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1. Introduction

Peptides and proteins have gained increased interest as therapeutics during recent years.
More than 60 peptide drugs have reached the market for the benefit of patients and several
hundreds of novel therapeutic peptides and proteins are in preclinical and clinical development.
The key contributor to this success is the potent and specific, yet safe, mode of action of these
biomacromolecules. Nevertheless, peptides have intrinsic weaknesses, including poor chemical
and physical stability and short circulating plasma half-life [1]. Furthermore, most of these
drugs are administered by the parental route and approximately 75% are given as injection. In
spite of the satisfaction in terms of efficacy, the intravenously administration of these
therapeutics shows some drawbacks. The invasive nature of this route of administration leads to
poor regimen adherence that (in some cases) is not as persistent and intense as required [2].
Consequently, alternative routes of administration are gaining increasing attraction. Among the
enteral routes, the oral administration remains between the most attractive due to its cost-
effectiveness and well-established acceptability, and especially because it allows avoiding the
use of needles and other injection materials [3]. However, the oral delivery of macromolecules
presents limitations that end in low bioavailability due to the degradation in the gastrointestinal
tract (GIT) by proteolytic enzymes and severe pH physiological conditions as well as low
permeability through the mucus layer and the intestinal epithelium [4]. To solve these problems,
different strategies have been proposed to increase the bioavailability of macromolecules:
enzymatic inhibitors [5], permeation enhancers [6-8], polymer-drug conjugates [9] or
nanotechnology-based drug delivery systems [10,11].

Among all the approaches developed for the oral delivery of biomacromolecules,
polymeric nanoparticles are in the forefront. In principle, these devices would encapsulate the
active molecule, conferring protection against hydrolytic and enzymatic degradation [12].
Furthermore, these carriers would facilitate the controlled release of the cargo due to their

matrix structure [13].

2. Barriers to the oral delivery of macromolecular drugs

The GIT possesses the largest surface area in the human body. Its main function is to
process ingested food into a form that can be absorbed and used in metabolic pathways but, at
the same, to prevent the penetration of harmful pathogens, toxins and undigested
macromolecules or compounds into the body [14]. The GIT includes three main organs: the
stomach, the small intestine (subdivided in duodenum, jejunum and ileum) and the colon.

Within the small intestine, specialized in the absorption of nutrients and xenobiotics, the

mucosa is made up of three layers: epithelium, lamina propria, and muscularis mucosae (Figure
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1) [15,16]. The epithelium is constituted by cells that are held together by tight junctions, which
effectively form a seal against the external environment. Although the majority of cells
bordering the intestinal lumen are absorptive enterocytes, which are adapted for metabolic and
digestive functions, and globet cells that secrete mucus, other specialized cells (e.g.,
enteroendocrine cells, stem cells and Paneth cells) are also present [17]. This epithelium also
lines the crypts that form the germinal area of the villi involved in the renewal, water,
ion, exocrine and endocrine secretions. In addition, there are two extra levels of protection
against the outer milieu, the secreted mucus layer and the apical glycocalyx rich in digestive
enzymes (Figure 1) [18,19].

Glycocalyx

<— Secreted mucus layer
Absorptive enterocyte
Tightjunction

Globetcell

Enteroendocrine cell

Mucosa —

Epithelium

Paneth cell
Stem cell

Lamina propria

SEsErE AT s aeE Musalrsmucose

Figure 1. Structure andT:omponents of the intestinal mucosa.

Moreover, in some parts of the epithelium, there are clusters of lymph nodules called
Peyer's patches (PP) that extends through the submucosa. PP are surrounded by the follicle-
associated epithelium (FAE) that forms the interface between the gut-associated lymphoid tissue
(GALT) and the luminal microenvironment. The FAE contains specialized cells named M (for
microfold) cells that transport luminal components (e.g., dietary proteins and antigens) and
bacteria toward the immune cells that are in the stroma under the epitelium (Figure 2) [20].

The main barriers that hamper the oral delivery of biomacromolecules include the pH
conditions encountered within the gut, the presence of enzymes, the water layer and the tight

junctions of the epithelium.

26



CONFIDENTIAL CHAPTER 1: GENERAL INTRODUCTION

Folicle
associated
epithelium
Mucosa —

Submucosa

Muscular layer
Serosa

Figure 2. Structure and immune elements of the gut wall.

2.1. The acidic environment

The pH of the stomach contents ranges from 1.0 to 2.5 [21,22]. However, from the
proximal end to the ileum of the small intestine it rises to 6.6— 7.5 and drops to 6.4 at the
ceacum. Then, it rises progressively to 7.0 from the right to the left colon [21]. This pH
variation in the GIT makes it difficult to maintain biomacromolecules and nanoparticles
integrity throughout the entirety of the GIT.

The first major hurdle to overcome is the acidic gastric environment (pH ~1-3), which
favors the denaturation (i.e., unfolding) of peptides and proteins, rendering them more
susceptible to proteolytic degradation from pepsin, a non-specific protease with optimal activity
at pH 2 [23].

Enteric polymers (i.e., polymers providing resistance to the acidic environment of the
stomach, but dissolve in the small intestine) are commonly employed as a coating to protect the

therapeutic macromolecules from the harsh gastric environment [24].

2.2. The enzymatic barrier

The high enzymatic activity along the GIT represents another major obstacle to the
delivery and absorption of macromolecular drugs [25]. Specifically, the stomach contains
pepsin, which degrades proteins [26]. The small intestine contains pancreatic juices comprising
amylase (degrades starch), lipase and maltase (degrades maltose) [27].

Regarding proteins, proteolysis occurs both in the gastric and intestinal environment
due to the presence of numerous peptidases, which hydrolyze peptide bonds of protein drugs

[28]. The digestion process begins in the stomach by pepsin and continues in the small intestine
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by pancreatic peptidases [26]. Peptidases can be classified into endopeptidases (i.e., trypsin, o-
chymotrypsin and elastase) which hydrolyze the peptide bonds at the interior of the peptide
chain and exopeptidases which hydrolyze the terminal peptide bonds (i.e., carboxypeptidases
and aminopeptidases) [29]. Certain peptidases are secreted from the pancreas into the small
intestine, whereas others are located in the brush-border membrane of the enterocytes, the
cytoplasm and the lysosomes [30]. Nucleases, the most significant of which are DNAse I,
DNAse Il and RNAse A, also play a prominent role in the digestive process of nucleic acids
[29]. As in the case of peptidases, nucleases can also be divided into endo- and exonucleases,
depending on whether they hydrolyze bonds in the interior of the nucleic acid or terminal bonds
[31].

The modulation of the harsh enzymatic environment along the GIT by co-administration
of auxiliary agents (e.g., enzyme inhibitors) may effectively promote the intestinal absorption of
macromolecules. The beneficial effect of enzyme inhibitors on the bioavailability of peptides
and proteins has been thoroughly investigated. However, the risk of toxicity imparted by
protease inhibitors may outweigh their beneficial effects. A lot of research efforts have been
also undertaken in order to protect therapeutic macromolecules from enzymatic attack (in the
presence or not of enzyme inhibitors) by incorporating them into novel drug delivery systems

enabling both a sustained and controlled drug release [29,32].

2.3.  The mucus gel layer

The thickness of the mucus layer is dependent on its location [33]. In the GIT, the
thickness has been reported as 50-600 um in the stomach and 15-450 um in intestine and colon
[34,35]. The thickest layers of gastrointestinal mucus are reported to be in the stomach and the
colon [36]. Mucosal delivery of drugs (particularly large hydrophobic molecules and biologicals
as well as delivery vehicles) is hampered by drug entrapment in mucus followed by rapid
clearance [37]. If one could temporarily weaken the mucus barrier to allow the drugs through,
the problem with mucosal delivery of drugs would be circumvented. Permanently disabling or
weakening the mucus barrier is not desired, as this would leave the patient vulnerable to
infections. For example, Ensign et al. reports that “a 30 % depletion of mucus by pilocarpine in

an ex vivo rat intestinal model led to a 3-fold increase in E. coli translocation” [33].

2.3.1 Mucus
Mucus is a water-based, complex and heterogeneous gel whose composition varies
between species, individuals and tissues [38]. The mucus barrier is comprised of a secreted

mucus layer and membrane-bound mucins on the surface of the cells, called the glycocalyx,
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which together form the mucosal surface [39]. The secreted mucus layer is a mucin-based gel,

where the mucin fibres are crosslinked and intertwined with each other (Figure3).

««—— Secreted mucin
Secreted mucus
layer

Glycocalyx {

Membrane-bound

— mucin
\\ /

Globetcell

Enterocyte

Figure 3. Glycocalyx and secreted mucus layer covering the intestinal epithelium.

Mucins are the most important compounds for the gel formation of mucus [40] even
though they make up only 5 % or less of the mucus composition [41]. The other 95 % are
mostly water. The secreted and membrane-bound mucins share some common features, but only
the secreted mucins take part in gel formation [42].

Mucins are a diverse family of glycoproteins in the MUC gene family, and so far, at
least 21 MUC genes have been described [43]. They have an overall high molecular weight,
which can range from 0.5 to 40 MDa [37,44,45]. Mucins have a protein backbone that can be
“naked” and hydrophobic in some regions or heavily glycosylated by oligosaccharides of
varying size and grade of branching in other regions (Figure 4) [33]. The various types of
mucins differ by the protein backbone [46], but there are some similarities. One of these are the
proline, threonine and serine region (PTS), which are areas with repeated residues of the amino
acids proline, threonine and serine.

The PTS regions come in various lengths and amounts depending on the specific MUC
gene the mucin originated from, and some regions have been reported to be 5000 amino acids
long [47]. In general, the PTS regions make up about 20 to 55 % of the total composition of
amino acids in the backbone [48].

The threonine and serine amino acid residues in the protein backbone contain hydroxyl groups,
on which the glycan side chains are bound through O-glycosylation linkages (Figure 4). The
glycans are hydrophilic and contain about 1-20 monomers [49]. Some common monomers in
the glycans are N-acetylgalactosamine, N-acetylglucosamine, fructose, galactose, sialic acid and
mannose [45,50]. The glycosylation of the protein backbone gives the mucins a negative charge
on average because of the sulphate and carboxylate groups of the monomers in the glycan side
chains [51]. The carbohydrate side chains of the mucins drastically increase their molecular
weight, and can comprise as much as 80 % of the mucin molecular weight [50]. The glycan side

chains and the intra- and intermucin repulsion caused by their negative charges also increase the
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persistence length of the mucins [47,52], which is a parameter quantifying the stiffness of a
polymer. An increase in persistence length corresponds to a less flexible and more rigid polymer
structure.

The mucins are on average heavily glycosylated, but in between are hydrophobic
regions with no glycosylation, often termed as “naked” regions [37,47]. The hydrophobic
regions contain many cysteine amino acid residues, about 10 % [50], and the disulphide bonds
formed between the cysteine contribute to the more globular shape of these regions [37,53].
Disulphide bonds can also crosslink different mucins together, causing polymerisation of
mucins [47]. The cysteine rich regions are often found at the terminal ends of the mucin
molecules, and large networks of mucins can therefore be formed by this cross-linkage [54].
These networks are not permanent, as the many different interactions between and within mucus
components are constantly shifting. This alternating of hydrophilic and negatively charged
glycosylated regions and hydrophobic cysteine-rich regions along the mucins gives rise to a
heterogeneous charge profile, and many possible interaction sites with other mucins or mucus
components. Cu and Saltzman report that each mucin molecule intersects from about 10 to 100

times with other mucins [44].

O-linkage Heavily glycosylated region
| J

Naked region

' Cystein Proline, serin, treonine
region

Figure 4. Mucin structure.

Mucus also contains various other compounds besides mucins including (Na*, K*, Ca**
and CI"), lipids, etc. Khanvilkar and co-workers report that about 95 % of mucus is comprised of
water [35]. A layer of lipids is formed on the outward-facing side of the mucus layer. The lipids
protect the mucus against free radicals and add to the selectivity of the mucus barrier [53]. The
lipid layer also inhibits gases and hydrophilic compounds from crossing through the surface of
the mucus layer [47]. The most important lipids are various free fatty acids and phospholipids,
in addition to cholesterol [50]. Various proteins like hormones, lysozymes, immunoglobulins
and others are also part of the mucus composition [53].

Finally, mucus also contains various microorganisms, especially in the GIT [53]. These
microorganisms are generally not harmful and can even be helpful in digestion of some

compounds and in the inhibition of pathogens or potentially harmful microorganisms [55].
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The interactions of the mucus components to form a gel are not fully understood. As
mentioned, the mucins are thought to be the major contributors to the structure of the mucus gel.
The mucins, with their glycan side chains and hydrophobic regions, form a network through
various interactions like electrostatic and hydrophobic interactions, hydrogen bonds and van der
Waals interactions. These interactions are not static, but rather shift and flicker over time
[47,56]. A degree of mucin entanglement is also necessary for gel formation [45].

The structure of mucus, as described above, gives rise to some important properties of
mucus. Thus, the mucus is shear thinning because its viscosity decreases with increasing shear
rate [57]. The shear thinning properties of mucus gives rise to a slippage plane as the entangled
mucins are pulled apart when the mucus is subjected to shearing [47]. A slippage plane formed
between the two layers allows transport of food through the intestines without damaging the
epithelial cells [33]. This makes mucus an excellent lubricant and demonstrates that mucins are
forming a network through low affinity bonds and weak interactions. Linkages between the
mucins are being continuously broken and reformed, allowing the mucus to maintain its
structure even when put under stress [44]. These flickering weak interactions and bonds also
contribute to the adhesive property of mucus, meaning that mucus sticks to surfaces and
particles [50,53].

On the other hand, mucus exhibits viscoelastic properties. In fact, mucus is
simultaneously viscous and elastic. Viscosity is a measure of the resistance of a fluid to
deformation when subjected to shear stress. In common terms, more and less viscous fluids are
often described as thick and thin. Elasticity is the property of a solid to return to its original state
after being deformed by an outside force. Applying a small force to a mucus gel will cause it a
deformation as the interactions within and between mucus components shift and when the force
is removed, the mucus will regain some degree of its original form [47]. Since mucus is
viscoelastic, it exhibits the properties of both a liquid and solid substance. The mucin content of
the mucus gel is the most important factor for the viscoelastic properties, but the other
components of mucus like water, ions and lipids also contribute [33]. Viscoelastic properties are
often measured and assessed by rheological methods, which measure the deformation of a
substance in response to an applied force.

Mucus effectively hinders particles and microorganisms from passing through by several
mechanisms: the steric, interactive and dynamic barriers [58]. Firstly, the mucins interact with
each other as mentioned above and form a matrix that physically stops particles from moving
through the mucus. This is the steric barrier. This barrier will obstruct particles that are above a
certain size, depending on the mucus pore size, while smaller particles can in theory move
through the pores. The pore size of mucus can vary between or within samples, as factors like
the degree of glycosylation, electrostatic repulsion or attraction, and the extent of hydrophobic

interactions and disulphide bonds can influence the structure of the mucins and, thereby, the
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pore size. Pore size can be used as a measure of the degree of steric hindrance and can span over
a large range. This is demonstrated by records of pore sizes in porcine tracheobronchial mucus
measured to vary between 80 and 1500 nm using PEGylated nanoparticles and atomic force
microscopy [59].

Secondly, the mucins and other mucus components associate with the particle, forming
multiple non-covalent interactions and trapping the particle in place. Although each individual
bond or interaction may be weak, the number of interactions from the mucus to each particle
adds up to a significant force [47]. As mentioned, the mucins are capable of hydrogen bonding
and electrostatic interactions through the glycan side chains and hydrophobic interactions
through naked regions exposing the core protein in addition to van der Waals interactions
[35,60]. All of these possible interaction sites give mucus the attribute of being able to adhere to
particles or microorganisms with a range of properties like a hydrophobic surface or positive or
negative charges [59].

Thirdly, new mucus is constantly produced and secreted from specialized cells and the
rapid turnover removes the trapped particles. This is the dynamic barrier which hinders particles
or microorganisms from reaching the underlying cells to potentially enter the body, unless they
are able to rapidly penetrate the mucus layer. Most of the secreted mucus is digested and the
components are recycled, but some are lost for example in faeces [61]. The mucus shedding and
replenishment is especially high in the GIT [47], and an average human produces about 10 litres

of mucus every day [33].

2.4. The unstirred water layer

Solute absorption from the intestinal lumen to blood implicates molecular diffusion
through the unstirred water layer (UWL) [62], across the epithelial cell, through the interstitial
fluid, and into the blood capillary. The UWL is a more or less stagnant layer of water, mucus
and glycocalyx adjacent to the intestinal wall, and is created because it is virtually impossible to
stir the luminal contents so that complete mixing occurs right up to the intestinal mucosal
surface [63].

Whether the UWL has a major or minor impact on the uptake of a drug from the lumen
is thought to depend on the ability of the drug molecule to permeate the cell membrane [63].
The rate-limiting step in the transmucosal uptake of a low permeability compound is the
transport across the apical membrane, rather than the diffusion through the UWL. Hence, the
UWL can be considered as a negligible barrier to the uptake of slowly absorbed drugs [63].

For a rapidly permeating solute (effective intestinal permeability value, Pe; ~> 2 x 10 ™
cm s (Lennernfis, 1994), the UWL is suggested to contribute to the major resistance to

intestinal absorption [63-65]. Since absorbed drug is slowly replaced by new molecules from
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the bulk solution due to slower diffusion across the UWL, a concentration gradient is created
between the exterior side of the UWL and the intestinal wall. By definition, the effective
thickness of the UWL is determined by this concentration difference [65].

2.5. The intestinal epithelium

The intestinal epithelium is composed of a single layer of columnar cells which includes
a mixture of enterocytes, globet cells, endocrine cells and Paneth cells [66]. To be absorbed via
transcellular pathway, a drug has to pass through the epithelial cell layer by means of passive
diffusion, carrier-mediated transport, paracecullar transport, transcelullar transport, M cell

mediated transport or receptor mediated transport (Figure 5).

o©
Mucuslayer
Enterocytes
O,
Systemic /.\> Lymphocite
circulation Macrophage

Lymphatic absorption

Figure 5. Different ways of intestinal absorption or translocation: (a) paracelullar transport; (b)
passive diffusion; (c) transcelullar transport; (d) M cell mediated transport; (e) receptor
mediated transport; (f) carrier mediated transport.

The phospholipid bilayer structure of the cell membranes is semi-permeable. Lipid-
soluble molecules can cross plasma membranes by means of passive diffusion, but the passage
of highly charged and large molecules is prevented. Therefore, drugs need appropriate physico-
chemical properties in terms of size, charge, lipophilicity, hydrogen bonding potential and
solution conformation to cross the lipophilic barrier of the apical and basolateral membranes
[67]. In general, the large size and hydrophilic characteristics of peptides and proteins prevent
them to the partitioning the into the cell membrane, and if they are not recognized by an active
transport carrier system, their transport is limited to diffusion through the intercellular spaces
[66,68]. However, movement of large molecules through the intercellular spaces is highly
hampered by the tight junctions. Although molecular size is generally considered to be the
ultimate obstacle for intestinal absorption, it should not be an absolute limitation as indicated by
the inclusion of certain polypeptides drugs (e.g., cyclosporine A and desmopressin) in oral

dosage forms [69].

33



CONFIDENTIAL CHAPTER1: GENERAL INTRODUCTION

The paracellular pathway of drug absorption is an aqueous extracellular route through
the intercellular spaces between adjacent epithelial cells. It has gained interest for delivery of
peptides because of the absence of proteolytic activity [70,71]. However, a zone of dense,
hydrophobic intercellular material circumscribes each intestinal epithelial cell below the brush
border and forms a continuous seal which restricts diffusion of molecules in a charge-specific
and molecular-size manner [67,72]. These intercellular junctional complexes between adjacent
intestinal cells consist of three parts including the tight junctions (zonula ocludens), the
underlaying adherens junctions (zonula adherens) and the most basally located spot
desmosomes (or macula adherens) (Figure 6) [73]. Of all these junctional complexes, the tight
junction is the only type of occluding junction [74] and is composed of a group of
transmembrane and cytosolic proteins that interact with each other and with the membrane and
the cytoskeleton [75]. Tight junctions contain fenestrae or pores [76], the dimensions of which
have been estimated as between 3 and 10A [77]. The tight junction is selectively permeable to
certain small hydrophilic molecules (i.e. ions, nutrients and certain drugs) and functions both as
a “gate” and a “fence” [78]. The gate function controls diffusion of solutes through the
paracellular route, whereas the fence function maintains polar distributions of the plasma
membrane proteins in apical and basolateral domains [79]. This separation between the apical
and basolateral surfaces maintains the functional asymmetry needed to transport material in only
one direction across the membrane [80]. It is now generally accepted that tight junctions are
dynamic structures that can be regulated by several substances to increase paracellular

permeability [75].

Zonula
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Figure 6. Paracellular pathway of drug absorption and intercellular junctional complexes
between adjacent intestinal cells.

3. Nanoparticles for the oral delivery of biomacromolecules

One of the greatest challenges that limits the success of nanoparticles is their ability to

penetrate through the mucus layer to reach the epithelium [81].
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As previously described, mucus protects the underlying epithelium by efficiently
trapping pathogens and foreign particulates. Therefore, mucus is an essential component of
body’s defense systems with an important capability to limit the penetration of foreign materials
and limiting their arrival to the absorptive membrane [82]. As a consequence, it also represents
a substantial barrier to mucosal drug delivery. Mucus forms adhesive interactions easily with
particulates via electrostatic interactions, van der Waals forces, hydrophobic forces, hydrogen
bonding and chain entanglement [60,83]. These particulates trapped in the mucus layer may
prolong the residence time [37]. Nanocarriers designed to maximize these interactions with the
mucus are named as mucoadhesive nanoparticles. Furthermore, the encapsulated
biomacromolecule would be released from the nanoparticles far enough from the epithelium to
facilitate their destruction by the digestive enzymes localized in the glycocalix [18]. In order to
overcome this drawback and maximize the residence time of nanoparticles in close contact with
the absorptive epithelium, the use of mucus-penerating nanoparticles has been suggested
(Figure 7) [84].

For the design of mucus-permeating nanoparticles as oral drug delivery systems,
different strategies have been proposed: virus and bacteria mimicking nanoparticles, zeta
potential changing systems, nanoparticles containing mucolytic agents and “slippery”
nanoparticles. Virus and bacteria mimicking nanoparticles are based on the especial properties
of some of these microorganisms that allow an easy passage through the mucus layer in order to
get the colonization of the gastric and duodenum mucosa by means of different strategies:
decreasing mucin synthesis or alteration of mucin assembly. Thus, in an attempt to imitate this

behavior, nanoparticles would be decorated with the components of viruses and

A B

Secreted
mucus
layer

Glycocalyx

Figure 7. Mucoadhesive nanoparticles (A) vs. mucus-penetrating nanoparticles.

bacteria, as ligands, possessing the ability to develop the strategies mentioned. As an example,
the lipopolysaccharide (LPS) of H. pylori could yield both strategies. On the one hand, it can
reduce the mucin synthesis and, on the other hand, it possesses the ability to inhibit mucin

glycosylation which may have deleterious effects on mucin assembly [85]. Another promising
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strategy is zeta potential changing systems. These carriers consist in negatively charged
nanoparticles during their passage through the mucus layer (in which mucins are negatively
charged), providing sufficient permeability within the mucus layer. Then, once they arrived to
the epithelium surface, they possess the ability to develop a positive or neutral charge in order to
remain anchored to the cell surface or promote their celular uptake, respectively. Bonengel and
co-workers developed polymeric nanoparticles comprising an enzymatically degradable ester
moiety as a strategy for zeta potential changing system. In this way, 6-phosphogluconic acid
was covalently linked to the polymeric backbone of polyethylene imine. In a second step,
nanoparticles were formed out of poly-ion complexes with carboxymethyl cellulose, which was
chosen as anionic polymer. While penetrating the mucus layer, these nanoparticles should be
dephosphorylated by the brush border membrane-bound enzyme, intestinal alkaline phosphatase
which would cause a shift in the zeta potential to positive values [86]. A diffrent strategy may
be to increase the fluidity of mucus. For this purpose, mucolytic nanoparticles have been
proposed. These carriers are capable of cleaving certain substructures within the three-
dimensional network of the mucus. In principle, two types of mucolytic agents may be
employed. On the one hand, the encapsulation of disulphide breaking agents allows the cleavage
of disulphide bonds within the mucus without destroying the mucus layer as a whole [87]. On
the other hand, the decoration of nanoparticles with proteolytic enzymes (papain, bromelain,
pronase and trypsin), by immobilizing them on their surface, may cleave the amide bonds in the
mucin glycoproteins allowing an easier movement across the mucus layer. Pereira de Souza et
al. could provide evidence for a significantly improved mucin mobility after exposure to
enzyme-conjugated nanoparticles. The modified nanoparticles showed 2-fold increase in the
mobility of mucin. [88]. Also “slippery” nanoparticles have been suggested as a plausible
strategy. It consists in minimizing the hydrophobic interactions between the mucus components,
and the generally hydrophobic nature of the polymers used for the preparation of nanoparticles.
For this purpose, nanoparticles may be coated with hydrophilic compounds in order to produce
an effective shield capable of avoiding the mucoadhesive interactions. Lai and collaborators
gave evidence of an increase in the mucus-penetrating properties of PEG-decorated PLGA
nanoparticles. PEG (5 kDa) provided a hydrophilic “brush-dense” coating which reduces the

interactions between nanoparticles and the mucin components [37].

4. Oral administration of insulin as model biomacromolecule in

mucus-penetrating nanoparticles

Diabetes mellitus (DM) is a progressive disease characterized by persistent

hyperglycemia due to insulin deficiency, insulin resistance or both. In principle, it can be
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differentiated three main types of diabetes: type 1, type 2 and gestational diabetes. Type 1
diabetes mellitus occurs in genetically predisposed people as a consequence of the immune-
mediated destruction of pancreatic islet beta cells that secrete insulin [89]. In type 2 diabetes,
category which accounts for ~90-95% of those with diabetes, the cause is a combination of
resistance to insulin action and an inadequate compensatory insulin secretory response [90].
Obesity and physical inactivity would be main determinants in DM type 2 [91]. The soonest
consequence of these metabolic disorders is the increase in the blood glucose level and it
translation to the known diabetes complications, including neuropathies, kidney failures,
blindness, stroke, heart diseases and amputations [92]. Gestational diabetes appears during
pregnancy and can lead to serious health risks for both the mother and child. In addition,
gestational diabetes is associated with an increased risk of both mother and child developing
Type 2 diabetes later in life [93].

Over the past decades, the number of people with DM has more than doubled globally,
making it one of the most important public health challenges worldwide. In fact, 415 million
adults (8.8%) are estimated to currently have diabetes, 75% of them are present in low- and
middle- income countries, and it is estimated to rise up to 642 million by 2040 [94,95].
Particularly, type 2 diabetes mellitus is increasingly observed among children, adolescents and
younger adults [96]. Population growth, ageing of populations, and urbanization with associated
lifestyle change should be the main factors associated to this increase in the worldwide numbers
with diabetes by the next decades [97]. Moreover, diabetes accounted for 14.5% of global all-
cause mortality among people aged between 20 and 79 years [95].

Since insulin was first used clinically, in the early 20"s of the last century, important
advances have been made in the management of diabetes. This had resulted in marked
improvements in prognosis and quality of life for both type 1 and type 2 diabetic patients.
However, the need for insulin is different for these two disorders. For type 1 diabetes an
absolute need for the drug exists, because without insulin people will die in a matter of weeks
[98]. By contrast, use of insulin in the management of type 2 diabetes is needed for improved
disease control and its use varies from country to country depending on resources, guidelines,
health-care worker training, and the level of the health system where the diabetes is managed
[99,100]. The global human insulin market was valued at $23,981.6 million in 2014. The market
is expected to grow at a Compound Annual Growth Rate (CAGR) of 12.5% during the period
2015 to 2020 to reach $48,487.7 million value by 2020 [101].

Currently insulin analogs are mainly available as injection for subcutaneous
administration [102,103]. Apart the invasive nature of current forms of insulin therapy, the
parenteral administration of insulin can produce peripheral hyperinsulinaemia due to the non-
natural path of the insulin through the portal vein which has been related to hypertension,

atherosclerosis and an increase of insulin resistance in muscle and peripheral patients receiving
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insulin therapy, would be a poor regimen adherence [104]. As a consequence the glucose
control is not adequate, resulting in increased hospital admissions for diabetes complications
[105,106]. In addition, some patients are also concerned about convenience, interference with
daily living and social stigma [104,106,107].

In the last decades, different strategies have been developed based on the modernization
of the devices for parenteral administration since the discovery of insulin in order to decrease
the suffering, improve the adherence and provide more discreet devices. Thus, the use of
supersonic injectors, infusion pumps, sharp needles and pens (Figure 8) has been adopted
[108].

