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‘Knowledge is as wings to man's life, and a ladder for his ascent. Its acquisition is
incumbent upon everyone. The knowledge of such sciences, however, should be
acquired as can profit the peoples of the earth, and not those which begin with

words and end with words’

Baha'u’llah
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Abstract

Folate uses the natural endocytosis pathway via the folate receptor (FR) to enter the
cells. Folate conjugation to small or macromolecular therapeutics has hence been
exploited for intracellular delivery to, particularly, cancerous cells. This work
reports on the expression and functionality of FR in polarised cell monolayer models
of respiratory and gastrointestinal mucosa with the view to assess its potential for
delivery of folate-modified macromolecular therapeutics either intracellularly or
across the epithelium. Four cell lines representing bronchial and intestinal
epithelium; cancer-derived intestinal Caco-2 and bronchial cell line Calu-3, and non-
cancerous intestinal and bronchial cell lines IEC-6 and HBEC were cultured on
permeable membranes to produce polarised monolayers. Expression of FR was
confirmed by RT-PCR and Western blot analysis for all the tested cell types and
shown to be dependent on culturing time. The functionality of the receptor for
endocytosis was demonstrated by a model macromolecular folate conjugate
(fluorescent ovalbumin-folate (OVA-FA)), whereby significantly higher cellular
uptake of the folate-conjugate, relative to non-folate control, was clearly
demonstrated. Importantly the data showed that the expressed folate receptor was
capable of mediating transport of the macromolecular folate conjugate across
(transcytosis) the cells in the polarised monolayers.

Preliminary studies led to investigation of the folate mediated uptake and transport
of folate modified nanoparticles (NPs). It was shown that folate modified NPs
traversed the Calu-3 layers and studies characterizing this transport indicated folate
involvement in this process. Adsorption of OVA-FA on the surface of NPs was seen

to promote their cellular uptake and transport across the cell layers.
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To examine the mechanism of cellular uptake and transport of folate modified
nanoparticles, various endocytic inhibitors were employed. The study demonstrated
an involvement of the caveolar pathway in internalization of folate modified
nanoparticles; as judged from a significant reduction of internalization in filipin
(inhibitor of caveolar pathway) treated cells. Moreover, the work also showed
evidence of transport of folate-modified nanoparticles via the caveolar pathway,
since translocation of nanoparticles across the cell monolayer was absent when this
path was inhibited.

Disruption of actin filament and microtubules caused no difference in cellular uptake
of NPs but increased the transcytosis of folate modified NPs.

Confocal microscopy, Transmission Electron Microscopy (TEM), Total Internal
Reflection Microscopy (TIRM) and Total Internal Reflection Florescence
microscopy (TIRFM) were used to confirm and visualize quantitative data.

This study also investigated the effects of surface ligand distribution pattern (ligand
clustering and density) on the internalization of nanoparticles by Calu-3 cells
cultured as polarised layers. The density of the displayed ligand was manipulated by
controlling the conjugation level of folate-ovalbumin, while ligand clustering was
achieved by co-adsorption of varying mixtures of folate-ovalbumin conjugate (at
different ligand density levels) and unconjugated ovalbumin. Increasing ligand
density on the nanoparticle surface resulted in increased internalization of modified
nanoparticles by the cells, up to a saturation level. Surface ligand density also
affected the cellular uptake pathway; from predominantly clathrin to predominantly
caveolae-mediated as the ligand density was increased. It was further demonstrated
that surface clustering of the folate ligand enhanced cellular internalization of

nanoparticles, relative to its dispersed surface distribution.
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1.1 Non-invasive drug delivery

The development of drugs based on biotechnology products is a rapidly expanding
area within the pharmaceutical industry. These products are increasingly proteins;
peptide or nucleic acid based molecules. However delivery of such molecules and
their translation to clinic requires new drug delivery systems. The growth in protein
drugs is unfortunately not matched by developments of effective and convenient
delivery systems for this class of therapeutics. Currently, protein drugs are
predominantly administered parenterally. This is due to their high molar mass,
hydrophilicity and their inability to withstand the environment in the gastrointestinal
tract, resulting in an inadequate absorption and hence poor bioavailability following
oral administration. However, disadvantages associated with the parenteral route,
including patient discomfort and high cost, necessitate research into non-invasive
ways of administering this class of therapeutics [1].

So the need for non-invasive drug delivery arises for many reasons such as:

@
L4

Possibility of proteins and peptides delivery without injection
% Less side effect

% More efficient delivery of active components

% No need for constant medical supervision

% More patient convenience

< Painless administration

This is why non-invasive methods of drug delivery are recently receiving a lot of
attention and great efforts have been devoted to investigate feasibility of new non-

invasive routes [2].
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1.2 Mucosal administration of protein drugs: potential routes
The research in potential routes for non-invasive drug delivery has led to discoveries
in the potential exploitation of mucosal routes including oral rout, pulmonary route,

nasal route, buccal route, rectal route, vaginal route and ocular route [3, 4].

1.2.10ral route

The oral mucosal drug delivery is the preferred and alternative method of drug
administration that offers many advantages such as ease of self-administration,
convenience and lower costs. However, the gastrointestinal tract is a complicated
system of organs designed primarily to break down food and absorb nutrient
molecules. Following their oral administration, many peptides and proteins will be
destroyed before absorption can take place in the small intestine. This is because of

the presence of proteolytic enzymes and an unfavorable acidic environment [5, 6].

1.2.2 Nasal route

Some of the characteristics of the nasal cavity that make the delivery of therapeutics
through the nasal mucosa attractive, include the relatively large surface area
available for absorption (approximately 150 cmz), the highly wvascularised
submucosa, and the avoidance of both gastric and first pass metabolism.
Furthermore, the nasal mucosa exhibits a lower enzymatic activity when compared

to the gastrointestinal tract.

Potential problems associated with the use of the nasal route for drug delivery
include filtration of foreign particles and rapid mucociliary clearance, which may

affect the absorption of macromolecules [7, 8].

1.2.3 Buccal route
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Delivery through the buccal cavity offers avoidance of first pass metabolism as the
blood vessels of the oral mucosa drain directly into the jugular vein. Furthermore,
the oral cavity is highly vascularized and provides an environment almost free from

the acidity and protease activity encountered elsewhere in the mucosa [9].

1.2.4 Pulmonary route

It is believed that the pulmonary route has many potential benefits as a portal of

entry for systemic drugs.

% Pulmonary epithelium provides a higher bioavailability than other non-
invasive routes of drug delivery. The lungs are more permeable to
macromolecules than any other ‘routes. Some of the most promising
therapeutic agents are peptides and proteins, which could be inhaled instead of
injected; thereby improving compliance (The bioavailability of peptides and
proteins is 10 to 200 times greater by the pulmonary route as compared with
other non-invasive routes).

% The lungs are even more permeable to small molecules than the
gastrointestinal (GI) tract. Evidence also suggests that the lungs display high
bioavailabilities and rapid absorption of small lipophilic compounds,
indicating that there is high permeability and low metabolising activity.

% The lungs have a small portion of the drug-metabolizing and efflux transporter
activity compared to the gut and liver. Thus, small molecules can be delivered
efficiently into the body through the lungs without the production of a
complex array of metabolites.

% Inhalation provides a greater speed of response. For example inhaled Insulin is
more rapidly absorbed than subcutaneously injected insulin and provides more

physiological response to a meal [3].
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% The large surface area of approximately 70 — 140 m? in adult human lungs can
be efficiently used for the administration of a large variety of drugs [1, 3, 10].

So Lung drug delivery has gained the most attention and it is considered that

mucosal surfaces of respira.tory system can be the most common and convenient

route for delivering drugs to the body.

1.3 Barriers to mucosal drug delivery

Successful delivery and systemic absorption of protein therapeutics following
mucosal administration requires several biological barriers to be overcome. Using
the airway mucosa as an example, these barriers are presented schematically in
Figure 1.1. The epithelial cells (Figure 1.1), which are covered by a layer of mucus,
are the major barrier to drug transport. The epithelial barrier has intercellular tight
junctions (TJ) and is organised as a tightly connected continuous layer of cells
characterised by distinct apical and basolateral surfaces with specific structural
modifications. Although the mucosal layer is permeable to water, gases, and
lipophilic substances, the permeability to large, hydrophilic proteins is limited. The
non-absorptive clearance processes are another hurdle to systemic delivery and can
have a major impact on the amount of active drug available for transport across the
mucosa. The role of mucociliary clearance is to remove unwanted and potentially
irritable particles. For example, insoluble drugs and/or insoluble delivery systems
deposited in the upper airways are rapidly cleared [11]. The presence of proteases
that may degrade the administered protein drug is also an important barrier limiting
the availability of peptides and proteins at the mucosal surface and hence their

absorption [12].
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Mucosal layer

Apical surface > /

Mucociliary clearance

Cilia

Tight junction

Epithelial cell

Basolateral surface

Figure 1.1 Barriers to mucosal drug delivery. The epithelial layer, which is composed of tightly
clustered ciliated cells connected by tight junction, forms a virtually impermeable barrier. The cilia
are surrounded by a thin fluid film of mucus which is secreted by goblet cells. Cilia beat resulting in
a unidirectional upwards movement of mucus which is an integral part of lung defence mechanisms,

enabling efficient clearance of inhaled particles.

1.4 Crossing the mucosal barriers: possible pathways

While some small, amphipathic molecules have the ability to partition into and out
of lipid bilayer membranes (apical and basolateral) allowing them to readily enter
and leave the epithelial cells without a specific transport system (Figure 1.2A), the
transport of smaller hydrophilic macromolecules is limited to the paracellular route
(i.e. between adjacent cells; Figure 1.2B). Larger macromolecules and nano-sized
particles can also be transported across the cells via transcytosis route through a

series of vesicular structures (Figure 1.2C). However, the organization and
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movement of these vesicles is highly regulated to minimize the non-selective

transport of macromolecules into and out of the body [13].

1.4.1 Paracellular pathway

Paracellular transport is the selective, passive movement of small molecules (below
1000 Da) [14] between cells through intracellular tight junctions (Figure 1.2 B). It
appears that a combination of molecular weight and degree of ionization determine
the rate at which molecules can pass through. The less ionized a molecule, the faster
its absorption rate, because it forms fewer interactions with the proteins and lipids
that line the pore. Water-soluble compounds are most likely to traverse the
epithelium via a paracellular route [3].

Tight junctions comprise a major barrier towards the paracellular transport of larger
solutes. The dimensions of the paracellular space lie between 10 and 30-50 A,
suggesting that solutes having a molecular radius exceeding 15 A (3.5 kDa) will be

excluded from this route [15, 16]: this includes most therapeutic proteins.

A Apical surface B C

@ ()
LT
(@)

0 o
Ooo Cb

@)
OO

Basolateral surface
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Figure 1.2 Transport pathways across the epithelial layer. a) Transcellular route, applicable to
small, lipophilic molecules, b) Paracellular (between cells) route, relevant to relatively small,
hydrophilic macromolecules, and c) Transcytosis (which may be receptor mediated), through which

large macromolecules and nanoparticles can potentially traverse the mucosal surfaces.

1.4.2 Transcellular pathway

1.4.2.1 Small molecules

Small lipid-soluble compounds are rapidly absorbed and transported without a
specific transport system presumably because they can integrate into the lipid bilayer
of the epithelial cell membrane (Figure 1.2 A). This constitutes the “transcellular
pathway” in which compounds pass from the apical to basolateral side by traveling

through the cellular membrane [17, 18].

1.4.2.2 Macromolecules

Transport of larger macromolecules and nano-sized particles can be transported
through the epithelial layer via active transcellular mechanism (transcytosis) which
employs series of vesicular structures (Figure 1.2 C). However, the organization and
movement of these vesicles is highly regulated to minimize a non-selective transport
of macromolecules into and out of the body [17]. These molecules enter cells by
binding to specific carrier proteins on the cell surface, and use an energy-driven
exchange to drive uptake against a concentration gradient [3].

Transcellular transport of macromolecules is performed by endocytosis; the uptake
of membrane proteins and lipids, extracellular ligands and soluble molecules from
the cell surface [19]. Term endocytosis encompasses three mechanisms (Table 1.1)
which are pinocytosis, phagocytosis and receptor mediated endocytosis which are

known to play a role in the uptake of macromolecules [20, 21].



Chapter 1 Folate-Mediated Drug Delivery
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mediated mediated

Clathrin &
Caveolae
independent

Table.1.1 Endocytosis pathways.

\.

1.5 Endocytosis pathways

1.5.1 Phagocytosis

Phagocytosis is a process in which a cell imports outside material to form an internal
phagosome structure. The phagosome usually merges with the lysosome, and then
the material is subsequently degraded and released extracellularly via exocytosis, or
released intracellularly to undergo further processing [22]. In most multicellular
animals phagocytic cells play a major role in immune system rather than as a means

to gain nourishment [23].

1.5.2 Pinocytosis

Pincytosis or ‘fluid phase’ endocytosis is a less specific mechanism which enables
cell to ingest droplets of liquid from extracellular environment by vesicles that
invaginate from the cell membrane. Consequently the amount internalized by the

cell by this route is proportional to the component’s concentration in the
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extracellular environment. Pinocytic vesicles tend to be smaller than vesicles

produced by other endocytic processes [19].

1.5.3 Receptor-mediated endocytosis

Receptor -mediated endocytosis (RME), potentially the most important endocytosis
type for drug targeting (see 1.7), utilizes a special class of cell membrane receptors
to initiate the process (see chapter 4, section 4.1.1). Initially, extracellular material
(ligand) binds to receptors on the cell membrane. This is typically a highly specific
event. Following the receptor-ligand binding, the plasma membrane surrounding the
ligand-receptor complex starts to invaginate until a distinct internal vesicle, called an

““early endosome’’ forms and separates for the membrane into the cytosol.

Formed endosomal vesicles are transported inside the cell cytosol to different
intracellular destinations. They may eventually interact with the Trans Golgi
reticulum, where they are believed to fuse with membranous compartments prior to
converting into late endosomes. At this stage, there are four possible fates of the

ligand and receptor:

% Ligand and its receptor can be fused to the lysosomes for destruction (e.g.
various receptor-hormones complexes)

% The ligand can be directed to a lysosome for destruction, and its receptor is
recycled back to the plasma membrane for another endocytosis (e.g.
asialoglycoprotein receptor)

% The ligand can be directed into the cytosol, while its receptor is recycled
back to the plasma membrane to for another round of endocytosis (e.g. folic

acid)

10
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% Both the ligand and its receptor can be recycled back to the plasma

membrane (e.g. transferrin, folic acid)

Noticeably, the destination of many receptor-ligand complexes can change from one
of the above categories to another, depending on the percentage of occupancy of the

cell surface receptor [24].

1.6 Transcytosis

Transcytosis is a vesicular transport of macromolecules from one side to the other
side of the cell and it is a strategy utilised by multicellular organisms to move
material between two specific environments without changing the compositions of
those environments [25]. Transcytosis can occur in both apical to basal and basal to
apical directions. It is mostly recognised as a dominant way of transport in polarised
epithelial cells, in addition it is widely adopted by most endothelial tissue of the
body. Transcytosis can generally be categorised into receptor mediated (see section
1.5.3) and receptor independent. The latter includes fluid phase and adsorptive
uptake into cells. Adsorptive uptake involves electrostatic interaction between

receptor and ligand [14, 26].

1.7 Receptor-mediated drug delivery

Most current drugs distribute non-specifically and randomly throughout the body,
entering both healthy and pathological cells with roughly equal efficiency so it is not
surprising the health of normal cells can be compromised as they are sensitive to
such drugs.

