pum) can be efficiently taken up by PPs [7,79-81]. How-
ever, it is more difficult to draw any conclusions for particles
in the microrange (> 1 um). For example, it has been shown
that following oral administration, microparticles composed
of PLGA of a mean diameter of < 10 um were specifically
taken up into the PPs. Particles > 5 um remained in the PPs
for an extended period (35 days). Microparticles < 5 pum
were disseminated in the mesenteric lymph nodes (MLNSs),
blood circulation and spleen [s2;. However, McClean et al.
[76] reported that microparticles of poly(lactide) (PLA) of 4
um in size were excluded from the PPs. This observation is
supported by Le Visage et al. [831 who reported that particles
of poly(methylidene malonate 2.1.2) of 5.7 um were not
visible in the PPs. More recently, it has been shown that
PLGA nano- and microparticle uptake, after oral adminis-
tration in mice, was size- and time-dependent [s4]. Although
no particles were observed in PPs 15 min after oral adminis-
tration, maximum uptake was observed at 4 h (Figure 4).

Shakweh, Ponchel & Fattal

Particles of 0.3, 1 and 3 um were retained in the PPs for at
least 48 h (Table 2).

4.1.2 Hydrophilicity/hydrophobicity balance

Apart from particle size, the surface hydrophobicity is also of
importance for their uptake by PPs [s2,65:86]. Indeed, it has
been reported that hydrophobic polystyrene nanoparticles
showed a strong affinity to M cells [g0. Furthermore, the
uptake by PPs, following the oral administration to mice, of
microparticles made of polymers with different hydrophobic-
ity was investigated [s2). The microparticles composed of
hydrophobic polymers such as polystyrene, poly(methyl
methacrylate), poly(hydroxbutyrate), PLA and PLGA were
taken up by PPs to a larger extent than those consisting of
hydrophilic polymers, such as ethyl cellulose or cellulose ace-
tate. In a chicken model, only microparticles made of hydro-
phobic PLGA (60 and 100 kDa) were taken up by PPs,
whereas microparticles made of a less hydrophobic PLGA
(20 kDa) were not visible in PPs [s2].

4.1.3 Zeta potential

The zeta potential has been suggested to play an important
role in particle uptake by PPs because M cells and the
mucus gel layer (mucin and glycocalix) have a global nega-
tive charge, which should permit electrostatic interactions
with particles from the opposite charge. It has been shown
that carboxylated polystyrene microparticles, thus nega-
tively charged, were taken up by PPs to a lesser extent than
non-ionised particles. Non-ionised particles appear to have
a greater affinity for M cells than ionised particles [71. In
order to better understand the role of particle zeta potential
in PP uptake, nano- and microparticles of PLGA possessing
different zeta potential were prepared using three different
surface stabilising agents [871. These agents were: poly(vinyl
alcohol) (PVA), which is known to stabilise the PLGA par-
ticle surface; hydrophobically modified hydroxyethylcellu-
lose (HMHEC) used to obtain more hydrophobic and
neutral PLGA particles; and polyethyleneimine (PEI),
selected to obtain positively-charged particles. The uptake
by PPs, after oral administration have shown that PEI-
coated positively-charged nano- and microparticles, had less
affinity for PPs than PVA- and HMHEC-coated nano- and
microparticles, which were negatively and neutrally
charged, respectively. It is likely that strong electrostatic
interactions between positive charges of PEI-coated nano-
and microparticles and negative charges of glycocalix and
the mucus gel layer slow down the progression and penetra-
tion of these particles towards the epithelial cell surface,
thus reducing their uptake. However, PVA- and HMHEC-
coated nano- and microparticles, of negative or close to
neutral zeta potential, respectively, can move and penetrate
across the mucus gel layer more easily because of interac-
tions between the hydrophilic intestinal mucus and
hydrophilic particle surface. This may allow particles to
more efficiently reach the surface of the epithelial cell,
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where they will be internalised. However, if zeta potential
seems to play a role in the uptake, concerns could be raised
regarding the changes that might occur in the surface
charge when particles are in the GI tract medium.

4.1.4 Targeting particles to M cells

In order to enhance particle uptake by PPs, many authors have
suggested the introduction of chemical modification on the sur-
face of nano- and microparticles using specific ligands of M cell
surface receptors. These ligands include M cell-specific lectins
[72.88-91], secretary IgA [92,93] and anti-M cell mAbs [94].

It has been demonstrated that surface glycocalix of intes-
tinal epithelial cells surface is composed of membrane-
anchored glycoconjugates [91,95]. The composition of these
glycoconjugates is dependent on their location in the intes-
tine and the animal species [4396,97]. Many studies have
shown that the glycocalix of enterocytes of the FAE differs
in the carbohydrate composition from that of enterocytes of
adjacent villi [91,96,98]. Moreover, the lectin-binding proper-
ties of the M cell apical surface exhibites considerable varia-
tions, which are animal species- and intestinal site-
dependent [43,98-1021. Lectin-binding sites being M cell-
specific may, therefore, offer a potential means for M cell
targeting using lectin-mediated delivery of nano- and
microparticles. The interaction of latex nanospheres
(0.5 um) with mouse PPs was studied in a mouse loop
model after the oral administration of microparticles cova-
lently coated with lectins Ulex europaeus 1 (UEAL) or
bovine serum albumin (BSA) [90]. UEA1-coated nano-
spheres bound to M cells at a level 100-fold greater than
BSA-coated nanosphere. However, binding to enterocytes
was unchanged, demonstrating the specificity of such tar-
geting. This strategy presents some drawbacks. Indeed, the
receptors for UAEL are not specific to humans. Neverthe-
less, the presence of lectin on the particle surface could
favour interactions with the mucus, even in a nonspecific
fashion, and thus, increase the residence time. However,
sugars from food might compete with this interaction and
reduce the efficiency of such an approach.