Figure 8. A: Needle-free injection system (image obtained from http://meearai.com/); B:
infusion pump (image obtained from http://www.dblife.today/services/insulin-pumps-when-
failure-is-an-option/ accessed March 28, 2017) and C: sharp needle in a pen (image obtained
from https://www.123rf.com/photo_4678678_disposable-insulin-injection-pen-on-white-
background.html accessed March 28, 2017).

Despite the availability of modern insulin injection devices with needles that are so
sharp and thin that practically no injection pain takes place, other approaches involving the
delivery of insulin by enteral routes of administration have been also investigated. However, till
now, the number of unconventional formulations of insulin that are commercially available is
reduced. Thus, in the last years, Afrezza® and Oral-Lyn®, for the pulmonary and buccal delivery
of insulin respectively, have reached the market (Figure 9). In spite of these successes, for
patients with diabetes, the possibility of swallow a tablet with insulin remains a dream [109].
The hope is that this increased compliance in turn leads to better metabolic control, reducing the
risk of development of diabetes-related complications with all their consequences [109]. In
addition, insulin absorbed in the gut, via the portal vein, would be transferred directly toward
the liver. At the liver level, the exogenously applied insulin would control hepatic glucose
production to the same extent, as this is induced by endogenously secreted insulin in healthy
subjects [103]. This more “physiological insulin delivery” would be associated with reduced

peripheral hyperinsulinemia (as is the case with sc insulin administration) [103].
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Figure 9. A: Afrezza® for the pulmonary delivery of insulin (image obtained
https://www.afrezza.com/storage-and-handling/) and B: Oral-Lyn® for the buccal administration
of insulin (image obtained from http://pharmaexpertise.com/generex-collaborates-university-
health-network-buccal-insulin-project/).

5. Polymer-based nanotechnology delivery systems for the oral

administration of insulin

Polymer knowledge has increased in the last decades with better understanding of
polymer nature and possible modifications of their structure which would allow, roughly
speaking, targeting purposes (e.g. Peyer’s Patches) [110], mucus-penetrating properties [84] or
controlled release profiles among others [37]. Due to the amount of different existing polymeric
materials (from natural or synthetic sources) and the possibility of their use individually or
together [111,112], also the physicochemical properties of nanoparticles such as charge and
association efficiency (AE), can be modulated and nanoparticles can be tailored to retain
macromolecules stability, increase its bioavailability, control the release profiles, stabilize the
systems and modulate the biological behavior [113,114]. This fact turns into an evolution in the
drug delivery field which is focused in developing new and high-quality polymer-based drug
delivery systems in basis to the desired final objective [115].

In this context, several research groups have attempted to obtain an efficient
formulation for the oral delivery of insulin as model biomacromolecule which is especially
arduous due to its labile nature and unfavorable physico-chemical properties. Thus, the
bioavailability and the pharmacological availability of these nanoparticulate delivery systems in
the range size of 150-400 nm are summarized in this section (Table 1).

A combination of chitosan with other polymers, peptides and other chitosan derivatives
emerged as possible solutions to achieve high insulin bioavailability at the intestinal level.
Makhlof et al. formulated chitosan nanoparticles with hydroxypropyl methylcellulose phthalate
(HPMCP), a pH-sensitive polymer, by ionic cross-linking [116]. HPMCP pKa is approximately

5.2, which makes the polymer only soluble at high pH values, thus protecting insulin from the
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harsh conditions of the stomach. As expected, chitosan/HPMCP nanoparticles revealed a
superior acid stability with a significant control over insulin release. After oral administration at
a dose of 12.5 IU/kg, the pharmacological availability conferred by the insulin loaded was
calculated to be 8.5%.

Chitosan derivatives may be also of interest for the oral delivery of insulin. Thus, N-
trimethyl chitosan chloride (TMC) was employed for the oral delivery of insulin. It is a partially
quaternized derivative of chitosan [117] that, similar to chitosan, possesses mucoadhesive
properties, acts as an absorption enhancer and due to its backbone features the modification with
different chemicals to achieve desired properties for oral drug delivery is also posible [113]. Jin
and co-workers used TMC nanoparticles modified with the targeting peptide C-Src tyrosine
kinase (CSK) and the resulting oral bioavailability at a dose of 50 1U/kg was 5.66% compared
to the subcutaneously administered insulin [118].

Nanoparticles prepared from a polysaccharide as it is dextran has been also used for
insulin delivery purposes. Chalasani and collaborators prepared surface modified dextran
nanoparticles by its conjugation with vitamin B12, the loading capacity of these nanoparticles
was 28 ug per mg of nanparticles. After their oral administration at a dose of 20 1U/kg to rats
the pharmacological activity relative to subcutaneous insulin resulted in 26.5% [119].

In another attempt, a different polysaccharide used for the obtention of insulin-loaded
nanoparticles was alginate. Woitiski and co-workers produced nanoparticles formed by alginate
and dextran sulfate nucleating around calcium and bonding to poloxamer, stabilized by
chitosan, and subsequently coated with albumin [120]. Regarding the in vivo studies, in an
administered dose of 50 1U/kg, nanoencapsulated insulin had an oral bioavailability of 13% and
a pharmacological availability of 11% compared to the subcutaneous administration of insulin.

Another strategy, consisting in the preparation of poly(y-glutamic acid) (y-PGA) and
chitosan nanoparticles, was developed by Lin et al. y-PGA is a biodegradable, water-soluble
anionic peptide, originated from the members of genus Bacillus [121]. In the same research
group, Sonaje and collaborators demonstrated the hypoglycemic effect which appeared to result
in a bioavailability of 20% when insulin was administered at a dose of 30 1U/kg [122].

Due to its approval by the Food and Drugs Administration (FDA), poly(lactic-co-
glycolic acid) PLGA, an aliphatic polyester co-polymer, is one of the most used synthetic
polymer to produce nanoparticles for the oral delivery of insulin, also because of its
biodegradability and biocompatibility properties as well as sustained release profiles [123]. The
encapsulation of hydrophilic insulin into the hydrophobic PLGA matrix may be challenging,
thus different strategies may be used to improve its loading efficiency. An insulin-phospholipid
complex made with soybean phosphatidylcholine significantly improved the insulin payload of
PLGA nanoparticles [124]. Orally administered to diabetic rats (20 1U/kg), the oral
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bioavailability of insulin loaded in these nanoparticles (relative to subcutaneous insulin) was
calculated to be 7.7%.

As another approach, Damgé and co-workers developed a nanocarrier for oral insulin
administration made of a blend between PCL and Eudragit® RS. Polycaprolactone (PCL) is a
biodegradable and biocompatible polyester, recognized for its good sustained release properties.
Indeed, the slower degradation profile of PCL compared to PLGA, for instance, makes it
excellent for prolonged drug delivery. In an administered dose of 50 1U/kg, this formulation had
a bioavailability of 13% compared to subcutaneously administered insulin [10].

Also acrylic polymers have been used for the oral delivery of insulin due to its ability to
inhibit proteases activity, enhance mucoadhesion and alter the cell tight junctions improving the
intestinal uptake [115]. Cui et al., administered carboxylated chitosan grafted poly(methyl
methacrylate) nanoparticles at a dose of 50 1U/kg and the pharmacological availability resulted

in 9.7% compared to subcutaneously administered insulin [125].

Table 1. different attempts of oral delivery of insulin encapsulated in nanoparticles.

Nanoparticles

Formulation Size (nm) Dose (1U/kg) PA (%) F (%)
Chitosan-HPMCP 255 125 8.5 -
TMC-CSK 350 50 - 5.7
Dextran-VitB12 200-250 20 26.5 -
Multilayered 396 50 11.0 13.0
Chitosan-y-PGA 250 30 - 20.0
PLGA 200 20 - 7.7
PCL-Eudragit® RS 360 50 - 13.0
Chitosan-PMMA 250 25 9.7 -
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Objectives

The general objective of this project was the development of “slippery” nanoparticles

with mucus-penetrating properties. More particularly, in this work, the use of hydrophilic

compounds (e.g. PEGs and thiamine) as “decorating” agents of nanocarriers and their influence

on nanoparticles’ capability to diffuse through the protective mucus layer of the gut mucosa was

explored. In addition, insulin (as model of biomacromolecule) was encapsulated in the most

promising formulation for the evaluation of the oral bioavailability and efficacy.

In order to reach this final goal, the following partial objectives were proposed in the

present study:

1-

To evaluate the in vivo biodistribution and mucus-permeating properties of PEG-
coated poly(anhydride) nanoparticles.

To evaluate and compare the in vitro diffusion in mucin and the mucus-permeating
properties and behaviour in vivo of thiamine-decorated poly(anhydride) nanoparticles
obtained by two different preparative processes. In the former, thiamine was bound to
the surface of the freshly prepared poly(anhydride) nanoparticles. In the latter,
nanoparticles were prepared from a previously synthesised conjugate between Gantrez®
AN and thiamine.

To optimize the preparative process of insulin loaded thiamine-decorated
nanoparticles obtained from the Gantrez® AN-thiamine conjugate and to evaluate the

influence of the insulin payload on their diffusion properties in a mucin gel.

To evaluate the in vitro mucus-penetrating properties in pig mucus gel and the in vivo

biodistribution of zein nanoparticles coated with Gantrez® AN-thiamine conjugate.
To optimize the preparative process of insulin-loaded zein nanoparticles coated with

Gantrez® AN-thiamine conjugate and to evaluate their in vivo capability to promote the

oral absorption, bioavailability and efficacy of this biomacromolecule.
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In vivo study of the mucus-permeating properties of PEG-coated

nanoparticles following oral administration

L. Inchaurraga, N.Martin-arbella, V. Zabaleta, G. Quincoces, I. Pefiuelas, J.M. Irache, European
Journal of Pharmaceutics and Biopharmaceutics 97 (2015) 280-289

Abstract

The aim of this work was to investigate the mucus-permeating properties of
poly(ethyleneglycol)-coated nanoparticles prepared from the copolymer of methyl vinyl ether
and maleic anhydride (Gantrez® AN) after oral administration in rats. Nanoparticles were
“decorated” with PEGs of different molecular masses (PEG2000, PEG6000 and PEG10000) at a
PEG-to-polymer ratio of 0.125. All the PEG-coated nanoparticles displayed a mean size of ~150
nm, slightly negative { values and a “brush” conformation as determined from the calculation of
the PEG density. For in vivo studies, nanoparticles were labelled with either *™Tc or fluorescent
tags. Naked nanoparticles displayed a higher ability to interact with the mucosa of the stomach
than with the small intestine. However, these interactions were restricted to the mucus layer
covering the epithelial surface, as visualised by fluorescence microscopy. On the contrary, PEG-
coated nanoparticles moved rapidly to the intestine, as determined by imaging, and, then, were
capable to develop important interactions with the mucosa, reaching the surface of the
epithelium. These mucus permeating properties were more intense for nanoparticles coated with
PEG2000 or PEG6000 than with PEG10000. However, the capability of nanocarriers to develop

adhesive interactions within the mucosa decreased when prepared at excessive PEG densities.

53



CONFIDENTIAL CHAPTER 3: In vivo evaluation of the mucus-permeating properties
of PEG-coated nanoparticles following oral administration

1. Introduction

The oral route is the most convenient and popular way for drug administration thanks to
its patient convenience and adaptability. In addition, it is especially appropriate where
prolonged drug exposure or chronic treatments are needed [1]. However, the oral
administration of many drug candidates remains a challenge. This is particularly the case for
peptide and protein drugs, which face to the following problems: a low stability due to a high
enzymatic activity within the gut and poor penetration properties directly related to their
physico-chemical characteristics (e.g., molecular weight, MW, hydrophilicity, ionised groups,
etc.) [2-4].

In order to overcome these drawbacks and, then, promote the oral absorption and
bioavailability of a number of drugs various strategies such as the use of polymeric
nanoparticles have been pursued. In general, polymeric nanoparticles offer adequate protection
against degradation [5,6] as well as appropriate controlled release properties of the loaded
compound [7,8]. However, in case of biomacromolecules and other compounds with poor
permeability properties, nanoparticles have to cross the continuously renewed mucus layer
covering the epithelial surface [9,10] to conduct the encapsulated drug to the surface of the
epithelium and, thus, effectively promote its oral absorption. This mucus layer acts as a
protective barrier [11] trapping foreign particulates which are subsequently cleared and
eliminated [12-14]. As a consequence, the possibilities for nanoparticles to interact with and/or
adhere to the absorptive membrane of the gut significantly decrease.

In order to overcome this major hurdle, different strategies have been proposed
including the co-encapsulation of mucolytic agents [15], the covalent attachment of proteolytic
enzymes [16] or the generation of “slippery” properties on the surface of nanoparticles [17]. In
this context, the coating of nanoparticles with low molecular weight poly(ethylene glycol)s has
been proposed. In fact, PEG would render more hydrophilic the surface of the resulting
nanoparticles producing a “slippery” surface which facilitates their entry and passage through
the mucus [18,19]. Besides, thanks to the steric stabilising effect of PEG, pegylated
nanoparticles display a low degree of interaction with the lumen components and a high
stability within the gut [20]. This protective (stealth) action of PEG would be mainly due to the
formation of a dense and hydrophilic cloud of long flexible chains on the surface of the
nanoparticles.

In this way, it has been demonstrated in vitro that pegylated poly(styrene) nanoparticles
(with PEG2000) as large as 500 nm can rapidly traverse physiological human cervicovaginal
mucus with diffusivities as high as only 4-fold reduced compared to their rates in pure water

[21]. More recently, the coating of paclitaxel-loaded nanoparticles with either PEG 2000 or
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PEG 6000 yielded carriers capable of reaching the surface of the mucosa in a more efficient
way to promote the drug absorption than nanoparticles pegylated with PEG 10000 [22].

The aim of this work was to investigate the mucus-permeating properties of PEG-coated
nanoparticles prepared from the copolymer of methyl vinyl ether and maleic anhydride
(Gantrez® AN). For this purpose, the poly(anhydride) nanoparticles were “decorated” with
PEGs of different molecular weight. After characterisation, the capabilities of these carriers to
reach the surface of the gut mucosa and their biodistribution were evaluated in laboratory

animals.

2. Materials and methods

2.1. Chemicals

Poly (methyl vinyl ether-co-maleic anhydride) or poly(anhydride) (Gantrez® AN 119;
MW 200,000) was kindly gifted by ISP (Barcelona, Spain). Rhodamine B isothiocyanate
(RBITC) was supplied by Sigma (Madrid, Spain). Poly(ethylene glycol) (PEG) with Mw of
2000, 6000 and 10000 Da (PEG 2000; PEG 6000; PEG 10000) were provided by Fluka
(Switzerland). Perylene-Red (BASF Lumogen® F Red 305) was from Kremer Pigments Inc.
(Germany) and O.C.T. ™ Compound Tissue-Tek from Sakura Finetek Europe (The
Netherlands). 4',6-diamidino-2-phenylindole (DAPI) was obtained from  Biotium Inc.
(Hayward, CA). Acetone and ethanol were obtained from VWR Prolabo (France) and sodium

hydroxide and methanol from Merck (Darmstadt, Germany).

2.2. Preparation of PEG-poly(anhydride) nanoparticles

Pegylated nanoparticles were prepared as described previously [23] with some minor
modifications. Briefly, 100 mg of the copolymer of methyl vinyl ether and maleic anhydride
(Gantrez® AN) and a variable amount of PEG (PEG 2000, PEG 6000 or PEG 10000) were
dissolved in acetone. After incubation, nanoparticles were formed by the addition of 10 mL of
ethanol and 10 mL of purified water. The organic solvents were eliminated by evaporation
under reduced pressure (Buchi Rotavapor R-144; Bichi, Postfach, Switzerland) and the
nanoparticle suspensions were purified by ultracentrifugation at 17,000 rpm for 20 min (Sigma
3K3D, Germany). The pellets were re-suspended in water and the purification step was
repeated again. Finally, the formulations were frozen and freeze-dried (Genesis 12 EL, Virtis,
PA, USA) using sucrose (5%) as cryoprotector. Control nanoparticles (NP) were prepared in

the same way but in the absence of PEG. For the identification of the different formulations the
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following abbreviations were used: NP2 (with PEG 2000), NP6 (with PEG 6000) and NP10
(with PEG 10000).

2.3. Preparation of fluorescently labeled nanoparticles

Nanoparticles were fluorescently labeled with either rhodamine B isothiocyanate
(RBITC) or Lumogen® F Red 305. In the former, 1.25 mg of RBITC in 1 mL of water was
added to the suspension of the freshly prepared nanoparticles. After 5 min of incubation at
room temperature, nanoparticles were purified and freeze-dried as described above. In the
latter, 4 mg of Lumogen® F Red 305 was dissolved in 1 mL of acetone and added to the
solution of the polymer and PEG in this organic solvent. Then, nanoparticles were prepared,

purified and freeze-dried as described above.

2.4. Characterisation of PEG-Gantrez nanoparticles formulations
2.4.1. Size, zeta potential and surface morphology analysis

The particle size and the zeta potential of freeze-dried nanoparticles were determined by
photon correlation spectroscopy (PCS) and electrophoretic laser Doppler anemometry,
respectively, using a Zetaplus apparatus (Brookhaven Instruments Corporation). In all cases,
the size was measured after dispersion of nanoparticles in water whereas the zeta potential was
quantified in KCI 0.1 M.

The shape and morphology of nanoparticles were examined by scanning electron
microscopy (SEM) after re-suspension in water and centrifugation at 27,000 x g for 20 min.
Then, pellets were mounted on TEM (tomography electron microscopy) grids, dried and coated
with a palladium-gold layer using a Quorum Technologies Q150R S sputter-coater. SEM was
performed using a ZEISS model “Ultra Plus” and LEO 435VP high resolution scanning electron
microscope.

Elemental microanalyses were carried out on vacuum-dried samples using an Elemental
Analyser (LECO, CHN-900 Elemental Analyser; Wicklow, Ireland).

2.5. Poly(ethylene glycol) quantification

The amount of PEG associated to the nanoparticles was determined by HPLC coupled
to an evaporative light scattering detector (ELSD) [24]. Briefly, analysis was carried out in a
model 1100 series Liquid Chromatography, Agilent (Waldbronn, Germany) coupled with an
evaporative light scattering detector, ELSD 2000 Alltech (lllinois, USA). As stationary phase a
PL Agquagel-OH 30 column (300 mmx7.5 mm; particle size 8 um; Agilent Technologies, UK)
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heated at 40°C was used. The mobile phase composition was a mixture of methanol (A) and
water (B) in a gradient elution at a flow rate of 1 mL/min. Under these analytical conditions,
the retention times were 7.7 min for PEG 2000, 6.9 min for PEG 6000 and 6.5 min for PEG
10000. All of these peaks were well resolved from that of Gantrez (4.5 min). Calibration curves
were designed over the range 75-750 pg/mL (r*>0.992). The relative error in each
concentration was calculated in the mean curve and was always lower than 8%. The limit of
quantification for all the analysed PEGs was calculated to be 75 pg/mL. Finally, accuracy
values during the same day were always within the acceptable limits at all concentrations
tested.

For analysis, supernatants collected during the purification step of the preparative
process were centrifuged at 17,000 rpm for 20 min at 4°C. Then, aliquots of the supernatants
(20 pL) were injected onto the HPLC column. The amount of PEG associated to nanoparticles
was calculated as the difference between the initially added amount of PEG to the solution of
the polymer in acetone and the amount of PEG recovered in the supernatants. This
chromatographic method was also used to calculate the polymer content in the nanoparticles

and the yield of the process:

Yield = (QT-QPA-QPEG) X 100 [Equation 1]

where QT is the initial amounts of poly(anhydride) and PEG used to prepare the nanoparticles.
QPA and QPEG are the amount of polymer and PEG quantified in the supernatants,
respectively.

2.6. Evaluation of the average PEG chain density and conformation state
The PEG surface density (dpeg; Equation 3) was defined as the ratio between the total
number of PEG chains (Npeg) and the nanoparticle surface area (Syp).
In order to calculate the nanoparticle surface area, it was assumed that all the
nanoparticles were spherical, displayed the same size (the mean size calculated by PCS) and
only consisted of polymer (density: 1.03 g/mL [25]).

Then, the mass of one particle (m) was calculated as follows:

m=pxV [Equation 2]

in which, p is the density of Gantrez and V is the volume of one nanoparticle.
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From this “m” value, the number of nanoparticles (Nyp) in one mg was calculated. On
the other hand, assuming that all the associated PEG were on the surface of the particles, Npgg,
was determined from the amount of associated PEG (as calculated by HPLC and expressed in
moles) multiplied by Avogadro's number. Then the PEG surface density was calculated with the
following equation:

DPEG = NPEG / SNP [Equatlon 3]

in which Npgg is the number of PEG chains and Syp is the surface area of one nanoparticle.
From the estimated surface density data it was possible to determine the area occupied

by one PEG chain on a particle:
APEG = SNp/ NPEG [Equation 4]

For the estimation of PEG surface conformation, the model proposed by de Gennes and
collaborators [26] was used. For that the Flory radius (RF) and the average distance between

two neighbouring PEG chains (D) were compared. The Flory radius of a polymer is given by:
RF = ax N°° [Equation 5]

Where “a” is the monomer length (0.35 nm for PEG [27]) and N is the number of monomer
units in the polymer. For that, the MW of a given PEG can be roughly translated into “n”
monomers by dividing by 44, which is the approximate molecular weight of one ethylene glycol
monomer residue.

Finally, D was calculated from the following equation:

D=2x(Apec/T0) [Equation 6]

2.7.  Quantification of RBITC and Lumogen® F red 305

The amount of RBITC loaded into the nanoparticles was determined by colorimetry at
wavelength 540 nm (Labsystems iEMS Reader MF, Finland) [18] after complete hydrolysis of
certain amount of nanoparticles in 0.1 N NaOH (24 h, 37 °C).

The amount of Lumogen® F Red 305 loaded in the nanoparticles was quantified by UV-
Vis spectrometry at wavelength 573 nm (Labsystems iEMS Reader MF, Finland). For this

purpose, 10 mg of the formulations were re-suspended in 3 mL of water and centrifuged at
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21,000 rpm for 20 min. Pellets were dissolved in 10 mL of acetonitrile 75%. These solutions
were finally diluted 1:10 in pure acetonitrile before the analysis.

Prior the use of fluorescently labelled nanoparticles for in vivo studies, the stability of
the marker in the nanoparticles was assessed by incubation in simulated gastric (pH 1.2) and
intestinal (pH 6.8) fluids.

2.8. Labelling of nanoparticles with *™Tc

Nanoparticles were labelled with **™Tc by reduction with stannous chloride as described
previously [28]. Briefly, 1-2 mCi of freshly eluted **"Tc-pertechnetate was reduced with 0.03
mg/mL stannous chloride and the pH was adjusted to 4 with 0.1N HCI. Then, 2 mg of
nanoparticles in 1 mL of water and *™Tc were added to pre-reduced tin. The mixture was
vortexed for 30 s and incubated at RT for 10 min. The overall procedure was carried out in
helium-purged vials.

The radiochemical purity was examined by paper chromatography (Whatman 3MM)
developed with NaCl 0.9%. The labelling yield was always over 90%.

2.9. Gastrointestinal transit studies with radiolabelled nanoparticles

These studies were carried out in male Wistar rats weighing 250-300 g that had fasted
for 12 h [28]. All the procedures were performed following a protocol previously approved the
“Ethical and Biosafety Committee for Research on Animals™ at the University of Navarra in line
with the European legislation on animal experiments.

Animals were briefly stunned with 2% isoflurane gas (flow of oxygen of 0.2 L/min) for
administration of nanoparticles (above 1 mL) by oral gavage, and then quickly awakened. Each
animal received one single dose of radiolabelled nanoparticles (1 mCi; 0.8-1.0 mg of
radiolabelled nanoparticles that were completed with up to 10 mg with unlabelled
nanoparticles). Three hours after administration of nanoparticles, animals were anaesthetised
with 2% isoflurane gas (flow of oxygen of 0.2L/min) and placed in prone position on the
gammacamera (Symbia T2 Truepoint; Siemens Medical System, USA). SPECT-CT images
were acquired for 25 min, with the following parameters for SPECT: 128 x 128 matrix, 90
images, 7 images per sec and CT: 110 mAs and 130 Kv, 130 images, slice thickness 3 mm

Fused images were processed using the Syngo MI Applications TrueD software.
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2.10. Evaluation of the mucus-permeating properties of nanoparticles

These studies were carried out using a protocol described previously [13] with minor
modifications, after approval by the responsible Committee by the University of Navarra
(Ethical and Biosafety Committee for Research on Animals). Briefly, male Wistar rats (average
weight 225 ¢; Harlan, Barcelona, Spain) were placed in metabolic cages and fasted overnight
but with free access to water. All animals received orally 10 mg RBITC-loaded nanoparticles
dispersed in 1 mL water. At different times, animals were sacrificed. The abdominal cavity was
opened in order to remove the stomach and small intestine, which were removed and carefully
rinsed with PBS in order to eliminate the fraction of nanoparticles remaining in the lumen.
Then, both the stomach and the small intestine were cut into small portions to facilitate their
digestion with NaOH 3M for 24 h and the resulting residues were treated with methanol and
centrifuged. Finally, aliquots of the supernatants were assayed for RBITC content by
spectrofluorimetry (TECAN, Austria) at Aex 540 nm and A, 580 nm.

For each nanoparticle formulation, the fraction of nanoparticles interacting with the
mucosa was plotted versus time. From these curves, the AUCq, and the MRT .4, Were estimated
from 0 to 4 h post-administration as described previously [13, 29] and calculated using
WinNonlin 5.2 software (Pharsight Corporation, Mountain View, USA). The AUCu
(mg.h/mL) is the area under the curve between the fraction of the given dose in close contact
with the mucosa (adhered fraction of nanoparticles) vs. time, and it was calculated using the
trapezoidal rule up to t,. MRT., (h) is defined as the mean residence time of the adhered
fraction of the nanoparticles to the mucosa. AUC,, would represent the intensity of the
adhesive phenomenon between nanoparticles and components of the gut mucosa whereas
MRT .4, would evaluate the relative duration of these interactions.

Finally, the tissue distribution of nanoparticles in the gastrointestinal mucosa was
visualized by fluorescence microscopy. For that purpose, 10 mg of Lumogen® F Red-labelled
nanoparticles were orally administered to rats as described above. Two hours later, animals
were sacrificed by cervical dislocation and the guts were removed. Ileum portions of 1 cm were
collected, cleaned with PBS, stored in the tissue proceeding medium O.C.T.™ Compound and
frozen at -80 °C. Each portion was then cut into 5 pum sections on a cryostat and attached to
glass slides. Finally, these samples were fixed with formaldehyde and incubated with 4',6-
diamidino-2-phenylindole (DAPI) for 15 min before the cover assembly. The presence of both
fluorescently loaded poly(anhydride) nanoparticles in the intestinal mucosa and the cell nuclei
dyed with DAPI were visualized in a fluorescence microscope (Axioimager M1, Zeiss) with a
coupled camera (Axiocam 1Cc3, Zeiss) and fluorescent source (HBO 100, Zeiss. The images

were captured with the software ZEN (Zeiss).
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2.11. Statistical analysis

Data were compared using the nonparametric Kruskal-Wallis followed by Mann-
Whitney U-test with Bonferroni correction. p values of < 0.05 were considered significant. All
calculations were performed using SPSS® statistical software program (SPSS® 15.0, Microsoft,
USA).

3. Results

3.1. Preparation of PEG-coated nanoparticles

The first step for the optimization of the coating process of poly(anhydride)
nanoparticles with PEG was to evaluate the time of incubation between both compounds (PEG
and the copolymer of methyl vinyl ether and maleic anhydride). In all cases, a time of
incubation of at least 30 minutes appeared to be necessary to obtain a maximum of PEG

associated to the resulting nanoparticles (Figure 1).
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Figure 1. Influence of the time of incubation on the amount of PEG associated to nanoparticles
(expressed as g PEG/mg nanoparticles). The PEG/poly(anhydride) ratio was 0.125. NP2:
poly(anhydride) nanoparticles coated with PEG2000; NP6: poly(anhydride) nanoparticles
coated with PEG6000; NP10: poly(anhydride) nanoparticles coated with PEG10000. Data
expressed as mean £SD (n=3).
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The influence of both the PEG/poly(anhydride) ratio and the MW of the poly(ethylene
glycol) on its association to the nanoparticles was also evaluated. Figure 2 depicts these results.
The size of the resulting nanoparticles displayed average sizes ranging from 150 to 165 nm. In
all cases, the amount of PEG associated to poly(anhydride) nanoparticles increased rapidly by
increasing the PEG/poly(anhydride) ratio. However, for ratios higher than 0.15 the amount of
PEG incorporated in the nanoparticles only increased slightly. In addition, ratios higher than
0.25 disturbed the formation of nanoparticles and the yield of the preparative process decreased
(data not shown). Moreover, the MW of the selected PEG also influenced the association degree
of the macrogol to the nanoparticles. Thus, increasing the PEG chain length from 2000 to 6000
or 10000 Da resulted in higher amounts of the excipient associated to the poly(anhydride)
nanoparticles (p<0.05). However, minor differences were observed between PEG 6000 and
PEG 10000 (see Fig. 2). For in vivo studies, nanoparticles prepared after 1 hour of incubation

between PEG and the poly(anhydride) at a ratio of 0.125 were selected.
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Figure 2. Influence of the PEG/poly(anhydride) ratio on the degree of poly(ethylene glycol)
association to the resulting nanoparticles (expressed as pg PEG/mg nanoparticles). The
incubation time between the poly(anhydride) and PEG was 1 h. NP2: poly(anhydride)
nanoparticles coated with PEG2000; NP6: poly(anhydride) nanoparticles coated with PEG6000;
NP10: poly(anhydride) nanoparticles coated with PEG10000. Data expressed as mean + SD (n

= 5).