In the case of drugs designed to have only small changes in cell behaviour (e.g.,

aspirin), such side effects are usually acceptable. However, when the drug is

11
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designed to induce cell death or a major change in cell behaviour, toxicity to normal
cells can limit its use. The development of receptor-targeted drug delivery has been
initiated primarily to limit the distribution of drugs to only the pathological cells and
to minimize side effects to normal cells. Furthermore, receptor-mediated drug
delivery can also enable membrane-i’mpenpeegi_ drugs to enter target cells by
receptor mediated endocytosis [27-29]. Targeted drug delivery systems aims to
expand the therapeutic windew of drugs by increasing their delivery to the target
tissue and improving target-non-target tissue ratio. This will in turn lead to a
reduction in the minimum effective dose of the drug and an improvement in
therapeutic efficacy at equivalent plasma concentrations. Given the often limited
number of targeted receptor sites on any given target tissue, targeted delivery is a
particularly attractive approach for agents with narrow therapeutic windows and/or

which are active at very low concentrations [30].

Three factors should be considered for receptor mediated drug delivery:

% High affinity of the receptor for the ligand

% The attached drug should have no competing affinity of its own

¢ The delivery system does not become trapped in non-targeted pathways
Different biological ligands have been utilized to deliver drugs to target cell. Most of
these have been linked to functionally active peptides or proteins, and in some cases

to small molecular weight chemotherapeutic medicines.

Table 1.2 lists some of the most common ligand-receptor systems used for the

delivery of therapeutic molecules.
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Ligand Drug Payload References

Insulin enzymes, particle [31,32]

Epidermal growth Protein toxins, micelles, [33-35]

factor

Transferrin Drugs, Protein toxins, [28,36]
vectors

IgG Proteins, DNA [37, 38]

Vitamin B, NPs, peptides, imaging [36,39,40]
agents

Folate All pharmaceutical classes  [41-44]

Table 1.2 Ligands normally used for receptor-mediated drug delivery
1.8 Receptors involved in macromolecular transports across mucosal layer

1.8.1FcRn receptor

The transport of IgG across cellular barriers plays a central role in mediating
effective humoral immunity. The Fc receptor for IgG (FcRn) has been well
characterized in the transfer of passive humoral immunity from a mother to her fetus
[45]. In addition, throughout life, FcRn is involved in transepithelial transcytosis of
IgG in both apical-to-basolateral and basolateral-to-apical directions in lung [46, 47],
recent studies have investigated its potential for pulmonary absorption of therapeutic
proteins [48].

The apical-to-basolateral transcytosis pathway of IgG/FcRn has been explored in
various cell types [49-51] to investigate the possibility of delivering biotherapeutics

through the epithelium of airways and whether coupling biological agents with Fc
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fragments could be used to exploit FcRn mediated transport for systemic drug
delivery [51, 52].

By using fluorescence imaging techniques, it has been shown that following cellular
internalization FcRn sorts IgGs in the sorting endosome [53]. The transport vesicles
containing IgG bound to FcRn do not fuse with the degradative lysosomes, but
rather pass through the epithelial cell in the apical to basolateral direction with

eventual release of intact IgG to the interstitial space [53].
1.8.2 gp 60 receptor, Albondin

Human serum albumin (HSA) is thought to facilitate transcytosis of unbound and
albumin-bound plasma constituents into the basal space. It is believed that the distal
respiratory epithelial tract allows slow but finite translocation of albumin into the
interstitial and vascular spaces from the air spaces of the lung [54]. This process is
initiated by binding of albumin to a cell membane, 60 kDa glycoprotein (gp60)
receptor (albondin) [55].

Studies using radiolabelled bovine serum albumin ([3H]- methylated BSA) across
rat alveolar epithelial monolayers show that the flux of BSA from the apical to
basolateral membrane was greater than from the basolateral to the apical direction
[56].

The review by Kim et al suggests that passive diffusion and non-specific adsorptive
endocytosis of albumin is unlikely. The latter is thought to be true since the net
negative charge owing to cationic molecules on cellular membranes would prevent
adsorption of albumin since it is also negatively charged at physiological pH. From
the presentation of their findings it may be assumed that albumin is largely taken up

by epithelial cells through transcytotic mechanisms. They demonstrated in cultured
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type 1I alveolar epithelial cells that albumin transcytosis is regulated by Albondin
[57].

Hence it is potentially possible to utilise albumin uptake/ transport mechanism for
targeted delivery of macromolecules. In recent years, Albondin has been utilised for

delivery of anti-cancer drugs and peptides [58, 59].

1.8.3 Polymeric immunoglobulin receptor (pIgR) for basal- apical transport of
IgA

Immunoglobulin A (IgA) is also transported across the epithelial barrier; however it
is transcytosed in the basal to apical direction. Its delivery across the cell has been
clearly defined. It binds to its complementary pIgR at the basolateral surface;
binding stimulates endocytosis of the IgA-pIgR complex into clathrin coated pits
(see section 4.1.1). The endosome containing this complex moves away from the
plasma membrane and is trafficked into the common endosome and to the apical
recycling endosome. The vesicle containing the complex fuses with the apical
plasma membrane. PIgR undergoes proteolytic cleavage by a serine protease
localised in the apical membrane. Cleavage releases ‘secretory’ IgA from the
mucosal surface. The function of these plg receptors is to contribute to mucosal

defence of the upper airways by apical secretion of IgA [60, 61].

1.8.4 Folate receptor (FR)

There are few reports on the presence of folate receptor at the apical membrane of
epithelial cells of some human tissues [62, 63]. The expression of FR in lung
epithelium (type I and type II alveolar epithelial cells) is still an open question, and
no specific function has been defined for this tissue [64]. The expression and

potential of this receptor for mucosal delivery of macromolecules and nanoparticles
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has been studied in this work and the results will be presented/discussed in following

chapters.

1.9 Folate-mediated drug delivery

1.9.1 Folates

Folate is the generic name for folic acid (Figure 1.3) and other structurally related
compounds (known as vitamin Bg) which are an important constituent of the human
diet. They play several metabolic roles, including DNA synthesis, cell division,
growth and survival. Folate is needed to carry one-carbon groups for methylation
reactions and nucleic acid synthesis [35]. Folic acid is the non-physiological,
synthetic, oxidized form of the vitamin. Tetrahydrofolate (THF) and dihydrofolate,
in their biologically active form, act as carriers/donors of methyl groups and
function as important cofactors in the synthesis of purines and pyrimidines . The

total body content of folate is estimated to be 38-96 mg.

O __OH
0

OH
H NH

N o
N~ N NH
NS W ~
HaN N N
Figure 1.3 Structure of folic acid

1.9.2 Folate carriers
Because animal cells lack enzymes of the folate biosynthetic pathway, their survival
and growth are dependent on their ability to acquire and utilize this vitamin. Thus,

effective mechanisms for uptaking exogenous folates are needed.

Folate is a hydrophilic molecule due to the two carboxylate moieties positioned at

the distal end of the folate molecule, so passive membrane permeability at
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physiological temperature and pH is not possible [65]. To overcome this obstacle,
there are three mechanisms for the cellular internalization of the vitamin including
(i) reduced folate carrier (RFC), (ii) folate receptors (FRs) and (iii) the recently

identified proton coupled folate transporter (PCFT) [66].

1.9.2.1 Reduced folate carrier

Reduced folate carrier is the first cloned transporter that was found to transport
folates [67]. RFC which is an anionic carrier for transporting reduced folate to
cytoplasm [68] is the major route of folate delivery. It’s a typical facilitative trans-
membrane protein with 12 predicted trans-membrane domains [69] which appears to
be expressed ubiquitously in the body [70]. RFC is characterized by a relatively high
affinity for N5-substituted reduced folates and folate analogs, such as methotrexate
(MTX) (Km 5 1-5 uM), but has a much lower affinity for folic acid (K., 5 100-200
uM) [71]. The human RFC gene has been cloned, and its predicted amino acidic
sequence seems to indicate a 60-kDa glycoprotein, which belongs to the super-
family of trans-membrane spanning transporters [72]. This transporter functions

optimally at around neutral pH [67].

1.9.2.2 Proton coupled folate transporter (PCFT)

PCFT is recently discovered in intestine (predominantly expressed in duodenum)
and it is involved in folate uptake in epithelial layer. It is responsible for transport of
folate at an acidic pH of 5.5, but its transport activity was absent at near-neutral pH
[66, 67]. A report by Low et al has showed that PCFT is critical to intestinal folate
absorption and transport into the central nervous system because there are loss-of-
function mutations in this gene in the autosomal recessive disorder, hereditary folate
malabsorption [73]. PCFT is also expressed in the brain, where it might export

folates from acidified endosomes after FRa-mediated endocytosis [74].
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1.9.2.3 Folate receptor

Folate receptors belongs to a family of high affinity folate binding proteins which
are encoded by three different genes a, B,and y located on chromosome 11 . The
mature FRs are similar (68-79% identical in amino acid sequence) proteins which
contain 229-236 amino acids and 2(B,y) or 3(a) N-glycosylation sites with a 38-40
kDa molecular weight [42]. FRa and FRp are attached to the cell membrane by
glycosylphosphatidylinositol (GPI) anchor and internalize their cargo by active
receptor mediated endocytosis, whereas FRy ,which is a soluble folate binding
protein, is secreted because of lack of an efficient signal sequence for GPI
modification [75, 76].

FRs bind folic acid (an oxidized form of folate) with high affinity. FR a-isoform has
a dissociation constant (Kg) for folic acid of 0.1 nM, which is approximately 10-fold
lower than its Ky for reduced folates (e.g., 5-methyltetrahydrofolate) [77] whereas

FRB curiously lack affinity for folic acid and various folate derivatives [30].

Receptor-mediated uptake of folate or folate conjugates proceeds through a series of
distinct steps, beginning with conjugate binding to a cell surface FR and terminating
with release of cargo into the cytoplasm (Figure 1.4). Thus, after membrane
invagination and internalization to form an endocytic vesicle, acidification of the
endosomal compartment to pH ~35 results in release of some (but not all) folate or
folate conjugates from their receptor. Trafficking of the acidic endosome to a
recycling centre then allows separation of membrane-bound FR from released cargo.
Released folate or folate conjugates are seen to escape the endosome through an
unknown mechanism, resulting in drug deposition in the cytoplasm. In contrast,
membrane bound FR largely recycle back to the cell surface, allowing for delivery

of additional folate-linked drugs into the cell. In different cells, the recycling rate in
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vivo varies from one cycle every 4 h to one cycle every 12 h. In other FR positive

(FR+) cells, the recycling rate may be faster.

Importantly, it has been observed that folate conjugates mostly do not enter
lysosomes for destruction, thus enabling the delivery of different therapeutic

materials in to the cells [78-81].

Folate conjugate

FR

- rd
Golji
( Endosomes
-~
| Mucteus I‘ S
'}
/ 3*

\.

A

»
VRN

Figure 1.4 Receptor-mediated endocytosis of folate conjugates. Folate conjugates bind to FRs. Then
cell membrane invaginates and pinches off to form an endosome. As the endosomal compartment
acidifies, the folate conjugate releases from the receptor into the cytosol. Although the reduced folate
carrier is present in virtually all cells, oxidised folates are not substrates, and therefore, are taken up

only by folate receptor. Adopted from [80]

1.9.3 Tissue distribution of FRs

Expression of FRs in humans is restricted to certain normal tissues. Significant FRa
abundance has been detected in epithelial cells, kidney (proximal tubules), lungs,

choroid plexus, intestine and thyroid. In all these tissues these receptors are

expressed on the apical membrane surface [30, 82, 83]. For example, in the choroid
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plexus, receptor is localized to the brain side of the blood-brain barrier, where it is
inaccessible to blood-borne folates or folate-drug conjugates. Or there is high
expression of FRa in proximal tubules of the kidney where it is believed to capture
folates prior to their urinary excretion and then return them back into circulation via

a transcellular reabsorption process [84, 85].

FR is absent in most normal tissue, but it has been observed with a low expression
in placenta, activated macrophages, spleen and thymus. FR type B has been also
found on CD34+ cells [30]. FRy is generally difficult to detect in any normal tissue.
[62, 86]. In summary, FR on normal cells are largely inaccessible to folate

conjugates in the blood [80].

1.9.4 Expression of FRs in malignant tissue

. A significantly higher expression level is seen in FR-positive malignant tissues [30].

c
\
i FR type a over expression has been detected in most tumours with epithelial origin.

! In some studies, a monoclonal antibody against the FRo was used to determine the

|
i
3
\ frequency of FRa overexpression in human tumour by indirect
{? types of tumours including ovarian, endometrial, colorectal, breast, lung, renal cell

!

1 brain metastases derived from epithelial cancers and neuroendocrine carcinoma [62].

immunohistochemical staining. High receptor overexpression were seen in many

FR type B is mostly overexpressed in non-epithelial tumours such as sarcomas, acute
myeloid leukaemia, and FR type y is mainly restricted to malignancies of

hematopoietic origin including lymphoid cells [84].

1.9.5 Folic acid; an ideal ligand for FR
v Folic acid, as well as its high binding affinity to FR, has many attractive properties

“ as a targeting ligand for internalisation of conjugated therapeutics. Due to its ability
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to target not only FR cancers, but also many inflammatory diseases, applications of
folate targeting to drug delivery will become more diverse than other targeting
ligands. Folic acid is soluble in water, it has low immunogenicity and a relatively
low MW (MW=441.4gmol-1), it is easily available and has a good storage stability
_ In addition to simple conjugation chemistry [87].
Simple covalent attachment of folic acid to different macromolecules has been
shown to lead to conjugate internalization by folate receptor-positive cells in an
identical fashion to that of free folic acid [84]. Also the apparent lack of toxicity of
folate conjugates, tested to date, is added to this list of attributes enhancing its
chance of more success than most other ligands under investigation (e.g.,
monoclonal IgGs, peptide, hormones, etc.) [80].
These properties have allowed drug delivery experts to conjugate various materials

on to folic acid for folate mediated delivery (see section 1.9.6).

: \(;1.9.6 Fq_lftg_ggcgr?ﬂtf:qu_cﬂggigrs for FR mediated drug targetipg
N Folate targeting was invented after Bart Kamen’s group at the University of Texas
reported that folate is entered into the cells via a receptor-mediated endocytic

! process in 1986 [88]. After that many researchers started working on folate targeted

drug delivery. The prevalence of FR overexpression among human tumors makes it

a good marker for targeted drug delivery to these tumors.

Hence up to the present time, folate has been covalently attached to a wide range of
drug delivery carriers such as liposomes, imaging complexes [89-91], polymer
conjugates [92], protein toxins, plasmid DNA [64, 93], chemotherapeutic and
immunétherapeutic agents [81, 94], nano-particulates [95-97], proteins [98] and

radiopharmaceutical agents [99].
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Among them, anti-cancer liposomes with having surface exposed folate moieties
have been extensively studied for passively targeting cancer cells [100]. In

particular various anti-cancer agents have been considered and can be exploited for

targgtiq_»drug delivery. However, the sub-cellular transport mechanism of folate-

conjugate is only partly characterised hence further research is required to determine

U et

the pathways and the effects of ligands on the pathway [88].

1.10 Aims and objectives

The majority of studies have described folate mediated drug delivery to cancerous
cells, whilst data on targeted drug delivery via folate receptor to non-cancerous cells
or tissues are scarce.

Also reports on the possible role of folate receptor in transport in epithelial cells are
rare. These studies mostly deal with the transport of folate molecule in apical to
basolateral direction for translocation of folate in proximal tubule cells of kidney
[101, 102], basolateral to apical transport of folate in retinal pigment epithelium
[103] and folate transport in choroid plexus [104]. To the best of our knowledge,
there is no published data on folate mediated transport of macromolecules.