Many studies have shown that immunoglobulins, particu-
larly 1gAs, can specifically interact with the M cell surface
[103,104]. This is due to the presence of an IgA-specific receptor
on the apical surface of M cells, which mediates the transepi-
thelial transport of 1gA from the intestinal lumen to the under-
lying gut-associated organised lymphoid tissues [105]. In order
to demonstrate that this receptor may be useful for M cell tar-
geting, the uptake of IgA-coated latex particles by M cells was
evaluated in an intestinal loop model [92). The results have
shown that IgA-coated particles are efficiently taken up by
M cells. However, coating particles with BSA caused a 20-fold
reduction in the uptake. The use of anti-M cell mAbs may
allow optimal M cell targeting. Furthermore, anti-M cell mAbs
coated with polystyrene microparticles were found to accumu-
late in PPs of the rabbit intestinal loop at a level 3.5-fold higher
than unconjugated particles [o4].

Further studies in enhancing PP targeting using nano-
and microparticles can thus focus on three principal axes.
The first is to develop anti-M cell surface antigen mAbs
[100,106-108]. The second may be the use of bacterial mecha-
nisms of epithelial cell entry. As several microorganisms can
specifically interact with intestinal M cells to invade the host
[29,109,110], the use of the microbial adhesins responsible for
their binding and internalisation by M cells may permit spe-
cific M cell targeting [111]. The third is to engineer biode-
gradable nano- and microparticles with a surface that is
covalently coated with M cell-specific ligands (lectins, anti-
M cell mAbs and/or bacterial adhesions). The potential of
these carriers to target M cells should be tested in vivo.
Indeed, it has not been shown in large animals or humans
that this strategy is more efficient than the administration of
a very high number of particles.

4.2 Gastrointestinal tract physiology

The initial step in particle uptake by PPs is the attachment to
the apical surface of the intestinal epithelial cells. Particles,
must, therefore, get over the mucus gel layer and bind to cell
surface receptors by specific or nonspecific interactions. They
can then be endocytosed. Different parameters related to the
physiological conditions of the Gl tract can influence the first
steps before uptake occurs.

4.2.1 The intestinal mucus gel layer

Intestinal mucus, composed of a high-molecular-weight
glycoprotein, covers the mucosa with a continuous adherent
layer. The primary function of the mucus is to protect the
Gl mucosa from harmful pathogens and chemicals. The
thickness of the mucus gel layer varies regionally in the
range of 50 — 500 um. The major component of the mucus
is mucin, a highly heterogeneous glycoprotein that is nega-
tively charged because of the of sulfate and sialic acid con-
tent [112]. The mucus acts as a barrier to particle uptake by
entrapping them, causing their agglomeration and increas-
ing their net size. This results in a decrease in the diffusion
coefficient through the mucus, thereby restricting diffusion
to the mucosa layer. In vitro study of the permeability of the
intestinal mucin to carboxylate-modified polystyrene micro-
particles of five different sizes in the range of 0.1 — 1 um were
carried out [113]. A sharp decrease in mucin permeability with
increasing particle diameter was observed. A gradual decrease
in the permeability was then observed as the diameter was
increased to 0.5 um, after which no further significant
decrease occurred. Furthermore, the extent of association of
nanoparticles of different surface composition was investi-
gated using a mucus-secreting cell culture [717. The results
showed that mucus significantly decreased the association of
hydrophobic polystyrene nanoparticles, whereas the associa-
tion of chitosan nanoparticles with mucus increased, but
almost no binding was observed for hydrophilic stealth PLA-
PEG nanoparticles. It has been suggested that electrostatic
interactions between positively-charged chitosan and the
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negatively-charged mucus were involved [71]. In vivo study
of the influence of the mucus gel layer on latex nano- and
microparticules crossing towards apical surface of epithelial
cells has shown that the gel layer does not act as an absolute
barrier for the diffusion of particles, but slows down the dif-
fusion of these particles through the mucus [114]. Moreover,
in order to investigate invivo in the rat intestinal loop
model the effect of the intestinal mucus on the uptake of
fluorescent polystyrene microparticles (3 um), N-acetyl-
cysteine (NAC) was used as a mucolytic agent. The intesti-
nal permeability and subsequent transport of microparticles
to MLNs were observed to establish the role of the mucus
gel layer in this process [1151. The number of particles
within PPs and MLNs in the NAC-treated animals was sig-
nificantly higher than that in the control group. These data
suggest that the mucus gel layer is one of the important fac-
tors for particle uptake and thus, plays a major role in the
permeability of the small intestinal and subsequent
translocation to MLNs.

4.2.2 The filamentous brush border glycocalix

M cells generally lack an organised brush border and a well-
defined filamentous brush border glycocalix (FBBG),
although their apical membranes have a thin glycoprotein
coat (20 — 30 nm) [13,116]. It has been shown that the FBBG
on the apical surfaces of rabbit villi and FAE enterocytes is a
size-selective barrier that can prevent particles from gaining
access to membrane glycolipids [13,116]. This was demon-
strated using the B subunit of cholera toxin (CTB), which
binds specifically to ganglioside GM1, a glycolipid whose
carbohydrate head extends 2.5 nm from the plasma mem-
brane. The results showed that when applied in soluble
form, CTB (6.8 nm) has free access to GM1 on the epithe-
lial cell, and bound to enterocytes, FAE and M cells. How-
ever, CTB-coated colloidal gold nanoparticles (28.8 nm)
failed to adhere to enterocytes, but did adhere to M cells.
Furthermore, CTB-coated, latex fluorescent microparticles
(1.13 um) failed to adhere to enterocytes or M cells in vivo,
or to differentiate Caco-2 intestinal epithelial cells signifi-
cantly in vitro. However, these particles bound to undiffer-
entiated Caco-2 cells that lacked brush border and
glycocalix. Thus, 20 — 30 nm of glycocalix was sufficient to
prevent access of 1 um microparticles to the glycolipid
receptor. Moreover, it has been reported that this glycopro-
tein layer is sufficient to prevent CTB-coated polystyrene
nanoparticles (120 nm) from gaining access to the M cell
surface [116]. This observation implies that some bacterial
adhesion molecules, such as CTB, may not be useful for
M cell targeting of particulate vaccine carriers [116].