Table 1 summarises the main physico-chemical properties of these nanoparticles. All of

the nanoparticles displayed similar mean sizes of around 150-165 nm, with polydispersity
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indexes lower than 0.2. The zeta potential of nanoparticles containing PEG was negative and
smaller than those observed for naked nanoparticles (-44 mV vs. -52 mV; p< 0.05).
Interestingly, the yield of nanoparticles was calculated to be close to 90 %. Regarding the
amount of PEG associated to nanoparticles, these values ranged from 36 pg/mg when PEG 2000
was used to 60 pg/mg for PEG 10000 modified nanoparticles (see Table 1).

Tablel. Physico-chemical characteristics of PEG-coated nanoparticles. Experimental
conditions: PEG/poly(anhydride) ratio of 0.125; Incubation time: 1 hour. Data
expressed as mean £SD, n=8.

Formulation Size PDI Zeta Potential Yield Associated PEG
(nm) (mV) (%) (ng/mg)

NP 167+3 0.105 -52.2+7.1 89.2+3.4 -

NP2 151+7 0.204 -44.3+4.2 90.1+2.2 36.2+1.7

NP6 157+£4 0.167 -44.2+4.7 91.3+0.9 53.6 +1.5

NP10 157+8 0.185 -43.0+£1.5 88.8+£2.0 60.3+2.3

NP: nanoparticles without PEG; NP2: poly(anhydride) nanoparticles coated with PEG2000;
NP6: poly(anhydride) nanoparticles coated with PEG6000; NP10: poly(anhydride)
nanoparticles coated with PEG10000.

The presence of PEG was also confirmed by elemental analysis (Table 2). Thus, PEG-
coated nanoparticles were found to display higher carbon and lower oxygen contents than
“naked” ones. This increase of the C-to-O ratio for PEG-coated nanoparticles was a
supplementary evidence of the incorporation of the PEG chains into the structure of

nanoparticles.

Table 2. Elemental analysis of nanoparticles. Experimental conditions: PEG/poly(anhydride)
ratio of 0.125; Incubation time: 1 h.

Formulation C (%) H (%) O (%) N (%0)
NP 51.35 5.22 43.44 -
NP2 52.10 5.23 42.74 -
NP6 52.30 5.44 42.26 -
NP10 52.74 5.58 41.68 -

NP: “naked” nanoparticles; NP2: poly(anhydride) nanoparticles coated with PEG2000; NP6:
poly(anhydride) nanoparticles coated with PEG6000; NP10: poly(anhydride) nanoparticles
coated with PEG10000.

Table 3 summarises the estimated values of PEG densities on the surface of the

resulting nanoparticles. This parameter decreased by increasing the length of the PEG chain.

63



CONFIDENTIAL CHAPTER 3: In vivo evaluation of the mucus-permeating properties
of PEG-coated nanoparticles following oral administration

Thus dpeg Was about 2 times higher for NP2 than NP6 and 3 times higher than for NP10. In all
cases, PEG chains appear to adopt a “brush” conformation because of Flory radius (RF) being
higher than the average distance between two neighbouring PEG chains on the surface of
nanoparticles (D).

Table 3. Parameters used to estimate the PEG density on the surface of the different PEG-
coated nanoparticles as well as the PEG-chain conformation.

Formulation drec Apec RF D
(hm?) (hm?) (hm) (nm)
NP2 0.28 3.54 3.44 2.12
NP6 0.15 6.88 6.68 2.96
NP10 0.10 10.19 9.07 3.61

dree: PEG surface density; Apeg: surface area occupied by one PEG molecule PEG; RF: Flory
radius; D: average distance between neighbouring chains (D).

The morphological analysis by scanning electron microscopy showed that PEG-coated
nanoparticles consisted of a homogeneous population of spherical particles with a similar size to
that obtained by photon correlation spectroscopy (Figure 3). Moreover, these nanoparticles

appear to show a spongy surface (magnifications in Figure 3, B-D).
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Figure 3. Scanning Electron Microscopy (SEM) of freeze-dried nanoparticles. A: naked
nanoparticles (NP); B: NP2, poly(anhydride) nanoparticles coated with PEG2000; C: NP6,
poly(anhydride) nanoparticles coated with PEG6000; D: NP10, poly(anhydride) nanoparticles
coated with PEG10000. Experimental conditions: PEG/poly(anhydride) ratio of 0.125;
incubation time: 1 hour. In the above right side, it is shown a magnification of a section of each
photograph.

3.2. Biodistribution studies with **™Tc radiolabelled nanoparticles

Figure 4 shows the comparison of the biodistribution of *™Tc-NP and pegylated *™Tc-
NP formulations when administered by the oral route to laboratory animals. At 3 h post-
administration, an important fraction of NP appeared to remain in the stomach whereas PEG-
coated nanoparticles were mainly visualised in the small intestine of animals. Furthermore, no

activity was observed in the liver or the lungs of the animals.
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Figure 4. Volume rendered fused SPECT-CT images from representative animals 3 h after
administration of *™Tc-labelled NP by oral gavage. NP: “naked” nanoparticles; NP2:
poly(anhydride) nanoparticles coated with PEG2000; NP6: poly(anhydride) nanoparticles
coated with PEG6000; NP10: poly(anhydride) nanoparticles coated with PEG10000.

3.3. Evaluation of the mucus-permeating properties of nanoparticles

Figure 5 shows the evaluation of the interaction of nanoparticles with the surface of the
stomach mucosa expressed as the adhered fraction of the given dose vs time. In all cases the
animals received a dose of 10 mg of nanoparticles dispersed in 1 mL water. “Naked”
poly(anhydride) nanoparticles displayed a significantly higher capability to interact with the
stomach mucosa than the PEG-coated nanoparticles. In addition this effect was developed quite
rapidly because the maximum of interaction was found just 30 minutes after administration.
Then the adhered fraction decreased but maintained quite high up to 3 h post-administration.
Comparing PEG-coated nanoparticles, NP2 displayed the highest initial capability to interact
with the stomach mucosa. In fact, 1 hour post-administration the estimated amount of
nanoparticles adhered to the stomach was found to be at least 2-times those of NP6 and NP10.
For nanoparticles coated with either PEG6000 or PEG10000, the adhered fraction was always
below 7% of the given dose and quite similar to the fluorescence recovered by the

administration of an aqueous solution of RBITC.
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Figure 5. Evolution of the adhered fraction of the given dose of RBITC-loaded nanoparticles
(10 mg) vs. time in the stomach of Wistar rats. NP: naked nanoparticles; NP2: poly(anhydride)
nanoparticles coated with PEG2000; NP6: poly(anhydride) nanoparticles coated with PEG6000;
NP10: poly(anhydride) nanoparticles coated with PEG10000. RBITC solution contained a
s:irg)ilar amount of the fluorescent marker as nanoparticles did. Data expressed as mean + SD (n

Figure 6 shows the curves of the adhered fractions of nanoparticles in the
mucosa of the small intestine vs. time. Interestingly the profiles of these curves for
PEG-coated nanoparticles were different to that obtained for “naked” nanoparticles.
Thus, for NP, the maximum of the curve (about 15%) was found just 30 minutes post-
administration. Then, the adhered fraction decreased rapidly with time. For NP2, the
profile of the curve was characterised by a first step in which the adhered fraction
increased up to 22% (1 hour post-administration) followed by a slow decline till the end
of the experiment. In fact, 4 h after the administration, the remained fraction of adhered
nanoparticles was estimated to be higher than 15% of the given dose. For NP6 and
NP10, the profile of the curves was similar to that of NP2 with the difference that the
adhered fractions of nanoparticles increased slowly from 1 to 3h post- administration
after the gavage of rats. Then, the adhered fractions decreased rapidly. For NP10, the

levels of adhered nanoparticles were significantly lower than for NP6 or NP2.
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Figure 6. Evolution of the adhered fraction of the given dose of RBITC-loaded nanoparticles
(10 mg) vs. time in the small intestine of Wistar rats. NP: naked nanoparticles; NP2:
poly(anhydride) nanoparticles coated with PEG2000; NP6: poly(anhydride) nanoparticles
coated with PEG6000; NP10: poly(anhydride) nanoparticles coated with PEG10000. RBITC
solution contained a similar amount of the fluorescent marker as nanoparticles did. Data
expressed as mean = SD (n = 3).

From these curves, the AUC and the MRT for the different formulations tested were
calculated (Table 4). Within the stomach, the intensity of the adhesive interactions for NP was
more than 2-times higher than for PEG-coated nanoparticles. On the contrary, in the small
intestine, the AUC rank order was as follows: NP6 > NP2 > NP10 > NP. In fact, for NP2 and
NP6, the intensity of the adhesive interactions were around 1.5- and 3-times higher than for
NP10 and NP, respectively. Moreover, for NP2 and NP6, the mean residence time of the
adhered fraction (MRT) was found to be about 45 min longer than for “naked” nanoparticles
and 35 min longer than for NP10.
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Table 4. Estimation of the intensity (AUC) and duration (MRT) of the interactions developed
by nanoparticles within the gut mucosa in Wistar rats.

Stomach Small Intestine
AUC (mg h/mL) MRT (h) AUC (mg h/mL) MRT (h)
NP 53.60 1.77 23.82 1.58
NP2 19.43 1.34 71.15 2.33
NP6 14.82 1.87 76.24 2.30
NP10 9.58 1.99 45.23 2.16

NP: naked nanoparticles; NP2: poly(anhydride) nanoparticles coated with PEG2000; NP6:
poly(anhydride) nanoparticles coated with PEG6000; NP10: poly(anhydride) nanoparticles
coated with PEG10000.

On the other hand, the influence of the PEG/poly(anhydride) ratio on the capability of
the resulting nanoparticles to reach the surface of the gut mucosa was also evaluated (Figure 7).
The study was carried out by comparing two different ratios (0.125 and 0.25). Interestingly,
when nanoparticles were prepared at a ratio of 0.25, the adhered fractions of nanoparticles were
significantly lower than when prepared at a ratio of 0.125. This decrease, which was observed in
both the stomach and the small intestine, was more intense for NP2 and NP6 formulations than
for NP10.
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Figure 7. Comparison of the adhered fraction for RBITC-loaded nanoparticles (10 mg)
prepared at two different PEG/poly(anhydride) ratios (0.125 and 0.25). Sl: small intestine. NP2:
poly(anhydride) nanoparticles coated with PEG2000; NP6: poly(anhydride) nanoparticles
coated with PEG6000; NP10: poly(anhydride) nanoparticles coated with PEG10000. Data
expressed as mean = SD (n = 3).

69



CONFIDENTIAL CHAPTER 3: In vivo evaluation of the mucus-permeating properties
of PEG-coated nanoparticles following oral administration

Figure 8 shows fluorescence microscopy images of ileum samples from the animals
treated with Lumogen® F Red-labelled nanoparticles. “Naked” nanoparticles (NP) displayed a
localisation that appeared to be restricted mainly to the mucus layer protecting the epithelium
(Figure 8.A and 8.B). On the contrary, for PEG-coated nanoparticles it was evident that these
carriers were capable of reaching the epithelium and interact broadly with the intestinal cells
(Figure 8.C-8.F). However, these interactions were more intense for NP2 and NP6 than for
NP10.
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Figure 8. Fluorescence microscopic visualisation of PEG-coated nanoparticles (NP2, NP6 and
NP10) and control ones (NP) in a longitudinal section of the ileum of rats. A: “naked”
nanoparticles in the stomach mucosa; B: NP in the ileum mucosa; C and D: poly(anhydride)
nanoparticles coated with PEG2000 (NP2) in the ileum mucosa; E and F: poly(anhydride)
nanoparticles coated with PEG6000 (NP6) in the ileum mucosa; G and H: poly(anhydride)
nanoparticles coated with PEG10000 (NP10) in the ileum mucosa.
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4. Discussion

In this work, our aim was to evaluate in vivo the mucus-permeating properties of
poly(anhydride) nanoparticles coated with PEG as well as to gain insight about the factors than
can modulate this effect in vivo.

PEG-coated nanoparticles were prepared by a simple desolvation procedure after the
incubation between the selected PEG and the polymer forming the matrix of nanoparticles in
acetone. The resulting nanoparticles displayed a mean size ranging from 150 to 160 nm, with
slightly higher average sizes by increasing the PEG molecular weight. Furthermore, the zeta
potential of PEG-coated nanoparticles was less negative than for “naked” nanoparticles. This
observation is in line with previous results in which it was demonstrated that the coverage of
nanoparticles with PEG resulted in higher zeta potentials [30, 31]. Interestingly, the amount of
associated PEG to the nanoparticles was affected by the PEG/poly(anhydride) ratio and the
incubation time between both compounds before the formation of nanoparticles. Thus, by
increasing the time of incubation and/or the PEG/poly(anhydride) ratio, the amount of PEG
associated to nanoparticles increased (Figures 1 and 2). Moreover, the amount of PEG
associated to nanoparticles also increased by increasing the MW of the macrogol used. This last
finding is in line with those reported by other researchers who hypothesised that longer PEG
chains would offer greater pegylation degrees till a maximum of about 10000 Da (PEG 10000)
[32, 33]. However, longer PEG chains resulted in lower surface density (dpeg; Table 3). This
can be explained by a steric repulsion induced for the associated PEG chains on the surface of
nanoparticles which hampers the binding of the PEG remaining in solution [34]. The repulsive
force will increase in strength with PEG chain length.

All PEG-coated nanoparticles used have their PEG chains in a “brush” conformation,
independent of the PEG chain molecular weight and preparative conditions. Polymer
conformation can be described in terms of the Flory radius (RF). If the surface density is high
(i.e., the distance D, between the attachment points of polymer to a surface is lower than RF),
polymer chains will acquire a “brush” regime, with long, thin bristles of PEG extending from
the nanoparticle surface [26, 35].

Regarding in vivo studies, the behaviour and distribution of nanoparticles were also
affected by the presence of PEG. Overall, naked nanoparticles (NP) displayed a higher ability to
interact with the mucosa of the stomach (Figure 5) than with the small intestine (Figure 6).
However, these interactions were restricted to the mucus layer covering the epithelial surface
(Figure 8.A and 8.B), confirming the previously reported mucoadhesive properties of these
nanoparticles [13, 36].

Interestingly, pegylation of poly(anhydride) nanoparticles produced nanocarriers that

minimised the interactions within the stomach mucosa. This finding was corroborated by

71



CONFIDENTIAL CHAPTER 3: In vivo evaluation of the mucus-permeating properties
of PEG-coated nanoparticles following oral administration

SPECT-CT imaging (Figure 4). Nevertheless, this inhibition effect would be more intense for
nanoparticles pegylated with PEG6000 or PEG10000 than for those coated with PEG2000
(Figure 5). On the contrary, PEG-coated nanoparticles displayed a high capability to reach the
surface of the cells constituting the mucosa as corroborated by the fluorescence microscopy
images of ileum samples (Figures 8.C-8.F). Moreover, the fate of PEG-coated nanoparticles
appeared to be highly influenced by the MW of the PEG as well as by the PEG/poly(anhydride)
ratio used to prepare these carriers. Thus, 3h post-administration, the fraction of nanoparticles
remaining in close contact with the surface of the small intestine mucosa represented more than
25% given dose for NP6 and around 20% and 15% for NP2 and NP10, respectively (Figure 7).
For NP, this value was only of 5%. In addition, and during the studied period of time, the
intensity and the duration of the interactions between nanoparticles and the small intestine
mucosa were higher for NP2 and NP6 formulations than for NP10 (Table 4). All of these
observations are in line with previous results described by Wang and co-workers who described
that 200 nm poly(styrene) particles coated with either 5kDa-PEG diffused in vitro as rapidly
through mucus as those with 2 kDa PEG, but a further increase of PEG MW to 10 kDa resulted
in 1000-fold slower transport in human cervico vaginal mucus [19] . In fact the 10 kDa PEG

chains may be long enough to significantly entangle with mucins [37].

Another important factor that appears to modulate the mucus-permeating properties of
PEG-coated nanoparticles is the extent of the PEG surface coverage. In principle, as described
previously, a dense coating of PEG around polymeric nanoparticles would be necessary to
facilitate their diffusion through respiratory [38, 39] and vaginal mucus [21]. Unfortunately,
many studies did not quantify the density of surface PEG and it is just indirectly estimated from
the measurement of the zeta potential. However, our results appear to indicate that a PEG-
coating threshold for efficient mucus-permeating properties exists. Thus, when nanoparticles
were prepared at a PEG/poly(anhydride) ratio of 0.25, the capability of the resulting
nanoparticles to interact with the mucosa significantly decreased (Figure 7), compared to those
observed with nanoparticles prepared at a ratio of 0.125. As for both types of nanoparticles the
PEG chains would adopt a theoretical “brush” conformation, an excessive dense coating
appears to hamper the diffusion of PEG-coated nanoparticles through the gut mucosa in vivo. A
possible explanation to this finding would be that a highly dense PEG coating would result in a
less flexible coating with entanglements between the macrogol chains that would facilitate their
interaction with components of the mucus layer. This fact would reduce their capability to
reach the surface of the enterocytes. In this context, the entanglement of PEG chains has been
proposed as the main factor negatively affecting the bioadhesive properties of different dosage

forms [40, 41]. In this way, He and co-workers have recently described that the steric repulsion
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of PEG-coated silica nanoparticles against human serum albumin adsorption decreased at high
PEG densities [42].

Another factor than can be highlighted is that, at the light of the present results,
negatively charged nanoparticles may offer mucus-permeating properties. This fact is in line
with previous results reported by Mura and coworkers, who demonstrated that PLGA
nanoparticles coated with Pluronic F68 and negatively charged could diffuse unimpeded
through the mucus layer [43]. In principle, electrostatic repulsive forces between negatively
charged mucin fibers and negatively charged nanoparticles may favor particle transport in the
relatively hydrophilic, low viscous pores of the mucus mesh, where particle transport is less
restricted [10, 44].

5. Conclusions

In summary, all of these results suggest that the coating of poly(anhydride)
nanoparticles with PEG dramatically influenced their fate within the gastrointestinal tract of
animals. First, pegylation of Gantrez® AN nanoparticles inhibited their mucoadhesive
properties as well as their tropism for the stomach mucosa. Within the small intestine, the
coating of poly(anhydride) nanoparticles with PEG vyielded nanocarriers with mucus-
permeating properties. However, this fact was clearly influenced by both the MW and surface
density of the PEG. With respect to PEG MW, the intensity and the duration of the interactions
between nanoparticles and the small intestine mucosa were higher for nanoparticles coated with
either PEG2000 or PEG6000 than with PEG10000. Regarding PEG surface density, in spite
that a “brush” conformation appears to be required, the mucus-permeating properties decreased
at excessive PEG densities. In any case, more research is needed to elucidate and understand

this point.
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The effect of thiamine-coating nanoparticles on their biodistribution

and fate following oral administration

Abstract

Two thiamine-coated poly(anhydride) nanoparticle formulations have been prepared in
order to study their mucus-penetrating properties and behavior in vivo. The first method of
preparation consisted in surface modification of freshly prepared poly(anhydride) nanoparticles
by simple incubation with thiamine (T-NPA). The second procedure focused on the preparation
and characterization of a new polymeric conjugate between the poly(anhydride) backbone and
thiamine prior the nanoparticle formation (T-NPB). The resulting nanoparticles displayed
comparable sizes (~200 nm) and slightly negative surface charges. The in vivo studies revealed
that T-NPA and T-NPB moved faster than naked nanoparticles from the stomach to the small
intestine and displayed stronger capability to interact with the mucosa of the small intestine than
within the stomach mucosa. For both thiamine nanoparticles, more than a 30% of the given dose
was found in close contact with the surface of the mucosa compared to a 13.5% in the case of
naked nanoparticles. Interestingly, both types of thiamine nanoparticles showed a greater ability
to cross the mucus layer and interact with the surface of the mucosa compared to naked
nanoparticles which remained adhered in the mucus layer. Overall, both preparative processes
yielded thiamine decorated carriers with similar physico-chemical and biodistribution
properties, increasing the versatility of these nanocarriers as oral delivery systems for a number

of biologically active compounds.
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1. Introduction

The oral route is, in general, perceived by patients as more comfortable and convenient
than other routes of drug administration, especially for chronic medication regimens. However
the oral route remains an important challenge that limits the absorption and bioavailability of
many biologically active compounds, especially for therapeutic peptides and proteins as well as
for drugs suffering from presystemic metabolism. From a biological point of view, the oral
delivery of drugs is faced with several main barriers: (i) the acidic pH environment in the
stomach, (ii) the enzymatic activity along the gut, (iii) the protective mucus gel layer, (iv) the
unstirred water layer adjacent to the epithelium and (v) the surface of absorptive cells, including
the glycocalyx. All of these barriers limit the arrival of the unchanged biologically active
compound to the portal and/or the systemic circulation [1,2].

In order to overcome these hurdles, different delivery systems have been proposed and
are currently under evaluation, including the use of polymer nanoparticles. In principle, some of
these delivery systems (acting as nanocarriers) may minimize the effects of extreme pH
conditions and digestive enzymes on the stability of the loaded compound, offering significant
increases in the oral bioavailability of some drugs [1,3]. However, polymer nanoparticles
encounter a formidable barrier that significantly limits their arrival at the intestinal epithelium,
namely the protective mucus layer lining the epithelium surface of the gut. Nanoparticles
become trapped and, then, rapidly eliminated from the gut mucosa due to the physiological
mucus turn-over [4,5]. In fact, mucus is continuously secreted both to remove pathogens and to
lubricate the epithelium as material passes through [6,7].

In order to address this fundamental limitation, an encouraging strategy would be the
use of nanoparticles with mucus-penetrating properties. For this purpose, different strategies
have been proposed, including the use of agents to minimize the interaction of nanocarriers with
the mucus layer and the application of bio-inspired procedures mimicking key features of
microorganisms. Thus, the fluidity of mucus and, hence, the diffusion of nanoparticles through
the mucus layer may be increased by either the co-encapsulation of mucolytic agents (e.g., N-
acetyl cysteine) [8] or the binding of proteolytic enzymes (e.g., papaine or bromelain) to the
surface of nanocarriers in order to cleave locally the glycoprotein substructures of mucus [9].

A second interesting approach, similar to those developed by microorganisms for
avoiding the mucus protective layer and, then, reach the intestinal epithelium for invasion and
colonization. Within this scenario, virus-mimicking nanoparticles presenting both a hydrophilic
shell and a highly densely charged surface have been proposed [10]. Similarly, the coating of
nanoparticles with either bacterial lipopolysaccharide [11] or flagellin from Salmonella
enteritidis [12] was found adequate to specifically target the intestinal epithelium of animals. A

further set of strategies involves the decoration of nanoparticles with hydrophilic ligands in
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order to minimize the potential hydrophobic interactions of the particles with mucin fibers and
other components of the mucus. These “slippery” nanoparticles can be obtained by using
poly(ethylene glycol)s [13-15], mannose [16] or thiamine [17].

However, one key aspect that sometimes is forgotten during the development and
characterization of nanocarriers for mucosal delivery is the combination of the adequate
biodistribution properties (including the mucus-penetrating capabilities) with a high payload
capability. In fact, the encapsulation of a biologically active molecule may significantly modify
the physico-chemical properties of empty nanoparticles [18] and, hence, negatively affect their
ability to reach the epithelium. This fact may limit the potential use of such nanoparticles for
delivery purposes. In order to overcome this risk, one possible solution is to develop alternative
preparative processes of nanocarriers that are more adapted to the encapsulation of particular
groups of drugs, without affecting their biodistribution and fate. In this context, the aim of this
work was to prepare thiamine-coated nanoparticles by two different preparative processes and,

then, evaluate and compare their mucus-penetrating properties and behavior in vivo.

2. Materials and Methods

2.1. Chemicals

The copolymer of methyl vinyl ether and maleic anhydride or poly(anhydride)
(Gantrez® AN 119) was supplied by Ashland Inc. (Barcelona, Spain). The MW of Gantrez® AN
119 was 95.5 kDa when calculated by SEC-MALS. Thiamine hydrochloride, lactose and
calcium chloride were purchased from Sigma-Aldrich (Madrid, Spain). Di-sodium hydrogen
phosphate anhydrous and ethanol were provided by Panreac (Barcelona, Spain). Perylene-Red
(BASF Lumogen® F Red 305) was from Kremer Pigmente GmbH & Co. (Aichstetten,
Germany) and O.C.T. ™ Compound Tissue-Tek from Sakura Finetek Europe (Alphen aan Der
Rijn, The Netherlands). 4°,6-diamidino-2-phenylindole (DAPI) was obtained from Biotium Inc.
(Madrid, Spain). Intestinal mucin was obtained from Jeff Pearson (Newcastle University,
Institute for Cell and Biomedical Sciences, Newcastle Upon Tyne, United Kingdom). Acetone
was from (VWR-Prolabo, Linars del Vallés, Spain) and sodium hydroxide and isopropanol from
Merck (Madrid, Spain). Deionized reagent water was prepared by a water purification system
(Wasserlab, Pamplona, Spain). Nitrogen gas (ultrapure, > 99) was produced using an Alltech

nitrogen generator (Ingenieria Analitica, Barcelona, Spain).
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2.2.  Preparation of Gantrez® AN-thiamine conjugates (GT)

The conjugate was obtained by the covalent binding of thiamine to the poly(anhydride)
backbone (Figure 1). For this purpose, 5 g Gantrez® AN were dissolved in 200 mL acetone.
Then, 125 mg thiamine were added and the mixture was heated at 50°C, under magnetic
agitation at 400 rpm, for 3 h. Then, the mixture was filtered through a pleated filter paper and
the organic solvent was eliminated under reduced pressure in a Biichi R-144 apparatus (BUCHI
Labortechnik AG, Flawil, Switzerland) until the conjugate was totally dry. Finally, the resulting

powder was stored.

Gantrez® AN Gantrez® AN-thiamine conjugate

Figure 1. Schematic representation of the formation of the new conjugate between Gantrez® AN
and thiamine.

2.3.  Characterization of Gantrez® AN-thiamine conjugate (GT)
The covalent binding of thiamine to the polymer chains was confirmed by FITR,
elemental and titration analysis. The amount of thiamine bound to the poly(anhydride) was

estimated by HPLC analysis.

2.3.1. FTIR analysis
The binding between the poly(anhydride) and thiamine was determined by Fourier
transform infrared spectroscopy (FTIR). Spectra were collected in a Nicolet-FTIR Avatar 360
spectrometer (Thermo/Nicolet 360 FT IR E.S.P., Thermo Fisher Scientific, Waltham,
Massachusetts, USA), using a MKII Golden Gate ATR device with resolution of 2 cm?
connected with OMNIC E.S.P. software (Thermo Fisher Scientific, Waltham, Massachusetts,

USA). The spectrum obtained was an average of 32 scans.
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2.3.2. Elemental analysis
The C, H, O and N contents of the synthesized conjugates were determined in a LECO
CHN-900 apparatus (Michigan, USA). For this purpose, 1 mg of each polymer was analyzed by

triplicate and the results were expressed as percentage (Yow/w).

2.3.3. Titration
The poly(anhydride) and its conjugate were first hydrated and dispersed in water till
their total solubilization. At this moment the aqueous solutions of the polymers were titrated
with NaOH 0.2N in the presence of phenophtalein, used as indicator. Titration was used to
measure the percentage of free carboxylic groups and calculate the degree of substitution (DS)
of the resulting conjugate. The decrease of the carboxylic groups in the polymer conjugates in
comparison to unmodified Gantrez® AN evidenced the ligand binding.