So the main aims of this thesis are first to exploit the expression of FR in different
epithelial cell lines (cancerous and non-cancerous cell lines) and secondly to
discover the potential of this receptor in uptake and transport of folate-decorated
proteins and nanoparticles across epithelial cell monolayers. To this end, polarised
epithelial cell layers (Calu-3, HBEC, Caco-2 and IEC-6) will be adopted to serve as
an in vitro model of epithelia. Furthermore, endocytic mechanism involved in
folate-mediated nanoparticle internalization and translocation across cell layers will

be investigated by using different endocytic-pathway inhibitors.
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And lastly, in order to improve uptake and transport of nanoparticles across the cell
layers, the effect of different concentration of ligand on nanoparticle surface will be

explored.
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Chapter 2 General Material and Methods

2.1 Materials

2.1.1 Cell lines and routine cell culture materials

Caco-2 cells (passage 30) were obtained from the European Collection of Cell
Cultures (ECACC)(used up to passage50), Calu-3 cells passage 25) were obtained
from the American Type Culture Collection (ATCC) (and used up to passage 40).
HBEC and IEC-6 cells were a generous gift from the City Hospital (Nottingham ,
UK) and used at passages 2-4 and 11-20 respectively. Dulbecco’s Modified Eagles
Medium (DMEM), RPMI 1640 (free folate medium), Hanks Balanced Salt Solution
(HBSS), 2.5% Trypsi/EDTA, Antibiotic/Antimycotic solution (containing
penicillin, streptomycin and amphotericin), L-glutamine, Foetal Calf Serum (FCS),
Hydrocortisone  solution (50 uM,  sterile-filtered), Human  Transferrin,
Triiodothyronine (sodium salt), Epidermal growth factor (recombinant, lyophilised
powder), Non-essential amino acids 100X (NEM), Insulin solution (10 mg/mL
insulin in 25 mM HEPES), Interleukin-4 (IL-4) (recombinant, lyophilized powder),
Trypan Blue (0.4% w/v), NaOH and Triton-X 100, were all obtained from Sigma
Aldrich, UK. Ham’s F12 and Keratinocyte serum-free medium (KSFM), bovine

pituitary extract, and G418 were obtained from Invitrogen.

All cell media were supplemented with penicillin, streptomycin and amphotericin B
at final concentrations of 100 units/ml, 0.1 mg/ml and 0.25 pg/ml, respectively and
also with FCS (except KSFM) and L-glutamine at final media concentrations of 10%
v/v and 2 mM, respectively. DMEM was further supplemented with 5% NEM for
Caco-2, with Ham’s F12 for Calu-3 and with 5ml NEM, IL-4 (50 ng/ml) and Insulin

(0.1 units/ml) for IEC-6.
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KSFM was also supplemented with Bovine pituitary extract (25 pg/ml), recombinant
epidermal growth factor (0.2 ng/ml), G418 (15 mg/ml), Hydrocortisone (0.5 mg/ml),
Transferrin (10 mg/ml) and Triiodothyronine (6.5 mg/ml).

Dimethylsulphoxide (DMSO) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), used as cryopreservant, were purchased from Sigma Aldrich.
Phosphate buffered saline (PBS) containing 0.14M NaCl, 0.01M phosphate at pH
7.4 was prepared from tablets obtained from Oxoid (Basingstoke, UK). All water
used was obtained from an ELGA purification system (resistivity 18.2 MV-cm,
Maxima USF ELGA, High Wycombe, UK), and sterilized by being autoclaved. 3-(4,
5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) reagent was purchased from Promega (USA).

2.1.2 Labware

Permeable supports - Transwells® (12 mm diameter, 0.4 pm pore size, and polyester
membrane), Tissue culture flasks (75 cm?, 250 ml,. 0.2 pm vented plug seal cap) and
96-well polystyrene microplates were obtained from Coming Life Sciences
(Holland). 6, 12, 24-well plates (Tissue culture treated, flat bottom with low
evaporation lid) were purchased from Becton Dickinson Labware (Becton Dickinson
and company, NJ, USA). Minisart filters (non-pyrogenic, 0.2 um) were purchased
from Sartorius (UK). Glass cover slips with 15 mm diameter and glass-bottom petri
culture dish with 10 cm diameter were purchased from Sigma Aldrich. Sterile
universals (5 ml and 30 ml volume capacity) were obtained from Sterilin (UK).

Sterile cryovials (1 ml capacity) were supplied by NUNC.

2.1.3 Cell staining reagents
Mouse, Anti-human Zonula Occludens-1 (ZO-1, TJ protein) antibody was purchased

from Zymed, (part of Invitrogen). Goat Anti-Human Caveolin 1 (CAV1) antibody
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was obtained from Abcam plc, Mouse Anti- Human Clathrin Monoclonal Antibody
was obtained from United States Biological.

Mouse Anti-Human FOLR1 Purified MaxPab Polyclonal Antibody was purchased
from Abnova Corporation.

Goat, Anti-Mouse FITC and TRITC labelled, Goat, Anti-Mouse horseradish
peroxidase (HRP)-conjugated and Mouse Anti-Goat TRITC labelled secondary
antibodies were all purchased from Sigma Aldrich.

DAPI (4',6-diamidino-2-phenylindole) with antifade mounting media (commercially
known as SlowfadeGold®) | and CellTrackerTM Green were obtained from
Invitrogen. 1, 4-Diazabicyclo-octane (DABCO, UV mountant) was obtained from

Sigma Aldrich,

2.1.4 Chemicals

FITC-labelled dextran (FD) of approximate average Molecular weight (MW) of 4
kDa  (FD4), 1-Ethyl-3-(3-dimethylaminopropyl)-carbodimide = (ECDI),
Tetramethylrodamine isothiocyanate (TRITC) Paraformaldehyde, Triton X-100,
Bovine Serum Albumin (BSA), Tween 20, Folic acid (FA) calcium salt, Bradford
reagent, Poly-D lysine (PDL) were all obtained from Sigma Aldrich. Fluorescein
isothiocyanate (FITC) was purchased from Molecular Probes (Paisley, UK). Red
fluorescent polystyrene nanoparticles, Sulphate-modified of 30 nm nominal diameter
were obtained from Sigma Aldrich. PD-10 desalting columns (Sephadex G-25
Medium) were purchased from GE Healthcare (UK Limited Little Chalfont).
Ethanol and acetone used in the project were HPLC grade.

All other chemicals were obtained from Sigma Aldrich.
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2.2 ngeral Methods

2.2.1 Cell Maintenance

2.2.1.1 Cell revival

Cryovials containing cells from the liquid nitrogen bank were thawed by swirling in
a water bath at 37°C. Then the entire contents of the cryovial (storage medium-+cells)
were transferred into a 75 cm? flask containing warmed appropriate supplemented
medium as described in section 2.1.1 and incubated at 37°C for approximately 2-4
hours. After that, the cell suspension was transferred into a microcentrifuge tube
and centrifuged (Eppendorf 5417 R centrifuge, AG 22331 Hamburg) at 250g for 5
minutes. The supernatant was removed and the cells were cultured as usual in fresh

media.

2.2.1.2 Cell maintenance

All cell lines were routinely cultured in 75 cm? flasks at 5% CO;, 95% relative
humidity and 37°C until confluence. Cell culture media was replaced every other
day by removing the old culture media from the flasks, followed by the addition of
12-15 ml of fresh media, pre-warmed to 37°C. Cell growth was checked under
microscope to determine confluence. Once 90%-100% confluent, cells were
passaged by removing medium from the flask and cells were washed by adding 10
ml warmed PBS to the flask. Then PBS was aspirated and replaced by 4 mL of pre-
warmed 2.5% trypsin/EDTA to the flask. Then flask was placed in incubator for 10-
15 min, or until detached. Following cell detachment, they were checked under
microscope to confirm that cells are detached from the surface, and then 6 mL of
media was added to dilute and deactivate trypsin. The mixture was pipetted out of

the flask into a 15 mL centrifuge tube to centrifuge at 250g for 5 min. After
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centrifugation, supernatant was aspirated and cell pellet was re-suspended in pre-

warmed culture medium.

An appropriate volume of cell suspension was then aliquotted in to a new flask
(containing pre-warmed culture medium appropriate for the cell line) for further
culturing. Split ratios between 1:3 and 1:5 were normally used for Calu-3 and HBEC
cells, while ratios between 1:4 and 1:8 were typically used for both IEC-6 and Caco-

2 cells.

2.2.1.3 Preparation of Frozen Stock

Cells were trypsinized to detach from the flask as mentioned in the sub-culturing
protocol in 2.2.1.2. After centrifugation of the cell suspension, supernatant was
removed by gently pipetting out without disturbing the cell pellet, and then cell
pellet was re-suspended in 1 m! of supplemented medium with 10% sterile DMSO.
Cell suspension was transferred into sterile cryovial which was placed into a
freezing container (Mr Frosty) in a -80°C freezer for a gradual, controlled
temperature decrease. Cells were stored at -80°C for up to 4 weeks. Thereafter, they

were transferred into a liquid nitrogen cell storage tank.

2.2.1.4 Seeding cells on transwells-Conventional (Inside transwell, see figure 2.1)

Although the membrane is treated for cell culture, it is important to properly prepare
the transwell membrane for cell attachment. Most cells will respond to a simple pre-
soak of the membrane in serum containing medium. So Transwell® filters were
incubated with folate free RPMI 1640 medium (250 pl and 1.5 ml of folate free
RPMI 1640 medium (containing appropriate mentioned supplements for each cell
line) on the apical and basolateral chambers, respectively) at 37°C for approximately

15 min prior to the addition of cells.
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After detaching cells using the method described in 2.2.1.2, cells were counted using
a haemocytometer and the volume of the cell suspension containing the required
number of cells was calculated. These volumes were subsequently added to the
apical chamber of the transwells. The number of cells added (seeding density) was
10° per 1 cm? of the Transwell® filter area. The apical chamber volume was made up
to 500 pl by adding warmed RPMI. After seeding, the cells were maintained at 5%
CO,, 37°C and media were changed every other day until used in experiments. All
cell lines were typically cultured on filters for different period prior to their use in

experiments as confluent and polarised cell layers.

2.2.1.5 Seeding cells on transwells-Inverted (Underside of transwell, see figure 2.1)

To culture cells on the underside of a Transwell® insert, the permeable filter was
placed upside-down inside the chamber of a 6-well tissue culture plate. 10° cells
were seeded on top of the filter with the same method described in 2.2.1.4 and the 6-
well plate cover was placed against the top of the filter to prevent evaporation. Cells
were allowed to adhere for 5 h prior to re-inversion of the Transwell® permeable

insert, and subsequently cultured as described above (section 2.2.1.4).
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Canventional jnveried
(Inside Transwell) (Underside of Transwell)
PN
Filber - Fillor —

\

Filter—3»

Filter

Figure 2.1 Schematic diagram of cells grown inside (conventional) and on the underside (inverted) of

a filter insert. Adopted from [1]

2.2.2 TEER Measurement

Transepithelial Electrical Resistance (TEER) measures the resistance resulting from
passing a current across a cell monolayer. TEER is affected by the pore size and the
density of the membranes. The TEER value is considered a good measure of the
integrity of cell monolayers formed on transwell membranes and reflects the degree
of confluence of the cells. It’s the most convenient, reliable and non-destructive
method to monitor the growth of epithelial tissue cultures in vitro and determine the
presence and the tightness of the cellular tight junctions (TJs) [2]. Measurements of
TEER are determined using a special probe attached to a voltmeter (EVOM
Voltammeter, World Precision Instruments, Aston, and Stevenage, UK). As shown
in figure 2.2, the sterile TEER meter probes were placed into each well (short probe
was submerged in the medium bathing the cells on the apical side, while the long

probe was placed in medium present on the basolateral chamber).
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TEER values reported in this work take into account the area of the cell layer

(assumed to amount to the area of the Transwell® filter) and are expressed as Q.cm’.

Calculation of TEER values: TEER measurement (ohms) X Area of membrane (cm?)

=TEER value (ohm.cm?)

Furthermore, The background resistance was taken into account by measuring the
resistance across ‘blank’ membranes (without cells and typically 100-110 Qcm?) and

subtracting this from the monolayer TEER in all experiments in this work.

In order to prevent any damage that may result from a possible leakage of ions from
the probes, the culture medium was replaced after TEER measurements. TEER was
measured every other day starting from day 7 post seeding. All measurements were

conducted in triplicate or quadruplicate.

Note as an additional control of integrity of cell monolayers used in all experiments,
TEER for each transwell was checked at the end of experiment. For this purpose,
medium was added to the upper and lower chambers. Severe reduction seldom
occurred (<3% of wells); the data from these wells were not included in the final

analysis.
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Chopstick electrodes

Epithelial volt-
ohmmeter

Cells |

Figure 2.2 Schematic representation of the Epithelial Voltohmmeter system used to measure TEER of

the cell layers.

2.2.3 FITC-dextran (FD) permeability experiments

Filter cultured cell layers exhibiting TEER >500 Q.cm® were considered adequate
for FD permeability experiments. TEER measurements were conducted prior to the
permeability experiments in order to ensure that the cell layers were confluent and
intact. TEER was also recorded after the permeability experiment in order to
confirm intactness of the cell layers throughout the experimental period. The
permeability of monolayers was tested by fluorescein isothiocyanate (FITC)-labelled
dextran of molecular weight 4400 (FD4). HBSS was used as medium transport in
the experiments and in order to maintain a desired pH (7.4) it was supplemented
with 25 mM HEPES buffer. Permeability experiments were performed in the
following way. Culture medium was removed from the cell layers and cells washed
with warm (37°C) PBS. HBSS supplemented with HEPES was then added to the
apical (0.5 ml) and basolateral (1.5 ml) chambers of the Transwell® system. Cells
were incubated at 37°C/5% CO, with HBSS for approximately 45 min for the
purpose of equilibration.
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TEER was then measured in order to confirm the 'confluence' and the intactness of
the cell layers, following which HBSS was removed from the apical side. Unless
otherwise stated, permeability experiments were started by applying 0.5 ml of the

FD (500 pg/ml) to the apical side of the cells (donor compartment of the transwells).

FD permeability was determined by sampling the basolateral solution at regular time
intervals. More specifically, samples (100 pl) were removed from the basolateral
chamber of the transwell system every 30 min for 4 hours. The samples were
immediately replaced with equal volumes of HBSS. Between sampling times, cells
were incubated at 37°C/5% CO2. To ensure that the cell layer integrity remained
intact during the permeability experiment, TEER was measured following the final
sampling point. Samples were transferred into a black 96-well plate, which was then
covered with aluminium foil to protect from light. FD fluorescence (485 nm
excitation, 535 nm emission) was then determined using an MFX microtiter plate
fluorometer (Dynex Technologies, USA). FD in the basolateral solutions was
quantified by converting the fluorescence readings into FD concentrations and
amounts, through construction of calibration curves. Briefly, this involved
measuring the fluorescence intensity of progressively diluted FD solutions of known
concentrations. At least three such calibration curves were established; the mean
values were then calculated and used for FD quantitation in each experiment. FD
permeability is expressed as the apparent permeability coefficient (Pypp), calculated
using the following equation
S 1
PP dt ACo

Where:
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dQ/dt is the permeability rate [amount FD (ug) traversing the cell layers over time
(s)]. This was determined by plotting the amount of transported solute over time and
calculating the gradient of the straight-line (i.e. steady state) portion (typically
transport over time points 30 min — 3 h) of the resulting curve

A is the surface area across which transport studies were measured (1.1 cm?), and

C, is the initial FD concentration.

2.2.4 MTS cell toxicity assay

A number of studies reported that the MTS in vitro cytotoxicity assay is a
convenient method for assessing cell viability containing a novel tetrazolium
compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)- 2-(4-
sulfophenyl)-2H-tetrazolium (inner salt), and an electron coupling reagent
(phenazine ethosulfate; PES).The main features of this assay are its ease of use,
accuracy and rapid indication of toxicity [3]. The MTS assay is based on the
conversion of a tetrazolium salt into a coloured, aqueous soluble formazan product
by mitochondrial activity of viable cells at 37°C. The amount of formazan produced
by dehydrogenase enzymes is directly proportional to the number of living cells in

culture and can be measured at 492 nm [4].