4.3 Factors associated with the animal model
According to the animal species, there are important varia-
tions in the numbers and distribution of M cells and in the
expression of surface antigens [24]. These variations may influ-
ence the efficiency of particle uptake by PPs.
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4.3.1 Animal species

The extent of particle uptake by PPs depends on the number
and frequency of M cells present in the FAE. In humans, PPs
develop well before birth and a considerable number can be
identified at ~ 24 weeks of gestation. When adolescence is
reached, > 200 patches are found in the small intestine, and at
an age of > 90 years ~ 50 patches are observed. PPs are not only
present in the ileum, but also in the duodenum and
jejunum [117]. Moreover, in several species such as sheep, calves,
and pigs, there are two types of PP in the small intestine, which
differ in location, structure, cellular composition, and function.
First, several discrete patches can be found in the jejunum and
the upper ileum, which are comparable to human PPs. Second,
a long and continuous patch is present in the terminal
ileum [118. The continuous ileal patch influences to a great
extent the development of B lymphocytes. In mice, the mean
number of PPs in the small intestine is nine. They are generally
more numerous and larger in the distal small intestine than in
the proximal small intestine [119]. In the New Zealand White
rabbit, PPs appear 15 days after birth [120;. Their number
increases from the duodenum to the ileum and varies with the
age of the animal reaching 40 — 50 follicles.

It has been showed that the number of M cells in humans is
< 10% of all the epithelial cells in the dome region of the
PPs [121]. Similar numbers have been reported for rats and
mice [99,122,123]. Higher numbers of M cells (30 — 50%) are
present in rabbit [124-126] and pig [127] PPs. Therefore, it is not
surprising that the comparison of the uptake of polystyrene
microparticles by murine FAE is lower than in rabbit
FAE [128]. Moreover, three rodent species were ranked accord-
ing to the extent of uptake of latex microparticles (3 um).
Particle uptake was in the order: rats > hamsters > mice [129].

From these observations, it should be stressed that results of
particle uptake by PPs obtained for one type of animal must
be considered with caution when correlating these data to
other models, especially to humans.

4.3.2 Animal age

In several species, the number and size of PPs in older animals
are larger than in younger animals. Therefore, it is likely that
the extent of particle uptake by PPs in older animals may be
greater. Indeed, it has been reported that, after repeated oral
administration of latex microparticles (1.8 um) to young
(24 days) and aged (18 months) mice, the extent of particle
uptake by PPs was higher in aged animals [130]. Moreover, it
has been found that in young animals, only 87 particles were
counted in the lymph thoracic duct, whereas a marked
increase in the uptake was observed in 5-month-old animals
(up to 775), but there was a decrease to 518 particles in older
animals (9 months) [131]. These findings were unexpected
considering the generally rapid absorption of nutriments and
small molecules by the intestine of young animals. This may
result from differences in the phagocytic activities of the cells
involved in particle internalisation in animals of different
ages. Moreover, Lefevre etal. [130] suggested that the better
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uptake in older animals may be due to a slower transit time,
increasing the contact of particles with lymphoid tissue sur-
faces; therefore, augmenting the uptake. In another study, the
uptake of latex microparticles (2 um) by PPs of weanlings
(25 days), adults (5 months) and aged rats (15 months) was
compared after oral administration. The number of particles
detected in PP excised from the small intestine did not signif-
icantly differ between animals of different age groups [132].
The authors suggested that these apparent controversial obser-
vations may result from differences in the method of particle
quantification. For example, Simon et al. [132] expressed the
number of particles/g of tissue, whereas Lefevre etal. [130]
expressed it per six PP/mouse, and as PPs in older animals are
larger than in younger animals, they are likely to contain
higher numbers of particles.

4.3.3 Physiopathological state of animal

Immuno- and physiopathological factors, such as the gut
microbial content [35,40,41], acute and chronic stress [133] and
diabetes 1347, may modulate the barrier function of the FAE
and thus modify its ability to transport macromolecules and
particles. Indeed, it has been shown that tacrolimus and
cyclosporin, which produce immunosuppressive effects, in
part by decreasing the number of immunoreactive cells in the
FAE of PPs, also reduce the uptake and transport of particles
into PPs 135]. The presence of bacteria can modulate particle
transport. For example, the transport of latex microparticles
was significantly increased in the Streptococcus peumoniae
R36a-infected animals compared with buffer-treated
controls [35]. Furthermore, chronic stress enhances the uptake
of luminal antigens and bacteria via the FAE [133]. This mech-
anism might also occur for synthetic particles. Finally, after
oral administration of latex microparticles (2 um) to diabetic
rats, it was shown that particle translocation and peripheral
distribution were reduced by ~ 30%. This could be a conse-
quence of gastric retention and altered intestinal motility and
permeability, which are associated with diabetes [134].

4.4 Experimental conditions

Many experimental protocols have been carried out to study the
uptake of particles by PPs. These have shown that differences in
particle dose and numbers [9,75,130,131], diet composition [136]
and the volume of the particle suspension medium [137] can
significantly influence the GI uptake of particles.