2.3.4. Thiamine quantification

The amount of thiamine covalently attached to the poly(anhydride) was calculated by a
modification of a chromatographic method previously described [17]. For this purpose, 400 mg
Gantrez® AN and 10 mg of thiamine were added to 20 mL acetone. The mixture was heated at
50 °C, under magnetic agitation at 400 rpm, for 3 h. The organic solvent was eliminated under
reduced pressure in a Biichi R-144 apparatus (BUCHI Labortechnik AG, Flawil, Switzerland)
until the conjugate was totally dry. Once dried, the resulting unpurified conjugate was dissolved
in 20 mL acetone. Then, 40 mL deionized water were added until the formation of suspension.
This suspension was centrifuged for 20 minutes at 21,000 rpm and the supernatants were
collected for the quantification of thiamine. The analysis was performed in a model 1100 series
LC Agilent (Waldbornn, Germany) coupled with a UV diode array detection system. Data were
analyzed using the Chem-Station G2171 program. The separation of thiamine was carried out at
40 °C on a reversed-phase Zobrax NH2 narrow-bore column (4.6 mm x 150 mm; particle size 5
um) obtained from Agilent (Waldbornn, Germany). The column was protected by a 0.45 pum
filter. The mobile phase composition was potassium phosphate buffer 50 mM (pH 6) and
methanol (80/20, v/v). The flow rate was set to 1 mL/min and the effluent was monitored with
UV detection at 254 nm. Standard curves were designed over the range of 10-600 pg/mL
(R?>0.999) from a thiamine solution in deionized water.

For sample analysis, samples of 1 mL from the supernatants were transferred to auto-
sampler vials, capped and placed in the HPLC auto-sampler. Then, 10 pL aliquot was injected
onto the HPLC column. Finally, the amount of thiamine associated to the poly(anhydride)
backbone was calculated as the difference between the initial amount of thiamine added and the

amount of thiamine recovered in the supernatants.
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2.4. Preparation of thiamine-coated nanoparticles

Thiamine-coated nanoparticles were prepared from two different experimental
procedures.

The first one consisted in the incubation of “naked” Gantrez® AN nanoparticles and
thiamine following a protocol described previously [17] with minor modifications. Briefly, 400
mg Gantrez® AN were dissolved in 20 mL acetone. Then, the nanoparticles were formed by the
addition of 40 mL absolute ethanol and 40 mL distilled water containing 10 mg thiamine. The
organic solvents were eliminated under reduced pressure in a BUCHI R-144 apparatus (BUCHI
Labortechnik AG, Flawil, Switzerland) and the resulting nanoparticles were agitated under
magnetic stirring for 30 min at RT. Then, the nanoparticles suspensions were purified by
centrifugation at 5,000 x g for 20 min (SIGMA Lab. centrifuges, Osterode am Harz, Germany)
using dialysis tubes Vivaspin® 300,000 MWCO (Sartorius AG, Madrid, Spain). Finally, 800 mg
lactose dissolved in 40 mL deionized water was added to the pellet and vortexed for 5 min. The
resulting suspension of nanoparticles was dried in a Bichi Mini Spray Drier B-290 apparatus
(BUCHI Labortechnik AG, Flawil, Switzerland) under the following experimental conditions:
inlet temperature of 90 °C, outlet temperature of 60 °C, spray-flow of 600 L/h, and aspirator at
100 % of the maximum capacity. These nanoparticles were named T-NPA.

As control, “naked” nanoparticles were prepared in the same way as described
previously but in the absence of thiamine. These nanoparticles were identified as NP.

The second procedure, using the GT previously synthesized, was based on a controlled
desolvation of the conjugate (dissolved in acetone) with water and subsequent stabilization with
calcium. For this purpose, 400 mg GT were dissolved in 20 mL acetone and nanoparticles were
obtained by the addition of 40 mL purified water containing 1.6 mg calcium chloride. Acetone
was eliminated under reduced pressure in a BUCHI R-144 apparatus (BUCHI Labortechnik
AG, Flawil, Switzerland) and purified by centrifugation at 5,000 x g for 20 min (SIGMA Lab.
centrifuges, Osterode am Harz, Germany) using dialysis tubes Vivaspin® 300,000 MWCO
(Sartorius AG, Madrid, Spain). Finally, 800 mg lactose dissolved in 40 mL deionized water
were added to the pellet and vortexed for 5 min. The resulting suspension was dried by spray-
drying using the same conditions as described above. These nanoparticles based on GT were
identified as T-NPB.

2.5. Preparation of fluorescently labelled nanoparticles

In all cases, for the fluorescent labeling of nanoparticles, 2 mg Lumogen® F Red 305
were dissolved in the solution of acetone containing the polymer (Gantrez® AN or GT) prior the
formation of the nanoparticles as described above. In a similar way, the resulting nanoparticles

were purified and dried as aforementioned.
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2.6. Physico-chemical characterization of nanoparticles
2.6.1. Size, zeta potential and surface morphology analysis

The mean size and the zeta potential of freeze-dried nanoparticles were determined by
photon correlation spectroscopy (PCS) and electrophoretic laser Doppler anemometry,
respectively, using a Zetaplus apparatus (Brookhaven Instruments Corporation, Holtsville,
USA). In all cases, the size was measured after dispersion of nanoparticles in water whereas the
zeta potential was quantified in KCI 0.1 M.

The shape and morphology of nanoparticles were examined by scanning electron
microscopy (SEM). For this purpose, the powder collected from the spray-drier was dispersed in
water and centrifuged at 27,000 x g for 20 min. Then, the pellets were mounted on tomography
electron microscopy (TEM) grids, dried and coated with a palladium-gold layer using a Quorum
Technologies Q150R S sputter-coater (Ontario, Canada). SEM was performed using a ZEISS
model “Ultra Plus” (Oberkochen, Germany) and LEO 435VP (ZEISS, Cambridge, United

Kingdom) high resolution scanning electron microscope.

2.6.2. Thiamine quantification

Thiamine was quantified in the supernatants obtained during the purification step of
nanoparticles by the chromatographic method described above. The standard curves were
prepared in supernatant of non-loaded nanoparticles (R*>0.999)

For analysis, samples of 1 mL from the supernatants were transferred to auto-sampler
vials, capped and placed in the high performance liquid chromatography (HPLC) auto-sampler.
Then, 10 pL aliquot was injected onto the HPLC column. Finally, the amount of thiamine
associated to the nanoparticles was calculated as the difference between the initial amount of

thiamine added and the amount of thiamine recovered in the supernatants by HPLC.

2.7. Evaluation of the thiamine chain density

For T-NPA the thiamine surface density (dr; equation 2) was calculated. d+ is defined as
the ratio between the total number of thiamine molecules (Nt) and the nanoparticle surface area
(Snp)-

In order to calculate the nanoparticle surface area, it was assumed that all the
nanoparticles were spherical, displayed the same size (the mean size calculated by PCS) and
only consisted of polymer (density: 1.03 g/mL [19]). Then, the mass of one particle (m) was

calculated as follows:

m=pxV [Equation 1]
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in which, p is the density of Gantrez® AN and V is the volume of one nanoparticle.

From this “m” value, the number of nanoparticles (Nyp) in one mg was calculated. On
the other hand, assuming that all the associated thiamine were on the surface of the particles, Nt
was determined from the amount of associated thiamine (as calculated by HPLC and expressed
in moles) multiplied by Avogadro’s number. Then the thiamine surface density was calculated

with the following equation:
dT = NT/ SNp [Equation 2]

in which Nt is the number of thiamine groups and Syp is the surface area of one nanoparticle.

From the estimated surface density data it was possible to determine the area occupied

by one thiamine molecule on a particle:

Ar=Sym/ Nt [Equation 3]

2.8. Quantification of Lumogen® F red 305

The amount of Lumogen® F red 305 loaded in the nanoparticles was quantified by UV-
Vis spectrometry at wavelength 573 nm (Labsystems iEMS Reader MF, Vantaa, Finland). For
this purpose, 10 mg of the formulations were resuspended in 3 mL water and centrifuged at
21,000 rpm for 20 min. Pellets were dissolved in 10 mL acetonitrile 75%. These solutions were
finally diluted 1:10 in pure acetonitrile before the analysis. Standard curves were designed over
the range of 10-35 pg/mL (R%>0.990) from a Lumogen® F red 305 solution in acetonitrile 75%
and were prepared in supernatant of non-loaded nanoparticles.

Prior the use of fluorescently labelled nanoparticles for in vivo studies, the stability of
the marker in the nanoparticles was assessed by incubation in simulated gastric (pH 1.2) and
intestinal (pH 6.8) fluids.

2.9.  Mucin purification from porcine mucus

Pig small intestines were obtained from a local abattoir immediately after slaughter and
transported on ice to the laboratory. Sections of the intestines that did not visibly contain chyme
were cut into 15 cm lengths and mucus was removed. To remove the mucus gentle pressure was
applied to one end of the length with the fingers and continuously applied unidirectionally to the
opposite end. Mucus gel was added to a cocktail of enzyme inhibitors in phosphate buffer, pH

6.8 [20]. The mucin was purified following the protocol described by Taylor et al. [20], with the
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addition of a second cesium chloride gradient to further remove cellular debris from the

glycoprotein component of mucus. All freeze dried samples were stored at -20 °C until used.

2.10. Pulsed-Gradient Spin-Echo NMR assessment of mucin mobility

In order to evaluate the slippery capacities of nanoparticles, the diffusion of intestinal
pig mucin in presence of these nanocarriers was evaluated by pulsed-gradient spin-echo nuclear
magnetic resonance (PGSE-NMR). Measurements were performed on a Bruker DMX400 NMR
spectrometer operating at 400 MHz (*H) using a stimulated echo sequence [21]. All the
experiments were run at 37 °C using the standard heating/cooling system of the spectrometer to
an accuracy of £0.3 °C.

Generally, the proton NMR spectrum - a series of peaks located at characteristic values,
the so-called chemical shifts measured in ppm - is recorded from the solution with increasing
intensity of the pulsed-gradients. The self-diffusion coefficient, D, is deduced by fitting the
attenuation (decay) of the integral for a chosen peak to equation 4 as a function of the

characteristics of the gradient pulses,

A (8, G, A) = Aexp [kD] [Equation 4]

where 4 is the signal intensity and k = ¥’G?6 (A — 6/3), given ¥ is the magnetogyric ration, A
the diffusion time, & the gradient pulse length, and G is the gradient field strength. The gradient
pulses are ramped to their desired value over a ramp time, o, typically 250 ps.

For complex spectra such as those encountered here where the observed peaks may
arise from different components within the system, or there may be a range of diffusing rates,
the diffusion data are better analyzed by fitting to this equation 4 the entire spectrum using
“CORE”, a program devised to resolve the various components present in such data [22]. CORE
evaluates the experimental data in two levels, yielding not only estimates of the diffusion
coefficients for each component in the sample but also their relative intensities enabling a more
insightful analysis of complex datasets.

For the mucin diffusion coefficient measurement, the nanoparticles were dispersed in
deuterated water (0.5% wi/v) as described before [9]. Then, the nanoparticles suspensions were
added into an intestinal mucin solution (5% wi/v) also in deuterated water and left to equilibrate
for 24 h. Finally, 0.6 mL was transferred to 5 mm o.d. Wilmad NMR tubes (Sigma—Aldrich,
Haverhill, UK).
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2.11. Labelling of nanoparticles with *™Tc

Nanoparticles were labelled with *™Tc by reduction with stannous chloride as described
previously [23]. Briefly, 1-2 mCi of freshly eluted **™Tc-pertechnetate was reduced with 0.03
mg/mL stannous chloride and the pH was adjusted to 4 with 0.1N HCI. Then, an amount of
dried powder containing 2 mg nanoparticles were dispersed in 1 mL water prior the addition of
the reduced *™Tc. The mixture was vortexed for 30 s and incubated at room temperature for 10
min. The overall procedure was carried out in helium-purged vials. The radiochemical purity
was examined by paper chromatography (Whatman 3MM) developed with NaCl 0.9%. The

labelling yield was always over 90%.

2.12. Gastrointestinal transit studies with radiolabelled nanoparticles

These studies were carried out in male Wistar rats weighing 250-300 g that had fasted
for 12 h. All the procedures were performed following a protocol previously approved by the
“Ethical and Biosafety Committee for Research on Animals™ at the University of Navarra in line
with the European legislation on animal experiments.

Animals were briefly stunned with 2% isoflurane gas (flow of oxygen of 0.2 L/min) for
administration of nanoparticles (above 1 mL) by oral gavage, and then quickly awakened. Each
animal received one single dose of radiolabelled nanoparticles (1 mCi; 0.8-1.0 mg of
radiolabelled nanoparticles that were completed with up to 10 mg with unlabelled
nanoparticles). Three hours after administration of nanoparticles, animals were anaesthetised
with 2% isoflurane gas (flow of oxygen of 0.2L/min) and placed in prone position on the
gammacamera (Symbia T2 Truepoint; Siemens Medical System, Malvern, USA). SPECT-CT
images were acquired for 25 min, with the following parameters for SPECT: 128 x 128 matrix,
90 images, 7 images per sec and CT: 110 mAs and 130 Kv, 130 images, slice thickness 3 mm

Fused images were processed using the Syngo MI Applications TrueD software.

2.13. In vivo evaluation of the mucus-penetrating properties of

nanoparticles

These studies were carried out using a protocol described previously [17] with minor
modifications, after approval by the responsible Committee by the University of Navarra
(Ethical and Biosafety Committee for Research on Animals). Briefly, male Wistar rats (average
weight 225 ¢; Harlan, Barcelona, Spain) were placed in metabolic cages and fasted overnight
but with free access to water. All animals received orally 25 mg of fluorescently labeled
nanoparticles dispersed in 1 mL water. At different times, animals were sacrificed. The

abdominal cavity was opened in order to remove the stomach and small intestine, which were
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removed and carefully rinsed with phosphate buffer saline (PBS) in order to eliminate the
fraction of nanoparticles remaining in the lumen. Then, both the stomach and the small
intestine, were cut into small portions to facilitate their digestion with NaOH 3M for 24 h and
the resulting residues were treated with methanol and centrifuged. Finally, aliquots of the
supernatants were assayed for Lumogen® F Red 305 content by spectrofluorimetry (TECAN,
Grodig, Austria) at Aex 485 nm and A 540 nm.

Finally, the tissue distribution of nanoparticles in the gastrointestinal mucosa was
visualized by fluorescence microscopy. For that purpose, 25 mg of Lumogen® F Red-labelled
nanoparticles were orally administered to rats as described above. Two hours later, animals
were sacrificed by cervical dislocation and the guts were removed. Ileum portions of 1 cm were
collected, cleaned with PBS, stored in the tissue proceeding medium O.C.T.™ compound and
frozen at -80 °C. Each portion was then cut into 5-um sections on a cryostat and attached to
glass slides. Finally, these samples were fixed with formaldehyde and incubated with DAPI
(4’,6-diamidino-2-phenylindole) for 15 min before the cover assembly. The presence of both
fluorescently loaded poly(anhydride) nanoparticles in the intestinal mucosa and the cell nuclei
dyed with DAPI were visualized in a fluorescence microscope (Axioimager M1, Zeiss,
Oberkochen, Germany) with a coupled camera (Axiocam ICc3, Zeiss, Oberkochen, Germany)
and fluorescent source (HBO 100, Zeiss, Oberkochen, Germany). The images were captured

with the software ZEN (Zeiss, Oberkochen, Germany).

2.14. Statistical analysis

The in vivo data were compared using a one way analisys of the variance (one-way
ANOVA) followed by a Tukey-Kramer multicomparison test, using the NCSS 11 statistical
software (Kaysville, US). The difference was considered as significant when p<0.05 or p<0.001.

3. Results

3.1. Characterization of Gantrez-thiamine conjugates (GT)

The infrared spectroscopy study of the conjugates (Figure 2) showed the formation of a
new binding at ~1,650 cm™ associated with the stretching of the new amide group v (C=0)
originated as a result of the amine group of the thiamine and the anhydride groups of Gantrez ©

AN 119.
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Figure 2. IR spectra of Gantrez® AN polymer (black line) and Gantrez® AN-thiamine conjugate
(red line). The arrow shows the new binding formed corresponding to the new amide group.

Regarding elemental analysis (Table 1), the binding of thiamine to the polymer
backbone slightly decreased the percentage of carbon, whereas the hydrogen content increased.

On the other hand, the titration of the hydrated polymer and conjugates confirmed a
reduction in the amount of free carboxylic groups by the binding of thiamine to Gantrez® AN
(Table 1). In fact, under the experimental conditions used here, about 13% of the carboxylic
acid groups from hydrated poly(anhydride) would be used for the covalent binding of thiamine.
In other words, the % of substitution means that 13 molecules of the maleic anhydride groups of
each 100 residues in Gantrez® AN had reacted with thiamine to generate amide group and
carboxylic acid.

By HPLC, the amount of thiamine associated to the poly(anhydride) backbone was
calculated to be 8.7 pug/mg. Finally, with this data, the MW of the conjugate (GT) was 96.33
kDa.

Table 1. Physico-chemical characterization of Gantrez® AN and its conjugate with thiamine
(GT). For titration and HPLC experiments, data expressed as mean + SD (n=3).

Thiamine
%Free- MW
Polymer C% H% 0% DS (%0) content
COOH (kDa
(ug/mg G)
G 53.49 518 41.33 100+ 0 0 95.50 -
GT 53.19 558 41.23 87x1 13 96.33 8.7 0.6
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3.2. Preparation of thiamine-coated nanoparticles

Thiamine coated nanoparticles were prepared following two different preparative
processes. The first method consisted in the preparation of Gantrez® AN nanoparticles (NP or
“naked” poly(anhydride) nanoparticles) followed by a thiamine coating procedure (T-NPA).
The second method consisted in the preparation of nanoparticles from a Gantrez® AN-thiamine
conjugate previously synthetized (T-NPB). Table 2 shows the main physico-chemical
properties of the resulting nanoparticles. In all cases, the different nanoparticle formulations
displayed a mean size of about 210-220 nm and a negative zeta potential. However, the negative
surface charge was slightly lower for nanoparticles obtained from the GT (T-NPB) than for
thiamine coated nanoparticles (T-NPA) and the “naked” nanoparticles (NP). Interestingly, both
preparative procedures yielded homogeneous batches of nanoparticles (PDI lower than 0.2) and
high vyields close to 97.5%. On the other hand, for T-NPA within these results, the estimated
value of thiamine density on the surface of T-NPA (dr) was 0.98 nm™ and the surface area
occupied by the thiamine molecule was 1,01 nm? The amount of thiamine associated to the
nanoparticles was 15 pg/mg. Finally, the amount of Lumogen® F Red 305 incorporated into the
nanoparticles was calculated to be similar for all the formulations tested and close to 0.7 ug/mg

(data not shown).

Table 2. Physico-chemical characterization of nanoparticles. Data expressed as mean + SD
(n=3).

Formulation Size (nm) PDI Zeta Potential (mV) Thiamine®*(ug/mg NP)
NP 213+4 0.031+0.012 -36.2 £ 3.0 -

T-NPA 215+3 0.128 £0.023 -38.5+3.2 15+6.0
T-NPB 227+5 0.092 + 0.020 -30.6 £5.4 ND

? thiamine content in nanoparticles’ surface.
NP: “naked” poly(anhydride) nanoparticles; T-NPA: poly(anhydride) nanoparticles coated with
thiamine; T-NPB: Gantrez® AN-thiamine conjugate nanoparticles.

Figure 3 shows the morphological analysis of the different nanoparticle formulations.
This analysis by SEM confirmed that all batches of nanoparticles consisted of homogeneous
populations of spherical particles. NP presented a smoother surface than thiamine-coated

nanoparticles and T-NPB. In addition, T-NPA appeared to be slightly rougher than T-NPB.
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Figure 3. Scanning electron microphotographs of “naked” poly(anhydride) nanoparticles (A),
T-NPA (B) and T-NPB (C).

3.3. In vitro evaluation of the mucus-penetrating properties of

nanoparticles

PGSE-NMR is a non-invasive technique that allows determination of the diffusive
character of mucin gel and changes in that dynamic property on addition of selected polymer
nanoparticles. The diffusion coefficient is measured from the decrease in intensity of the peaks
in the NMR spectrum, a rapidly decaying signal corresponds to high mobility quantified in
terms of a large diffusion coefficient (Figure 4).
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In complex systems such as those being examined here, it is quite common for the data
to show more than one diffusive rate. These may arise due to the presence of several
components that show peaks at the same chemical shift (so-called overlapping spectra) or that
particular component being present in different physical environments, e.g. gelled or non-gelled
materials. Under those circumstances, it is first useful to consider an average diffusion
coefficient, being the signal intensity-weighted value of the other discrete values, Table 3, when
the different nanoparticle formulations used in this study have been added to the mucin samples.

Analysing the ratio of the mean diffusion coefficients i.e. the mucin plus nanoparticles
value divided by the value from the mucin-only sample, shows that the mucin diffusion was
largely unchanged for the control particle (row ”NP”). On the contrary, the ratio of the weighted
mucin diffusion coefficients increased a factor of 5-fold when both thiamine decorated
nanoparticles were incubated with mucin, addition of the nanoparticles increased the dynamics
of the mucin.

Focusing on the detail within the analysis, the entire PGSE-NMR spectra for mucin
alone fitted best to two diffusive rates, (Figure 4A), with peaks occurring at similar chemical
shifts for both components i.e. the same material. The most straightforward interpretation would
be that the gelled fraction of the mucin (sometimes called “firm”) corresponds to the slower
diffusing component, (Dgow= 2.1 E-13 m%/s), representing 21% of the signal, whereas the faster
term, the greater component, is the non-gelled fraction (Ds.s=8.3E-12 m%/s; 79% of the signal).

Interestingly, when nanoparticles were added to the mucin sample, a third much slower
diffusive rate appeared (Figure 4B), respect to the other two components, indicating
modification of the structure of the mucin gel. This modification decreases the mobility of some
of the mucin but significantly increases the mobility of another portion. Notwithstanding the
emergence of this slow component, the diffusion of the bulk of the mucin increased (Table 3,
columns D2 and D3), with the principle component and the average value some 4-5 times

higher for thiamine decorated nanoparticles than for the naked poly(anhydride) nanoparticles.
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Figure 4. PGSE-NMR spectra of mucin alone (A3) obtained from the two components forming
the gel (A1-A2) and mucin in the presence of nanoparticles (B4) obtained from the three

components forming the gel (B1-B3). x axis: frequency; y axis: intensity and z axis: trace.
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Table 3. Diffusion coefficients of the mucin in the presence of nanoparticles. The experiments

were carried out with intestinal mucin.

component in brackets.

Intensities of the diffusion coefficients of each

D1 D2 D3 Dueighted R
Formulation
(10" m?shy (10" m?sh  (/10"m?st)  (/10Mm?sT)
Mucin - 0.021 (21%) _ 0.830 (79%) 0.66 1.0
NP 0.002 (21%)  0.051 (16%)  1.200 (63%) 0.79 1.2
T-NPA 0.002 (11%)  0.249 (18%)  4.591 (71%) 3.29 5.0
T-NPB 0.004 (14%)  0.391 (22%)  4.780 (64%) 3.12 4.7

D1-D3: diffusion coefficients of the components forming the mucin. D: diffusion coefficient; R:
ratio between the diffusion coefficients obtained for the nanoparticle formulation and mucin.

3.4. Biodistribution studies with *"Tc radiolabelled nanoparticles

Figure 5 shows the comparison of the biodistribution of nanoparticles (after
radiolabelling with *™Tc) when administered by the oral route to laboratory animals. In all
cases, 2 h post-administration, nanoparticles were visualized in the stomach and the small
intestine of animals. However, the intensity of the radioactivity in the stomach of animals was
higher for NP than for T-NPA and T-NPB. On the contrary, nanoparticles containing thiamine
appeared to move faster than NP because the radioactivity was more intense in the small
intestine than in the stomach of animals. It is noteworthy that no activity was observed in the

liver or the lungs of the animals.
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Intestine

Figure 5. Volume rendered fused SPECT-CT images from representative animals 2 h after
administration of *™Tc-labelled NP by oral gavage. NP: “naked” nanoparticles; T-NPA:
thiamine-coated poly(anhydride) nanoparticles; T-NPB: Gantrez® AN-thiamine nanoparticles.

3.5. Evaluation of the mucus-penetrating properties of nanoparticles

Figure 6 shows the evaluation of the interaction of nanoparticles with the surface of the
stomach mucosa and the small intestine expressed as the adhered fraction of the given dose. In
all cases the animals received a dose of 25 mg of nanoparticles dispersed in 1 mL water. Two
hours post-administration (Figure 6A), significant differences were found between control
nanoparticles (NP), which displayed a significantly higher capability to interact with the
stomach mucosa than nanoparticles containing thiamine (p<0.05). Actually, the fraction of the
given dose in close contact with the stomach mucosa was almost 3-fold higher than T-NPA and
almost 14-fold higher than for T-NPB.

Regarding the small intestine, the capability of NP to interact with the mucosa was
significantly lower than for nanoparticles containing thiamine. In fact, both T-NPA and T-NPB
presented a strong capability to remain close contact with the surface of the small intestine
(mainly in the 12 segment corresponding with the distal jejunum and proximal ileum). Thus, for
both types of nanoparticles, more than 30% of the given dose was found in close contact with
the surface of the mucosa, compared with a 13.5% in the case of NP.

Four hours post-administration (Figure 6B), the remained fraction of NP in close
contact with the gut mucosa was very low. Only a small amount was quantified in the distal

region of the ileum and caecum. On the contrary, for T-NPA and T-NPB, about 35% of the
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given dose was mainly localized in the ileum of animals (segments 12 and 13). Overall, no
significant differences in the distribution of T-NPA and T-NPB were observed. However, if
any, T-NPB appeared to move faster than T-NPA.

Figure 7 shows fluorescence microscopy images of ileum samples from the animals
treated with Lumogen® F Red-labelled nanoparticles. NP displayed a localization mainly
restricted to the mucus layer protecting the epithelium both in the stomach and in the ileum
(Figures 7A and 7B). On the contrary, for nanoparticles containing thiamine it was evident that
these carriers were capable of reaching the epithelium and interact broadly with the intestinal
cells (Figures 7C-7F).
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Figure 6. Percentage of the given dose in close contact with the mucosa of the different parts of
the gastrointestinal tract. (A) 2 h and (B) 4 h post-administration. NP: “naked” nanoparticles; T-
NPA: thiamine-coated poly(anhydride) nanoparticles; T-NPB: Gantrez® AN-thiamine
nanoparticles (n=3). STO: stomach ; 11, 12, 13: small intestine portions; CE : caecum.
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Figure 7. Fluorescence microscopic visualisation of nanoparticles containing thiamine (T-NPA
and T-NPB) and control ones (NP) in a longitudinal section of the ileum of rats 2 h post
administration. A: NP in the stomach mucosa; B: NP in the ileum mucosa; C and D: T-NPA in
the ileum mucosa; E and F: T-NPB in the ileum mucosa.

4. Discussion

In this work, the effect of the preparative process of thiamine-coated nanoparticles on
their distribution within the gut (after oral administration) was evaluated. For this purpose, two
different procedures for the preparation of these nanocarriers were compared.

In the former, a conventional procedure with two consecutive steps was employed [17].
In this approach, the copolymer of methyl vinyl ether and maleic anhydride (Gantrez® AN) was

initially transformed into poly(anhydride) nanoparticles and, subsequently, functionalized with
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thiamine before purification and drying. With this approach, the resulting thiamine-coated
nanoparticles (T-NPA) displayed a mean size of about 215 nm and a negative zeta potential of —
38 mV (Table 2). These physico-chemical characteristics were quite similar to that observed for
bare nanoparticles (NP); although T-NPA, when observed by SEM (Figure 2), displayed a
rougher surface than NP. In addition, the amount of thiamine associated with T-NPA
nanoparticles was about 15 pg/mg with a surface density (d1) of about 0.98 molecules per nm?.
In spite of its simplicity, this typical approach may be not the most adequate when biologically
active compounds of hydrophilic nature (e.g., therapeutic peptides and proteins) have to be
encapsulated into these nanoparticles. In fact, during the functionalization process, a significant
fraction of the encapsulated compound may be lost due to a premature release in the medium in
which the binding takes place [24-26]. This migration of the loaded compound (from the
nanoparticle matrix through the external medium) may also affect the surface properties of the
resulting nanoparticles and, thus, their behaviour in vivo.

In the latter, the first step was to build a conjugate (between Gantrez® AN and thiamine)
to be used as material for the preparation of the functionalized nanoparticles. This strategy is
more time-demanding due to the necessary synthesis of the precursor. However, the subsequent
preparation step to form the nanoparticles is simpler and shorter, minimizing the negative
effects on the payload.

In our case, the synthesized conjugate between Gantrez® AN and vitamin B1 contained
about 9 pg thiamine per mg, with a substitution degree of 13%. From this polymer conjugate,
the resulting nanoparticles (T-NPB) displayed comparable sizes (227 vs. 215 nm, Table 2) and
a slightly lower negative zeta potential (-30 vs. -38 mV, Table 2) than T-NPA. By SEM, T-NPB
presented a similarly rough surface as did T-NPA (Figure 2). However, the main concern by
using the Gantrez® AN-thiamine conjugate was the impossibility of precisely determined the
number of thiamine molecules on the surface of the resulting nanoparticles (T-NPB). For other
types of hydrophilic conjugates, such as copolymers between polyesters and poly(ethylene
glycol) (e.g. PLGA-PEG), it has been confirmed that during the formation of nanoparticles the
polyester chains form the core, while PEG chains are oriented to the water phase [27,28]. In our
case, it is plausible to imagine that the hydrophilic residues of thiamine would be mainly
exposed on the surface of nanoparticles. In order to confirm this hypothesis, the mucus
penetrating properties of nanoparticles as well as their fate in vivo was studied.