This assay was conducted in the following way. Cells were cultured in a 96-well
plate at a density of 10* cells per well and incubated at 37°C, 5% CO, for 24 hours.
This seeding density was chosen as it produced an absorbance value within the
linear range of the assay, as recommended by the manufacturer. After 24 hours, the
medium was replaced with 100 pl of test compounds dissolved in HBSS and then
cells were incubated for 4 hours. HBSS and Triton X-100 (0.1% v/v in HBSS) were
used as the negative and positive controls respectively. Sample solutions (and

controls) were then aspirated and cells washed with PBS. Then culture medium (100
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pl at 37°C) plus  MTS reagent (20 pl) were added onto each well and cells were
incubated for 1-4 hours (typically 2 hours). Absorbance at 492 was measured using

a Dynex absorbance microplate reader (Dynex Technologies, USA).

The relative cell metabolic activity (%) was calculated using the following equation:

x 100

: . ... (5-D
Relative metabolic activity= H-T)

Where:

S is the absorbance with the tested samples
T is the absorbance with Triton X-100

H is the absorbance with HBSS

2.2.5 Cell imaging and labelling

2.2.5.1 Coverslip preparation

Coverslips were immersed in 70% ethanol for 20 min and then rinsed with Ultra-
Pure Water four times. Then HCI (10 ml 1M) was added and they were sonicated
(DECON, Ultrasonic Ltd, Conway, UK) for 20 min. After that HCL was aspirated
and cover slips were put under running Ultra-Pure Water for 30 minutes. Then they
were transferred onto a clean filter paperin a glass petridish to be autoclaved. In
order to be dried, they were placed in the oven at 40°C. After drying, under the fume

hood, they were treated with PDL (1 ml) overnight.

Then PDL was aspirated and coverslips were washed with PBS 3-5 times and left
immersed in PBS overnight under the fume hood. The following day, they were

ready to be used in the cell culture experiments for cell imaging.
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2.2.5.2 Zonula Occludens (Z0O-1) TJ staining

Confluent cell monolayers were washed with PBS and fixed in 4%
paraformaldehyde in PBS for approximately 10 min at room temperature. Cells were
then washed 3 times with PBS and permeabilised by incubating with Triton X-100
(0.1% v/v in PBS) for approximately 10 min. Cells were then washed with PBS,
followed by the application of 1% BSA/PBS for approximately 1 hour. Thereafter,
BSA/PBS solution was aspirated and replaced with mouse, anti-human ZO-1
(primary) antibody, diluted in 1% BSA/PBS to a final concentration of 10 pg/ml.
Cell samples were incubated with the primary antibody for 1 hour. The primary
antibody solution was then removed and cells washed with PBS (5 times). FITC- or
Cy5-labelled goat, anti-mouse (secondary) antibody, diluted according to
manufacturer’s instructions in 1% BSA/PBS was then applied to the cells for 1 hour.
The secondary antibody solution was then aspirated and cells washed with PBS
extensively. The Transwell® filter membrane was excised and mounted on glass
slides (using DAPI-containing, ProLong® Gold antifade/mounting medium).
Samples were mounted on glass slides with DABCO and covered with glass cover
slips for confocal imaging, which was performed using the confocal system using

Leica TCS SP2 system mounted on a Leica DMIRE?2 inverted microscope.

2.2.5.3 Caveolin-1 and Clathrin staining

Confluent cell monolayers cultured on filters were fixed, permeabilised and treated

with 1% BSA/PBS as described in 2.2.5.2

Then cells were rinsed with PBS and incubated with Mouse anti-human Clathrin or
goat anti-human Caveolin 1 (CAV1) primary antibodies diluted in 1% BSA/PBS to
the final concentration provided by manufacturer for 1 hour. After removing the

primary antibodies, cells were washed three times with PBS, then they were
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incubated with the secondary antibodies (Goat anti-mouse FITC labelled or mouse
anti-goat cy5 labelled) for 1 h. Secondary antibodies were aspirated and cells were
washed three times with PBS extensively (10 min for each wash). Samples were

prepared for examination by confocal microscopy as described in 2.2.5.2

2.2.5.4. Folate receptor (FR) staining

Folate receptor immunostaining was performed on cell monolayers in the same

fashion described (2.2.5.2 and 2.2.5.3) using mouse anti-human FOLR1 primary

antibody and goat anti-mouse TRITC labelled secondary antibody.

2.2.6 Statistical analysis
All experiments were carried out three times using triplicate samples. One way
analysis of variance (ANOVA) followed by Bonferroni post-hoc test was applied for

comparison of group means at a p value of 0.05.
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Chapter 3

Folate receptor expression in
bronchial and intestinal
epithelial cell lines: Potential for
uptake and transport of
macromolecules
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3.1. Introduction

Folate uses the natural endocytosis pathway via folate receptor (FR) to enter cells.
As mentioned in chapter one (1.9.5.) simple covalent attachment of folic acid to
different macromolecules has been shown to lead to conjugate internalization by
folate receptor-positive cells in an identical fashion to that of free folic acid [1].
Folate conjugation to small or macromolecular therapeutics has hence been
exploited for intracellular delivery to, particularly, cancerous cells. The majority of
studies have described folate mediated drug delivery to cancerous cells, typically
using the folate receptor expressing KB cell line [2], whilst data on targeted drug
delivery via folate receptor to non-cancerous cells or tissues are scarce as FR is not
expressed on most normal cell types. There are few reports on the presence of folate
receptor at the apical membrane of epithelial cells of some human tissues [3]
although the expression of FR in lung epithelium is still an open question and no

specific function has been defined in such a case [4].

Present work attempts first to assess the presence of FRs on the apical membrane of
four different epithelial cell lines: Caco-2 (intestinal) and Calu-3 (bronchial), both
cancerous in origin, and the non-cancerous HBEC (Human Bronchial Epithelial
Cells) and IEC-6 (Intestinal Epithelial Cells). Secondly, as endocytosis pathways are
closely linked to the pathways for transport, we investigated if folate mediated
uptake can result in transport across the epithelium in apical to basolateral direction
of a model macromolecular compound. To the best of our knowledge there are no
published reports on the transport of macromolecules, or macromolecular
therapeutics, which are mediated by the folate receptor as investigated here. If folate
mediated transepithelial transport is indeed possible, this would open up potential

applications in mucosal delivery of biologicals.
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3.1.1 Calu-3

Calu-3 cells (Figure 3.1 A) are a human bronchial epithelial cell line derived from
human bronchial sub-mucosal glands of a patient with adenocarcinoma of the lung.
It is a well-differentiated and characterized cell line which demonstrates many
characteristics of the respiratory epithelium when grown on permeable membranes
[5]. In the human lung, the sub-mucosal glands are a major source of airway surface
liquid, mucins, and other immunologically active substances, and Calu-3 cells can

reflect all these properties [5, 6].

Figure 3.1 Epifluorescence images of Calu-3 (4), HBEC (B), Caco-2 (C) and IEC-6 (D). Blue colour

represents cell nuclei stained with DAPI (Scale bar: 5um).
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3.1.2 HBEC

HBE cell line (Figure 3.1 B) has been developed as a model of the airway epithelium
which forms polarised cell layers in vitro [7]. According to recent studies, it is
shown that the HBE cell line could be a suitable candidate for an in vitro model for
mechanistic studies of drug transport processes involved in the smaller airways.
HBE Cell layers express drug transport systems that are also present in the human

bronchus in vivo [8].

3.1.3 Caco-2

Caco-2 (Figure 3.1 C) is a human epithelial colorectal adenocarcinoma cell line
which is derived from a colon carcinoma. They are able to become differentiated and
polarised such that their phenotype, morphologically and functionally, resembles the
enterocytes (absorptive cells) lining the small intestine [9]. Caco-2 cell monolayers
have been widely used in studies of absorptive mechanisms for drugs, such as
passive transcellular and paracellular transport, carrier-mediated influx and efflux
mechanisms. Since Caco-2 cells express certain transporters and metabolic enzymes,
Caco-2 cell monolayers are used to study drug-drug interaction and metabolic

stability of drugs, respectively [10].

3.14 1IEC-6

IEC-6 (Figure 3.1 D) is a small intestinal cell line which is derived from native rat
ileal crypts. It is used as an in vitro model of intestinal epithelium mostly for the
study of epithelial permeability as it forms confluent epithelial layer when grown on

permeable membranes [11].
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3.2 Material and Methods

All chemicals were purchased from Sigma-Aldrich (UK) unless otherwise specified.

3.2.1 Polymerase Chain Reaction (PCR)

3.2.1.1 PCR primer design

Primers were designed using Primer3 software (version 0.4.0) with default setting.
Primers were designed to be intron-spanning to discriminate cDNA from genomic
DNA (gDNA). Gene specificity was confirmed using Primer BLAST on the NCBI

website. The following primers were purchased from Sigma-Aldrich:

For human cell lines (Calu-3, HBEC and Caco-2):

HsFORI1 forward primer: 5’-GAGGAAGAATGCCTGCTGTT-3

HsFOR1 reverse primer: 5’-AGTCCAGTTCCAGCCCTTGT-3

For rat cell line (IEC-6):

RnFOLRI1 forward primer: 5S-’"CACAAGCCAGGAAGCACATA-3

RnFOLRL1 reverse primer 5’-GTCCAGTTCCATCCCTTGTG-3

3.2.1.2 Total RNA isolation

Total RNA (1 pg) was isolated by the ptMACSTM mRNA Isolation Kit (Miltenyi
Biotech, Bergisch Gladbach, Germany) according to the manufacturer*s protocol for
adherent cells from Calu-3, HBEC, Caco-2 and IEC-6 monolayers on different days
post-seeding on the Transwell support (12 mm diameter, 0.4 um pore size, Corning

Costar, Holland).
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3.2.1.3 Reverse Transcriptase (RT)-PCR

1 pg of total RNA was reverse transcribed in a volume of 20 pl with GeneAmp
RNA PCR kit (Applied Bio, UK). For PCR amplification, RT reaction (1 pl) was
added to 10 pl REDTaq ReadyMixTM PCR Reaction Mix with MgCl2 and made up
to 20 pl with water and forward and reverse primers (0.25 pM final concentration
each). Cycling conditions were as follows: 94°C for 5 min, followed by 35 cycles of
94°C for 30s, S8°C for 45 s and 72°C for 90s followed by 72°C for 5 min final
extension. PCR products were then subjected to electrophoresis on 1% (w/v) agarose
gels in 0.5x TBE buffer (1 M Tris-HCI; 1M Boric acid; 0.05 M EDTA; pH 8.0) with
the addition of ethidium bromide to a final concentration of 10 pg/m. The gels were
run in 0.5 x TBE buffer and electrophoresis was performed at 90-110 V. DNA
fragments were visualised on a UV transilluminator with Gene Genius Bio imaging
software (UVP, USA). Rn-f-actin and Hs-GAPDH (Homo sapiens glyceraldehyde-
3-phosphate dehydrogenase) were used as positive controls for reverse transcription
and genomic DNA obtained from human or rat cells was used as a control to
demonstrate ability of intron-spanning primers to discriminate between cDNA and

gDNA.

3.2.2 Western Blot

Expression of FR protein was determined by Western blotting using mouse anti-
Human FOLR1 for human cell lines and anti-rat alpha-FR. Cell monolayers were
washed with ice-cold PBS and lysed in a buffer consisting of 150 mM NaCl, 50 mM
Tris HCI, pH 7.5, 0.5% Nonidet 40, S0 mM NaF, 1 mM sodium orthovanadate
(Na3VOy), 1 mM phenylmethanesulphonylfluoride (PMSF), and 1% aprotinin at 4°C
for 30 minutes. Cell lysates were cleared of cell debris by centrifugation (25,000g;

30 minutes) (Eppendorf 5417R centrifuge-AG 22331 Hamburg). Protein
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concentration was determined using Bradford assay. Samples containing protein (20
ug) were mixed with non-reducing buffer and separated on an SDS-12%
polyacrylamide gel. They were then transferred to Nitrocellulose membranes
(Whatman, Protran, USA) and blocked with 5% (w/v) nonfat dry milk in PBS
containing 0.05% (v/v) Tween- 20 for 2 hours. Membranes were washed with PBS—
0.01%Tween 20, and then incubated with primary antibody (diluted as appropriate
in blocker) at room temperature for 2 hours. After intensive washing (3 x 20 min)
with PBS 0.5 % (v/v) Tween 20, membranes were incubated with horseradish
peroxidase conjugated secondary antibody at 1:1000 dilutions in blocker at room
temperature with rocking for 2 hours. To eliminate excess secondary antibody, the

membranes were washed as before.

Blots were developed by using chemiluminescent substrate following
manufacturer’s instructions (Invitrogen Western Breeze kit, UK). Blots were corded

using Luminescent Image Analyzer (LAS-4000, Fujifilm, UK).

3.2.3 Preparation of Ovalbumin-Folic Acid-FITC (FA -OVA-FITC) Conjugate

The FA-OVA-FITC conjugate with a low level of FITC labelling was used for
transport experiments.

The first step was to prepare OVA-FITC conjugate with the following method. OVA
(40mg) was dissolved into 0.1M sodium carbonate buffer (pH 9.5). A 2-3 fold molar
excess of fluorescein FITC, dissolved in acetone (0.5 ml) was slowly added to the
OVA solution. The mixture was stirred for 20 minutes and left at room temperature
for 4 hours in complete darkness. Excess FITC was separated on PD10 column and
UV measurements (Beckman DU-640 Spectrophotometer) were taken at A49s for

FITC and at A3 for OVA (A495=7.97 x 104). The eluted fractions 3 to 11 were
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collected and pooled together and the UV measurements were repeated on the
pooled fractions at the above-mentioned wavelengths.

OVA concentration was measured by Bradford assay at 595 nm (A s9s=2.4 X 104).
FITC concentration was achieved by using equation 3.1

Crrc=A 495/ € equation 3.1

A is absorbance at the given wavelength, and ¢ is extinction coefficient of FITC at
495 nm. The molar ratio was the number of moles of FITC to OVA.

One-half of the OVA-FITC conjugate was further conjugated to folic acid, and the
other half was left unmodified as a control.

The second step is the formation of OVA-FA-FITC. The following molar ratios of
starting materials were needed for conjugate formation,

Number of moles of folic acid: number of moles of BSA=40/1

Number of moles of ECDI: number of moles of folic acid=1.5/1

This was expected to give a conjugate with a final Molar Substitution Ratio (MSR)

of 7-15 moles of folic acid per mole of OVA.

Folic acid and ECDI were added to 1 ml of OVA-FITC solution while stirring. The
pH was controlled during the first 15 minutes (pH 6.6), and then the reaction was
left with stirring overnight in darkness. The reaction mixture contained OVA, folic
acid, and 1-ethyl-3-(3-dimethylaminopropyl)-carbodimide (ECDI) in a molar ratio

of 1:40:60 respectively.

The resulting conjugate was desalted and purified with PD10 column (Sephadex G-
25 Medium) eluted with PBS and molar ratio of folic acid to OVA was determined

by spectrophotometer for FITC and folic acid at A 495 and A 344 respectively. Then
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fractions 4 to 12 were collected and pooled together and again measured at the

previously mentioned wavelength.

OVA concentration was measured by Bradford reagent by UV at 595 nm. The
calibration curve was constructed using OVA standards in a concentration range of

0.0625 mg/ml to 1 mg/ml.
Folic acid concentration was determined using equation 3.2 in below;

C folicacid = A 364 / € where £=6.5x 10° equation 3.2

3.2.4 Preparation of Ovalbumin-Folic Acid-TRITC (FA-OVA-TRITC)
Conjugate

TRITC is preferable as a label for acidic compartments, because FITC has a reduced
fluorescence at acidic pH, whereas TRITC fluorescence is slightly increased in
acidic conditions [12]. OVA (40mg) was dissolved in 0.1 M sodium carbonate
buffer (pH 9.5). In another vial, TRITC (5 mg) was dissolved in ethanol (1 ml) and
added to OVA solution and the reaction stirred in a cold room overnight. The
reaction mixture was purified by PD10 column. TRITC and OVA were quantitated
spectrophotometrically at A sss and A 2g9 respectively. Then fractions 3 to 8 were
collected and pooled together and again measured at the previously mentioned
wavelength. TRITC concentration was obtained with equation 3.3 and OVA

concentration was measured by Bradford assay
Crrimc=A sss/ € while & s55=2.4x 10 equation 3.3

One-half of the OVA-TRITC conjugate was further conjugated to folic acid, and the
other half was left unmodified as a control. Folic acid in 40 fold molar excess and

ECDI in 60 fold molar excess to OVA were added to OVA-TRITC (1ml) solution at
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pH 6.6. The reaction was stirred overnight. The conjugate then was purified using a
PD10 column with PBS elution buffer and the molar ratio of folic acid to OVA
determined as above.