It has been demonstrated that the uptake of latex micro-
particles by PPs is dose dependent. The highest single dose of
latex microparticles was correlated with the greatest number
of particles retained in PPs [75,131]. Moreover, the uptake of
latex microparticles (5.7 um) by PPs was studied in mice
after single (2 x 108 particles) or chronic (2 x 108 particles/
day for 30 days or 4.5 x 108 particles/days for 60 days) oral
administration. The 5.7 um particles were observed in PPs
and MLNs only for the higher dose given for 60 days. More-
over, at 77 days, these particles were still present in the tis-
sues. Differences in particle uptake by PPs between fed and

fasted mice have been observed. A greater number of particles
were detected in PPs of fed mice. This may be due to an
increase in G transit time and/or an increase in M cell activ-
ity because of the presence of food [75]. Moreover, it has been
shown that diet composition can influence particle uptake. A
larger number of particles was transported from the gut
lumen to the internal organs, including the MLN, spleen and
liver of animals fed a solid pelleted diet, compared with those
maintained on a fluid diet 4 h after oral administration [136].
Finally, it has been reported that the rapid appearance in the
bloodstream and the number of latex microparticles
(0.87 um) increased with the volume of water used as the
suspending vehicle. However, increasing the tonicity of the
fluid was not as effective as using water as suspending
medium for the transferring particles [137].

5. Evaluation methods of particle uptake by
intestinal mucosa

In order to determine the extent and efficiency of nano- and
microparticle uptake by PPs, and their binding to villi after
oral administration, a wide variety of analytical methods are
used. The large number of evaluation method may partially
explain the difficulty in defining the best physicochemical
parameters of particles which allow them to be efficiently and
rapidly taken up by the Gl tract, and particularly by PPs [11].

5.1 Qualitative determination of particle uptake
Histological methods have been mainly used to investigate
qualitatively the fate of particles after oral administration.
This allows to observe the presence and location of particles
within the intestinal mucosa to be observed. After oral admin-
istration of particles, intestinal samples are collected and
washed to reduce the contamination coming from particles
that remain in the lumen. Tissue samples are then prepared by
an adapted procedure for observation by light, fluorescence
and/or electron microscopy.

5.1.1 Light and fluorescence microscopy

To observe non-labelled particles in intestinal mucosa by light
microscopy, the whole PPs are fixed in 70% alcohol and
cleared by a potassium hydroxide—glycerol mixture [9,78,138-140].
Particles taken up by PPs are distinguished by their round
shape and refractivity. However, the analysis of tissue sections
by fluorescence or confocal microscopy is preferable because
of the high sensibility of these methods. These last techniques
have been widely applied to the analysis of the tissular pres-
ence of fluorescent nano- and microparticles [s2,86,141-144].
Confocal microscopy allows a direct observation of the speci-
men and determination of the exact particle location within
the tissue, and not merely adherent to the tissue surface as an
artefact of the sectioning process [92,145,146]. Moreover, simul-
taneous labelling of the cell membrane, nucleus and particles
with different fluorochrome allowes evidence of the intracel-
lular presence of fluorescent particles, as shown in leukocytes
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of PPs [711. Light [9,138-140 and fluorescence microscopy
[13,116,134,145,146] have also been used to quantify the efficacy of
particle uptake by PPs. In this case, the quantification of
uptake by PPs allows to demonstate the influence of the phys-
icochemical properties of particles on their uptake by PPs and
interactions with villi to be determined. However, one should
consider particle quantification by direct visual counting in
histological section as a semiquantitative method, because of
the difficulty of particle enumeration in the whole
tissue sample.

5.1.2 Electron microscopy

Scanning and transmission electron microscopy have not only
been used to study the morphological aspects of the FAE, PPs
and M cells 25,1477, but also to determine the cellular location
and transport pathway of particles taken up from the intesti-
nal lumen [63,148]. Observations by scanning electron micros-
copy of the non-follicular ileal mucosa and PP biopsies after
intraluminal administration of lipiodol-loaded nanocapsules
of polyalkylcyanoacrylate in an isolated ileal segment of the
rat has revealed that nanocapsules are able to pass through the
ileal mucosa, via a paracellular pathway in the non-follicular
epithelium, and most predominantly, via M cells and adjacent
enterocytes in PPs [63]. Furthermore, the use of transmission
electron microscopy was applied to study the uptake of partic-
ulate material by PPs of pigs [146]. Uptake from the gut lumen
was shown to be restricted to the dome epithelium and was
almost exclusively performed by the M cells.

In summary, although histology is a fastidious method for
following particle uptake, it gives precious information
about the intestinal distribution of particles and the differ-
ent parameters that may influence their uptake by PPs and
binding to villi.

5.2 Quantitative determination of particle uptake

5.2.1 Particle counting

Particle quantification in the whole intestinal tissue can be
assessed after tissue digestion, either by acidification [9] or alka-
linisation [134,145). This method has been applied to the quanti-
fication of non-biodegradable particles, whether fluorescent
[130,143,149-151] Or not [9]. Using this method, it has been possi-
ble to detect and quantify by flow cytometry a small number
of particles, to measure the course of uptake and clearance, and
to determine the tissue distribution of absorbed particles [75,93].
Flow cytometry has also been used to quantify the latex parti-
cles directly in the mesenteric lymph collected via a cannula
connected to the major lymphatic vessels of the intestinal
regions containing PPs [152]. For particles made of biodegrada-
ble polymers, such as PLGA or PLA, particle number can be
determined by the quantification of the total fluorescence
emitted by the sample. In this case, the fluorochrome encapsu-
lated in biodegradable particles is extracted from the tissue
sample before being quantified [81,153) or measured directly
after tissue digestion 76]. To avoid fluorescence quenching due
to the conditions of preparation and the interactions between
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the fluorescent marker and intestinal proteins, it is important
to prepare series of standard from control tissue to which
known amounts of fluorescent particles are added. Moreover,
this approach does not allow distinguishing between fluoro-
chrome released from particles before their uptake and fluoro-
chrome remained associated to particles after tissue
penetration. It is, therefore, suitable to minimise the release of
fluorochrome from particles by multiple washing steps and
particle dialysis and to determine the kinetics of release of
fluorochrome from particles in artificial gastric and intestinal
media [87]. Furthermore, as particles will cross cellular mem-
branes and will be in contact with lipidic compounds, it is sug-
gested that probe release should be checked in both aqueous
and lipidic phases in the biphasic mode (e.g., liposomes) [11].