When T-NPA or T-NPB were orally administered to rats, they distributed along the
gastrointestinal tract (Figure 4) with a lower tendency to concentrate in the stomach of animals
than bare nanoparticles. This observation was corroborated by the measurement of the
fluorescence marker associated with the nanoparticles in different gut sections (Figure 5). Thus,

2 h post-administration, about 15% of the given dose of NP was quantified in contact with the
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stomach mucosa. This value represented at least 3-times greater dose than for T-NPA or T-
NPB. On the contrary, the amounts of T-NPA or T-NPB adhered to the small intestine mucosa
(mainly in the distal jejunum and proximal ileum, 12 segment in Figure 5A) were significantly
higher than for NP (p<0.001). Four hours post-administration, the amount of bare nanoparticles
adhered to the gut mucosa was very low, whereas, for T-NPA and T-NPB, the fraction of the
given dose in close contact with the small intestine mucosa remained higher than 30%. These
observations are in line with our previous results in which the coating of poly(anhydride)
nanoparticles with thiamine (T-NPA) increased 3-fold the capability of these nanocarriers to
develop adhesive interactions within the gut and, at the same time, decreased their elimination
rate from the mucosa [17]. In addition, it was clear, when analysed microscopically, that bare
nanoparticles displayed a different behaviour than thiamine-nanoparticles (T-NPA and T-NPB)
(Figure 6). Thus, within the gut mucosa, NP were localized in the protective mucus layer
confirming their mucoadhesive capability [29]. On the contrary, thiamine nanoparticles
appeared to be capable of reaching the intestinal epithelium, confirming their mucus-penetraing
properties. These results agree well with those obtained from the in vitro evaluation of the
diffusion of the intestinal mucin by PGSE-NMR (Figure 3, Table 3). Interestingly, the
diffusion coefficient of intestinal mucin was not affected when bare nanoparticles were added.
However, when incubated with T-NPA or T-NPB, there was a significant increase in the
diffusion coefficient of the mucin (about 5-fold). These differences can only be attributed to the
presence of thiamine on the surface of nanoparticles that would transform their surface
conferring slippery properties and facilitating their permeability through a mucus gel layer. It is
also worth noting that the mucin alone, and due to its heterogeneous composition, fitted well to
two diffusion coefficients, as described previously [9] (Ds.s=8.3E-12 m%/s, 21% of the signal;
Dyow= 2.1 E-13 m?/s, 79% f the signal).

On the other hand, when nanoparticles were added to the mucin samples the spectra
fitted best to 3 diffusion coefficients indicating that poly(anhydride) nanoparticles possess a
hydrophobic surface and one could imagine a strong interaction with the hydrophobic portions
of the mucin molecule, which would lead to a mucoadhesive property and presumably a
viscosification of the sample as the particles act as nodes for the enhancement of the mucin gel
cross-linking. However, the polymer backbone forming the thiamine decorated nanoparticles
has a highly dense coat of the low MW and highly hydrophilic compound, thiamine, which one

assumes will prevent an interaction with the mucin network.
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5. Conclusion

In summary, the mucoadhesive poly(anhydride) nanoparticles were transformed into
mucus-penetrating ones by their coating with vitamin B1l. These thiamine-nanoparticles
displayed a high ability to diffuse and cross through the protective mucus layer in order to reach
the intestinal epithelium. In consequence, thiamine-decorated nanoparticles may be prepared by
two different procedures. Both approaches yield nanocarriers with similar physico-chemical and
biodistribution properties. This result increases the versatility of such nanocarriers as oral

delivery systems for a number of biologically active compounds.
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The effect of insulin loading in the in vitro mucus-penetrating

properties of thiamine decorated nanoparticles

Abstract

The mucus-penetrating properties of insulin-loaded thiamine-decorated nanoparticles
have been evaluated in vitro. In a previous chapter it was demonstrated that thiamine-decorated
nanoparticles based on the Gantrez® AN-thiamine (GT) conjugate displayed an important
capability to penetrate through the mucus protective layer. In this chapter the idea was to
evaluate the influence of the cargo (insulin) in this capability. The resulting nanoparticles
displayed comparable sizes (~200 nm) and slightly negative surface charges. The amount of
insulin encapsulated was optimized and ranged from 55 pg/mg to 108 pg/mg of nanoparticle,
depending on the insulin/GT ratio used in the preparative process. In vitro evaluation of
nanoparticles in intestinal pig mucin by Pulsed-Gradient Spin-Echo nuclear magnetic resonance
(PGSE-NMR) assays. These studies revealed a significant decrease in the mucin mobility and in
the mucus-penetrating properties of insulin-loaded nanoparticles. In addition, in vitro release
studies revealed that insulin was not released from nanoparticles. This fact may be related to the
formation of bonds between the protein and the polymer conjugate. In order to solve this
drawback, human serum albumin (HSA) was co-encapsulated with insulin in GT-nanoparticles.
The resulting nanocarriers displayed similar physico-chemical properties to those prepared in
the absence of albumin. However, the effect was discrete and only a 6% of the insulin content of

nanoparticles was released.
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1. Introduction

The vast majority of currently marketed therapeutic proteins are delivered by injection
on account of stability issues and low permeability through the mucosal surfaces. For this
purpose, conventional delivery of therapeutic proteins employs sterile needles and syringes
(e.g., via intramuscular, subcutaneous or intradermal). The World Health Organization (WHO)
estimates that 12 billion injections are administered worldwide annually, of which 600 million
are vaccines and 11.4 billion for other treatments [1,2]. However, this way of administration is
associated to some side effects derived from inadequate practices and accidents during
manipulation including the risk of transmission of blood-borne diseases [3]. In fact, worldwide
unsafe medical injections have led to 15 million hepatitis B virus (HBV) infections, 1 million
hepattis C virus (HCV) infections, 340,000 human immunodeficiency virus (HIV) infections, 3
million bacterial infections and 850,000 injection site abscesses [4].

Another important factor associated to the parenteral delivery of biomacromolecules is
compliance, especially among patients with chronic diseases that need daily medication to
control their disease. Thus, it has been calculated that diabetic patients may take more than
60,000 injections during their life time [5]. Although new technologies for the parenteral
delivery of insulin (e.g., injection ports, jet injectors or implantable pumps) provide new
alternatives to daily injections, there have been several disadvantages, including skin irritation,
erythema, abscess formation, scarring and site infections [6,7].

Oral route through gastrointestinal tract (GIT) is an ideal choice for administration of
most drugs for its simplicity and convenience. For diabetes patients, this delivery route is very
attractive because it can avoid invasive administration of insulin as well as peripheral
hyperinsulinemia, which is associated with neuropathy and retinopathy [8-10]. However, oral
delivery of insulin has important limitations, including a very low bioavailability due to insulin
degradation in the GIT by the harsh pH conditions and the effect of proteolytic enzymes as well
as by a poor permeability through the intestinal epithelium [11,12]. In order to solve this
important hurdle, different approaches have been proposed including the use of permeation
enhancers or the employment of specialized particulate formulation vehicles with mucoadhesive
Or mucus-penetrating properties.

In general, permeation enhancers improve the absorption of peptides and proteins by
disrupting (and reversible opening) of tight junctions between the cells of the mucosal
epithelium and/or by modifying the protective properties of the mucus gel layer [13]. Thus, it is
well known that surfactants may disrupt the intestinal membrane, leading to increased
permeability of proteins and peptides crossing the cell epithelium through the transcellular
pathway [14]. A similar mechanism has been described for chelating agents [15], chitosan and

its derivatives [16] or thiolated polymers [17]. On the other hand, bile salts may increase the
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permeability of biomacromolecules through the decrease in mucus viscosity and peptidase
activity [18].

One of the most common approaches employed for the oral delivery of insulin has been
the use of mucoadhesive devices. In this case, the idea is to design a pharmaceutical device
capable of adhering to the mucus gel layer and facilitate the establishment of a concentration
gradient between the dosage form and the surface of the gut epithelium. For this purpose,
microparticles based on dextran and chitosan [19] or whey proteins and alginate [20] have been
proposed. Other mucoadhesive forms that have shown interesting results include liposomes
[21], chitosan derivatives-based nanoparticles [22,23] or blends of poly(epsilon-caprolactone)
and Eudragit® RS [24].

More recently, in order to overcome the mucus barrier, biodegradable mucus-
penetrating nanoparticles have been proposed [25-28]. Overall, the idea is to enhance the
diffusion of the nanocarriers into deeper mucus regions and facilitate their arrival to the surface
of cells constituting the gut epithelium (i.e., enterocytes). Once on the epithelium, nanoparticles
should release their cargo in a controlled way. In this context, we have developed thiamine-
decorated nanoparticles based on the copolymer of methyl vinyl ether and maleic anhydride
displaying interesting mucus-penetrating properties in vitro and in vivo [29, Chapter 4].

Thus, the aim of this work was the optimization of the preparative process of insulin-
loaded thiamine-decorated nanoparticles and the evaluation of the influence of the payload on

their diffusion properties in a pig mucin gel.

2. Materials and Methods

2.1. Chemicals

The copolymer of methyl vinyl ether and maleic anhydride or poly(anhydride)
(Gantrez® AN 119) was supplied by Ashland Inc. (Barcelona, Spain). Thiamine hydrochloride,
recombinant human insulin 10 mg/mL, lactose, sodium cloride and calcium chloride were
purchased from Sigma-Aldrich (Madrid, Spain). Di-sodium hydrogen phosphate anhydrous,
hydrochloric acid 37%, sodiumhydroxide, ethanol and acetonitrile were provided by Panreac
(Barcelona, Spain). Intestinal mucin was obtained from Jeff Pearson (Newcastle University,
Institute for Cell and Biomedical Sciences, Newcastle Upon Tyne, United Kingdom). Acetone
was from (VWR-Prolabo, Linars del Valles, Spain) and sodium hydroxide and isopropanol from
Merck (Madrid, Spain). Deionized reagent water was prepared by a water purification system
(Wasserlab, Pamplona, Spain). Nitrogen gas (ultrapure, > 99) was produced using an Alltech

nitrogen generator (Ingenieria Analitica, Barcelona, Spain).
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2.2.  Preparation of Gantrez® AN-thiamine conjugate (GT)

The conjugate was obtained by a method previously described previously [Chapter 4].
Briefly, 5 g Gantrez® AN were dissolved in 200 mL acetone. Then, 125 mg thiamine were
added and the mixture was heated at 50 °C, under magnetic agitation at 400 rpm, for 3 h. Then,
the mixture was filtered through a pleated filter paper and the organic solvent was eliminated
under reduced pressure in a Bichi R-144 apparatus (BUCHI Labortechnik AG, Flawil,
Switzerland) until the conjugate was totally dryed. Finally, the resulting powder was stored.

2.3. Preparation of insulin loaded thiamine decorated nanoparticles (I-T-

NP)

Thiamine-coated nanoparticles were prepared from two different experimental
procedures.

The first one consisted in the preparation of nanoparticles using the GT previously
synthesized. The procedure was based on a controlled desolvation of the conjugate (dissolved in
acetone) with water and subsequent stabilization with calcium. For this purpose, 200 mg GT
were dissolved in 10 mL acetone and nanoparticles were obtained by the addition of 20 mL
purified water containing 0.8 mg calcium chloride. Different amounts of insulin were added in
the aqueous solution of calcium chloride (10 mg, 15 mg and 20 mg). Acetone was eliminated
under reduced pressure in a BUCHI R-144 apparatus (BUCHI Labortechnik AG, Flawil,
Switzerland) and purified by centrifugation at 5,000 x g for 20 min (SIGMA, Osterode am
Harz, Germany) using dialysis tubes Vivaspin® 300,000 MWCO (Sartorius AG, Madrid, Spain).
Finally, 400 mg lactose dissolved in 20 mL deionized water were added to the pellet and
vortexed for 5 min. The resulting suspension of nanoparticles was dried in a Biichi Mini Spray
Drier B-290 apparatus (BUCHI Labortechnik AG, Flawil, Switzerland) under the following
experimental conditions: inlet temperature of 90 °C, outlet temperature of 60 °C, spray-flow of
600 L/h, and aspirator at 100 % of the maximum capacity. These nanoparticles were named I-T-
NP. Control nanoparticles prepared in the same way but in the absence of insulin were
identified as T-NP.

The second procedure was performed using human serum albumin (HSA) in the
formulation. For this purpose, 200 mg GT were dissolved in 10 mL acetone and incubated with
either 0.2 mg or 2 mg HSA. Nanoparticles were obtained by the addition of 20 mL purified
water containing 0.8 mg calcium chloride and 15 mg insulin. Acetone was eliminated under
reduced pressure in a BUCHI R-144 apparatus (BUCHI Labortechnik AG, Flawil, Switzerland)
and purified by centrifugation at 5,000 x g for 20 min (SIGMA, Osterode am Harz, Germany)
using dialysis tubes Vivaspin® 300,000 MWCO (Sartorius AG, Madrid, Spain). Finally, 20 mL
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of an aqueous solution of lactose (400 mg) were added to the pellet and vortexed for 5 min. The
resulting suspension of nanoparticles was dried in a Bichi Mini Spray Drier B-290 apparatus
(BUCHI Labortechnik AG, Flawil, Switzerland) under the same conditions described above.

These nanoparticles were named I-T-NP-H.

2.4. Physico-chemical characterization of nanoparticles
24.1. Size, zeta potential and surface morphology analysis
The mean size and the zeta potential of freeze-dried nanoparticles were determined by
photon correlation spectroscopy (PCS) and electrophoretic laser Doppler anemometry,
respectively, using a Zetaplus apparatus (Brookhaven Instruments Corporation, Holtsville,
USA). In all cases, the size was measured after dispersion of nanoparticles in water whereas the

zeta potential was quantified in KCI 0.1 M.

2.4.2. Yield of nanoparticles formation

GT was quantified in the filtrates obtained during the purification step of empty
nanoparticles by a chromatographic method previously described [30]. The apparatus used for
the analysis was a HPLC Agilent model 1100 series LC (Waldbronn, Germany) coupled with an
evaporative light scattering detector, ELSD 2000 (Alltech, Illinois, USA). A nitrogen generator
(Alltech) was used as the source of the nitrogen gas. Data acquisition and analysis were
performed with a Hewlett-Packard computer using the ChemStation G2171 AA program. The
analysis was carried out at 50 °C on a reversed-phase Zorbax Eclipse XDB-Phenyl column (2.1
mm x 150 mm; particle size 5 um) obtained from Agilent Technologies (Waldbronn, Germany).
This column was protected by a 0.45 um filter (Teknokroma, Spain). ELSD conditions were set
at 115 °C, the nitrogen flow was maintained at 3.2 L/min and the gain was set to 1. The mobile
phase composition was a mixture of acetonitrile and water in a gradient elution at a flow-rate of
0.25 mL/min. Standard curves were designed over the range of 50-1000 pg/mL (R*>0.999) by
dilution of a GT stock solution with appropriate volumes of acetonitrile.

For analysis, 1 mL samples from the filtrates of the purification steps were transferred
to auto-sampler vials, capped and placed in the HPLC auto-sampler. Then, 5 pL aliquot was
injected onto the HPLC column. Finally, the amount of GT forming the nanoparticles was
calculated as the difference between the initial amount of GT used for the preparation of

nanoparticles and the amount of GT recovered in the filtrates by HPLC.
2.4.3. Insulin quantification

Insulin was quantified in the filtrates obtained during the purification step of

nanoparticles by a chromatographic method. For this purpose insulin was determined in an
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Agilent model 1100 series LC and a diode-array detector set at 220 nm (Las Rozas, Spain). The
chromatographic system was equipped with a TSKgel4000 (7.8 mm x 30 cm) TosoHaas column
(Tosoh Bioscience GmbH, Griesheim, Germany). The mobile phase was a 0.3 M NaCl solution
in 0.05 M phosphate buffer. The flow-rate was 0.8 mL/min. The column was placed at 27 °C
and the injection volume was 40 pL. Standard curves were designed over the range of 2-100
Hg/mL (R*>0.999) from a human insulin solution and were prepared in supernatant of non-
loaded nanoparticles. The quantification limit was 2 pg/mL.

For analysis, samples of 1 mL from the filtrates of the purification steps were
transferred to auto-sampler vials, capped and placed in the HPLC auto-sampler. Then, 40 pL
aliquot was injected onto the HPLC column. Finally, the amount of insulin associated to the
nanoparticles was calculated as the difference between the initial amount of insulin added and
the amount of insulin recovered in the filtrates by HPLC.

2.5.  Mucin purification from porcine mucus

Pig small intestines were obtained from a local abattoir immediately after slaughter and
transported on ice to the laboratory. Sections of the intestines that did not visibly contain chyme
were cut into 15 cm lengths and mucus was removed. To remove the mucus gentle pressure was
applied to one end of the length with the fingers and continuously applied unidirectionally to the
opposite end. Mucus gel was added to a cocktail of enzyme inhibitors in phosphate buffer, pH
6.8 [31]. The mucin was purified following the protocol described by Taylor et al. [31], with the
addition of a second caesium chloride gradient to further remove cellular debris from the

glycoprotein component of mucus. All freeze dried samples were stored at -20 °C until used.

2.6. Pulsed-Gradient Spin-Echo NMR assessment of mucin mobility

In order to evaluate the slippery capacities of nanoparticles, the diffusion of intestinal
pig mucin in presence of these nanocarriers was evaluated by pulsed-gradient spin-echo NMR
(PGSE-NMR). Measurements were performed on a Bruker DMX400 NMR spectrometer
operating at 400 MHz (*H) using a stimulated echo sequence [32]. All the experiments were run
at 37 °C using the standard heating/cooling system of the spectrometer to an accuracy of +0.3
°C.

Generally, the proton NMR spectrum - a series of peaks located at characteristic values,
the so-called chemical shifts measured in ppm - is recorded from the solution with increasing
intensity of the pulsed-gradients. The self-diffusion coefficient, D, is deduced by fitting the
attenuation (decay) of the integral for a chosen peak to equation 4 as a function of the

characteristics of the gradient pulses,
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A (6, G, A) = Apexp [ kD] [Equation 1]

where A is the signal intensity and k = y*G°8” (A — 8/3 ), given y is the magnetogyric ration, A
the diffusion time, § the gradient pulse length, and G is the gradient field strength. The gradient
pulses are ramped to their desired value over a ramp time, o, and typically 250 ps.

For complex spectra such as those encountered here where the observed peaks may
arise from different components within the system, or there may be a range of diffusing rates,
the diffusion data are better analyzed by fitting to this equation 4 the entire spectrum using
“CORE”, a program devised to resolve the various components present in such data [33]. CORE
evaluates the experimental data in two levels, yielding not only estimates of the diffusion
coefficients for each component in the sample but also their relative intensities enabling a more
insightful analysis of complex datasets.

For the mucin diffusion coefficient measurement, the nanoparticles were dispersed in
deuterated water (0.5% wi/v) as described before [28]. Then, the nanoparticles suspensions were
added into an intestinal mucin solution (5% wi/v) also in deuterated water and left to equilibrate
for 24 h. Finally, 0.6 mL was transferred to 5 mm o.d. Wilmad NMR tubes (Sigma—Aldrich,
Haverhill, UK).

2.7.  Invitro release studies

The release studies were performed in simulated gastric (SGF) and intestinal fluids
(SIF). For these purpose Float-A-Lyzer® devices with a MWCO of 300 kDa (Spectrum Labs,
Breda, The Nederlands) were used. First, the dialysis bags were washed with ethanol 10% for
10 min and, then, with water. The bags were filled with nanoparticles containing 10 mg insulin
dispersed in 5 mL water and placed into a vessel containing 45 mL of SGF. The vessel was
maintained under magnetic agitation and 500 pL samples were withdrawn at fixed time
intervals and replaced with equal volumes of SGF. After two hours of incubation in this gastric
fluid, the bags were transferred to a second vessel with 45 mL SIF. Again, at fixed times, 500
pL were withdrawn and replaced with free SIF. Insulin was quantified by the HPLC method
described above. Calibration curves in the simulated mediums (2-100 pg/mL; R?>0.999 in both

cases) were generated.
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3. Results
3.1. Preparation of insulin-loaded thiamine decorated nanoparticles (I-T-
NP)

The preparative process of insulin-loaded nanoparticles was optimized in terms of
insulin loading. Nanoparticles were prepared from the conjugate between Gantrez® AN and
thiamine by a controlled desolvation method. Insulin-loaded nanoparticles displayed
homogeneous sizes distributions of around 195-225 nm and negative surface charges. The
surface charge of empty nanoparticles was slightly more negative than for nanoparticles
containing insulin (Figure 1). The formation yield calculated for empty nanoparticles, used for
the calculations of the loading capacity and encapsulation efficiency, was estimated to be 92% +
2.

Independently of the amount of insulin used in the preparation of the nanoparticles, and
under the experimental conditions tested, the encapsulation efficiency was in all cases close to
100%. At the maximum insulin/GT ratio tested (0.1), the loading capacity reached a maximum
of 108 pg insulin per mg nanoparticles. Higher insulin/GT ratios increased the formulation
polydispersity index (data not shown).

Co-encapsulation of HSA with insulin, as second approach, was developed for the
preparation of insulin-loaded nanoparticles. The insulin/GT ratio tested was 0.075. Two
different proportions of HSA/GT were used for the preparation of these nanoparticles (0.1% and
1%). Table 1 summarizes the main physico-chemical properties of the formulations. Both types
of nanoparticles displayed higher sizes than nanoparticles containing only insulin. Actually,
nanoparticles containing 0.1% of HSA showed a size of 230 and when 1% of HSA was used the
size was 250 nm and the polydispersity indexes were high in comparison with nanoparticles
prepared in the absence of HSA which showed a size of 201 nm.

The negative surface charges were slightly less negative, -35 mV, than for nanoparticles
prepared with insulin alone that displayed a surface charge of -39 mV. The payload of the
resulting nanocarriers was in all cases similar and close to 80 pg insulin per mg nanoparticles
that represented an EE of about 100%.
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Table 1. Physico-chemical properties of insulin-loaded nanoparticles co-encapsulating HSA.
Experimental conditions: insulin/GT ratio 0.075 in all cases. Data expressed as mean + SD

(n=3).
) . Zeta Potential Insulin loaded
Formulation Size (nm) PDI
(mV) (Hg/mg NP)
I-T-NP 201+9 0.223 £ 0.010 -39+0.5 815+4.4
I-T-NP-H 0.1% 230+ 1 0.285 £ 0.076 -36£1.0 82.0+£0.9
I-T-NP-H 1% 250 £ 2 0.310 + 0.008 -35+£0.5 835+1.1
250 A -m-Size ~-30
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225 [] | a0
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Figure 1. Influence of the insulin/GT ratio (expressed in percentage) on the physico-chemical
properties of the resulting nanoparticles: (A) size and zeta potential; (B) insulin loading and
encapsulation efficiency (EE). Data are expressed as mean + SD (n=3).
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3.2. Pulsed-Gradient Spin-Echo NMR assessment of mucin mobility

PGSE-NMR is a non-invasive technique that allows determination of the diffusive
character of mucin gel and changes in that dynamic property on addition of selected polymer
nanoparticles. The diffusion coefficient is measured from the decrease in intensity of the peaks
in the NMR spectra; a rapidly decaying signal corresponds to high mobility quantified in terms
of a large diffusion coefficient (Figure 2).

In complex systems such as those being examined here, it is quite common for the data
to show more than one diffusive rate. These may arise due to the presence of several
components that each shows peaks at the same chemical shift (so-called overlapping spectra) or
that particular component being present in different physical environments, e.g. gelled or non-
gelled materials. Under those circumstances, it is first useful to consider an average diffusion
coefficient, being the signal intensity-weighted value of the other discrete values, Table 2, when
the different nanoparticle formulations used in this study have been added to the mucin samples.

Analysing the ratio of the mean diffusion coefficients i.e. the mucin plus NP value
divided by the value from the mucin-only sample, shows that the mucin diffusion was largely
changed for the unloaded nanoparticles (T-NP). On the contrary, the ratio of the weighted mucin
diffusion coefficients decreased a factor of 3-fold, regarding unloaded nanoparticles, when
insulin-loaded nanoparticles were incubated with mucin, addition of these insulin-loaded

nanoparticles decreased the dynamics of the mucin (Figure 2).

Table 2. Diffusion coefficients of the mucin in the presence of nanoparticles. The experiments
were carried out with intestinal mucin.

FORMULATION

Dweighted (/1011 m2 S_l) R

(1/GT)
Mucin 0.66 1
T-NP 3.12 472
I-T-NP (0.050) 0.74 1.11
I-T-NP (0.075) 0.98 1.48
I-T-NP (0.100) 1.16 1.76

D: diffusion coefficient; R: Ratio between the diffusion
coefficients obtained for the nanoparticle formulation and
mucin.
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Figure 2. PGSE-NMR spectra of mucin in the presence of T-NP (A), mucin in the presence of
I-T-NP (0.050) (B), mucin in the presence of I-T-NP (0.075) (C) and mucin in the presence of I-
T-NP (0.100) (D). x axis: frequency; y axis: intensity and z axis: trace.

3.3.  Invitro release studies

Figure 3 shows the in vitro release profiles of insulin-loaded nanoparticles prepared
either in presence or absence of HSA at an insulin/GT ratio of 0.075. For insulin-loaded
nanoparticles prepared in the absence of human serum albumin, no release of the protein was
observed in any of the media employed (SGF and SIF).

For nanoparticles prepared with HSA, about 5.5% of the insulin content was released
after 2 h of incubation in SGF. Nevertheless, when these nanoparticles (I-T-NP-H) were

incubated in SIF, no more release of the protein was observed during the following 22 h.
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Figure 3. In vitro release profiles of insulin loaded nanoparticles. I-T-NP: insulin loaded
thiamine decorated nanoparticles (white aquare) and I-T-NP-H 1%: insulin loaded thiamine
decorated nanoparticles containing 1% of HSA (black circle).

4. Discussion

In this work, a polymeric conjugate prepared from the covalent binding of thiamine to a
poly(anhydride) backbone has been used to produce polymer nanoparticles for the oral delivery
of insulin. In a previous study we demonstrated that these thiamine-Gantrez® AN nanoparticles
presented mucus-penetrating properties when evaluated in vitro with pig intestinal mucus and in
vivo after their oral administration to rats [30]. For the optimization of the preparative process of
insulin-loaded nanoparticles two main parameters were evaluated: the insulin loading in terms
of insulin/GT ratio and the quantity of HSA employed in the preparation of nanoparticles by a
second procedure.

Under the selected experimental conditions, the nanoparticles presented homogeneous

sizes distributions with a mean size of about 220 nm and negative surface charge. Interestingly,
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the insulin payload was calculated to be about 11% with an encapsulation efficiency close to
100%.

When these nanoparticles were evaluated in vitro, the permeability test revealed a
significant decrease in the mucin mobility and, hence, in the mucus-penetrating properties of
nanoparticles containing insulin (Figure 2, Table 2). In fact, the diffusion coefficient of pig
intestinal mucin when incubated with insulin-loaded nanoparticles was calculated to be around
3-fold lower than for unloaded nanoparticles. Moreover, these diffusion coefficients were
similar to that observed for mucoadhesive Gantrez® AN nanoparticles (NP).

These results are clear evidence that the entrapment of insulin in Gantrez® AN-thiamine
nanoparticles modified their surface, annihilating their mucus-penetrating properties. It is well
known that the localization of the biologically active compound in a nanodevice may be
influenced by the nature of the encapsulant material [34], the drug/polymer ratio [35] and the
process employed to prepare these nanoparticles [36,37]. In our case, the localization of insulin
in the outer areas of the nanoparticle structure would be mainly due to the preparative process of
nanoparticles, in which the protein is incorporated at the same moment that the desolvating
medium (water) containing the cross-linking agent (calcium). In addition, the hydrophilic
character of the protein would difficult its migration and inclusion in the hydrophobic core of
the nanoparticles.

In addition, from the in vitro release studies (Figure 3), it was clear that insulin was not
released from nanoparticles in any of the evaluated media (SGF and SIF). This observation
would be related to the establishment of bonds between the protein and the functional groups of
Gantrez® AN. In fact, in an aqueous environment and in the presence of calcium, the remaining
anhydride groups (after the binding of thiamine to the polymer backbone) would be transformed
into carboxylic acid residues [38]. Some of them would be used by calcium to act as a cross-
linker and stabilize the resulting nanoparticles. However, some of these carboxylic acids would
also be capable of interact by ionic bindings and/or hydrogen bonds with functional groups of
the protein, generating stable “complexes”. This possibility would be in line with previous
observations from Cui and collaborators [40], who reported the interaction between insulin and
carboxylated chitosan grafted poly(methyl methacrylate) nanoparticles via electrostatic
interactions, hydrogen bonding and Van der Waals forces [30]. Similar interactions between
insulin and polymer matrix have also been described with PLGA-based devices [40,41].