OVA concentration was calculated with Bradford assay and TRITC concentration
was measured at A sss, by equation 3.3 while the folic acid content was measured at

Az64 (equation 3.2).

Note that in order to prevent light degradation of FITC and TRITC, all experiments
were conducted under low lighting and all containers covered with aluminium foil.

All conjugates were divided into 0.5 ml aliquots and stored at -20 °C.

3.2.5 Preparation of membrane-cultured Calu-3 cells
Calu-3, HBEC, Caco-2 and IEC-6 cells were cultured on flasks until confluence.
Thereafter cells were detached from the flasks, seeded and cultured on membranes

(10° cells per well) according to the methods detailed previously (section 2.2.1.2 and

2.2.1.4).

3.2.6 TEER profiles of cell monolayers

TEER measurements were conducted (in the manner described in section 2.2.2)

every 2 days starting from day 7 post seeding.

3.2.7 Permeability study of FD4 across cell layers

All cell layers were used for FD4 permeability experiment when TEER reached
>500 .cm? (see section 2.2.3). Culture medium was initially replaced with warmed
(37°C) HBSS (transport medium). Cells were allowed to equilibrate in HBSS for
approximately 30 min, following which TEER measurements were conducted in

order to confirm cell layer intactness. HBSS was then removed from the apical side
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of the cells and replaced with a solution of FD4 dissolved in HBSS (500 pg/ml). The
rest of the experiment was conducted in the manner described previously (section

2.2.3).

3.2.8 FA-OVA-TRITC uptake by cell layers

Cell uptake of FA-OVA -TRITC was assessed on the confluent Calu-3 layers.
Before each experiment, the culture medium was removed and the cell layers were
rinsed with PBS and allowed to equilibrate for 1h at 37°C in HBSS supplemented
with 15 mM 4-(2-hydroxyethyl)-1-piperazine-ethane sulfonic acid (HEPES). TRITC
labelled folate (FA-OVA-TRITC) - or non-folate (OVA-TRITC) conjugate (0.5
mg/ml) solutions in HBSS were added to the apical side of the cell layers. The
uptake study was performed for a period of four hours. The conjugate samples were
then aspirated and cell layers washed with PBS extensively (5x) and followed with
washing with 0.4% (w/v) Trypan Blue solution to quench extracellular fluorescence.
The cells were then digested with 0.2 M NaOH in 0.5% Triton X-100 which also
produced cell detachment from the membranes. The cells were centrifuged (25,000g)
for 30 sec. The fluorescence intensity of the supernatant was measured by
Fluorescence Spectrophotometer (Varian Cary Eclipse Fluorescence Spectrometer,
UK). TRITC was quantitated using a standard curve at Ex 529 nm and Ey, 596 nm to
determine amount of TRITC. The amount of OVA taken up into cells was calculated
from the molar ratio of TRITC to OVA determined after conjugate synthesis

described in 3.2 .4.
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3.2.9 FA-OVA -FITC translocation across cell layers

All cell lines were cultured on membrane as before (section 2.2.1.4) and used as
confluent layers. Transport experiments were commenced after replacement of the
culture medium with HBSS buffer and equilibration for approximately 1 hour.

FA- OVA-FITC and OVA-FITC were applied to the apical side of the cells at a final
concentration of 0.5 mg/ml (in HBSS) and its transport across the cell layers was
determined by sampling the basolateral solution (100 pl volumes) at regular time
intervals (every hour for four hours). The volumes sampled from the basolateral
chamber were replaced with fresh HBSS.

The donor (apical) solution was also sampled at the start of the experiment and at
240 minutes, in order to determine the apical concentration of conjugates at the
beginning and the end of the transport experiment. The entire sample were
transferred into a 96-well plate and their fluorescence intensities determined by a
fluorescence plate reader (MFX Microtiter, Dynex Technologies Ltd., Worthing).
Cell monolayer integrity during and at the end of the experiment was monitored by
TEER measurements.

Note that the calibration curve used to quantify FA-OVA-FITC and FA-OVA-
TRITC was in these instances constructed by measuring the fluorescence of known
concentrations of FA-OVA-FITC and FA-OVA-TRITC progressively diluted in a

solution of Triton X-100, 0.1% v/v in HBSS.

3.2.10 Receptor competition

In the inhibition experiments, free folate (ImM) was added to the apical side of

confluent cell layers prior to folate conjugate application.
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3.2.11 Zonula Occludens (ZO-1) TJ staining

Samples for confocal imaging of TJ were immunostained with ZO-1 as described in

section 2.2.5.2.

3.2.12 Confocal Fluorescence imaging

Samples were prepared for confocal scanning microscopy as described in section
2.2.5.2. Images were taken with a 63x1.4 NA Apochromat oil immersion objective

lens.

61



Chapter 3 FR expression in four epithelial cell lins: Potential for uptake/transport of macromolecules

-

3.3 Results

3.3.1 Synthesis of folate conjugates

All conjugates (FA-OVA-FITC and FA-OVA -TRITC) were synthesised by the
coupling of carboxyl group of folic acid with the € amino group of lysine in the
OVA. They were all synthesised successfully with a high Molar Substitution Ratio

(MSR) of folic acid to OVA.

3.3.1.1 Preparation of FA-OVA-FITC

The first step of FA-OVA-FITC (Figure 3.3) synthesis was preparation of OVA-
FITC, which is the reaction of isothiocyanate group of FITC with the free amino
residue (e-amino group of lysine). FITC concentration was calculated by equation
3.1 at 495 nm and OVA concentration was assayed using Bradford reagent. The
MSR of FITC to OVA was calculated to be 1.5 + 0.3 (means £S.D, n=6) mole of
FITC per mole OVA. A low MSR was obtained as required to ensure that minimum
fluorescence quenching occurred to maximise the brightness of the signal from the

label.

The conjugation of FA to OVA-FITC was performed using EDCI, a water soluble
coupling agent. These syntheses were done at pH 6.4-6.6 because it was reported by
Garnett that at this pH the efficiency of coupling would be better than at higher pH

[12].

Folic acid concentration was calculated by equation 3.2. The MSR was calculated to

be 13.09 + 1.04 (means £S.D, n=6) mole folic acid per mole OVA.
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3.3.1.2 Preparation of FA-OVA-TRITC

FA-OVA -TRITC conjugate was prepared (Figure 3.2) as described in section 3.2.4.
The MSR of this conjugation was 34.1 £ 1.0 (means £S.D, n=6) mole of TRITC per
mole OVA. The concentration of folic acid was calculated by equation 3.2. The
molar substitution was calculated 12.4 £1.6 (means £S.D, n=6) moles of folic acid

per mole of OVA.
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3.3.2. Formation of electrically tight cell monolayer

The formation of monolayers by cells cultured on permeable membranes was
monitored by measuring TEER (Figure 3.4). The profiles indicated that all the cell
types tested were capable of forming electrically tight monolayers, although there
were significant differences in their behaviour regarding both the timing and extent
of TEER plateau values. No meaningful increase in TEER was observed until day 6-
7 of culture for the cell layers cultured. TEER for non-cancerous cell lines (IEC-6
and HBEC) reached lower plateau values compared to cancerous cell lines (Caco-2
and Calu-3). TEER for Caco-2, Calu-3 and IEC-6 plateaued between days 16-25
before decreasing, while HBEC monolayer reached a plateau at later approximately

day 30.
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Figure 3.4 TEER profiles of HBEC, IEC-6, Caco-2 and Calu-3 cells cultured on membrane. TEER is
expressed as the measured resistance per area (cm’) of the cell layer. Background TEER due to the

membrane was subtracted from the reported TEER values. Data presented as the mean £ SD (n=3).
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3.3.3. FD4 permeability across cell layers

In order to investigate the barrier properties of the cell layers, permeability of FITC
labelled Dextran (4400Da) was performed and obtained Py, values are presented in
Table 3.1. Confluent cell layers grown on filters presented an efficient barrier to
FD4 translocation all showing low P,,, values integrating the integrity of cell layers

and their suitability for transport study.

Cell lines P,pp (x 107 cm/s)
Calu-3 4.76 £ 0.34
Caco-2 3.91+£0.02
HBEC 2.45+0.53
IEC-6 3.06£0.12

Table 3.1 Transepithelial Permeability Coefficient (P,,) of dextran-FITC (4kDa) across four
epithelial cell lines calculated using the equation in section 2.2.3. Each data represent the mean £ SD

(n=3).
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3.3.4. Expression of folate binding protein on cell layers

Expression of the FOLR1 mRNA in cultured cell layers was assessed by reverse
transcription polymerase chain reaction (RT-PCR)(as described in methods in
section 3.2.1). Rn-B-actin, Hs-GAPDH and gDNA were used as positive controls as
described in 3.2.1.3 section. The analysis was performed at different time points post
cell seeding onto permeable membrane. As shown in Figure 3.5, expression of
FOLR1 mRNA (310 bp for human cell lines and 325 bp for rat IEC-6 cell line) was
confirmed for all the cell layers investigated, although at different time points of

culturing.

(Day 1)
500 bp —»

(Day 10)
500 bp ——»

(Day 20)
500 bp —»

(Day 24)

500 bp ——»

(Day 31)
500 bp ——»

Figure 3.5 The expression of FOLRI mRNA by RT-PCR at different days post seeding of Calu-3,
HBEC, Caco-2 and IEC-6 cells on permeable membrane. gDNA obtained from human or rat cells
was used as a control to demonstrate ability of intron-spanning primers to discriminate between
¢DNA and genomic DNA; Hs-GAP-DH and Rn-B-actin were included as a positive control for RT.

68



Chapter 3 FR expression in four epithelial cell lins: Potential for uptake/transport of macromolecules

The lanes are as follows: 1) 100 bp DNA ladder, 2) FOLRI ¢DNA from Calu-3 (310bp), 3) FOLRI
¢DNA in HBEC (310bp), 4) FOLRI ¢DNA in CaCo-2 (310bp), 5) Hs-GAPDH (240 bp), 6) Hs gDNA
(462bp), 7) 100 bp DNA ladder, 8) Rn-B-actin (278bp), 9) FOLR1 mRNA in IEC-6 (325bp), 10) Rn

gDNA (418bp)

3.3.5. Expression of folate binding protein on cell layers

To confirm expression of FR at the protein level, Western blotting analysis was
conducted after mRNA detection. The data (Figure 3.6) demonstrate that folate
receptor is eventually expressed in all epithelial cell lines cultured, but at different

and specific time points of the culture.

HBEC Calu-3

o | — | >

IEC-6 Caco-2

Figure 3.6 Western blot analysis of folate binding protein (38kD) expression by HBEC, Calu-3, IEC-
6 and Caco-2 cells cultured on permeable membrane. Samples (with total protein content, 20 ug/ml)
were taken at day 31 for HBEC, 24 for Calu-3, 20 for IEC-6 and 20 day post seeding for Caco-2 cells.

Bands obtained by chemiluminescent detection.

3.3.6. Cell uptake of folate and non-folate conjugates

Uptake studies of FA-OVA-TRITC and OVA-TRITC (control) conjugates were
performed at time point in the cell culture when expression of FR was confirmed
(section 3.3.4 and 3.3.5). The high molar ratio of TRITC in the conjugates was used

because previous study shows that TRITC undergoes quenching at high SMR, and
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consequently is not very visible when in solution outside of the cells. However
following cellular internalization and subsequent degradation of the OVA inside the
lysosome, the fluorescence of TRITC is increased considerably, as the quenching no

longer occurs, which improves its intracellular visualisation [12].
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Figure 3.7 Uptake study of FA-OVA-TRITC and OVA-TRITC in four epithelial layers. TRITC
labelled folate- or non-folate conjugate (0.5 mg/ml) solution was added to the apical side of the cell
layer. In the inhibitory experiments, 1 mmol free folate was added prior to folate conjugate
application. The data represent the composite of three experiments, each performed in triplicate
including folate and non-folate conjugate up-take for 4 hours, and folate conjugate uptake in the
presence of unlabelled folic acid. One way analysis of variance (ANOVA) with Bonferroni post-hoc
test was used. Uptake amount of folate conjugate was significantly different from controls (P<0.001).

Error bar represents mean + standard deviation (n=3).
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Quantitative analysis of cellular internalization is shown in Figure 3.7. It should be
noted that extracellular fluorescence was quenched by washing the cell layers with
Trypan Blue solution, as described in section 3.2.8.

Internalization of folate conjugates was significantly higher (P<0.001) relative to
non-folate conjugates for all the cell types tested indicating that the cellular uptake
of folate conjugates was significantly enhanced due to folate receptor mediated
endocytosis.

To further confirm the folate receptor-mediated endocytosis, an excess amount of
free folate (1mM) was added in the medium to see whether it inhibited the cellular
uptake by competitive binding to folate receptors. As shown in Figure 3.7 (inhibitory
experiment), the cellular uptake of folate conjugates was effectively suppressed in

all cell lines, supporting the role of folate receptor-mediated endocytosis

3.3.6.1 Confocal microscopy analysis of cellular uptake of folate and non-folate

conjugates

Confocal imaging (Figure 3.8-3.11) of Caco-2, Calu-3, HBEC and IEC-6 cells (as
confluent membrane-cultured layers) incubated with FA-OVA-TRITC and OVA-
TRITC conjugates revealed the presence of FA-OVA-TRITC (A) and OVA-TRITC
(B) inside cells. The cell nucleus was counter-stained using DAPI (Section 2.2.5.2).
It is apparent from the images that red fluorescence of folate conjugates was greater
than that of non-folate conjugates in all cell layers indicating the higher
internalization and distribution of folate conjugates compared to non-folate
conjugates. Three dimensional images showing vertical axis ('z-axis') of cell layers
presented on the sides of overlay images exhibited punctuate cytoplasmic

distribution of folate conjugates from apical to basolateral.
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Figure 3.8 Confocal images for cellular uptake study of FA-OVA-TRITC conjugates (A) (0.5 mg/ml) and OVA-TRITC conjugates (B) (0.5 mg/ml) in Caco-2 cell
layers . Blue channel (left): cell nuclei stained with DAPI, Red channel (middle): TRITC fluorescence and Overlay image (right). Vertical (z-) axis shown on the

overlay image.
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Figure 3.9 Confocal images for cellular uptake study of FA-OVA-TRITC conjugates (A) (0.5 mg/ml) and OVA-TRITC conjugates (B) (0.5 mg/ml) in Calu-3 cell

layers . Blue channel (left): cell nuclei stained with DAPI, Red channel (middle): TRITC fluorescence and Overlay image (right). Vertical (z-) axis shown on the

overlay image.

73



Chapter 3 FRIEXpression m rour epithehal celr s Potential tor uptake/transport ot macromolecules

Figure 3.10 Confocal images for cellular uptake study of FA-OVA-TRITC conjugates (A) (0.5 mg/ml) and OVA-TRITC conjugates (B) (0.5 mg/ml) in HBEC cell
layers . Blue channel (left): cell nuclei stained with DAPI, Red channel (middle): TRITC fluorescence and Overlay image (right). Vertical (z-) axis shown on the

overlay image.

74



Chaprer 5 FR expression i rour eprthenar cell nnsT potential 1or uprake/trransport or macromolecules

A)

10 pm

Figure 3.11 Confocal images for cellular uptake study of FA-OVA-TRITC conjugates (A) (0.5 mg/ml) and OVA-TRITC conjugates (B) (0.5 mg/ml) in IEC-6 cell
layers . Blue channel (left): cell nuclei stained with DAPI, Red channel (middle): TRITC fluorescence and Overlay image (right). Vertical (z-) axis shown on the

overlay image.