5.2.2 Gel permeation chromatography

Gel permeation chromatography (GPC) is based on the sep-
aration of polymeric materials as a function of their molecu-
lar weight. After tissue dissolution, particles are solubilised
and the polymer is then extracted before GPC analysis. This
technique necessitates the determination of the efficiency of
the extraction procedure, and quantification is subsequently
obtained using a calibration curve. This technique has been
adopted by Jani et al. [80,154,155] to quantify the uptake and
translocation of latex nano- and microparticles orally
administered to animals. This method is particle size-
independent, but it can give evidence on the tissular pres-
ence of particles and seems to be more reliable than the use
of radiolabelled polymer.

5.2.3 Radioactivity assay

Radiolabelled nano- and microparticles are presented as an
interesting approach to obtain quantitative information con-
cerning the fate of orally administered particles and their sub-
sequent tissular distribution, because of its high sensitivity
which allows the detection of a small amount of radiolabelled
polymer in different organs [1s6]. Radiolabelling of particles
may be realised using a radioactive polymer [83,157,158] or by the
encapsulation of a radiolabelled molecule as a tracer [159-161].
After oral administration of radiolabelled particles, samples of
different organs are harvested and the radioactivity is quanti-
fied. In this method, it may be difficult to distinguish between
the radioactivity due to particles themselves and that given by
possible degradation products of the polymer [157]. Indeed,
the presence of radioactivity in the bladder after oral adminis-
tration of radiolabelled particles has been suggested as evi-
dence of the polymers degradation products of particles
excreted in urine [80,157]. In an in vitro study of the transport
of poly(butylcyanoacrylate) nanoparticles through PPs in an
intestinal segment freshly isolated from pigs, it has been
found that the amount of radioactivity transported across the
intestine during 4 h was 1.1%. Part of this radioactivity that
was not determined may result from degradation products
and not from intact particles 158]. In order to know whether
radiolabelled particles cross the intestinal barrier as particles,
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Figure 5. Presentation of the multiple intestinal loops
model used as an in vivo model to analyse multiple mucosal
immune responses [171,172]. Reprinted from Journal of
Immunological Methods, 256, GERDTS V, UWIERA RR,
MUTWIRI GK et al., Multiple intestinal ‘loops’ provide an in vivo
model to analyse multiple mucosal immune responses, 19-33,
Copyright (2001), with permission from Elsevier.

PP: Peyer’s patch.

or as degradation products, the degradation of the of particles
or the kinetic release of the encapsulated radioactive molecule
in simulated gastric and pancreatic fluids, need to be
determined [83,157,160].

6. Experimental models

Various experimental models have been used to investigate the
interaction between particles and the Gl epithelium, and their
eventual uptake by PPs. It has been suggested that differences
between these models might be a source of contradictory
reports regarding the extent and efficacy of particle uptake by
the GI tract [11. Experimental parameters, such as dosing
modes, experimental settings, animal species, and the nature
of harvested organs, might be the cause of the wide diversity
of data obtained for particle uptake (Table 1).

6.1 In vivo models

6.1.1 Means of administration

In in vivo models, particles are either directly introduced into
bottles containing drinking water, which will be taken by the
animal for several days or even months [138-140,162], Or given by
direct repeated daily gavages of known doses [7,9,80,86,130,163] OF

a single known dose [83,84,87,149,150]. When introduced in to
the drinking water, the amount of particles is not well defined,
as the exact volume drunk by the animal is not known pre-
cisely [11. The uncertainty regarding the dose and coincident
events of absorption and elimination make these experiments
difficult to interpret. Therefore, investigators have preferred to
use a known dose fed by repeated daily gavages, or a single
dose, which make the interpretation easier.

6.1.2 In situ isolated gut loop model

This model has been widely used to investigate particle
transport across the Gl tract and uptake by PPs [115,164]. This
technique consists, in the administration, of particle suspen-
sion in an isolated intestinal segment from the gut, and the
ligation of its two extremities without cutting the connec-
tion with blood and lymphatic supplies. It is then possible to
compare the uptake of particles and their binding to intesti-
nal epithelia in different zones of the intestine, with or with-
out PPs, in the same animal. Moreover, as particle
suspension is administered in situ, this model minimises var-
iations due to gastric emptying or transit time. However,
this technique can only be achieved in an unconscious ani-
mal and anaesthesia has been reported to reduce the
lymphatic flow [165-168].

6.1.3 In vivo chronically isolated ileal loop model

In this model, the animal is conscious throughout the experi-
ment. The surgical technique consists of a long-term isolation
of an intestinal segment inside the animal. This isolated loop
is used in perfusion experiments. The effects of anaesthesia
and surgical trauma on the intestinal mobility and the lymph
flow rate are absent. In addition, absorption kinetics can be
analysed on the basis of luminal concentrations or blood levels
of the perfused molecules [169]. This model was first used to
study the absorption kinetics of soluble molecules [169]. It has
since been applied to the determination of the intestinal tran-
sit of the bioadhesive microparticles after in situ injection into
the perfused gut segment [170]. The results revealed that the
model is particularly useful to evaluate and differentiate the
bioadhesive properties of each delivery system.