In order to solve this problem and minimize the “irreversible” interaction between
insulin and the polymer backbone, nanoparticles were prepared in the presence of human serum
albumin. In fact, albumins have been proposed as stabilizers in the preparation of nano- and
microparticles to protect the loaded protein from premature degradation [42,43] or to reduce the

self-aggregation of the therapeutic protein [44,45]. In this case, the incorporation of albumin
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would also interact with the functional groups of Gantrez® AN and, hence, decrease the
interaction of insulin with the polymer. For this purpose, the conjugate between Gantrez® AN
and thiamine was first incubated with albumin prior the formation of the insulin-loaded
nanoparticles. The resulting nanocarriers displayed physico-chemical properties quite similar to
those prepared in the absence of HSA. Again the zeta potential was negative and the insulin
payload was high, with an encapsulation efficiency of about 100% (Table 1). From in vitro
release studies, the incorporation of albumin as “blocker agent” of the functional groups of
Gantrez® AN only induced a modest improvement. Thus, for these nanoparticles, about 6% of
the insulin content of nanoparticles was released when incubated in SGF. However, no release

of the protein from these nanoparticles was observed when incubated in SIF for 22 h.

5. Conclusion

In summary, insulin-loaded nanoparticles prepared from Gantrez® AN-thiamine
conjugate displayed a high loading capacity. However, the resulting nanoparticles did show
neither mucus-penetrating properties nor adequate release profiles for an oral administration.
These facts may be explained by the presence of protein molecules on the outer layer of the
resulting nanoparticles and the development of “strong” interactions with the polymer,
respectively. The co-encapsulation of human serum albumin with insulin only induced a very
modest amelioration in the release profile of the therapeutic protein. In any case, more
formulation studies would be necessary to inhibit this interaction polymer-insulin and facilitate

the accommodation of the protein in the core of the nanoparticle matrix.
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Modulation of the fate of zein nanoparticles by their coating with

a Gantrez® AN-thiamine polymer conjugate

Abstract

Zein nanoparticles coated with a Gantrez® AN-thiamine conjugate (GT) at different
GT/zein ratios (0.025, 0.05 and 0.1; GT-NPZ1, GT-NPZ2 and GT-NPZ3) were prepared and
their in vitro mucus-penetrating properties and in vivo behaviour were evaluated compared to
bare zein nanoparticles. The resulting nanoparticles increased their mean sizes and negative zeta
potentials by increasing the amount of GT (from 235 to 345 nm and from -35 to -55 mV,
respectively). The coating layer surrounding the surface of particles represented about 10% of
the total mean size of the resulting GT-NPZ. By multiple particle tracking GT-NPZ1 showed
2.5-fold higher diffusion ability than zein nanoparticles whereas GT-NPZ2 showed almost 28-
fold higher capability to move through mucus than bare nanoparticles. However, the diffusive
properties of GT-NPZ3 significantly decreased being similar to that of mucoadhesive PLGA
nanoparticles. Gastro-intestinal transit studies with radio-labelled nanoparticles revealed that the
intensity of the signal was higher in the stomach than in the small intestine in the case of zein
nanoparticles (NPZ) and GT-NPZ3. However, the intensity of the signal for GT-NPZ1 and GT-
NPZ2 in the small intestine was stronger than in the case of bare zein nanoparticles, suggesting
a faster movement from the stomach to the small intestine. The mucoadhesive character of NPZ
was corroborated by fluorescence microscopy study, in which these nanoparticles were found
trapped in the mucus layer covering the epithelium. On the contrary, GT-coated zein
nanoparticles (particularly GT-NPZ2) were capable of reaching the intestinal epithelium. In
summary, the coating of zein nanoparticles with a hydrophilic conjugate (GT) transformed their

mucoadhesive properties into mucus-penetrating abilities.
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1. Introduction
In 1982, the Food and Drug Administration (FDA) approved the first commercially-

available recombinant protein for the treatment of diabetes mellitus [1]. Three decades after the
approval of recombinant insulin, more than 130 different therapeutic proteins and peptides have
already been approved for clinical use [2]. All of these new therapeutic compounds have
contributed with a variety of benefits in the treatment of ailments such as diabetes, cancer and
other chronic diseases. Among other, peptides and proteins offer a higher specificity and
potency as well as a lower interference with normal biological processes than conventional
small-molecule drugs [3,4]. In general, all of these compounds are administered as injections by
a parenteral route of administration (i.e., intravenous, intramuscular or subcutaneous). However,
the inherent short half-lives of these biomacromolecules require frequent injections that may
compromise patient compliance and, thus, restrict their therapeutic value, particularly for
chronic diseases such as diabetes [5,6].

In the last decades, enormous research efforts have been devoted to the development of
formulation strategies for the oral delivery of these compounds. The oral administration of
proteins and peptides is attractive for many patients due to the absence of pain and discomfort
associated to injections [7]. In addition, from a technological point of view, the manufacture of
oral medicines does not require particular facilities, process or containers to produce and
maintain sterile conditions. In addition, for certain polypeptides, such as insulin, the oral
delivery route is more physiological than the subcutaneous one [8]. However, till now, the oral
delivery of proteins and peptides remains an important challenge with many problems to solve
in their development. In fact, the physico-chemical properties (MW, hydrophilic character,
ionisable functional groups, etc) and enzymatic sensitivity strongly hamper the absorption of
therapeutic proteins and peptides. As a consequence, their oral bioavailability (in general) is
really low (< 1%) [7,9].

In order to solve these drawbacks, the use of biodegradable nanoparticles has been
proposed. In principle, these pharmaceutical dosage forms may encapsulate the therapeutic
compound and, thus, offer protection against its eventual hydrolytic or enzymatic degradation.
In addition, and due to their matrix structure, these nanoparticles may control the release of the
cargo. However, in many cases, these devices possess mucoadhesive properties and remain
trapped in the protective mucus layer covering the gut epithelium [10,11]. In the particular case
of protein and peptide delivery, this fact may be an important limitation. Thus, the release of the
loaded protein in a sustained way from the nanodevice, trapped in the mucus layer, would
facilitate the effect of the digestive enzymes localized in the glycocalyx covering the surface of
the enterocytes [12,13]. In addition, for mucoadhesive devices, their residence time within the

gut mucosa is determined by the mucus turn-over and, thus, limited to a few hours [11,14].
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Recently, the use of mucus-penetrating nanocarriers has been suggested as an
alternative to minimize these drawbacks. In order to generate these devices, different
alternatives have been proposed, including the use of immobilized proteolytic enzymes on the
surface of the nanocarriers [15], the co-encapsulation of mucolytic agents [16] or the design of
zeta potential changing systems [17]. Another possibility may be the use of “slippery”
nanoparticles. In this case, the strategy consists in the highly-dense coating of nanoparticles
with hydrophilic compounds that would shell the hydrophobic interactions between the
nanoparticles and the components of the mucus, facilitating their passage through this protective
layer. For this purpose, the decoration of nanoparticles with poly(ethylene glycol) [18,19] or
surfactants such as Pluronic® F 127 [20] has been suggested.

In this context, the aim of this work was to develop and evaluate the mucus-permeating
properties of nanocarriers based on the coating of zein nanoparticles with a Gantrez® AN-
thiamine conjugate. Zein is a protein with a GRAS status (Generally Recognised as Safe). Due
to its composition and amphiphilic character, it can easily interact with a wide group of
compounds, including proteins [21]. Furthermore, nanoparticles based on the conjugate
bertween Gantrez® AN and thiamine have demonstrated an important mucus-permeating

character [Chapter 4].

2. Materials and Methods

2.2. Chemicals

The copolymer of methyl vinyl ether and maleic anhydride or poly(anhydride)
(Gantrez® AN 119) was supplied by Ashland Inc. (Barcelona, Spain). Thiamine hydrochloride,
zein, mannitol, lysine, agarose, glutaraldehyde and EPON™ were purchased from Sigma-
Aldrich (Madrid, Spain). Ethanol were provided by Panreac (Barcelona, Spain). Acetone was
obtained from VWR-Prolabo, (Linars del Valles, Spain). Deionized reagent water (18.2 MQ-cm
resistivity) was prepared by a water purification system (Wasserlab, Pamplona, Spain). Nitrogen
gas (ultrapure, >99%) was produced using an Alltech nitrogen generator (Ingenieria Analitica,
Barcelona, Spain). Perylene-Red (BASF Lumogen® F Red 305) was from Kremer Pigmente
GmbH & Co. (Aichstetten, Germany) and O.C.T.™ Compound Tissue-Tek from Sakura
Finetek Europe (Alphen aan Der Rijn, The Netherlands). 4’,6-diamidino-2-phenylindole (DAPI)
was obtained from Biotium Inc. (Madrid, Spain). Glass bottom imaging dishes (35 mm diameter
dish with a glass coverslip at 1.5 mm thick and 10 mm diameter) were from MatTek
Corporation (Ashland, USA). PLGA nanoparticles (PDLG-5002 containing lactic:glycolic at
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50%:50%, MW 17 KDa.) with a mean size of 161+0.03 nm and a zeta potential of -29.2+2.11,
were supplied by Nanomi B.V. (Oldenzaal, The Netherlands).

2.3. Mucus

Freshly isolated pig intestinal ileum (2 m in length from proximal region) was obtained
from a local abattoir (Cardiff, UK) and kept in ice-cold oxygenated phosphate buffered saline
(PBS) (no longer than 2 h) prior to sample processing. The ileum was processed into 25 cm
lengths with each length incised longitudinally to allow intestinal food and other waste debris to
be was gently rinsed away by ice-cold PBS. The mucus was then harvested by an approach
recognised to optimise the yield of not only the loose mucus layer but critically also a high
content of the adherent mucus layer [22]. Simply it involved gentle scraping from the intestinal
surface by spatula avoiding the shedding of significant intestinal epithelial tissue. Mucus was
divided into aliquots (0.5 g) and kept at -20 °C prior to experimentation [23].

2.4.  Preparation of Gantrez® AN-thiamine conjugate (GT)

The conjugate was obtained by the covalent binding of thiamine to the poly(anhydride)
backbone. For this purpose, 5 g Gantrez® AN were dissolved in 200 mL acetone. Then, 125 mg
thiamine were added and the mixture was heated at 50 °C, under magnetic agitation at 400 rpm,
for 3 h. Then, the mixture was filtered through a pleated filter paper and the organic solvent was
eliminated under reduced pressure in a Blichi R-144 apparatus (BUCHI Labortechnik AG,
Flawil, Switzerland). Finally, the resulting powder was stored at room temperature. The

conjugate was named GT.

2.5. Preparation of zein nanoparticles coated with the Gantrez® AN-
thiamine conjugate (GT-NPZ)

Zein nanoparticles were prepared by a desolvation procedure previously described [24]
and, then, coated with the synthesized Gantrez® AN-thiamine conjugate. Then, the resulting
nanoparticles were purified, concentrated and, finally, dried. In brief, 200 mg zein and 30 mg
lysine were dissolved in 20 mL ethanol 55% and incubated under agitation at RT for 15 min. In
parallel, a 2% aqueous solution of the Gantrez® AN-thiamine conjugate was prepared by
dispersing the polymer in purified water till complete solubilisation. Nanoparticles were
obtained after the addition of 20 mL purified water to the hydroalcoholic solution of zein and
lysine. Then, a determined volume of GT solution (0.25, 0.5 or 1 mL) was added and the
mixture was maintained under agitation at RT for 30 min. The resulting suspension of

nanoparticles was purified and concentrated till 20 mL by ultrafiltration through a polysulfone
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membrane cartridge of 500 kDa pore size (Medica SPA, Medolla, Italy). Finally, 10 mL of a
mannitol aqueous solution (4% wi/v) was added to the suspension of nanoparticles and the
mixture was dried in a Blchi Mini Spray Drier B-290 apparatus (Blchi Labortechnik AG,
Switzerland). For this purpose, the following parameters were selected: inlet temperature of 90
°C, outlet temperature of 60 °C, spray-flow of 600 L/h, and aspirator at 100% of the maximum
capacity. The zein coated nanoparticles were named as GT-NPZ.

As control, “naked” zein nanoparticles (NPZ) were prepared in the same way as
described above but in the absence of GT.

For different in vitro and in vivo studies fluorescently labelled nanoparticles were used.
For this purpose, 2.5 mL of a 0.04% Lumogen® F Red 305 solution in pure ethanol was added
to the hydroalcoholic solution containing zein and lysine. The mixture was maintained under

agitation. Then, the nanoparticles were prepared, purified and dried as described above.

2.6. Preparation of poly(anhydride) nanoparticles (PA-NP)

Nanoparticles based on Gantrez® AN were prepared as described previously [25].
Briefly, 400 mg of Gantrez® AN were dissolved in 20 mL acetone. Then, the nanoparticles were
formed by the addition of 40 mL ethanol followed of the addition of 40 mL purified water. The
organic solvents were eliminated under reduced pressure in a BUCHI R-144 apparatus (BUCHI
Labortechnik AG, Flawil, Switzerland). Then, the nanoparticles suspensions were purified by
centrifugation at 5,000 x g for 20 min (SIGMA Lab. centrifuges, Osterode am Harz, Germany)
using dialysis tubes Vivaspin® 300,000 MWCO (Sartorius AG, Madrid, Spain). Finally, 800 mg
lactose dissolved in 40 mL deionized water was added to the pellet and vortexed for 5 min. The
resulting suspension of nanoparticles was dried in a Biichi Mini Spray Drier B-290 apparatus
(BUCHI Labortechnik AG, Flawil, Switzerland) under the following experimental conditions:
inlet temperature of 90 °C, outlet temperature of 60 °C, spray-flow of 600 L/h, and aspirator at
100% of the maximum capacity. These nanoparticles were named PA-NP. The nanoparticles

displayed a size of 213 + 2 nm and a zeta potential of -53 £ 2 mV.

2.7. Characterization of nanoparticles
2.7.1. Particle size, zeta potential and yield
The particle size, polydispersity index (PDI) and zeta-potential were determined by
photon correlation sprectroscopy (PCS) and electrophoretic laser Doppler anemometry
respectively, using a Zetasizer analyser system (Brookhaven Instruments Corporation, New
York, USA). The diameter of the nanoparticles was determined after dispersion in ultrapure

water (1/10) and measured at 25 °C by dynamic light scattering angle of 90 °C. The zeta
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potential was determined as follows: 200 pL of the samples were diluted in 2 mL of a 0.1 mM
KCI solution adjusted to pH 7.4.

In order to quantify the amount of protein transformed into nanoparticles, 10 mg of the
nanoparticle formulation was dispersed in water and centrifuged at 17,000 x g for 20 min.
Supernatants were discarded and the pellets were digested with ethanol 75%. Then, the amount
of protein was quantified by UV spectrophotometry at 278 nm in an Agilent 8453 system
(Agilent Technologies, USA). For analysis, calibration curves were constructed between 90 and
1200 pg/mL (R2 > 0.999; quantitation limit = 143 pg/mL). The amount of protein forming
nanoparticles in the formulation was estimated as the ratio between the amount of the protein
quantified in the pellet of the centrifuged samples and the total amount of protein used for the
preparation of nanoparticles and expressed in percentage.

2.7.2. Morphology and shape

The morphology and shape of nanoparticles were evaluated by TEM. In brief, 20 mg of
the spray dried powder containing the nanoparticles were dispersed in 2 mL of cocodilate 0.1 M
containing glutaraldehyde 4%. After one hour of incubation, nanoparticles were centrifuged at
1,000 rpm (5 min). The pellet was resuspended in 2 mL water and centrifuged again. Then, 2
mL of osmium 1% was added to the nanoparticles and kept at 4 °C during 1 h. The excess of
osmium was eliminated by centrifugation at 1,000 rpm for 5 min. Nanoparticles were
resuspended in 2 mL water and centrifuged again. Then, 200 pL of agarose 2% were added to
the nanoparticles, vortexed for 1 minute and kept at 4 °C overnight. From this sample, 1 mL
was inserted in an embedding flask and dehydrated with alcohols of increasing graduation for 3
h. Then, gelatin capsules were filled with a solution of propylene oxide-EPON™ (1:1) and the
samples were inserted. These capsules were incubated at increasing temperatures (37 °C, 45 °C
and 60 °C) for the polymerization of the EPON™. Finally, 50-70 nm sections of the samples
were obtained with a Leica Ultracut R ultramicrotome (Wetzlar, Germany). The sections were
placed in a copper grid and treated with 3% uranil acetate-lead for 5 min and completely dried
at room temperature. For the visualization of nanoparticles, a Zeiss Libra 120 Transmission
Electron Microscope (Oberkochen, Germany) coupled with a digital imaging system Gatan
Ultrascan 1000 2k x 2k CCD was used.

2.7.3. Quantification of Lumogen® F red 305
The amount of Lumogen® F Red 305 loaded in the nanoparticles was quantified by UV-
Vis spectrometry at wavelength 580 nm (Labsystems iIEMS Reader MF, Vantaa, Finland). For
this purpose, the difference between its initial concentration added and the concentration found

in the supernatant after the centrifugation of the samples in water (17,000 rpm for 20 min) was
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calculated. For quantification, standard curves of Lumogen® F Red in ethanol 75% were used

(concentration range of 5-30 pg/mL; R%>0.999).

2.8. Radiolabeling of nanoparticles with *™Tc

Nanoparticles were radiolabeled with *™Tc by reduction with stannous chloride as
described [26]. For this purpose, 0.8-1.0 mg nanoparticles were pre-tinned with 0.05 mg/mL of
SnCl, and subsequently labelled for 30 min with 1-2 mCi of freshly eluted *™Tc-pertechnetate.
The overall procedure was carried out in helium-purged vials.

The radiochemical purity was analysed by radiochromatography (Whatman 3MM, NaCl
0.9%). The radiolabeling yield was always over 95%.

2.9. Multiple particle tracking (MPT) in mucus

The diffusion of nanoparticles through porcine intestinal mucus barrier was assessed by
MPT technique at Cardiff University following the method described previously by their group
[27,28]. Samples (0.5 g) of porcine intestinal mucus were incubated in glass-bottom MatTek
imaging dishes at 37 °C. The fluorescently labelled nanoparticles were inoculated into each 0.5
g mucus sample in a 25 pL aliquot at a suspension concentration of 0.002%. To ensure effective
particle distribution following inoculation within the mucus, a 2 h period of equilibration was
adopted prior the capture of nanoparticle movements by video microscopy. Video capture
involved 2- dimensional imaging on a Leica DM IRB wide-field epifluorescence microscope
(x63 magnification oil immersion lens) using a high speed camera (Allied Vision Technologies,
Stadtroda, Germany) running at a frame rate of 33 ms, i.e. capturing 30 frames sec™; each
completed video film comprised 300 frames. For each 0.5 g mucus sample approximately 120
nanoparticles were simultaneously tracked and their movements captured. Videos were
imported into Fiji ImageJ software to convert the movement of each nanoparticle into individual
nanoparticles trajectories across the full duration of the 10 sec videos. However, for the analysis
of particle diffusion only a 30 frame video period (1 sec) was used, with the criterion that any
individual particle tracked must display a continuous presence in the X-Y plane 8 throughout
the respective 30 sequential frames. The individual particle trajectories were converted into
numeric pixel data (Mosaic Particle Tracker within Fiji ImageJ) which, based on the microscope
and video capture settings, was converted into metric distance. The distances moved by every
individual particle over a selected time interval (At) in the X-Y trajectory were then expressed
as a squared displacement (SD). The mean square displacement (MSD) of any single particle (n)
represents the geometric mean of that particles’ squared displacements throughout its entire 30-

frame trajectory. MSD was determined as follows [29]:
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MSD, = (XAt) 2 + (YAt)2  [Equation 1]

For each nanoparticle type under study an “ensemble mean square displacement”
(defined by <MSD>) was then determined for each of the three replicate studies. The Effective

Diffusion Coefficient (<Deff>) for a particular nanoparticle type was then calculated by:

<Deff>=<MSD>/ (4 x At) [Equation 2]

where 4 is a constant relating to the 2-dimensional mode of video capture and At is the selected
time interval.

The proportion of diffusive particles through the mucus matrix was evaluated by
measuring particle diffusion across various time intervals [11]. Equation 3 was used to
determine a Diffusivity Factor (DF) which expresses the effective diffusion coefficient for each
individual particle (Deff) across the time intervals (At) of 1 sec and 0.2 sec, when it is

considered as Brownian motion.

DF = Deff At=1 sec / Deff At=0.2 sec [Equation 3]

Where the individual particle Deff = MSD/ (4 x At). Particles with a DF value of 0.9
and greater were defined as diffusive. The proportion of the diffusive particles within a given
NP type under study was then calculated and expressed as %Diffusive particles.

In parallel, the particles’ diffusion coefficient (D°) in water was calculated by the

Stokes-Einstein equation at 37°C [30]. For this purpose, equation 5 was applied:

D°=«T/6mnr [Equation 4]

Where k is Boltzmann constant, T is absolute temperature, 1 is water viscosity and r is radius of
the particle.

The diffusion of all particles was also expressed as the parameter, %ratio [Deff] / [D°]
which provided a measure of the relative efficiency of particle diffusion through mucus when
particles’ intrinsic free Brownian motion in water is taken into account. As such it affords
comparison of particle diffusion in mucus after accounting for the impact of a particles” surface
composition upon its unrestricted diffusion in solution. It is essentially a measure that more
directly addresses the relative impact between particles of differing surface physico-chemical

properties and the interactions and the steric hindrance of the mucin network.
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2.10. Gastrointestinal transit studies with **™Tc-nanoparticles

These studies were carried out in female Wistar rats weighing 250-300 g. All the
procedures were performed following a protocol previously approved by the “Ethical and
Biosafety Committee for Research on Animals™ at the University of Navarra in line with the
European legislation on animal experiments.

Animals were stunned with 2% isoflurane gas for administration of nanoparticles
(above 1 mL) by oral gavage, and then quickly awakened. Each animal received one single dose
of radiolabeled nanoparticles (1 mCi; 0.8-1.0 mg radiolabeled nanoparticles that were
completed with up to 10 mg with unlabelled nanoparticles). SPECT/CT studies were performed
three hours after administration of 99”‘Tc—nanoparticles, animals were anaesthetised with 2%
isoflurane gas and placed in prone position on the gammacamera (Symbia T2 Truepoint;
Siemens Medical System, Malvern, USA). The acquisition parameters for SPECT studies were:
128 x 128 matrix, 90 images, 7 images per sec and CT: 110 mAs and 130 Kv, 130 images, slice
thickness 3 mm. Fused images were processed using the Syngo MI Applications TrueD

software.

2.11. Biodistribution studies with fluorescently labeled nanoparticles

The tissue distribution of nanoparticles in the gastrointestinal mucosa was visualized by
fluorescence microscopy. For that purpose, 25 mg of Lumogen® F Red-labelled nanoparticles
were orally administered to rats as described above. Two hours later, animals were sacrificed by
cervical dislocation and the guts were removed. Ileum portions of 1 cm were collected, cleaned
with PBS, stored in the tissue proceeding medium O.C.T.™ compound and frozen at -80 °C.
Each portion was then cut into 5-um sections on a cryostat and attached to glass slides. Finally,
these samples were fixed with formaldehyde and incubated with DAPI (4’,6-diamidino-2-
phenylindole) for 15 min before the cover assembly. The presence of both fluorescently loaded
poly(anhydride) nanoparticles in the intestinal mucosa and the cell nuclei dyed with DAPI were
visualized in a fluorescence microscope (Axioimager M1, Zeiss, Oberkochen, Germany) with a
coupled camera (Axiocam ICc3, Zeiss, Oberkochen, Germany) and fluorescent source (HBO
100, Zeiss, Oberkochen, Germany). The images were captured with the software ZEN (Zeiss,

Oberkochen, Germany). As control, a suspension of Lumogen® F Red 305 was administered.
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3. Results

3.1. Preparation of GT-coated zein nanoparticles

The first approach was to optimize the coating process of zein nanoparticles. For this
purpose, the influence of the GT/zein ratio on the physico-chemical properties of nanoparticles
was evaluated (Table 1). As expected, by increasing the GT/zein ratio, the mean size and the
negative zeta potential of the resulting nanoparticles increased. On the other hand, and under the
experimental conditions tested, all the nanoparticle formulations displayed homogeneous
characteristics with a PDI below 0.2. All the nanoparticles displayed negative surface charges,
however, formulations presenting the GT coating showed slightly more negative surface
charges than “bare” nanoparticles. All the formulations encapsulated around 3 pg Lumogen® F

Red 305 per mg of dried powder.

Table 1. Influence of the GT/zein ratio (expressed in percentage) on the physico-chemical
properties of the resulting nanoparticles. Data expressed as mean + SD (n=3).

Formulation GT/zein ratio (%) Size (nm) PDI Zeta Potential (mV)
NPZ 0 235+3 0.120+0.01 -35+4
GT-NPZ1 25 258 +£2  0.091+0.03 45+ 2
GT-NPZ2 5.0 271+1 0.151+0.02 -45+3
GT-NPZ3 10.0 345+8 0.182+0.08 -55+5

Figure 1 shows TEM photographs of bare zein nanoparticles and zein nanoparticles
coated with GT at a GT/zein ratio of 5% (GT-NP2). These nanocarriers displayed spherical
shape and similar sizes to those obtained by photon correlation spectroscopy. It is worthy to
emphasize that coated nanoparticles showed a clear corona that was missing in uncoated zein
nanoparticles.

The diameter of the corona was calculated to be about 28 nm which represented about
10% of the total size.
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Figure 1. Tomography electron microscopy of (A) “naked” zein nanéf);ticles (NPZ) and (B)
GT-coated nanoparticles (GTZ-NP).

3.2.  Multiple particle tracking (MPT) in mucus

The influence of the GT/zein ratio used for the preparation of nanoparticles on the
diffusion through porcine intestinal mucus was assessed by MPT technique (Table 2).

GT-coated nanoparticles at a GT/zein ratio of 2.5% and 5% displayed higher ability to
diffuse through the mucus than bare nanoparticles (NPZ), which showed a similar capacity to
diffuse than poly(anhydride) nanoparticles (PA-NP). Actually, the <Deff> of GT-NP 2.5% was
2.2-fold higher than NPZ. Interestingly, the <Deff> of GT-NP 5% was 24-fold higher than bare
zein nanoparticles. However, when the GT/Zein ratio was increased up to 10%, the ability of the
nanoparticles to diffuse through the mucus significantly decrease, being even slower than
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uncoated nanoparticles and quite similar to PLGA-NP. In fact, GT-NPZ3 displayed an

important tendency to form aggregates with mucus.

Table 2. Diffusion behaviour of the different formulations tested. Data expressed as mean + SD
(n=3).

<Deff> (mucus) cm?”. S*

Formulation D° (water) cm? S* x10? . %<Deff>/D° R
x10™ Mean (= SD)

PLGA-NP 2791 0.013 (£0.008) 0.0005 0.06
PA-NP 20.71 0.00167 (+0.096) 0.0081 0.91
NPZ 19.12 0.00171 (+0.034) 0.0089 1.00
GT-NPZ1 17.42 0.00376 (+0.095) 0.0216 2.42
GT-NPZ2 16.58 0.04129 (+1.639) 0.2490 27.98
GT-NPZ3 13.03 0.00030 (+0.006) 0.0023 0.26

De: diffusion coefficient in water; <Deff>: diffusion coefficient in mucus; ratio %<Deff>/ D°:
relative efficiency of particles diffusion; R: ratio of %<Deff>/ D° of the different formulations
tested and %<Deff>/ D° of bare zein nanoparticles; PLGA-NP: PLGA nanoparticles; PA-NP:
poly(anhydride) nanoparticles; NP: zein nanoparticles; GT-NP1: GT-coated zein nanoparticles
at a GT/zein ratio 2.5%; GT-NP2: GT-coated zein nanoparticles at a GT/zein ratio 5%; GT-
NP3: GT-coated zein nanoparticles at a GT/zein ratio 10%.

3.3. Gastrointestinal transit studies with *™Tc-nanoparticles

Figure 2 shows the comparison of the biodistribution of nanoparticles (after
radiolabeling with *™Tc) when administered by the oral route to laboratory animals. In all
cases, 2 h post-administration, nanoparticles were visualized in the stomach and the small
intestine of animals. However, the intensity of the radioactivity in the stomach of animals was
higher for NPZ than for GT-NPZ1 (data not shown) and GT-NPZ2. On the contrary,
nanoparticles containing GT as coating material appeared to move faster than uncoated ones
because the radioactivity was more intense in the small intestine than in the stomach of animals.
Surprisingly, GT-NPZ3 showed a significantly lower intensity of the radioactivity in the small
intestine than GT-NPZ1 and GT-NPZ2. In all cases, no activity was observed in the liver or the

lungs of the animals.
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GT-NPZ2 GT-NPZ3

Figure 2. Volume rendered fused SPECT-CT images from representative animals 2 h after
administration of *™Tc-labelled nanoparticles by oral gavage. NPZ: “naked” nanoparticles; GT-
NPZ2: Gantrez® AN-thiamine-coated zein nanoparticles at a GT/zein ratio of 5%; GT-NPZ3:
Gantrez® AN -thiamine-coated zein nanoparticles at a GT/zein ratio of 10%.