The gallery of images in Figure 3.12 depicts the internalization of FA-OVA-TRITC
cojugates in Caco-2 cell layer as cross sections through the cell layer (‘z-axes’). It
demonstrates the presence of the conjugates throughout the cell cytoplasm from

apical to basolateral side

Figure 3.12 Figure represents a gallery of cross sections images from confocal microscopy (from the
apical to basolateral side of cell layer) for cellular uptake of FA-OVA-TRITC conjugates (0.5 mg/ml)
in Caco-2 cell layers. Blue channel (top left): cell nuclei stained with DAPI, Red channel (top right):

TRITC fluorescence and Overlay image (bottom right).

Figure 3.13 depicts a continuous ring of immunostaining of confluent, membrane-
cultured Calu-3 cells with an antibody to ZO-1 protein, a structural and functional
component of TJs. It revealed the distribution of this protein as continuous 'rings'

circling the cells at cell-cell contacts. In combination with the measured TEER, this
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strongly suggests that the cell layers have functional intercellular TJs and are similar

to epithelial cell layers in vivo with respect to permeability.

This gallery image also shows that endocytosed TRITC-folate conjugate is present
throughout the cell profile from apical to basolateral membrane, with a significant

amount of TRITC label appearing below the level of the ZO-1.

Figure 3.13 Image represents a gallery of cross sections (from the apical surface to basolateral) of
cellular uptake of FA-OVA-TRITC (0.5 mg/ml) in Calu-3 cell layer. Green channel (top left): Zonula

Occludens staining, Red channel (top right): TRITC fluorescence and Overlay image (bottom right).
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3.3.7. OVA-FA-FITC transport across cell layers

The transport study was carried out as described in section 3.2.9. Transport of FITC
labelled folate and non-folate-conjugate versus time across the cell layers (apical to
basolateral direction) is shown in Figure 3.14 and 3.15. The data indic‘ated that
transport of the folate conjugate across the cell layer indeed occurred for all tested
systems Caco-2, Calu-3, IEC-6 and HBEC. It generally appeared to be higher in cells

of cancer than non-cancer origin (Caco-2 and Calu-3 compared to IEC-6 and HBEC).

The rate of folate conjugate transport generally occurred faster in first 2 hours of the
4 hours experiment, except for IEC-6, which showed a slightly different behaviour,
with some lag before transport started to increase. It should be noted that TEER of
all cell layers were monitored at the end of the experiments in order to ensure that

the cell layers integrity was not compromised.
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Figure 3.14 Transport study across Calu-3 and HBE cell layers in apical to basolateral direction showing the cumulative amount of OVA-FA-FITC and OVA-
FITC conjugates transported versus time in a four hours experiment. Samples (100ul) were taken every hour from basolateral side of the cell layer. Apical-to-
basolateral translocation was assessed by measuring FITC-associated fluorescence present at the basolateral side. One way analysis of variance (ANOVA) with

Bonferroni post-hoc test was used. The amount of folate conjugate transported by all cell lines was significantly different from controls (P<0.001). Error bar

represents mean + standard deviation (n=3).
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Figure 3.15 Transport study across Caco-2 and IEC-6 cell layers in apical to basolateral direction showing the cumulative amount of OVA-FA-FITC and OVA-
FITC conjugates transported versus time in a four hours experiment. Samples (100ul) were taken every hour from basolateral side of the cell layer. Apical-to-
basolateral translocation was assessed by measuring FITC-associated fluorescence present at the basolateral side. One way analysis of variance (ANOVA) with

Bonferroni post-hoc test was used. The amount of folate conjugate transported by all cell lines was significantly different from controls (P<0.001). Error bar

represents mean + standard deviation (n=3).
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A significant difference (P<0.001) in the extent of conjugates transport between
folate and non-folate conjugates was evident from the graphs with OVA-FITC
translocation showing negligible values (0.0-0.01 pg) compared to folate conjugates
(0.05-2.8pg). It suggested the involvement of folate-mediated path way for folate

conjugates transport.
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3.4 Discussion

Although folate receptor mediated cellular uptake has been exploited in many studies
[13-19], to the best of our knowledge, there are no studies reported in the literature
that have investigated the transepithelial transport of folate ligand modified cargo
across different cell types. It is apparent from the literature discussed in Chapter 1
(section 1.10) that reports on the possible role of folate receptor in transcellular
transport in epithelial cells mostly deal with the transport of folate molecule in apical
to basolateral direction in proximal tubule cells of kidney [20, 21], basolateral to
apical transport of folate in retinal pigment epithelium [22] and folate transport in
choroid plexus [23]. Regarding the use of folate as a ligand, majority of studies have
investigated folate mediated drug delivery to cancerous cells with the aim of
increasing targeting and cellular uptake of the delivery systems. On the contrary,
studies on targeted drug delivery via folate receptor to non-cancerous cells or tissues
are scarce. This work attempted to address these points.

Work detailed in this chapter hence investigated the potential of the folate ligand to
mediate transport into or across four polarised epithelial cell lines for delivery of
macromolecules (proteins). To assess this potential, folate-ligand modified OVA,
was designed in this study as a model for macromolecular therapeutics.

The model macromolecular therapeutics, fluorescently labelled folate-ovalbumin
conjugates used in this work (FA-OVA-TRITC and FA-OVA-FITC) were
synthesized by initially reacting isothiocyanate group of FITC or TRITC with the
free amino residue (¢-amino group of lysine) in OVA, followed by coupling of the
carboxyl group of folic acid with the e-amino group of lysine residue of OVA,

similarly to previous reports [24, 25].
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Such an experimental design ensured that the same specific fluorescence is present
on both experimental and control preparations. TRITC-labeled conjugates were
preferred for cellular uptake studies to avoid FITC fluorescence sensitivity to low pH

and to utilize TRITC strong fluorescence in acid conditions [12].

ECDI (a water soluble coupling agent) was used for conjugation of folate in this
work, the selection being based on reported 30-40% coupling efficiency [12, 25].
The modification of the procedure to conduct the folate conjugation at pH 6.4-6.6
was based on a previous report that at this pH the efficiency of coupling would be
improved, relative to reaction at higher pH [12, 25].

In this study, molar ratio of folate conjugate was 13.1 £ 1.0 mole of folic acid per
mole OVA which was higher than the ratios utilized by other research groups ranged
between of 1-2 mol folate per mol of protein (BSA) [26] and 1-10 mol of folate per
mol of protein (BSA) [27]. A higher molar ratio was chosen as Alsughayer (Drug
targeting studies: characterisation and biological interactions of albumin-
methotrexate conjugates, 1995) reported that the best MSR of methotrexate (folate
analogue) to BSA that was able to work efficiency as a targeting moiety was found
to be from 7 to 15 moles of methotrexate per mole BSA. Functionality of folate
receptor for cellular internalization and transport was assessed by employing protein-
folate conjugate based on ovalbumin, as a macromolecule model, rather than human
serum albumin. The latter has been reported to have specific transcytosis pathways
in epithelial cells via gp60 receptor [28-30], which would likely cause an
interference in binding and cellular transport results. Ovalbumin is structurally
significantly different from serum albumin, and was chosen to avoid the same

receptor mediated pathway.
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In order to produce polarised cell layers, all cell lines were cultured on permeable
membranes applying standard culturing conditions. Data showed that TEER was
increasing with time in culture. The observed increase in TEER, which was
eventually seen to plateau, suggested formation of polarised, confluent cell layers
with restricted permeability. It suggested that cells are interconnected by functional
TIs.

Furthermore monitoring of the TEER of cultured cells on permeable membranes
provided information regarding the time course needed for cells to form confluent

cell layers. This was shown to be different for different cell types used in the study.

Calu-3 and Caco-2 cell are two well-characterised cell lines and are generally
considered as a good in vitro models for bronchial and intestinal epithelium. They
express characteristic features of these epithelia, including expression of TJs, mucus
production, expression of relevant transporters and receptors when appropriately
cultured in vitro [9, 31, 32]. TEER values observed for Calu-3 and Caco-2 in this
work were consistent with previous reports from other research laboratories with

values ranging between 700 and 2000 Q.cm?, respectively [33-37].

Maximal TEER values obtained for HBEC was approximately 560 Qcm?, which was
in line with literature values ranging 530-790 Qcm? [7, 38].

Highest TEER value obtained in this work for non-cancer derived IEC-6 cell line
was 790 Qcm?. To the best of our knowledge, the only published report on IEC-6
related to the formation of cell monolayer and tight junctions is an abstract
describing an induction of expression of claudin-1 following cell medium

supplementation with IL-4. The study reported that addition of IL-4 48 hours prior to
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the permeability assay (Dextran-FITC 4400 Da) did not reduce the monolayer
permeability (however permeability data were not shown) [39]. On the contrary, in
our study IL-4 was present in the cell medium for the duration of IEC-6 culture and
this may have facilitated the formation of polarised monolayers. It was noticed that
significantly lower TEER values were obtained for the non-cancerous IEC-6 and
HBEC cell layers, compared to cancer-derived Caco-2 and Calu-3 cell layers. The

reasons behind these differences are not clear at this stage.

Although TEER is an easily measurable parameter and efficient indicator of cell
layer integrity and presence of functional TJs, it may not always correlate with the
paracellular permeability of hydrophilic molecules which is another parameter
typically used in the research area to characterise the formation of the cell layer
barrier [40]. Therefore, in addition to monitoring TEER, the paracellular
permeability of dextran-FITC (4kDa) was also monitored in this work to
complement the TEER and provide more complete information on TJ functionality.
Permeability data (Table 3.1) obtained by applying a standard approach using
dextran-FITC 4kDa (FD4) demonstrated a low permeability coefficient for the cell
layers from all cell types used in the study. The low permeability rate of a modestly
sized macromolecule, FD4, across all cell layers (Caco-2, Calu-3, IEC-6 and HBEC)
confirmed the barrier properties of the cell layers.

The calculated apparent permeability coefficients (Papp) of 4.76 x 10”7 cnv/s for Calu-
3,3.91 x 107 cm/s for Caco-2, 2.45 x107 cm/s for HBEC and 3.06% 107 cnv/s for
IEC-6 are similar to those reported in the literature. Py, values of 2.36x10° cmy/s for
HBE cell layer [41], 1.3x108, 5.1x10°® and 9.9x10® for Calu-3 [42-44] and 3x10?,

6.2x107° for Caco-2 [45, 46] have been reported by other groups. Discrepancies in
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reported permeability values exist due to inter-laboratory differences in culture
conditions, including the type of the filter and its coating to promote cell adherence,
cell passage number, media, experimental procedures used to determine the

permeability, etc. Therefore, caution must be exercised in comparing these values

The cell culture characterization thus confirms that Calu-3, Caco-2, IEC-6 and
HBEC cell lines are all capable of producing electrically-tight monolayers with low
permeability to hydrophilic probes, indicating a formation of tight junction structure,
when appropriately cultured on permeable membranes. These properties of the cell
layers are generally considered to be characteristic of polarised cells in culture,
mimicking epithelial tissue properties [47].

The present work clearly demonstrated expression of folate receptor in Calu-3, Caco-
2, HBEC and IEC-6 cell layers, as judged from RT-PCR and Western blot analyses.
which was in agreement with previously published reports on the existence of FR in
normal and cancerous tissue, including lung and intestine [3, 48, 49], however the
present study was, to the best of our knowledge, the first demonstration of FR
receptor expression in these cell lines in polarised model.

RT-PCR and western blot data revealed expression of folate binding protein in all
cell layers at different time points. In more detail, RT-PCR and Western blot data
revealed that expression of folate binding protein occurred at different time points in
cell culturing on the permeable membrane, this time point being dependent on the
cell line. This time point apparently coincides with the occurrence of ’plateau’ in
TEER resistance (Figure 3.4). This observation would be in line with the previous
notion that synthesis and expression of plasma membrane proteins and transporters

in epithelial cells depend on their high cell polarization and differentiations [50].
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Two reports by Siissalo et al also showed that differentiation and polarization had a
major effect on the expression of efflux proteins [51] and enzyme
(Glucuronosyltransferases) [52] in Caco-2 cell line.

Although western blot analysis bands appeared to be thicker for cancerous cell lines
(Calu-3 and Caco-2), compared to non-caner derived HBEC and IEC-6 cells,
indicating the higher expression of FRs in malignant cell lines however, the
comparison of the level of FRs expression is not possible because quantitative
experiments were not carried out.

Functionality of expressed FR in all cell layers was confirmed by cellular
internalization of FA-OVA-TRITC conjugate. Higher uptake of the folate conjugate
observed in intestinal cell layers relative to bronchial (cancer derived Caco-2
compared to Calu-3 and non-cancer derived IEC-6 compared to HBEC) could be a
consequence of higher levels of folate receptor expression in intestine compared to

respiratory epithelium as reported in literature [53, 54].

To make sure that the intracellular delivery of FA-OVA-TRITC conjugate occurred
in a folate receptor-mediated specific manner, comparative cellular uptake of OVA-
TRITC was monitored which was exceedingly lower than FA-OVA-TRITC
conjugate (Figure 3.7). This result suggested that targeted intracellular delivery of
FA-OVA-TRITC conjugate took place via a folate receptor-mediated endocytosis
mechanism. To further confirm the folate receptor-mediated endocytosis, an excess
amount of free folate was added in the medium to see whether it inhibited the
cellular uptake within cell layers by competitive binding to folate receptors
(inhibitory experiment). As shown in Figure 3.7, the cellular uptake of FA-OVA-
TRITC conjugate was effectively suppressed in the presence of 1 mM folate in the

medium, supporting the role of folate receptor-mediated endocytosis. Similar
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experiment to this work has also performed by Kim et al [17]. They showed 1 mM
free folate in the medium inhibited cellular uptake of folate decorated NPs in KB
cells.

In an attempt to confirm our aforementioned quantitative observations, confocal
microscopy was used to visually monitor the cellular uptake of folate and non-folate

conjugates in all cell layers.

Confocal imaging of membrane-cultured cells incubated with folate conjugates
shbwed conjugate distribution throughout the viewed area of the cell layer (Figure
3.8 A,39A,3.10 A and 3.11 A). The widespread red fluorescence from apical to
basolateral surface (depicted by three dimensional images) of the cell surface
indicated a strong internalization of the OVA-FA-TRITC by cell layers. In
agreement with the quantitative data of cellular uptake (Figure 3.7), confocal images
of cellular uptake of OVA-TRITC (Figure 3.8 B, 3.9 B, 3.10 B and 3.11 B) showed
much lower red fluorescence compared to OVA-FA-TRITC confocal images lower

conjugate internalization.

The studies on possible role of folate receptor in ‘cargo’ transport across the
epithelial cell layer are scarce. These reports investigated the transport of folate
molecule in apical to basolateral direction in proximal tubule cells of kidney [20, 21],
basolateral to apical transport of folate in retinal pigment epithelium [22] and folate
transport in choroid plexus [23]. To the best of our knowledge, there is no published
data investigating folate mediated transport of macromolecules to be compared with

the data presented herein.

Periodic measurement of folate conjugate levels in the basolateral solution following

its application on the apical surface of the cell layers revealed that only FA-OVA-
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FITC traversed the Calu-3 layers. A pattern of an initial increase in basolateral folate
conjugate level, followed by a plateau was typically observed in experiments where
the basolateral solution was sampled at regular intervals (Figure 3.14 and 3.15). Such
behaviour could result from saturation of FR as reported in the literature. FR
saturation occurred within the initial 30 min of incubation and continued exposure of
the cells to the folate-linked conjugate resulted in continued, but considerably slower,

uptake that persisted for the duration of a 6 hour study [55].

The disability of OVA-TRITC conjugate in crossing the cell layers again confirmed
the involvement of folate-mediated pathway for folate conjugate transport and also
proved that simple attachment of folate is able to change the faith of the cargo.