More recently, a multiple sterile intestinal loop model has
been described in sheep to analyse the potential of antigen-
loaded microparticles as an oral vaccine delivery system
(Figure 5) [171,172]. After animal anaesthesia, a midline abdom-
inal incision was made and the jejunum exteriorised. A total
of eight consecutive jejunal PPs were identified and the intes-
tinal segment containing the selective PP was transected at
each end. The continuity of the jejunum was re-established
with an end-to-end anastomosis. To subdivide the intestinal
segment into multiple loops, silk ligatures were tied 20 cm
proximal and distal to each PP to create a space containing an
individual PP. Antigen-loaded microparticle were injected
into an individual loop. This model permitted induction of
multiple mucosal immune responses in a single animal. It also
provides the opportunity to deliver antigen into interspaces
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devoid of PPs and to investigate the role of diffuse lymphoid
nodules in the induction of mucosal immunity.

6.2 EX vivo models

The successful application of ex vivo models of intestinal
drug absorption depends on the extent to which the model
comprises the relevant characteristics of the in vivo biologi-
cal barrier. Despite the difficulties associated with trying to
reproduce all the characteristics of the intestinal mucosa
ex vivo, various systems have been developed which mimic,
to varying degrees, the relevant barrier properties of the
intestinal mucosa.

6.2.1 Excised intestinal tissue

Excised intestinal tissues have been used to study intestinal
drug, nutrient absorption and particle uptake, and their
binding to intestinal mucosa. The solution containing the
test compound is applied to one side of the mucosa and the
rate of drug absorption is determined by measuring either
the disappearance of the drug or particle from the dosing
solution, or the appearance of the drug or particle in the
serosal side. Although they vary in complexity and versatil-
ity, excised tissue preparations share two important advan-
tages: the preservation of the architectural integrity; and the
ability to determine absorption across different GI segments.
A common disadvantage is the limited viability of this type
of preparation.

6.2.1.1 Perfused intestinal segments

In this model, part of the continuous ileum, with or without
PPs, is excised and subdivided into small segments. Segments
are then filled with the suspension of particles or drug solu-
tion, ligaturated and placed in an adequate medium. After
intervals, the particle suspension is removed from the seg-
ment, which is longitudinally cut and washed to remove resid-
ual adhering particles. Torche et al. [164] used this model to
investigate the ability of pig ileal segments to transport PLGA
microparticles from the intestinal lumen across the mucosa.
They have demonstrated that PLGA microparticles were
translocated by M cells and transported through the FAE in
the dome area. This model was also used to study the influ-
ence of chitosan microparticles on the transport of pred-
nisolone sodium phosphate across the GI tract [173. The
permeability of prednisolone entrapped in chitosan micropar-
ticles was enhanced drastically compared with the drug
solution [173].

6.2.1.2 Everted intestinal sac

In the everted intestinal sac method, a segment of the intes-
tine is harvested from an animal, everted, ligated at the ends
and filled with an oxygenated buffer. The sac is then intro-
duced into an adequate medium containing a known amount
of microparticles or compound solution. The sac is then
removed. The microparticles are then isolated, washed and
Iyophilised. The percentage of binding to the sac is
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determined by subtraction of the weight of residual spheres
from the original tare weight. This technique was first used to
study the intestinal absorption of solutes [174,175)and to evaluate
the GI bioadhesive ability of nano- and microparticles [176-178].

6.2.1.3 Ussing chamber

To prepare intestinal mucosal sheets suitable for mounting in
Ussing chambers, a longitudinal cut of an intestinal segment
is made to produce a long mucosal sheet. This sheet is cut as
needed to produce mucosal strips of adequate size to fit in the
opening of the diffusion (Ussing) chamber. Although mucosal
sheets are used with or without the underlying muscle layer,
in vivo, the muscle layer is not a barrier to absorption. Thus,
the removal of this muscle layer, a process known as stripping,
is advantageous for two reasons. First, it removes an artificial
permeability barrier, and second, stripped tissues can be oxy-
genated more efficiently. An Ussing chamber consists of two
half-cells joined together, with the mucosal specimen
mounted as a sheet between them. After mounting the tissue,
the chamber is immediately placed in a heating block. The
compound to be analysed is added in the donor chamber and
samples are taken out of the receiving chamber for analysis.
Ussing chambers are usually connected to voltage clamps,
which are used to make electrical measurements during the
course of experiments. These measurements can be used to
monitor tissue integrity and viability. This model has been
widely used to study drug and macromolecule transport across
intestinal mucosa [179,180]. However, it does not give satisfying
results for particle uptake by the Gl tract. Although the litera-
ture provides evidence that particles adhere and cross intestinal
mucosa after oral administration in rabbits, no uptake or
adsorption of particles (fluorescent polystyrene, 0.05 — 3 pm)
on the surface of intestinal tissue has been observed after incu-
bation in the presence of excised rabbit intestine (with or with-
out PPs) [11]. Moreover, when the Ussing chamber method was
used to test uptake in excised intestinal tissues, of nanoparticles
of polystyrene and PLGA, during oxygenation, nanoparticles
were caught in oxygen bubbles and massively adhered to the
plastic of the chamber [1s1].