3.4. Biodistribution studies with fluorescently labeled nanoparticles

Figure 3 shows fluorescence microscopy images of ileum samples from the animals
treated with Lumogen® F Red-labelled nanoparticles. Control formulation (an aqueous
suspension of the fluorescent marker) was visualized as large aggregates in the lumen of
animals or in contact with the external mucus layer (data not shown). Bare nanoparticles
displayed a localisation mainly restricted to the mucus layer protecting the epithelium in the
ileum (Figures 3A and 3B). On the contrary, for nanoparticles containing GT as coating
material it was evident that these carriers were capable of reaching the epithelium and interact
broadly with the intestinal cells (Figures 3C-3H). This interaction was higher for GT-NPZ2
than for GT-NPZ1 and GT-NPZ3.
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Figure 3. Fluorescence microscopic visualisation of nanoparticles containing GT (GT-NPZ1,
GT-NPZ2 and GT-NPZ3) and control ones (NPZ) in a longitudinal section of the ileum of rats 2
hours post administration. A and B: NPZ; C and D: GT-NPZ1; E and F: GT-NPZ2; G and H:
GT-NPZ3.
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4. Discussion

The objective of this work was to explore the effect of the coating of zein nanoparticles
with a hydrophilic conjugate (based on the binding of thiamine to Gantrez® AN) on the
mucoadhesive/mucus-penetrating properties of the resulting nanocarriers. When zein
nanoparticles were coated with the GT conjugate, their mean size increased by increasing the
GT/protein ratio (Table 1). This increasing in the size of coated nanoparticles was attributed to
the formation of a polymer layer around the surface of zein nanoparticles (Figure 1). In the case
of nanoparticles coated with a GT/zein ratio of 0.05 (GT-NPZ2), the resulting corona presented
a thickness of about 30 nm (for a total mean diameter of 271 nm). Another interesting
observation was that the coating process increased the negative zeta potential of bare
nanoparticles. This fact would be directly related to the presence of the conjugate on the surface
of the nanoparticles. In fact, and as described previously, the binding of thiamine to the polymer
backbone (through the reaction and opening of the anhydride groups) would yield carboxylic
acids susceptible of ionization [Chapter 5]. During the coating process, the hydrophobic
portions of GT would interact with the hydrophobic areas of zein nanoparticles, whereas the
hydrophilic thiamine groups and the carboxylic acids would remain oriented through the
external layer of the nanocarriers in contact with the dispersant aqueous medium. This
hypothesis would be in line with Rouzes and co-workers, who proposed a similar mechanism to
explain the disposition of an amphiphilic dextran derivative when adsorbed on poly(lactic acid)
nanoparticles [31].

In order to study the capability of zein-based nanoparticles to diffuse through a mucus
layer in vitro, we used the multiple particle tracking technique and intestinal pig mucus. In this
study the different nanoparticles tested displayed negative zeta potentials and mean sizes
ranging from 160 nm (for control PLGA nanoparticles) till 350 nm (for GT-NPZ3). MPT
studies revealed that the coating of zein nanoparticles with the Gantrez® AN-thiamine conjugate
clearly modified their diffusion in intestinal pig mucus (Table 2). This is in accordance with
previous observations describing that the capability of nanoparticles to pass through a network
of intestinal mucus is highly dependent on the particle surface chemistry [32,33]. PLGA
nanoparticles, used here as control, displayed a very poor capability to diffuse through the
mucus. This finding agrees well with previous reports in which it has been suggested that the
hydrophobic surface characteristics of PLGA nanoparticles would facilitate their interaction and
binding with the hydrophobic domains of the mucin chains [34,35]. For zein nanoparticles, their
diffusivity in the mucus was found to be higher than for PLGA nanoparticles. Probably the
presence of functional groups due to the zein amino acid composition would minimize the
development of hydrophobic interactions with mucins, facilitating their diffusion through the

mucus layer. In addition, the diffusion of zein nanoparticles in intestinal mucus was found to be
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similar to that of poly(anhydride) nanoparticles (Table 2), that have been defined as
mucoadhesive nanocarriers [25,36,37].

Encouragingly, when nanoparticles were coated with GT (up to a GT/protein ratio of
0.05), the resulting nanocarriers improved their capability to diffuse in the intestinal mucus.
This capability was particularly high for GT-NPZ2 with a diffusion coefficient about 28-times
higher than for bare nanoparticles.

Surprisingly, when nanoparticles were coated with a GT/zein ratio of 0.1 (GT-NPZ3),
their diffusivity in the intestinal mucus was similar to that observed for PLGA nanoparticles.
This fact would be directly related with the observation that these nanoparticles displayed a
tendency to form aggregates when mixed with mucus. The high mean size of these
nanoparticles (about 350 nm, Table 1) may also be another important factor affecting this low
capability to diffuse in a mucus gel.

The gastrointestinal-transit studies with radiolabelled nanoparticles revealed that, 2 h
post-administration, nanoparticles with the lowest in vitro diffusivity (e.g., NPZ and GT-NPZ3)
were mainly localized in the stomach mucosa. This fact was particularly intense for GT-NPZ3
(Figure 2). On the contrary, the radioactivity associated to GT-NPZ2 was observed (in a vast
majority) in the small intestine of animals. In addition, in vivo studies with the fluorescently
labelled nanoparticles corroborated the mucoadhesive properties of NPZ (Figures 3A and 3B),
as well as the mucus-permeating capabilities of GT coated nanoparticles (Figures 3C-3F).

Another important aspect to highlight is that the coating of zein nanoparticles with GT
produces nanocarriers capable of entering rapidly in the small intestine, with a low residence
time within the stomach. This behaviour has been previously observed for pegylated
nanoparticles [19] and might be an indication that the “slippery” nanocarriers also offer

“targeting” properties for the small intestine.

5. Conclusion

In summary, zein nanoparticles were coated with a Gantrez® AN-thiamine conjugate to
yield a continuous and homogeneous corona of about 30 nm thickness. At GT/zein ratios up to
0.05, the resulting nanoparticles displayed an improved diffusion in intestinal mucus,
transforming the mucoadhesive properties of bare nanoparticles into mucus-permeating
characteristics. In addition, a good concordance between in vitro MPT studies and in vivo

results has been found.
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Mucus-penetrating nanoparticles for the oral delivery of insulin

Abstract

Oral delivery of insulin is in the forefront in terms of routes of administration. However,
the harsh conditions of the gastrointestinal tract hampered its stability leading to poor
bioavailability. In order to solve this drawback, mucus-penetrating nanocarriers prepared from
zein nanoparticles coated with a poly(anhydride)-thimaine conjugate (GT) have been developed
for the oral delivery of insulin. Nanoparticles displayed a size of around 250 nm and negative
surface charges. The loading capacity of insulin was around 80 pg per mg of nanoparticles. In
SGF, GT-coated nanoparticles released a significantly lower amount of insulin than bare
nanoparticles by an anomalous diffusion mechanism. In SIF, the release rate of insulin from
coated nanoparticles was slower and more sustained than in SGF and appeared to be governed
by a combination of diffusion and erosion mechanisms. Furthermore, the influence of the
erosion mechanism was higher by increasing the GT/zein ratio. In vivo, the hypoglycemic effect
of the nanoparticles started 4 h post-administration, reaching a maximum at 9 h. The glycemia
of animals slowly increased during the next 11 h before reaching the basal levels. The
pharmacological availability of insulin encapsulated in zein coated nanoparticles was 13.5%.
Pharmacokinetic study confirmed the presence of insulin in serum when orally administered. In
fact, this oral formulation leads to a maximum serum insulin level at 4 h, from when it started to
decrease till basal levels 10 h post-administration. The oral bioavailability of insulin

encapsulated in these zein coated nanoparticles was calculated to be 5.2%.
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1. Introduction

Diabetes mellitus (DM) represents a progressive disease typified by sustained and high
glucose levels caused by a disability in the insulin production or an inadequate response to the
insulin produced by the body. Two main types of DM can be distinguished: type 1 and type 2.
Type 1 diabetes is a chronic disorder that occurs as a consequence of an auto-immune
destruction of pancreatic B-cells in charge of insulin production [1]. In type 2 diabetes, which
accounts ~90% of the DM cases, the cause is a resistance to insulin and an inappropriate insulin
secretion response [2]. DM represents one of the most challenging issues worldwide regarding
public health. Actually, 415 million people (8.8%) are estimated to currently have diabetes and
it is predicted to rise up to 642 million by 2040 [3]. In addition, diabetes reported 14.5% of
global all-cause mortality among people aged between 20 and 79 years [4].

The actual treatment of type 1 diabetes involves an uninterrupted supply of insulin,
which implicates the daily injection of regular quick-acting human insulin analogs before meals
and the injection of long-acting analogs as basal insulin mimetic [5,6]. Non-insulin-dependent
diabetes or type 2 diabetes is a different disease and although the use of other hypoglycemic
agents such as sulfonylureas and metformin are useful in the glycemic control, insulin injections
are also needed [7,8].

The conventional way of insulin administration, through a parenteral route, involves
some drawbacks including the lack of patient compliance to the treatment associated due to the
uncomfortable use of injections and needles [9]. In addition, parenteral insulin may produce
peripheral hyperinsulinemia, which has been related to hypertension, atherosclerosis and an
increase of insulin resistance in muscle and peripheral tissues [10,11]. Other problems such as
allergic reactions, lipodystrophy around the site of injection and a certain risk of infectious
disease transmission are also related to this way of administration [12].

Among all the routes of administration, the oral route is presented in the forefront in
terms of insulin delivery as it is non-invasive, cost-effectiveness and shows a well-established
acceptability by patients [13]. Furthermore, oral insulin mimics the pathway after endogenous
insulin secretion [14] and it would be possible to tune the dosing schedule of insulin to the
responses of individual patients [15]. In spite of the benefits of an oral insulin formulation, this
route also presents some limitations leading to a very poor bioavailability. In fact, the harsh
chemical and enzymatic conditions of the gastrointestinal tract highly hampered its stability and
activity [16].

In order to solve these problems, different strategies have been proposed such as its
encapsulation in polymeric nanoparticles [17,18], solid lipid nanoparticles [16], chitosan

nanocarriers [19], liposomes [20] or micelles [21]. All of these devices may offer protection
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against premature insulin degradation and, in some cases, show controlled release properties
that may be of interest to sustain therapeutic levels of the biomacromolecule in blood.

However, these nanocarriers are faced to the mucus gel barrier that traps these
macromolecular assemblies preventing their arrival to the gut epithelium. As a consequence, the
efficiency of these nanotransporters for insulin oral delivery has to be still improved.

In this context, our approach consisted in the use of mucus-penetrating nanocarriers,
made from the coating of zein nanoparticles with a polymeric conjugate that confers “slippery”
properties to the resulting nanocarriers facilitating their diffusion through the protective mucus
layer [Chapter 6]. Zein is a biodegradable protein from corn that can be used to easily prepare
nanoparticles, under environmentally acceptable conditions, with controlled release properties
[22,23]. The polymeric conjugate is obtained by the binding of thiamine to Gantrez® AN
[Chapter 4].

Therefore, the aim of this work was to optimize the preparative process of insulin-
loaded zein nanoparticles coated with a Gantrez® AN-thiamine conjugate and to evaluate the in
vivo capability of the developed nanocarriers to promote the oral absorption and bioavailability

of this biomacromolecule in a diabetic Wistar rat model.

2. Materials and Methods

2.1. Chemicals

The copolymer of methyl vinyl ether and maleic anhydride or poly(anhydride)
(Gantrez® AN 119) was supplied by Ashland Inc. (Barcelona, Spain). Thiamine hydrochloride,
recombinant human insulin 10 mg/mL, zein, mannitol, lysine, citric acid monohydrated, tribasic
sodium citrate, sodium chloride and streptozotocin were purchased from Sigma-Aldrich
(Madrid, Spain). Di-sodium hydrogen phosphate anhydrous, sodium hydroxide, hydrochloric
acid 37 % and ethanol were provided by Panreac (Barcelona, Spain). Acetone was obtained
from VWR-Prolabo, (Linars del Vallés, Spain). Deionized reagent water (18.2 MQ-cm
resistivity) was prepared by a water purification system (Wasserlab, Pamplona, Spain). Nitrogen
gas (ultrapure, >99%) was produced using an Alltech nitrogen generator (Ingenieria Analitica,
Barcelona, Spain). Formvar® was purchased from Agar Scientific (Stansted, UK) and Insulin
EIA kit was purchased from Arbor Assays (Ann Arbor, Michigan, USA).

149



CONFIDENTIAL CHAPTER 7: Mucus-penetrating nanoparticles for the oral delivery of
insulin

2.2.  Preparation of Gantrez® AN-thiamine conjugate (GT)

The conjugate was obtained by the covalent binding of thiamine to the poly(anhydride)
backbone. For this purpose, 5 g Gantrez® AN were dissolved in 200 mL acetone. Then, 125 mg
thiamine were added and the mixture was heated at 50 °C, under magnetic agitation at 400 rpm,
for 3 h. Then, the mixture was filtered through a pleated filter paper and the organic solvent was
eliminated under reduced pressure in a Blchi R-144 apparatus (BUCHI Labortechnik AG,
Flawil, Switzerland) until the conjugate was totally dry. Finally, the resulting powder was

stored. The conjugate was named GT.

2.3. Preparation of zein nanoparticles coated with the Gantrez® AN-
thiamine conjugate (GT-NPZ)

Zein nanoparticles were prepared by a desolvation procedure previously described [23]
and, then, coated with the previously synthesized Gantrez® AN-thiamine conjugate. In brief,
200 mg zein, 30 mg lysine and a variable amount of insulin were dissolved in 20 mL ethanol
55% and incubated under agitation at room temperature (RT) for 15 min. In parallel, an agueous
solution of the Gantrez® AN-thiamine conjugate was prepared by dispersing the polymer in
purified water till complete solubilisation. Nanoparticles were obtained after the addition of 20
mL purified water to the hydroalcoholic solution of zein, lysine and insulin. Then, a determined
volume of GT solution (0.25, 0.5 or 1 mL) was added and the mixture was maintained under
agitation at RT for 30 min. The resulting suspension of nanoparticles was purified and
concentrated till 20 mL by ultrafiltration through a polysulfone membrane cartridge of 500 kDa
pore size (Medica SPA, Medolla, Italy).

Finally, 10 mL of a mannitol aqueous solution (4% wi/v) was added to the suspension of
nanoparticles and the mixture was dried in a Blichi Mini Spray Drier B-290 apparatus (Blchi
Labortechnik AG, Switzerland). For this purpose, the following parameters were selected: inlet
temperature of 90 °C, outlet temperature of 60 °C, spray-flow of 600 L/h, and aspirator at 100 %
of the maximum capacity. The insulin-loaded nanoparticles were named as I-GT-NP.

The encapsulation of insulin in “naked” zein nanoparticles (I-NP) was performed in the
same way as described above but in the absence of GT. Similarly, empty nanoparticles used as

controls were also prepared but in the absence of insulin (GT-NP) and GT (NP).
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2.4.  Characterization of nanoparticles
2.4.1. Particle size, zeta potential and yield

The particle size, polydispersity index (PDI) and zeta-potential ({) were determined by
photon correlation sprectroscopy (PCS) and electrophoretic laser doppler anemometry
respectively, using a Zetasizer analyser system (Brookhaven Instruments Corporation, New
York, USA). The diameter of the nanoparticles was determined after dispersion in ultrapure
water (1/10) and measured at 25 °C by dynamic light scattering angle of 90 °C. The zeta
potential was determined as follows: 200 pL of the samples were diluted in 2 mL of a 0.1 mM
KCI solution adjusted to pH 7.4.

The yield of the preparative process of nanoparticles was calculated by gravimetry [24].

2.4.2. Morphology and shape

The morphology and shape of nanoparticles were evaluated by TEM. For this purpose,
in brief, 1.2 mg of the spray-dried powder containing the nanoparticles were dispersed in 1 mL
water and one drop was placed in a copper grid coated with Formvar®. Samples were cleaned by
the addition of deionised water. Then, nanoparticles were treated with 3% uranil acetate for 5
min and completely dried at room temperature. For the visualisation of nanoparticles, a Zeiss
Libra 120 Transmission Electron Microscope (Oberkochen, Germany) coupled with a digital
imaging system Gatan Ultrascan 1000 2k x 2k CCD was used.

2.4.3. Insulin analysis
For the calculation of the amount of insulin loaded in nanoparticles, we applied a protocol
involving two analysis. In the former, the filtrates obtained during the purification step by
ultrafiltration were collected and 1.5 mL of these liquids mixed with 6 mL of 0.05 M phosphate
buffer containing 0.3 M NaCl. The mixture was filtered through a 0.45 um pore size cellulose
membrane (Merc KGaA, Darmstadt, Germany). In the later, 5 mg of spray-dried powder
containing the nanoparticles were dispersed in 1 mL water and filtered through a 0.2 um pore
size PTFE membrane (Merc KGaA, Darmstadt, Germany). In both cases, samples were
transferred to auto-sampler vials, capped and placed in the HPLC auto-sampler. The insulin
loading was calculated as the difference between the initial amount of insulin used to prepare
the nanoparticles and the sum of insulin determined in the liquids collected during the
purification step and those obtained after the filtration of nanoparticles reconstituted in water.
The results were expressed as the amount of insulin (g) per mg nanoparticles.
Insulin was determined in an Agilent model 1100 series LC and a diode-array detector
set at 220 nm (Waldbronn, Germany). The chromatographic system was equipped with a

TSKgel4000 (7.8 mm x 30 cm) TosoHaas column (Tosoh Bioscience GmbH, Griesheim,
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Germany). The mobile phase was a 0.3 M NaCl solution in 0.05 M phosphate buffer. The flow-
rate was 0.8 mL/min. The column was placed at 27 °C and the injection volume was 40 L.
Standard curves were designed over the range of 2-100 pg/mL (R%>0.999) from a human insulin
solution and were prepared in supernatant of non-loaded nanoparticles. The quantification limit

was 2 pg/mL.

2.5. Invitro release studies

The release studies were performed in simulated gastric (SGF) and intestinal fluids
(SIF). For these purpose Float-A-Lyzer® devices with a MWCO of 300 kDa (Spectrum Labs,
Breda, The Nederlands) were used. First, the dyalisis bags were washed with ethanol 10% for
10 min and, then, with water. The bags were filled with 62,5 mg nanoparticles dispersed in 5
mL water and, then, placed into a vessel containing 45 mL of SGF. The vessel was maintained
under magnetic agitation and 500 pyL samples were withdrawn at fixed time intervals and
replaced with equal volumes of SGF. After two hours of incubation in this gastric fluid, the bags
were transferred to a second vessel with 45 mL SIF. Again, at fixed times, 500 pyL were
withdrawn and replaced with free SIF.

Insulin was quantified by the HPLC method described above. Calibration curves in the
simulated mediums (2-100 pg/mL; R?>0.999 in both cases) were generated.

In order to ascertain the insulin release mechanism, the obtained data were fitted to
Korsmeyer-Peppas and Peppas-Sahlin models. The Korsmeyer—Peppas model is a simple semi-
empirical approach which exponentially relates drug release with the elapsed time as expressed

in the following equation [25].

Mt/sz KKp'tn [Equation 1]

In which My/M,, is the drug release fraction at time t, Kyp is a constant incorporating the
structural and geometric characteristics of the matrix and n is the release exponent indicative of
the drug release mechanism. The value of n indicates the mechanism of the release.[26]. Values
close to 0.5 indicate a Case | (Fickian) diffusion mechanism, values between 0.5 and 0.89 are
associated with an anomalous (non-Fickian) diffusion process, whereas an “n” between 0.89
and 1 is related with a Case Il transport due to the erosion of the matrix.

The contribution of Fickian and non-Fickian release was also evaluated by using the

Peppas— Sahling model equation [26].

M¢M,, = Kp-typ + Kg-t [Equation 2]
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where the first term of the right-hand side is the Fickian contribution (Kp is the diffusional
constant) and the second term is the Case Il erosional contribution (Kg is the erosional
constant). Kp and Kg values were used to calculate the contribution percentage of diffusion (D)
and erosion (E), with Equations 3 and 4 [26]:

1=D-(1 + Ke/Kp-t*?) [Equation 3]

E/D = Kg/Kp-t+2 [Equation 4]

To fit the experimental data to the previous equations, only the portion of the release
profile in which M¢/M,, was lower than 0.6 was used.

2.6. Invivo studies

Male Wistar rats weighing 180 g were housed under controlled temperature, humidity,
and a 12-12h light—dark cycle fasted for 12 h. All the procedures were performed following a
protocol previously approved by the “Ethical and Biosafety Committee for Research on
Animals” at the University of Navarra in line with the European legislation on animal
experiments. Diabetes was induced with an intraperitoneal injection of 80 mg/kg streptozotocin
in citrate buffer 0.1M (pH 4.5). After 8-10 days, rats with frequent urination, loss of weight and
fasting plasma glucose levels higher than 250 mg/dL, were randomized for in vivo studies. The
diabetic rats were fasted for 12 h before experiments and, then, divided in three groups. The first
group of animals received a single subcutaneous dose of an aqueous solution of insulin (5
IU/kg). In the second group, animals received by oral gavage 50 1U/kg as single dose of insulin-
loaded nanoparticles (I-GT-NPZ) dispersed in 1 mL water. Finally, the third group of animals
received orally 50 1U/kg of insulin formulated as aqueous solution (1 mL).

Blood samples were collected from the tail vein of the rats prior insulin
administration in order to establish baseline glucose levels and at different times after the
administration of the different formulations. Glucose levels were measured with a glucometer
(Accu-Check® Aviva glucometer; Roche Diagnostics, Basel, Switzerland). In a similar way,
insulin levels were quantified from the sera of animals. Insulin was quantified using an ELISA
(EIA insulin kit, Arbor Assays, Ann Arbor, USA).

2.7. Pharmacokinetic and pharmacodynamic analysis

The determined pharmacodynamic parameters include the hypoglycemic effect

quantified by the area above the curve (AACq ) by linear trapezoidal method.
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Pharmacological availability (PA) calculated as the cumulative hypoglycemic effect relative to
100% PA of sc free insulin (equation 5), the time of minimum glycemia (T..x) and the
minimum glucose concentration in the blood (Cyir).

Pharmacokinetic parameters include the maximum concentration of insulin in serum
(Ciax) the AUC calculated by the linear trapezoid method and time that insulin is at the
maximum concentration (Tms). The bioavailability of oral insulin calculated by the dose-
corrected area under the curve of serum insulin levels overtime (AUC, g) relative to 100%
bioavailability of sc free-form insulin (equation 6). The pharmacokinetic parameters were
obtained using WinNonline® software (Certara USA Int., Princeton, US)

The relative oral bioavailability based on either blood insulin level (F%) or glucose
levels (PA%) were calculated using the following equations:

PA% = AAC X Doses . /AAC; . X D0Segra X 100 [Equation 5]

F% = AUC,4 X Dose; . /AUC, . X Dosegy X 100 [Equation 6]

In which, AUC is the total area under the curve of the serum insulin concentration versus time

profile and AAC is the total area above the glycemia curve.

2.8. Statistical analysis

The means and standard errors were calculated. For group comparisons in the in vivo
efficacy study data were analysed by a one way analysis of variance (ANOVA) followed by a
Bonferroni multicomparison test using the NCSS™ 11 statistical software (NCSS, LCC.
Kaysville, US). The difference was considered as significant when P<0.05. The analysis of
farmacokinetic parameters were carried aout by a one way analysis of the variance (ANOVA)
followed by a Tukey-Kremer multicomparison test using the NCSS™ 11 statistical software
(NCSS, LCC. Kaysville, US). The difference was considered significant when p<0.01 or
p<0.001.

3. Results

3.1. Preparation of insulin loaded nanoparticles
The preparative process of the nanoparticles employed in this study comprised two
different steps: (i) formation of insulin loaded zein nanoparticles and (ii) coating of these

nanoparticles with the GT conjugate.
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As a first step, the encapsulation of insulin on zein nanoparticles was optimized. Figure
1A shows the influence of the insulin/zein ratio on the physico-chemical properties of
nanoparticles. The mean size of zein nanoparticles increased by increasing the insulin/zein ratio
(Figure 1A). On the contrary, under the experimental conditions evaluated, no influence on the
negative zeta potential of the resulting nanoparticles was observed. Nevertheless, when
nanoparticles were prepared at a insulin/zein ratio of 0.2, the resulting batches displayed a high
variability (Figure 1A).

Regarding the payload, the insulin loading increased by increasing the insulin/zein ratio,
till a plateau was reached (Figure 1B). This plateau was achieved at a insulin/zein ratio of 0.1,
which corresponded with an insulin loading of about 84 pg/mg nanoparticles and an
encapsulation efficiency higher than 80%. At insulin/zein ratios higher than 0.1, the insulin
loading did not significantly increased but the encapsulation efficiency dramatically fell. Under
these circumstances, insulin-loaded nanoparticles were prepared and analyzed at an insulin/zein
ratio of 0.1 for further investigations

The second step consisted in the optimization of the coating process of insulin-loaded
nanoparticles. For this purpose, the influence of the conjugate/zein ratio on the properties of
nanoparticles was evaluated (Table 1). As expected, by increasing the GT/zein ratio, the mean
size and the negative zeta potential of the resulting nanoparticles increased. On the other hand,
and under the experimental conditions tested, all the nanoparticle formulations displayed
homogeneous characteristics with a PDI below 0.2. Another important aspect that merits to be
highlighted is that no lost of significant amounts of insulin during the coating step of

nanoparticles was observed.
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Figure 1. Influence of the insulin/zein ratio (expressed in percentage) on the physico-chemical
properties of the resulting nanoparticles: (A) size and zeta potential; (B) insulin loading and
encapsulation efficiency (EE). Data are expressed as mean + SD (n=3).
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Table 1. Influence of the GT/zein ratio (expressed in percentage) on the physico-chemical
properties of the resulting nanoparticles. Data expressed as mean + SD (n=3). Experimental
conditions: insulin/zein ratio of 0.1.

) Zeta Insulin

GT/zein ) ) )
FORMULATION ] Size (nm) PDI Potential Loading

ratio (%)

(mV) (Hg/mg NP)

I-NP 0 222+2 0.120+0.014 41+4 87+3
I-GT-NP1 2.5 261+3  0.091+0.033 -38+2 80+2
I-GT-NP2 5.0 273+1  0.151+0.016 -43+3 84+3
I-GT-NP3 10.0 327+8  0.182+0.078 -55+5 85+5

Figure 2 shows TEM photographs of empty zein nanoparticles and insulin-loaded
nanoparticles, uncoated and coated with GT. These nanocarriers displayed spherical shape and

similar sizes to those obtained by photon correlation spectroscopy.
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200 nm

200nm

Figure 2. Tomography Electron Microscopy of zein nanoparticles (NP; A), zein nanoparticles
containing insulin (I-NP; B) and coated zein nanparticles containing insulin (I-GT-NP; C).
Experimental conditions: insulin/zein ratio of 0.1.
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3.2.  Invitro release studies

When incubated in SGF, uncoated nanoparticles (I-NP) released about 45% of their
insulin content in 2 h. This profile adjusted well to the Korsmeyer-Peppas equation (equation 1;
Table 2) with an exponent “n” of 0.722, which was an evidence of an anomalous diffusion
process. In accordance with the Peppas-Shalin equation (equation 2), the release of insulin from
bare zein nanoparticles would be the result of the combination between both a diffusion (Kp:
0.152 h®°) and an erosion (Kg: 0.126 h) processes.

Under SIF (pH 6.8), the release rate of insulin from zein nanoparticles was 4-times
lower than in SGF. In this case, the release was mainly driven by a diffusion phenomenon
(n=0.471).

On the other hand, the amount of insulin released from GT-coated nanoparticles when
incubated in SGF was significantly lower (about 30% in 2 h) than for bare nanoparticles
(Figure 3). This observation was confirmed according to the Korsmeyer-Peppas constant values
obtained (Kgp, equation 1). Again, the release of insulin from these coated zein nanoparticles
appeared to be controlled by a combination of diffusion and erosion mechanism (coefficient n
between 0.5 and 0.89) [25]. Interestingly, the diffusion component decreased by increasing the
GT/zein ratio used to coat the nanoparticles (Table 2). Finally, in SIF, coated-nanoparticles
displayed a similar behavior than I-NP with release rate significantly lower than in SGF.
However, with these coated formulations, the release of insulin was also affected by the erosion
of the matrix of nanoparticles. In addition, the influence of the erosion component in the release

of insulin from coated-nanoparticles increased by increasing the GT/zein ratio.