To end, it is worth emphasising that although the reduced folate carrier is thought to
be present in virtually all cells, they cannot facilitate uptake and transport of folate or
folate conjugates as they selectively facilitate the uptake of reduced forms of folic
acid [56]. On the other hand, Zhao et al [S6] demonstrated in HeLa cells that deletion
of RFC gene from the genome does not result in any significant alteration of folate
uptake and transport activity. Thus, the involvement of RFC in uptake and transport

of folate conjugate in this work was omitted.
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3.5 Conclusion

This study demonstrated the expression of folate receptor in four epithelial polarised
cell layers including Caco-2, Calu-3, IEC-6 and HBEC. TRITC and FITC labelled
OVA-FA were synthesised in order to investigate the potential of FR in folate
mediated uptake and transport of a model macromolecular conjugate. Data revealed
that simple attachment of folate was able to enhance the cellular uptake and transport

of OVA.

Worked detailed in this chapter suggested the potential role of folate ligand in
endocytosis and transport that can potentially be exploited for delivery of biologics
to the epithelium or for non-invasive delivery of biologics to achieve systemic

therapeutic effects.
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4.1 Introduction

The possible role of Folate Receptor (FRs) in macromolecule and nanoparticle (NP)
transport across mucosal layers has not been investigated in the literature. As
mentioned in Chapter 1 (section 1.10), they are only few reports on folate transport
in proximal tubule cells of kidney [1, 2], retinal pigment epithelium [3] and in

choroid plexus [4].

The mechanism by which folate molecules and folate-ligand modified
macromolecules are taken up into the cells is not also clearly understood. Some
reports have pointed to internalization of FR by caveolae [5-10] whereas other
studies have suggested that FR are endocytosed by clathrin-coated pits [2, 11].
However some recent studies [9, 12, 13] have cautioned that the trafficking
pathways taken by a recycling receptor such as FR can be complex and may involve
many sorting events in multiple organelles. These reports mostly utilised 5-
methyltetrahydrofolate, folate or methotrexate molecules to investigate the
endocytosis pathway(s).

Thus, work described in this Chapter investigated the potential of the folate
mediated pathway for cellular uptake and transcellular transport of folate decorated
NPs, which to the best of our knowledge has not been attempted previously.
Furthermore, intracellular trafficking of folate decorated NPs was explored using
various endocytic inhibitors with effects on different routes (section 4.1.1) and

stages of endocytosis.

The use of Calu-3 cells for the purpose of this work was possible as this cell line has

been shown to express FR (3.3.4 and 3.3.5). In addition, confocal microscopy study
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was performed to assist the understanding of the route of uptake as well as

intracellular trafficking of folate modified NPs.

4.1.1 Endocytosis

As described in chapter one (section 1.5), there are different pathways for
endocytosis including pinocytosis, phagocytosis and receptor mediated endocytosis.
The latter employs three distinct mechanisms including clathrin-mediated
endocytosis, caveolac-mediated endocytosis and clathrin-and caveolae-independent
endocytosis. Certain cell treatments can inhibit cellular internalization via these
pathways which is useful in determining the uptake pathways of different systems

[14].

Phagocytosis Macropinocytosis

Clathrin- Caveolin-
dependent dependent Clathrin- and caveolin-
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Figure 4.1 Pathway of entry to the cells, adopted from [15]

4.1.1.1 Clathrin-mediated endocytosis (CME)

Clathrin-mediated endocytosis is a process by which almost all eukaryotic cells
internalize nutrients, antigens, growth factors, pathogens and recycling receptors.

Internalization can occur constitutively or in response to certain stimuli. The
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constitutive pathway is mainly involved in the uptake of receptors that undergo
continuous internalization and recycling. The uptake of macromolecules and some
viruses also rely on the constitutive pathway. The signal induced pathway is
responsible for the control of signalling potency of the receptor by regulating events
that occur at the level of internalisation, which in turn determine the post-endocytic

fate such as recycling or degradation of the receptor [16].

™% Clathrin * PIP, ) ;’;?;""9
¥ans g sV Auxilin
) € - Synaptojanin
| Apiso @ Dynamin P Stoned B g
| Synaptotagmin s Actin e r
oy ;
*\
1 7R
=y (3) Fission
* (] ¥ > ‘ Endophilin
frrme »"Q‘-m'jA P .“‘9_.,....' A N
(1) Coat nucieation and assembly (2) Coated pit maturation
AP-2 PIP, Dynamin
AP180 Cargo Endophilin
Clathrin Amphiphysin
Synaptotagmin Actin

Figure 4.2 Overview of the steps involved in clathrin-mediated endocytosis. Clathrin is first
assembled at the intracellular surface of the plasma membrane. After formation of clathrin coated
Ppit, the invagination occurs. The invaginated coated pits pinch off from the plasma membrane to form
clathrin coated vesicle. The vesicle loses its clathrin coat and progresses to endosomes which are
acidified. The endosomes are then transported to lysosomes where the internalised material is

degraded. Adopted from [16].
Clathrin coated vesicle formation is a multi-step process: initially clathrin triskelia
assemble into hexagonal and pentagonal lattices, then these lattices attach to

overlying plasma membrane via AP2 leading to its invagination into coated pit
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Dynamin, a multidomain GTPase is then recruited to the neck of coated pits and
assembles into spiral to mediate membrane fission and release of clathrin coated
vesicles. The vesicles are ~200nm in diameter. Once clathrin coated vesicles have
separated, clathrin coats disassemble to leave the naked transport vesicle for their
fusion with endosomal compartments. The coat components migrate back to the
membrane to participate in another round of endocytosis. [17]. There are a number
of ways to inhibit CME such as hypertonic challenge (using sucrose), intracellular
potassium depletion and low pH shock to disrupt CME by dissociation of clathrin
coats from the plasma membrane. Cationic amphiphilic drugs such as concanavalin
A, chlorpromazine and brefeldin act on the clathrin-dependent pathway and inhibit
receptor-mediated endocytosis by reducing the number of coated pit-associated
receptors at the cell surface and causing the accumulation of clathrin in an

endosomal compartment [18, 19].

4.1.1.2 Caveolae-mediated endocytosis

Caveolae are an abundant feature of many mammalian cells including adipocytes,
endothelial cells, smooth muscle, and fibroblasts but are not detectable in all
mammalian cells. It is a flask-shaped (50-100 nm), cholesterol and sphinogolipid
rich invagination of the plasma membrane [20]. Biochemically, caveolae are
characterized by their association with a family of cholesterol-binding proteins
called caveolins, which function to create and/or maintain these structures.
Consistent with this, expressing caveolin in cells that do not normally have caveolae

is apparently sufficient to generate these structures [21].

Caveolae are involved in endocytosis, transcytosis, and cell signalling. They directly

participate in the internalization of different cargoes such as membrane components

100



Chapter four Intracellular trafficking study of folate-decorated NPs

(glycosphingolipids), bacterial toxins (tetanus toxin), extracellular ligands (folic
acid) and non-enveloped viruses [22]. Caveolae endocytosis shares many common
features with clathrin-dependent pathways, including the same dynamic requirement
of molecular machinery in the fission process. However, there are clearly striking
differences between the dynamic association of clathrin with the plasma membrane

and the stable association of caveolin.

In contrast to CME, internalisation via caveolae is not a constitutive process and
only occurs upon cell stimulation in addition, internalisation via caveolae occurs at a
much slower rate compared to CME [23]. The caveolae trafficking process involves
an initial interaction between the cargo and receptors leading to cargo concentrating
within the invaginating caveolar surface formed by caveolin polymerization.This is
then followed by membrane budding. Caveolae require GTP hydrolysis to bud
directly from the cell surface into a discrete carrier vesicle. Dynamin has been
identified as the GTPase mediating this fission at the neck of the invagination
resulting in the release of free vesicles and subsequent delivery of molecular cargo

to target membrane by docking and fusion mechanisms [23].

One interesting aspect of caveolae mediated endocytosis is that the internalised
vesicles bypass the acidic endosome and lysosome. Instead, they are transported to a
specific endosomal compartment with neutral internal pH called caveosomes. For
this reason, the caveolar internalisation pathway has potential advantages for

targeted drug delivery [24).

Several drugs have been reported to inhibit caveolae-mediated endocytosis.
Cholesterol is an important component of caveolae and depletion of cholesterol can

remove the caveolae from cell membrane. Thus, sterol binding drugs (filipin,
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nystatin and methyl-B-cyclodextrin) which remove cholesterol from the cell

membrane are able to disrupt caveolae [25]

4.1.2 Involvement of actin filament in endocytosis

Actin is a major component of the cytoskeleton. Growing evidence has suggested a
role for the actin cytoskeleton during clathrin-mediated endocytosis. Several works
have suggested a close association between the endocytic machinery in mammalian
cells and the actin cytoskeleton [17]. First, the GTPase dynamin, a central player in
CME, and several dynamin-binding partners (syndapin, mAbpl, intersectin, and
profiling) have been shown to directly or indirectly regulate F-actin dynamics [26].
Second, Hip1R, an F-actin-binding protein, also interacts with clathrin and promotes
clathrin assembly [27]. Finally, it was recently revealed that actin and regulators of
actin polymerization are transiently recruited to clathrin-coated structures coincident
with, or shortly after, clathrin-coated vesicle detachment from the plasma membrane
[28]. Based on these and other data, F-actin has been postulated to play either a
structural role in CME, controlling the localization of endocytic machinery on the
plasma membrane, or a mechanical role, driving invagination, the separation of
vesicles from the plasma membrane, and/or the translocation of nascent vesicles into
the cytoplasm [26]. Commonly used actin filament disrupting drugs include
cytochalasin D and latrunculin. Cytochalasin D is a fungal alkaloid and binds to the

positive end of actin filaments and prevents elongation [29, 30].

4.1.3 Involvement of microtubules in endocytosis
Microtubules, a component of the cytoskeleton, consist of tubulin and several
associated proteins. The protein filaments stretch across cells and provide a

mechanical basis for chromosome sorting, cell polarity and organelle localization
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among other functions. The transport of endocytic content from early to the late
endosomes is dependent on microtubules which also promote fusion and fission of
endocytic vesicles. Colchicine, vinblastine and nocodazole are well known
microtubules depolymerising agent that binds to tubulin and inhibit its

polymerization [31].
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4.2 Material and Methods
4.2.1 Preparation of folate and non-folate modified nanoparticles

All chemicals were purchased from Sigma-Aldrich (UK) unless otherwise specified.
Ovalbumin-Folic acid (OVA-FA) was prepared by the same method described in

3.2.3 with same molar ratio (13.09 + 1.04 mole folic acid per mole OVA).

OVA-FA and OVA was adsorbed on the surface of sulfate-modified, polystyrene
NPs of 30 nm diameter (green) to create folate and non-folate modified
nanoparticles (NPs). To achieve that, 10 ul of NPs suspension (containing 2.5% w/v
solid) containing 1.69 x 10'* NPs were incubated with 2.02x10® mole OVA-FA or
OVA for at least 3h at room temperature with gentle magnetic stirring. Excess
(unbound) OVA-FA or OVA were removed following centrifugation (25,000g) of
the nanoparticle suspension for 30 min.

The supernatant was removed and the NP pellet re-suspended in HBSS, the volume
of which was equal to the volume of removed supernatant.

The amount of OVA added to the NPs was selected based on the literature (will be

discussed in section 4.3.1 and 4.4)

4.2.2 Particle size measurements

Dynamic light-scattering (DLS) (Dynamic Light Scattering, Viscotek, UK)
technique was used to measure the hydrodynamic diameter and size distribution of
NPs. Folate and non-folate modified NPs were analysed by DLS suspended in
Hanks Balanced Salt Solution (HBSS) at pH 7.4 (under the same conditions in
which NPs were applied to the cells). The results represent the mean of 10

measurements (+ SD).
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4.2.3 Calu-3 cell monolayer

Calu-3 cells (used between passages 25-40) were cultured on flasks until confluence.
Thereafter cells were detached from the flasks, seeded and cultured on filters (105
cells per well) according to the methods detailed previously (section 2.2.1.2 and

2.2.1.4). Cell layers were used at day 24-25 post seeding.

4.2.4 Immunostaining for FRs in Calu-3 monolayer
Folate receptor immunostaining was performed on cultured Calu-3 cell layers in the
same fashion as described (2.2.5.2, 2.2.5.3 and 2.2.5.4) using mouse anti-human

FOLR1 primary antibody and goat anti-mouse TRITC labelled secondary antibody.

4.2.5 Cellular uptake and transport experiments
These experiments were conducted according to the protocol described in sections

3.2.8 and 3.2.9 with applying folate and non-folate modified NPs.

Cellular uptake of NPs and Cholera toxin B and transferrin in HBSS was determined
in the presence and absence of endocytosis inhibitors. Inhibitors (Chlorpromazine
(10 pg/ml), Filipin (5 pg/ml), Dynasore (10 pg/ml), Colchicine (5 pg/ml) and
Cytochalasin D (10 pg/ml)) were used at concentrations that showed a minimum of
85% cell viability during the 4 h assay period and were applied on cell layers 1 hour

prior the application of NPs.

Cellular uptake and transport experiments were performed at 4°C and 37°C. The
integrity of the Calu-3 cell monolayer was evaluated by performing TEER
measurements (section 2.2.2) every other day post-seeding. As an additional control
of cell layers integrity, TEER for each Transwell was checked at the end of

experiment. For this purpose, medium was added to the upper and lower chambers.
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Significant reduction seldom occurred in <3% of wells; the data from these wells
were not included in the final analysis.
4.2.6 Cytotoxicity of endocytosis inhibitors and folate and non-folate modified

nanoparticles

Potential short-term cytotoxicity of endocytosis inhibitors and NPs was assessed in
Calu-3 cells to ensure cell viability during uptake and transport assays. Solution of
chemical inhibitors were prepared and applied to cells at a range of concentrations
known to reduce or inhibit clathrin-mediated endocytosis (chlorpramazin, 1-50
ng/ml) caveolae-mediated endocytosis (filipin, 1-50 pg/ml) and dynamin-dependent
endocytosis (dynasore, 5-25 pg/ml) in order to find the optimal concentration with
minimal cell toxicity. The same toxicity assessment was also performed for
cytochalasin D (0.1-25 pg/ml) and colchicine (1-25 pg/ml). Cytotoxicity of the
inhibitors and nanoparticles toward Calu-3 cells was assessed by MTS cell
metabolic activity assay (section 2.2.4). Cytotoxicity of a certain sample at each
concentration was assessed in four replicates. Cell viability of greater than 85% was
classified as acceptable for uptake and transport assays. Cytotoxicity expressed as a
percentage of cell viability, was calculated from the measured absorbance values
normalized to the negative control (HBSS, 100% viability) and taking into account

the correction for the positive control (Triton-X, 0% viability).

4.2.7 Basolateral medium analysis: Transmission Electron Microscope (TEM)
After incubation of cell monolayers with folate and non folate-modified NPs
solution at 37 °C, basolateral medium was collected. One drop of sample was placed

onto the copper grid and allowed to dry in air. The samples were negatively stained
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with 3% phosphotungstic acid solution and investigated using transmission electron

microscope (Jeol JEM 1010 Electron Microscope, Japan).

4.2.8 Confocal Microscopy
Samples were prepared for confocal microscopy analysis as described in section

2.2.5.2 and visualized using Zeiss LSM 510 confocal system.
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4.3 Results
4.3.1 Preparation of NPs systems

Particle size distribution graphs for FA-OVA and OVA decorated nanoparticles as
determined by dynamic light scattering (DLS) are shown in Figure 4.3. Data reveals
that there is no significant difference in term of particle size between OVA-FA and
OVA modified nanoparticles. The mean hydrodynamic particle radius and
distribution for all nanoparticles systems, surface decorated with unconjugated
(Figure 4.3 B) and those decorated with FA-conjugated OVA (Figure 4.3 C) ranged

between 62-66 nm.

For uncoated NPs, the most prominent of the population has radius of approximately

17.9 nm (>98%).