In summary, these ex vivo models have the advantages of
being rapid, thus allowing the analysis of several pieces of
tissue at the same time. Therefore, it offers the possibility of
running experiments on PP-containing and -free tissue in
parallel. However, a common disadvantage is the limited
viability of the tissue. Indeed, it has been demonstrated that
the intestinal tissue from an abattoir degenerated 25 min
post-mortem, resulting in progressive lysis, shedding and
exfoliation of part of the epithelium, and an almost com-
plete loss of villus architecture 181]. The authors concluded
that nanoparticle uptake into the epithelium and the subep-
ithelial tissue observed in the study could be due to auto-
Iytic artefacts. They suggested avoiding small intestine
obtained from abattoirs and to use tissue from freshly sacri-
ficed animals, which is excised within a few minutes
post-mortem.
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Table 3. Non-exhaustive tests of immune responses induced following oral administration of antigen-loaded

particles.
Polymer Antigen Species Particle Observations Ref.
size
(Hm)
PLA OVA Mice 0.6, Only microparticles of 4.0 pm enhanced serum antibody [197]
1.0, Microparticles of 7.0 pm enhanced IgA secretion to a significant extent,
4.0, whereas those with 26.0 um in were ineffective
7.0,
11.0,
15.0,
21.0,
26.0
SBPVA-g- T Mice 0.1, Microparticles > 1 um and TT in solution did not increase the serum IgG [198]
PLGA 0.5, and IgA
15 The highest antibody titres were found in the case of 0.1 um
PLGA PC-Thyr Mice <10 Induction of specific IgA response in intestinal, pulmonary and vaginal [3]
secretions, as well as a strong specific systemic immune response
PLGA ETEC-CS6  Human ND Four of five volunteers had significant ASC IgA and significant serum IgG  [199]
(healthy responses
volunteers) No protection studies were carried out
PLGA BSA Mice 0.20, Microparticles of 1 pm diameter elicited a higher serum IgG response than [200]
0.50, those of 0.50 or 0.20 um diameters
1.0 The immune response for particles of 0.50 um diameter is similar than that
obtained with particles of 0.20 um diameter given by the s.c. and the p.o.,
and higher by the i.n. route
PLGA OVA Mice 3.0 After primary immunisation, IgA antibodies were detected in saliva, vaginal [193]
and gut washes, which were significantly greater than those detected with
soluble antigen
After secondary immunisation, higher antibody titres were found in three
fluids
The specific activity (antibody/pum IgA) of antibodies in vaginal fluid and
saliva was significantly greater than in serum or gut washes
PELA HPL Mice 3.20 - Increase in slgA and IgG production in salivary and gut washes and [201]
4.05 antibody-secreting cells in PPs
Alginate PSA Sheep 9-14  Induction of humoral immune responses [172]

However, PSA-specific T cell responses were not induced

ACS: Circulating antibody-secreting cells; BSA: Bovine serum albumin; ETEC-CS6: Enterotoxigenic Escherichia coli; HPL: Helicobacter pylori lysates; i.n.: Intranasal;
i.p.: Intraperitoneal; OVA: Ovalbunin; PC-Thyr: Phosphorylcholine linked to thyroglobulin; PELA: Poly (D,L-lactide)-polyethylene glycol; p.o.: By mouth (per o0s);
PSA: Porcine serum albumin; SBPVA-g-PLGA: Poly(sulfobutyl-vinyl-alcohol)-graft-poly(lactide-co-glycolide); s.c.: Subcutaneous; TT: Tetanus toxoid.

6.2.2 In vitro models

Human colon adenocarcinoma cell line, Caco-2, has been
widely used to investigate particle interaction and transport
across the human intestinal epithelium [71,76,153). This cell
culture model possesses many advantages, including the
opportunity to study cellular mechanisms of particle trans-
port across intestinal epithelium and rapid screening under
controlled conditions. However, this cell culture model can-
not be representative of PPs because, on the one hand, it is
compromised by the lack of certain cell types present in nor-
mal intestinal epithelium (e.g., goblet cells and M cells),
and, on the other hand, they do not produce the gel mucus
layer. Therefore, a heterologous co-culture composed of freshly
isolated murine PP cells and Caco-2 cells has been character-
ised and presented as an in vitro M cell model [4647,49]. The

morphology of M-like cells was studied by transmission elec-
tron microscopy, which demonstrated an irregularity in shape
and fewer microvilli compared with the Caco-2 cells [49]. The
phenotypic changes that occurred when enterocytes developed
into M cells were then confirmed by quantification of M cell
markers, such as the low expression of alkaline phosphatase,
redistribution of villin, a cytoskeletal protein associated with
the scaffold of microvilli, loss of brush border structure from
the apical surface to cytoplasm, indicating the expression of a
5B,-integrin at the apical surface of M cells 501. This co-cul-
ture was able to transport nano- (0.2 um) as well as micro-
particles (1 — 2 um) [49] of polystyrene. To obtain a more
homologous co-culture based entirely on human cells,
murine lymphocytes were replaced by a human Raji B cell
line [48). The apparition of human M-like cells was
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confirmed by the identification of the human M cell marker,
Sialyl Lewis A antigen. It has been demonstrated that this
co-culture of Caco-2 cells and Raji B cells is not only able to
transport latex nano- and microparticles s], but also chi-
tosan microparticles [1825, which have been shown to be
taken up by PPs in vivo [141].

It has been suggested that M cells may not be the only
cell type involved in antigen sampling in PPs. Co-culture of
Caco-2 cells and dendritic-like cells has been characterised.
It has been showed that dendritic cells express tight junc-
tion proteins and penetrate gut epithelial monolayer to
sample Salmonella typhimurium bacteria [ss]. The presence
of dendritic cells in such a co-culture model may be more
representative to in vivo PPs and allow the study of their
eventual role in the processing of particle transport
across the FAE.