Table 2. Analysis of the insulin release mechanism from zein nanoparticles and zein
nanoparticles coated with the Gantrez® AN-thiamine conjugate.

Korsmeyer-Peppas Peppas-Shalin
k(™) n R’ Ko(h™  Ke(h™") R*
I-NP SGF 0.282 0.722  0.999 0.152 0.126 0.998
I-NP SIF 0.066 0.471  0.986 0.065 -0.001* 0.986
I-GT-NP1 SGF 0.157 0.791  0.993 0.062 0.092 0.991
I-GT-NP1 SIF 0.047 0.598  0.997 0.045 0.004 0.997
I-GT-NP2 SGF 0.143 0.815 0.982 0.049 0.092 0.978
I-GT-NP2 SIF 0.034 0.706  0.998 0.030 0.007 0.997
I-GT-NP3 SGF 0,177 0,848 0,976 0.047 0.127 0.973
I-GT-NP3 SIF 0.026 0.814  0.996 0.018 0.011 0.997

*negative value indicates the absence of erosion mechanism.
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Figure 3. Influence of the GT coating on the in vitro release properties of insulin from zein
nanoparticles. I-NP: bare zein nanoparticles (black square); I-GT-NP 2.5%: zein nanoparticles
coated with a GT/zein ratio of 2.5% (white square); I-GT-NP 5%: zein nanoparticles coated
with a GT/zein ratio of 5% (white circle); I-GT-NP 10%%: zein nanoparticles coated with a
GT/zein ratio of 10% (white triangle).

3.3.  Invivo studies

For in vivo studies, I-GT-NP prepared at a conjugate/polymer ratio of 5% was used. The
pharmacological effect of orally delivered nanoencapsulated insulin was evaluated at 50 1U/kg
dose. Blood glucose levels were compared to that of orally delivered free-form insulin at the
same dose and to sc injected free-form insulin at 5 1U/kg. Changes in plasma glucose are shown
in Figure 4 whereas Table 3 summarises the pharmacodynamic parameters.

After subcutaneous administration of the insulin solution to diabetic fasted rats, blood
glucose levels decreased rapidly. Thus, the glycemia was reduced by sc insulin by 60%
(p<0.001) after 1 h. The maximal reduction (about 80%) was observed between 2 and 4 h. Then,
glycemia increased slowly returning to its basal level 16 h post-administration (Figure 4).

Insulin loaded-nanoparticles coated with GT (I-GT-NP) and administered orally at a
dose of 50 IU/kg displayed a slightly different profile. Thus, after administration of

nanoparticles at an insulin single dose of 50 I1U/kg, the glucose levels of animals remained
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unvariable during the first 2 h post-administration. After this first phase of lag-time, the
glycemia of animals slowly decreased reaching a minimum about 6-10 h post-administration.

The maximum decrease on the glycemia levels was -60% (p<0.01). Then, the glucose
levels slowly increased with time and the basal levels were reached 20 h post-administration.
When insulin was orally administered as aqueous solution, the glycemia levels were not
affected (Figure 4; p<0.001).
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Figure 4. Blood glucose levels of diabetic rats treated with different formulations: i)
subcutaneous administration of insulin (circle), ii) oral administration of insulin loaded in zein
nanoparticles coated with Gantrez® AN-thiamine conjugate (square) and iii) insulin orally
administered (triangle). Data represents the mean+S.D., n=6 per group.

From these curves, the pharmacodynamic parameters associated to the administration of
the insulin formulations were calculated (Table 3). From these data, it is important to highlight
that the oral I-GT-NP formulation demonstrated a similar capability than the solution of insulin
sc administered to decrease the glycemia (Cr,;n). Nevertheless, the subcutaneous insulin needed
only two hours to induce this decrease, whereas insulin in nanoparticles took about 9 h to

produce the same effect. On the other hand, the relative oral bioavailability based in the
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hypoglycemia effect (comparing with subcutaneous administration of insulin) was calculated to
be 13.5%.

Table 3. Pharmacodynamic parameters after oral delivery of 50 IU/kg insulin formulated as
nanoparticles (I-GT-NP) and subcutaneous injection of 5 IU/kg insulin free-form. Data
represents the meanzS.D. (n=6)

Dose (1IU/kg) AAC (WU/hmL) T (h) Cnin (% basal glucose) PA (%)

s.c. insulin 5 625.9+98 210 18.2+5.02 100
I-GT-NPZ 50 845.8+94 o+1 20.3+3.74 135

AAC: area above the curve; T: time at which the maximum effect is observed, Cmin: minimum
concentration of blood glucose levels and PA: pharmacological availability.
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Figure 5. Serum insulin levels vs. time after the administration of either a subcutaneous
solution of insulin (sc insulin; black circle) or an oral suspension of insulin loaded nanoparticles
(1-GT-NP; open square). Data expressed as mean + SD (n=6).
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Table 4. Pharmacokinetic parameters of insulin. Data expressed as mean + SD (n=6).

SC insulin I-GT-NP
Dose (1U/kg) 5 50
Crmax (LIU/mL) 369£77** 129425
Tmax (h) 1.7 4.0
tyo () 0.92+0.17 1.40+0.19**
CIl (uIU/hmL) 1116+195 11134301
MRT (h) 1.98+0.47 4.62+0.62**
K (h™) 0.77+0.14 0.52+0.08*
AUC (ulUh/mL) 896+136** 467+110
F% 100 5.2

I-GT-NP: insulin-loaded nanoparticles (50 1U/kg) and subcutaneous insulin (5
IU/Kg).*p<0.01; **p<0.001.

The data were adjusted by non-compartmental model. The pharmacokinetic parameters
calculated are presented in Table 4. Figure 5 shows the insulin serum concentration as a
function of time in animals treated with either a subcutaneous solution of the hormone or
encapsulated in zein nanoparticles orally administered. Table 4 summarizes the main
pharmacokinetic parameters derived from these curves. For the subcutaneous formulation, the
typical profile characterized by a C.x reached during the first two hours post-administration
and a rapid descent during the following 4 h was observed. The half-life of insulin
subcutaneously delivered was calculated to be 0.92 h. The insulin clearance was 1116 pulU/hmL.

When insulin was orally administered in zein nanoparticles, the profile of the curve was
characterized by a C.x that was reached 4 h post administration. This C.x was significantly
lower than the insulin subcutaneously administered (p<0.001). Then, the serum insulin levels
decreased slowly during the following 6 h. Interestingly, the insulin half-life when administered
as I-GT-NP was 1.5-fold higher than for the subcutaneous solution of insulin. Similarly, the
elimination constant was also 1.5-fold lower when insulin was orally administered in the form
of nanoparticles than subcutaneously as aqueous solution orally administered. There were no
significant differences regarding the clearance, which was 1113 plU/hmL when insulin was
given per oral route. The relative oral bioavailability of insulin, encapsulated in zein

nanoparticles, in comparison with the subcutaneous route was 5.2%.
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4. Discussion

Polymer nanoparticles appear to be adequate carriers for the oral delivery of sensitive
compounds including peptides and therapeutic proteins. In principle, these carriers may be used
for the accommodation of these biologically active compounds in the core of their matrix
structure. In this way, the encapsulated drug may be protected against degradation from the
harsh conditions as well as the effect of the digestive enzymes and bile salts. In addition, these
polymeric nanoparticles may control the release of their cargo. However, in order to reach the
absorptive gut membrane, nanoparticles have to cross the mucus gel layer that covers and
protect the surface of the epithelium. This protective layer constitutes a formidable barrier in
which nanoparticles may remain trapped in the mucus network due to the establishment of
mucoadhesive interactions [27-29]. For protein delivery, these mucoadhesive interactions are
not desirable. First, nanoparticles trapped in the mucus layer remain far away from their
destination (the surface of the enterocytes). Second, these nanoparticles are immobilized in a
structure that is continuously renewed from below by the synthesis and secretion of new mucus
from globet cells. In fact, the small intestine mucus turn-over would be of 24-48 h [30]. Third,
the cargo is released in a medium rich in digestive enzymes that may rapidly inactivate its
therapeutic effect.

In order to improve the capability of nanocarriers to reach the absorptive epithelium,
one alternative may be the surface decoration with hydrophilic compounds in order to render
mucus-penetrating properties to the resulting nanocarriers. In this context, one strategy was to
coat zein nanoparticles (containing insulin) with a polymer conjugate between Gantrez® AN and
thiamine [Chapter 6].

Insulin-loaded nanoparticles produced by decoration of zein followed by coating with a
Gantrez® AN-thiamine conjugate. The resulting nanoparticles had a mean diameter of
approximately 280 nm and a negative surface charge. Regarding the payload, insulin-loaded
nanoparticles displayed an insulin content of about 8% that was not affected by the coating
process of nanocarriers with the GT conjugate. This loading capacity of zein nanocarriers is in
line with others reported data involving alginate/chitosan nanoparticles [19] chitosan/dextran
nanocarriers [16], multilayered nanodevices [31] or poly(E-caprolactone)/eudragit nanoparticles
[32].

The release of insulin from nanoparticles was characterized by a rapid release within the
2 h in which they were incubated in SGF. In this acidic medium, insulin was released following
a zero-order rate. Then, after transferring the nanoparticles to SIF, the release rate of
nanoparticles decreased; although insulin continued to be released following a zero-order
kinetic. Interestingly, for bare zein nanoparticles the release of insulin was mainly due to a

diffusion phenomenon. However, after coating the insulin-loaded zein nanoparticles with the
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GT conjugate, the diffusion of the protein appeared to be controlled by the presence of the
polymer conjugate on the surface of zein nanoparticles. Thus, for coated nanoparticles, insulin
was released by a combination of diffusion and erosion of the matrix forming the structure of
the nanoparticles. As a consequence, nanoparticles coated with the conjugate displayed a higher
control of the insulin release from these nanocarriers.

The hypoglycemic effect of nanoencapsulated insulin began 4 h post-administration
with a maximum effect that was observed 9 h after the oral administration of nanoparticles.
Then, the glycemia of animals slowly increased during the following 11 h till reaching the basal
levels. This profile was quite different to that observed for subcutaneous insulin, characterized
by a short lag-time and a minimum of glycemia 2 h post-administration. This subcutaneous
profile of insulin was similar to that previously published by other research groups [31,33,34].
On the other hand, the pharmacological availability of orally administered insulin in
nanoparticles was calculated to be 13.5% (Table 3). This result is slightly higher than other
previously published and involving the use of chitosan-based [35,36] or multilayered devices
containing alginate, dextran, poloxamer, albumin and chitosan [31].

Serum insulin levels after the oral administration of insulin encapsulated in
nanoparticles reached a maximum after 4 h and, then, the levels were decreasing down to a
minimum 10 h post-administration. This profile is quite different from the subcutaneous profile,
which showed a quick maximum at 1h post-administration and a fast decrease. The relative oral
bioavailability of insulin when orally administered in nanoparticles was 5.2%. Again, this value
is in line with data reported by Sarmento and co-workers, involving chitosan-based
nanoparticles [19] or by Jin and collaborators who used targeted peptide ligand trimethyl
chitosan [37].

5. Conclusion

Zein nanoparticles, coated with a slippery conjugate of Gantrez® AN and thiamine,
enhanced the intestinal absorption of insulin following oral administration. Nanoparticles
decreased the blood glucose levels in diabetic rats at a dose of 50 1U/kg up to 20% of their basal
glucose levels. Moreover, the hypoglycemic effect was observed during at least 18 h. A
significant improvement was obtained in terms of pharmacological activity and relative
bioavailability, 13.5% and 5.2% respectively. These results are encouraging and more
experiments are needed to validate this strategy and improve the efficacy of these nanocarriers

as vehicles for insulin and other therapeutic proteins.
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General discussion

The aim of this work was the development of mucus-penetrating formulations [Chapter
3, 4 and 6], based on surface modified nanoparticles, and the evaluation of their permeability
through the gastrointestinal mucosa by different in vitro and in vivo techniques. Nanoparticles
were prepared by different preparative processes leading to three types of nanoparticles (Figure
1). In the first one, poly(anhydride) nanoparticles coated with poly(ethylene glycol)s (PEGS) of
different molecular weight (MW) were obtained. As second approach, thiamine-decorated
poly(anhydride) nanoparticles were prepared from a new polymeric conjugate obtained by the
covalent bonding of vitamin B1 to the anhydride residues of Gantrez® AN. In the last one, zein
nanoparticles were coated with the Gantrez® AN-thiamine conjugate. Finally, insulin was
encapsulated as model biomacrolecule in the most promising formulation and its oral

bioavailability and pharmacological activity in vivo were assessed.

Z

NPZ GT-NPZ

Figure 1. Schematic representation of the different types of nanoparticles. G: Gantrez® AN;
PEG: polyethylene glycol; T: thiamine; NPA: Gantrez® AN nanoparticles; P-NPA: polyethylene
glycol-coated Gantrez® AN nanoparticles; T-NPA: thiamine-coated Gantrez® AN nanoparticles;
T-NPB: nanoparticles prepared from Gantrez® AN-thiamine conjugate; Z: zein; NPZ: zein
nanoparticles and GT-NPZ: Gantrez® AN-thiamine conjugate-coated zein nanoparticles.
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1. Why mucus-penetrating nanoparticles?

Polymer nanoparticles are usually employed for the encapsulation of a biologically
active compound. This approach offers a number of advantages such as protection against drug
degradation or inactivation as well as controlled release properties. As consequence, polymer
nanoparticles have been proposed to improve the oral bioavailability of a number of drugs,
mainly “small molecules” assigned to the Class II of the Biopharmaceutical Classification
System [1-3].

For other classes of therapeutic compounds, such as biomacromolecules (i.e., proteins
and peptides), the improvements on their oral bioavailability have been found to be discrete.
This fact would be, at least in part, directly related to the presence of the mucus gel protective
layer that covers the gut epithelium. Thus, orally administered, conventional nanocarriers would
be trapped in this mucus layer far away from the absorptive membrane and in an environment
rich in digestive enzymes. In order to minimize this phenomenon and to promote the arrival of
nanocarriers to the surface of the epithelium, the use of nanoparticles with mucus-penetrating

properties has been proposed [4,5] (Figure 2).

Lumenal
mucus
layer

Adherent
mucus
layer

Globet cell Enterocyte

Figure 2. Mucoadhesive nanoparticles (A) vs. mucus-penetrating nanoparticles (B).

2. What are the most promising strategies to generate nanoparticles with

mucus-penetrating properties?
In order to overcome the mucus layer and to facilitate the arrival of nanocarriers to the

intestinal epithelium the following approaches, among others, have been suggested: virus-
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mimicking nanoparticles [6], zeta potential changing systems [7], mucolytic nanoparticles [5]

and slippery nanocarriers [8].

3. Are PEGs adequate for the production of mucus-penetrating

nanoparticles?

Yes, they are. PEG, as coating material of nanoparticles, would provide a hydrophilic
shield on the surface of nanocarriers that would facilitate their passage through the mucus gel
layer by decreasing their interactions with the mucin fibers [9]. However, different aspects have
to be taken into account. First of all, the MW is of great importance since PEG 10 kDa has
demonstrated low ability to facilitate the passage through the mucus layer compared to PEGs of
small MW as PEG 2 kDa or PEG 5-6 kDa [9,10]. This fact is attributed to the longer chains that
would not adopt a “brush” conformation facilitating the entanglement of the carrier in the mucin
mesh. Second, the PEG density generated on the nanoparticles’ surface. It appears that a
particular density threshold for efficient mucus-penetrating properties has to be obtained [9].
For PEGs, above this threshold density, its disposition on the surface of nanoparticle would
adopt a “brush” conformation that would facilitate the slippery properties of the resulting

nanocarriers [8].

4. What are the reasons to change the strategy to produce mucus-

penetrating nanoparticles based on Gantrez® AN conjugates?

The main reason was that the procedure described for the preparation of PEG coated
nanoparticles did not give good results in the case of thiamine functionalized nanoparticles. In
addition, we also took into consideration the possibility of thiamine lost during the formation of
nanoparticles. In fact, thiamine (as many others “small molecules”) may be largely transferred
to the external aqueous phase during the formation of nanoparticles and, thus, resulting in

nanoparticles poorly functionalized with the hydrophilic ligand.

5. Is thiamine adequate for the obtention of mucus-penetrating

nanoparticles?

Yes, it is. In vitro pulse-gradient spin-echo nuclear magnetic resonance (PGSE-NMR)
experiments revealed that the diffusion coefficient of mucin, in the presence of poly(anhydride)-
thiamine nanoparticles, increased 5-fold compared to bare nanoparticles (see Chapter 4). A
more profound evaluation of the mucin gel suggested that conventional poly(anhydride)

nanoparticles possessed a hydrophobic surface that could easily interact with the hydrophobic
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moieties of mucins producing an important increase in the viscosity of mucus samples as the
particles act as nodes for the enhancement of mucin gel cross-linking by interaction with the
hydrophobic regions of mucins. However, thiamine-decorated nanoparticles possess a
hydrophilic coat which would properly shield and, thus, prevent the interaction between the
hydrophobic backbone of nanoparticles and the hydrophobic regions of the mucins.

The in vivo mucus-penetrating properties and biodistribution in the gastrointestinal tract
of thiamine-coated poly(anhydride) nanoparticles prepared by two different procedures
(thiamine-coated Gantrez® AN nanoparticles and nanoparticles prepared from Gantrez® AN-
thiamine conjugate) were assessed. Both types of nanoparticles showed the ability to move
through the mucus layer and reach the intestinal epithelium to interact with it. Actually, for
both types of nanoparticles, more than 30% of the given dose was found in close contact with
the surface of the intestinal mucosa 2 h post-administration, compared to a 13.5% in the case of
unmodified poly(anhydride) nanoparticles [Chapter 4].

6. What problems arose when encapsulating insulin in conjugate-based

nanoparticles?

By PGSE-NMR technique it was shown that insulin loaded in T-NPB displayed 3-fold
lower diffusion coefficient of the mucin compared to unloaded nanoparticles (T-NPB). This
modification of the mucus-penetrating properties would be due to the presence of, at least, a
fraction of the protein in the surface of the nanocarriers (Figure 3). The localization of the
insulin in the outer side of the nanoparticles would be related with the incorporation of the
protein in the aqueous phase used to induce the desolvation of the polymer and the formation of
nanoparticles and not in the acetone phase containing the polymer due to the insolubility of
insulin in this organic solvent. Under these experimental conditions, and also due to the high
aqueous solubility of insulin, the protein would remain in the outer regions of the just formed
nanocarriers. In addition, the in vitro release studies revealed an inadequate profile for oral
insulin delivery. Actually, no release of the biomacromolecule was observed during the duration
of the experiment (26 h). This fact would be due to the establishment of ionic and/or hydrogen
interactions between the carboxylic acid groups of the polymer backbone and the functional
groups of the protein which would yield stable “complexes” as has been previously described
[11]. In order to minimize this problem, the co-encapsulation of albumin and insulin in the
nanoparticles was evaluated. In this case, the albumin would also interact with the functional
groups of GT and the interactions between insulin and the polymer would be minimized. The
incorporation of albumin as “blocking agent” only induced a slightly improvement of these

nanocarriers in the ability of release the cargo. In consequence, this strategy was abandoned.
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Figure 3. Schematic representation of nanoparticles obtained from Gantrez® AN-thiamine
conjugate incorporating insulin (I-T-NPB).

7. Why GT-coated zein nanoparticles?

As a solution to the previously described problems, zein nanopartices coated with the
synthesized poly(anhydride)-thiamine conjugate were chosen. Zein nanoparticles are
mucoadhesive carriers based on the storage protein of corn. In principle, these nanocarriers are
adequate for the accommodation of highly payloads of biomacromolecules in their core
[unpublished results]. In order to modify their surface and confer mucus-penetrating properties,
insulin-loaded zein nanoparticles were coated with the Gantrez® AN-thiamine conjugate.
Multiple particle tracking (MPT) studies assessed that mucoadhesive bare zein nanoparticles
were transformed into mucus-penetrating nanoparticles when coated with the conjugate, being
the ability to move through the mucus layer 24.5-fold higher than bare zein nanoparticles
[Chapter 6].
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8. What results were obtained when insulin loaded GT-coated zein

nanoparticles (I-GT-NPZ) nanoparticles were orally administered?

When insulin was orally administered encapsulated in GT-zein nanoparticles, a different
hypoglycemic profile to the subcutaneous administration of the free protein was observed. This
hypoglycemic effect started 4h post-administration and decreased during the next 11h before
reaching the basal values and after having reached a minimum 9h post-administration. In basis
to these curve profiles, the pharmacological activity of insulin administered in GT-zein
nanoparticles was calculated to be 13.5%. The oral serum insulin levels also showed a different
profile to the subcutaneous one. In this case, the maximum serum insulin levels were reached 4h
post administration, from when the levels started to decrease till basal levels 10h post-
administration. Finally, the oral bioavailability of insulin encapsulated in GT-zein nanoparticles
was calculated to be 5.2%.

Future perspectives

1. Improving the mucus-penetrating properties of GT-NPZ.
In order to improve the mucus-penetrating properties of nanocarriers, one possibility
would be to increase the amount of thiamine groups bound to the poly(anhydride) backbone.
For this purpose, one possible solution would be the binding of thiamine through an

intermediate, such as a carbodiimide derivative (Figure 4).
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Figure 4. Synthesis of Gantrez® AN-thiamine conjugate via carbodiimide derivative.

2. Increasing the oral bioavailability of insulin

In order to increase the oral bioavailability of insulin obtained in this work (~5.2%) the
strategy of co-encapsulating the hormone with other compounds could be taken into account in
basis to some problems that still may remain present. Once the nanoparticles are in close contact
with the intestinal epithelium, they would start the release of the cargo. The high MW of insulin,
as well as its physico-chemical properties, would not be the most adequate for a rapid
absorption through the intestinal epithelium which would, in addition, facilitate the
confrontation of insulin to an environment rich in digestive enzymes (i.e. glycocalix) that would
digest and, subsequently, inactivate the protein. In order to minimize these problems, different

strategies may be envisaged:

- Enzymatic inhibitors. One possibility may be the co-encapsulation of insulin with
enzymatic inhibitors. Among others the following compounds have been proposed to
inhibit the activity of digestive enzymes: chicken and duck ovomucoids [12] and
carboxymethyl cellulose-elastinal [13,14].

- Absorption enhancers. Another possibility to improve the oral bioavailability of
insulin would be the co-encapsulation of absorption enhancers in these nanoparticles.

Among others, the following compounds have been proposed to increase the absorption
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rate of biomacromolecules: fatty acids and bile salts [15], chitosan [16] or thiolated polymers
[17].

3. Application of GT-NPZ to the oral delivery of small analogues of
peptides.

On one hand, as the majority of peptides cross the intestinal epithelium by diffusive
transport via paracelullar or, rarely, transcelullar pathways, it is understandable that higher
biomacromolecule sizes would difficult the efficient passage through the systemic circulation.

On the other hand, biologically active native peptides in general do not cross cell
membranes and even if they would be able to overcome them, they are generally characterized
by short half-lives, as well as suboptimal physical and chemical properties [18] which makes
necessary, normally, the intravascular administration. Consequently, traditional rational design
of peptide therapeutics has focused on techniques to mitigate these weaknesses (substitution of
amino acids, building of structure-activity relations or identification of enzymatic cleavage
sites) [19-21]. The main disease areas driving the therapeutic use of peptide drugs are metabolic
diseases and oncology. In this context, peptide analogues of small molecular weights (1-4kDa)
would be adequate drug candidates for the oral delivery in these mucus-penetrating
nanoparticles. Thus, therapeutic compounds such as desmopressin (1069 Da), exenatide (4186
Da) and liraglutide (3751 Da) may be of interest to explore the potential of these mucus-

penetrating nanoparticles.
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The coating of poly(anhydride) nanoparticles with poly(ethylene glycol)s modified their
fate within the gastrointestinal tract of laboratory animals. Thus, pegylation of nanoparticles
inhibits their mucoadhesive properties and their tropism for the stomach mucosa. Within
the small intestine, PEGylated nanoparticles display mucus-penetrating properties, although
this fact is influenced by the MW and surface density of the poly(athylene glycol).

The mucus-penetrating properties of pegylated nanoparticles is dependent on the surface
density and MW of poly(ethylene glycol). Thus, the intensity and duration of the
interactions between nanoparticles and the small intestine mucosa are higher for
nanoparticles coated with either PEG2000 or PEG6000. Similarly, a brush conformation is

required to facilitate the diffusion of nanoparticles through the mucus gel layer.

The mucoadhesive properties of poly(anhydride) nanoprticles were transformed into
mucus-penetrating ones by their coating with vitamin B1 (thiamine). These thiamine-
decorated nanoparticles were prepared by two different procedures. In the former, freshly
prepared poly(anhydride) nanoparticles were incubated with thiamine. In the latter,
nanoparticles were obtained from a polymer conjugate between Gantrez® AN and thiamine
previously synthesized. Both procedures yielded nanocarriers with similar physico-

chemical and biodistribution properties.

Nanoparticles prepared from the Gantrez® AN-thiamine conjugate presented high insulin
loading. However, the resulting nanoparticles did show neither mucus-penetrating
properties nor adequate release profiles for an oral administration. These observations
would be related to the presence of the therapeutic protein on the outer layer of
nanoparticles and the development of interactions with the polymer conjugate. The co-
encapsulation of human serum albumin as blocking agent only induced a modest

amelioration in the release profile of insulin.

Zein nanoparticles were successfully coated with Gantrez® AN-thiamine conjugate,
generating a homogeneous corona of about 30 nm thickness. The resulting nanoparticles

possessed both in vitro and in vivo mucus-penetrating characteristics.
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6- Zein nanoparticles coated with the Gantrez® AN-thiamine conjugate enhanced the intestinal
absorption of insulin following oral administration. At a dose of 50 1U/kg, nanoparticles
decreased the blood gucose levels in diabetic rats and the hypoglycemic effect was
observed during 18 h. The pharmacological activity and the relative oral bioavailability of

nanoencapsulated insulin were calculated to be 13.5% and 5.2% respectively.
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El recubrimieno de nanparticulas de poli(anhidrido) con poli(etilengicol) modifico su
destino en el tracto gastrointestinal de animales de laboratorio. Por consiguiente, la
pegilacion de nanoparticulas inhibe sus propiedades mocoadhesivas y su tropismo por la
mucosa estomacal. En el intestino delgado, las nanoparticulas pegiladas exhiben
propiedades mucopenetrantes, aunque este hecho esta influenciado por el peso molecular y
la densidad superficial del poli(etilenglicol).

Las propiedades mucopenetrantes de nanoparticulas pegiladas es dependiente de la
densidad superficial y del peso molecular del poli(etilengicol). Asi, la intensidad y duracio
de las interacciones entre nanoparticulas y la mucosa del intestino delgado son mayores
para las nanoparticulas recubiertas con PEG2000 o PEG6000. Asi mismo, una
conformacion en “cepillo” es requerida para facilitar la difusion de las nanoparticulas a

través de la capa de moco gelificada.

Las propiedades mucoadhesivas de nanoparticula de poli(anhidrido) fueron transfrmadas en
mucopenetrantes por su recubrimiento con vitamina Bl (tiamina). Estas nanoparticulas
decoradas con tiamina fueron preparadas mediante dos procedimientos diferentes. En el
primer método, nanoparticulas de poli(anhidrido) recién preparadas fueron incubadas con
tiamina. En el método posterior, las nanoparticulasse obtuvieron desde un conjugado
polimérico entre Gantrez® AN y tiamina previamente sintetizado. Ambs procedimientos
rindieron nanotransportadores con similares propiedades fisicoquimicas y de

biodistribucion.

Las nanoparticulas preparadas a partir del conjugado de Gantrez® AN y tiamina presentaron
alta carga de insulin. Sin embargo, las nanoparticulas resultantes no mostraron propiedades
mucopenetrantes ni un adecuado perfil de liberacién para administracion oral. Estas
observaciones estarian relacionadas con la presencia de la proteina terapéutica en la capa
externa de las nanoparticulas y con el desarrollo de interacciones con el conjugado

polimérico.
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Las nanoparticulas de zeina fueron satisfactoriamente recuebiertas con el conjugado de
Gantrez® AN vy tiamina, generando una corona de alrededor dde 30 nm de grosor. Las
nanoparticulas resultants obuvieron caracteristicas mucopenetrantes tanto in vitro como in

Vivo.

Las nanoparticulas de zeina recubiertas con el conjugado de Gantrez® AN y tiamina
aumentaron la absorcion intestinal de insulin tras su administracion oral. A una dosis de 50
Ul/kg, las nanoparticulas disminuyeron los niveles sanguineos de glucose en ratas
diabéticas y el efecto hipoglicémico se observe durante 18 h. La actividad farmacoldgica y
la biodisponibilidad relative de la insulin nanoencapsuada result en un 13.5% y un 5.2%

respectivamente.
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