7. Potential of nano- and microparticles as oral
drug/vaccine delivery systems

7.1 Nano- and microparticles for oral delivery of drugs
A number of studies have demonstrated that biodegradable
particles can enhance the bioavailability of many drugs that
are normally poorly absorbed following oral administration.
The increase of bioavailability of tavincamine entrapped in
poly(hexylcyanoacrylate) nanoparticles has been demon-
strated [62]. These nanoparticles were also used for the oral
delivery of insulin, resulting in prolonged hypoglycaemia in
fasted rats [183]. In another study, nanoparticles made of
polyanhydride copolymers of fumaric and sebacic acids
have been shown to display strong adhesive interactions
with the mucus gel layer 701. These particles were shown to
traverse the absorptive enterocytes and FAE. They increased
the oral absorption of three model substances of different
molecular weight (dicumarol, insulin and plasmid DNA).
Both studies regarding insulin delivery led to impressive
results. However, the question as to why they were not fol-
lowed by other studies is still open. Recent work regarding
the delivery of insulin-containing nanocapsules of
poly(alkylcyanocrylate) has shown that there is a lot of vari-
ability in the concentration of insulin crossing the intestinal
barrier. In addition, the authors did not observe any modi-
fication of the glycaemia, suggesting there are still questions
regarding the first data and the decrease of glycaemia after
oral administration of insulin-containing nanocapsules
[184]. Moreover, nanoparticles have been shown to enhance
the absorption of luteinising hormone-releasing hormone
es]. Microparticles of PLA were also used for the oral
delivery of IFN [159].

7.2 Nano- and microparticles for oral delivery of
vaccines

As most infections agents enter the body through mucosal
surfaces, immunisation of these surfaces represents a potent
mechanism of warding off the pathogen at the site of entry.

Shakweh, Ponchel & Fattal

The GI, nasopharyngeal, pulmonary and genitourinary sur-
faces are bathed in mucus that contain secretory IgA (slgA)
derived from the plasma cells underlying the mucosal mem-
brane. Local slgA is an important component of the mucosal
immune system. The presence of sIgA can prevent infection
of epithelial host cells. IgA can also remove antigen that
crosses the epithelial barrier by transporting the antigen across
the epithelium [1s6]. Because of their ability to induce a local
secretary IgA response, oral vaccines potentially offer the
advantage of increased efficacy in comparison with parenteral
vaccines. Successful oral vaccination requires improvements to
be made in the protection and delivery of peptide antigens in
the GI tract, as well as their presentation to cells of the gut
associated lymphoid tissue (GALT); such requirements might
be met by using microparticles as vaccine carriers. Table 3
presents a non-exhaustive list of oral vaccination tests using
biodegradable particles.

Polylactide (PLA), polyglycolide (PGA), and their copoly-
mers (PLGA) are the principal polymers used to encapsulate
vaccines. These polymers have the advantages of biocompati-
bility, biodegradability and a history of safe use in humans
r187]. Particle degradation rate can be manipulated by chang-
ing factors, such as the molecular weight of the components,
surface area, monomer stereoregularity and lactide:glycolide
ratio [18s-190]. Thus, considerable tailoring of the system is
possible to optimise antigen presentation and, hence, the anti-
body response. PLG microparticles also offer the potential to
entrap and deliver several antigens and adjuvants simultane-
ously 191]. One of the limitations of PLGA in relation to vac-
cine development is that these polymers are soluble in only a
limited range of organic solvents and are insoluble in water.
The most commonly used solvent for PLGA polymers is
dichloromethane, although ethyl acetate and others have also
been used. Hence, the technique most commonly used for the
preparation of microencapsulated vaccines implies the emulsi-
fication of aqueous solutions of antigen into organic solvents
containing the polymer. The resulting primary emulsion is
then emulsified in external aqueous phase containing a sur-
factant. After organic solvent elimination by extraction or
evaporation, the particles can be obtained by centrifugation.
A significant problem with PLGA microencapsulation is the
possibility of antigen denaturation as a consequence of expo-
sure to organic solvent, elevated temperature and aqueous—
organic interfaces during the procedure of particle prepara-
tion. Nevertheless, a number of proteins has been successfully
encapsulated in PLGA particles with a full maintenance of
structural and immunologic integrity and ability to induce
mucosal immune response [2,3,5,79,192].

Following oral administration of PLG microparticles con-
taining a toxoid vaccine for staphylococcal enterotoxin B to
mice, circulating toxin-specific antibodies and a concurrent
slgA anti-toxin response in saliva, gut-wash fluid and bronchial
alveolar wash fluid were detected, whereas no response was
measured after oral dosing with the soluble antigen [s2.
Another study demonstrated that the model antigen
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ovalbumin, entrapped in 3 um PLG particles, induced sig-
nificantly enhanced slgA and systemic 1gG antibody
responses following oral administration to mice, in compari-
son with the free protein [193]. The maximum salivary IgA
response to antigen was 50-times greater than the response
to the soluble antigen [193].

Alginate microparticles constitute a further type of micro-
particulate carrier that has demonstrated efficacy for the oral
administration of vaccines [171,172,194,195]. The advantages of
alginate in vaccine microencapsulation are that it is soluble
in water and does not necessitate the use of organic solvents.
Oral delivery of alginate microparticles elicited the produc-
tion of slgA at the mucosal surfaces of mice, rabbits and cat-
tle, and resulted in an increased delayed-type
hypersensitivity reaction in chickens [194]. Mild conditions of
synthesis are required for the preparation of alginate micro-
particles, making them highly suitable as oral carriers for
labile antigens.

8. Conclusion

In conclusion, nano- and microparticles offer considerable
potential for drug and vaccine delivery via the Gl tract. Per-
haps greater therapeutic success can be achieved by using
microparticles as carriers for vaccines, rather than for thera-
peutic drugs, because of the relative amount of antigen that
is required to induce an immune response in comparison
with the amount of drug required to produce a pharmaco-
logical response. Moreover, antigen-loaded nano- and
microparticles offer the potential to be highly efficient
because of their ability to induce a local and systemic
immune response. Microparticles that target immune cells
within PPs may be optimal for initiating 1gA responses, but
nanoparticles that can escape from the PP region to periph-
eral lymphoid organs might be chosen for generation of sys-
temic 1gG responses [196]. Nevertheless, this review has
shown that optimisation of particulate delivery through tar-
geting receptors of the M cells and/or using particles dis-
playing the best size and the right surface properties is
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