108



[ 2] mensty Dstrouton tegea v 3| | %) tensty Datrtuton Legens » @ |
d 4o WEI EETE
A) i B
08. 0]
‘5 06 ] é 051
E :? E |
< 043 < 043 !
02] 023 j
tJ 00 '@ - o - J 00 ———r ey T aaa . T T T T
001 01 1 10 100 1000 1 10° 10’ 10 0.01 01 1 10 100 1000 10 10° 10° 10
P g Sie (nm) g b a Size (nm) )
8} intensty Dustributon Legens » @
d 10 fesnm)
3 C)
08 ]
3 05
3 3
< s
02]
y o 01 1 10 100 1000 10 10° 10° 10
d Scce (nm) 2]
Ke Nanoparticle type Average
y p Yp £ ]
hydrodynamic
radius (nm) = SD
A Unmodified 17.9+4.5
B OVA modified 62.1+11.7
G FA-OVA modified 64.4+2.1

Figure 4.3 Particle size distribution for unmodified (4), OVA-FA-modified (b) and OVA-modified NPs (c) by Dynamic Light Scattering (DLS). Table shows

information on mean sizes (radii). The result represents the mean of ten measurements, performed in HBSS at 25°C.
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4.3.2 MTS cell toxicity assay

4.3.2.1 Effect of NPs on Calu-3 metabolic activity: MTS Assay

Figure 4.4 demonstrates that the tested NPs and OVA-FA comjugate showed no
significant reduction in Calu-3 metabolic activity at tested concentrations, as

measured by the MTS assay.
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Figure 4.4 Effect of NPs and OVA-FA conjugate on Calu-3 metabolic activity, as determined by the
MTS assay. Uncoated NP, OVA-FA and OVA modified NPs and OVA-FA conjugate were applied to
cells at concentrations of 1.69 x 10" and OVA-FA at concentration of 0.5mg/ml. HBSS and Triton-X
were used as negative and positive controls respectively. Data expressed as relative cell metabolic

activity and presented as the mean + SD (n=4).

OVA-FA conjugate (98%) and coated NPs (92%) showed higher cell viability

compared to naked particles (85%).
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4.3.2.2Effect of endocytic inhibitors on Calu-3 metabolic activity: MTS Assay

Five different inhibitors acting at the different stages of endocytosis were selected to
examine the pathways of cellular uptake and transepithelial transport of folate
decorated NPs and non-folate decorated NPs (control). Before conducting the uptake
and transport studies, viability of Calu-3 cells in the presence of optimized
concentration of these inhibitors during the 4-hour assay was confirmed in the

presence of these inhibitors.
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Figure 4.5 Effect of different inhibitors on Calu-3 metabolic activity, as determined by the MTS assay. MTS assay was performed on different concentrations. Data

expressed as relative cell metabolic activity and presented as the mean + SD (n=4).
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Data in Figure 4.5 showed that chlorpromazine caused cytotoxicity at the
concentrations above 20 pg/ml with significant reduction in cell viability (65 %).
Calu-3 cells were relatively insensitive to exposure to concentration less than < 20
ug/ml of filipin but decreased viability was seen at higher concentrations and cell

viability was reduced to 48 % when 50 pg/ml was applied on cell layers.

Dynasore and colchicine exhibited no cytotoxicity to calu-3 cells in the
concentration range tested except at the highest 25 pg/ml point. Cytochalasin D also
did not demonstrate considerable toxicity at any of the tested concentrations. Table

4.1 presents the selected concentration of inhibitors for this work.

Inhibitors Concentration(pg/ml) Concentration(pM) %Cell viability
Chlorpromazine 10 28 95

Filipin 5 7 96.45
Dynasore 10 30 90.76
Colchicine 5 12 95
Cytochalasin D 10 20 88.5

Table 4.1 Selected concentrations of inhibitors.
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4.3.3 Filipin and chlorpromazine effect on Cholera toxin B and transferrin

cellular uptake

Cellular uptake of transferrin and cholera toxin B, which are known to selectively
enter cells via clathrin [27] and caveolae [28, 29] mediated endocytosis pathways
respectively [23], were used as controls to confirm specificity of the inhibitory

function of selected concentrations of chlorpromazine and filipin.

As shown in Figure 4.8 treatments with chlorpromazine resulted in a significant
inhibition of transferrin uptake (70% decrease, P<0.001) in the Calu-3 cells.
Treatment with filipin also resulted in 50% reduction of cholera toxin B uptake

(P<0.001) thus confirming the applied inhibition protocol.

It is noteworthy that a large fraction of cholera toxin B can be endocytosed by
clathrin-dependent as well as by caveolae- and clathrin-independent endocytosis in
different cell types [28] so inhibition of the caveolae mediated pathway led to only a
50 % decrease in the toxin uptake in Calu-3 cell layer. However lack of specific

controls for each of the distinct endocytic pathways leaves no other options.
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Figure 4.6 Effect of chlorpromazine and filipin treatment on internalization of transferrin and
cholera toxin B into Calu-3 cells. Cells were pre-treated with chlorpromazine and filipin for 1 hour,
Jollowed by 3 hours of exposure to Alexa fluor labelled transferrin and cholera toxin B in the

presence of inhibitor. Uptake expressed as % of the amount applied apically (5 nM).
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4.3.4 Immunostaining for FRs

Figure 4.7 shows confocal micrographs of Calu-3 cell layers cultured on filters after
25 (A) and 23 (B) days post seeding. Immunostaining was performed on days 23 and
25 because RT-PCR result in Chapter 3 (section 3.3.4) showed that FR is expressed
on day 24 post seeding. Cell layers are stained with mouse anti-human FOLRI

primary antibody and goat anti-mouse TRITC labelled secondary antibody.

Red fluorescence was only observed in 25-day old Calu-3 monolayer indicating the
expression of FRs. The micrograph showing the vertical axis ('z-axis') of the cell
layer (located on the right side and bottom of the image) indicates that the receptor is

distributed across the vertical plane of the cell layer.

No fluorescence was detected in Calu-3 cells after 23 days post seeding revealing no
expression of FRs. These data were in agreement with RT-PCR and western blot
result discussed in chapter 3 (3.3.4 and 3.3.5). In control cells where incubation with
the primary antibody was omitted (i.e. cells were exposed to goat anti-mouse TRITC
labelled secondary antibody only) no red fluorescence was detected (Figure 4.7 C)
indicating that the fluorescence signal in the cell layer in Figure 4.7 A is not present

due to non-specific secondary antibody binding.
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Figure 4.7 Immunostaining for folate receptor in filter-cultured Calu-3 after A) 25-day old and B) 23-day old cells. Samples were incubated with mouse, anti-

human FOLRI primary antibody and goat, anti-mouse TRITC-labelled secondary antibody. Control cells Calu-3 C) incubated with goat, anti-mouse TRITC-
labelled secondary antibody only. Three dimensional image of Calu-3 cell layer is shown vertical (z-axis') on the bottom and the right hand side. (Scale bar:

20um).
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4.3.5 Cell uptake of folate and non-folate modified NPs at 37°C and 4°C

In order to determine whether NP uptake was an active or passive process, cell
cultures were incubated in parallel at 37°C (normal cell culture conditions) and at
4°C (Figure 4.8). It is known that several proteins and enzymes are sensitive to

temperature, thus active processes are mainly inhibited at lowered temperatures [32].

40 -

30 - B OVA-FA-NPs
OVA-NPs

Uptake (%)

20 -1; ook
1
10 i
|

BIESC /3 e

Figure 4.8 Effect of temperature on cell uptake of OVA-FA-NPs and OVA-NPs. Cells were incubated
with samples for 4 hours. Uptake expressed as % of the amount applied apically (1.69x10 BNPs).One
way analysis of variance (ANOVA) with Bonferroni post-hoc test was used. Error bar represents
mean + standard deviation (n=3).

Data showed that at 37°C experimental conditions, 50% of folate-modified
nanoparticles applied on the apical side of the monolayers were internalized by cells

and this was reduced to 14% for OVA-modified nanoparticles (P<0.001). This

strongly suggests an involvement of folate-mediated pathway of nanoparticle uptake.

On the other hand, Exposure to NPs at 4°C resulted, as expected, in a very strong

suppression of endocytosis of both nanoparticle systems (FA-OVA-NPs and OVA-
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NPs) by approximately 96%; this significant decrease of uptake (P<0.001) at 4°C
compared to 37 °C suggested a predominantly active endocytic mechanism for
internalization of NPs [33]. It should be noted that to discriminate between cell-
association and actual internalization, extracellular fluorescence was quenched by
addition of Trypan Blue, the non-quenched fraction thus representing internalized

beads [34].

4.3.6 Cell uptake of folate and non-folate in the presence of different inhibitors

To investigate the pathway of internalization of folate-modified nanoparticles this
section of the project examined the effects of five different inhibitors on the cellular
uptake; filipin; caveolae-mediated endocytosis inhibitor, chlorpromazine; clathrin-
mediated endocytosis inhibitor [35], colchicine, microtubule inhibitor, cytochalasin

D, microfilament inhibitor and dynasore; dynamin inhibitor [36] (Figure 4.9).
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Figure 4.9 Cellular uptake study of OVA-FA-NPs and OVA-NPs in the presence of different inhibitor of endocytosis. Inhibitors were applied on cell layers 1 hour
prior the application of NPs at the optimized concentrations (section 4.3.2.2). Uptake expressed as % of the applied dose apically (1.69x10 *NPs).One way

analysis of variance (ANOVA) with Bonferroni post-hoc test was used. Error bar represents mean + standard deviation (n=3)
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In the case of folate-modified nanoparticle, in filipin treated cells there was a 75%
reduction (P<0.001) in the uptake, while in the chlorpromazine treatment resulted in
only a 22% reduction, compared with non-inhibited cellular uptake (Figure 4.9).
These data hence strongly suggested that the folate-modified nanoparticles are
mainly internalized by the caveolar pathway. In parallel, the data showed that uptake
of non-folate nanoparticles is mainly mediated by the clathrin pathway, as indicated

by a 53% (P<0.001) reduction in chlorpromazine treated cells.

The inhibition of dynamin by dynasore (Figure 4.9) reduced the internalization of
OVA-FA-NPs to 92% compared with non-inhibited cellular uptake. In contrast,
internalization of OVA-NPs was decreased by 66% by dynasore which was
significant (P<0.001) reduction, but implied the possible involvement of dynamin-
independent pathways for uptake of OVA-NPs.

Folate and non folate-modified NPs showed no significant reduction (11 % and 13
% respectively) in uptake in the presence of colchicine, a chemical inhibitor of

microtubule (Figure 4.9).

Because exocytosis and endocytosis are controlled by the actin cytoskeleton, actin-
disrupting agent cytochalasin D was tested to determine their effect on NPs
internalization. Disruption of the actin cytoskeleton resulted in a significant
decrease (63%) in OVA-NPs but not OVA-FA-NPs (23%) internalization (Figure

4.9).
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4.3.7 Confocal microscopy analysis

The intracellular localizations of nanoparticles in Calu-3 cells were examined by
confocal microscopy. It should be noted that extracellular fluorescence was
quenched by washing the cell layers with Trypan Blue solution, as described in

section 3.2.8

4.3.7.1 Cell uptake of folate-modified NPs at 37°C and 4°C

Figure 4.10 shows confocal micrographs of Calu-3 cells (as confluent filter-cultured
layers) incubated with OVA-FA-NPs at 37°C and 4°C. The micrographs reveal the
presence of green fluorescence (green channel) resulting from FITC labelled NPs

and blue fluorescence (blue channel) from cell nuclei stained with DAPIL.

Strong internal cell fluorescence was found for folate decorated NPs at 37°C (A, C)
and no fluorescence was observed in cell layer at 4°C (B) indicating the significant

internalization at 37°C and no uptake at 4°C.

The gallery of pictures in Figure 4.11 depicts the presence of OVA-FA-NPs in Calu-
3 cell layer at 37°C demonstrating the folate-modified uptake is ubiquitous in the

cells from apical to basolateral side.
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Figure 4.10 Uptake study of OVA-FA-NPs at 37°C (A &C) and 4°C (B). Three dimensional images (A & B) showing vertical axis (z-axis') of cell layers (right
hand side and bottom of the micrograph). Blue channel (Ci): cell nuclei stained with DAPI, green channel (Cii): FITC labelled folate modified NPs and Overlay
image (Ciii).
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Figure 4.11 Image represents a gallery of cross sections (from the apical surface to basolateral) of cellular uptake of OVA-FA-NPs in Calu-3 cell layer.
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4.3.7.2 Cell uptake of folate-modified NPs in the presence of inhibitors
Figure 4.12 and 4.13 show uptake of green folate-modified NPs in the absence and

presence of inhibitors including filipin (4.12 Bi and Bii), dynamin (4.13 Ai and Aii)
and cytochalasin D (4.13 Bi and Bii) in comparison to untreated cell layer (4.12 Ai

and Aii).

It is clear from the micrographs that following treatment with filipin (4.12 B), the
internalization rate was significantly inhibited; the fluorescence in caveolar inhibited
cells was considerably weaker than the fluorescence observed in untreated cells

(4.12 A).

Furthermore, folate-modified NPs were only seen in the apical side of the cells (4.13
A, right hand side and bottom of the micrograph) in dynasore-treated cells. It
indicated that inhibition of dynamin, which is principally involved in the scission of
newly formed vesicles from the cell membrane, resulted in localization of NPs in

apical surface and significant inhibition of NPs internalization.

On the other hand, disruption of actin by cytochalasin D (Figure 4.13 B) showed no
significant reduction in NPs endocytosis as punctate fluorescence was observed

within the cells, at the level above and below the TJs.

Note that findings of the quantitative studies presented in sections 4.3.5 and 4.3.6

were in agreement with the data qualitative data obtained by confocal microscope.
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Figure 4.12 Different three dimensional images of endocytosis of OVA-FA-NPs at 37°C in untreated (Ai & Aii) and filipin-treated (Bi & Bii) Calu-3 cell layers.
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Figure 4.13 Different three dimensional images of endocytosis

of OVA-FA-NPs at 37°C in dynasore-treated (Ai & Aii) and cytochalasin D-treated (Bi & Bii) Calu-3 cell layers.
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4.3.8 Effect of temperature on transcellular transport of folate-modified NPs

Calu-3 layers used in this study had TEER values of 1270-1370 Q.cm? before and
950-1200 Q.cm’ after the transport experiments; this indicated no significant
changes in the TEER values during these experiments. Cell-culture inserts without

cells were not found to be a significant barrier for the permeation of NPs.

Figure 4.14 shows the NPs percentage present in the basolateral solution at different
temperature following their addition on the apical surface of the layers (1.69x10
NPs). Data revealed that approximately 4.2 % of applied folate-modified
nanoparticles were transported across the monolayer at 37 °C while no transport was |
observed for OVA-NPs at this temperature (P<0.001) suggesting the involvement of
folate-mediated path way for NPs transport. Data also proved that simple attachment

of folate is able to change the faith of the cargo.

No measurable amount of NP was transported across cell layer for both folate and
- non-folate systems when the temperature was decreased to 4°C which further

confirmed the involvement of predominant active endocytic/exocytic mechanism.
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Figure 4.14 Effect of temperature on cell transport of OVA-FA-NPs and OVA-NPs. Cells were
incubated with samples for 4 hours. Transport expressed as % of the amount applied apically
(1.69x10 *NPs).One way analysis of variance (ANOVA) with Bonferroni post-hoc test was used.

Error bar represents mean + standard deviation (n=3).

4.3.9 Transport study of folate modified NPs in the presence of inhibitors

The transport of folate-modified nanoparticles across Calu-3 layers was examined in
the presence of inhibitors as described in section 4.2.5. Cumulative number of folate
modified NPs transported across the layers and present in the basolateral solution in
the absence and presence of filipin, chlorpromazine and dynasore inhibitors and is

depicted in Figure 4.15.

The data indicate that transport of the folate modified NPs indeed occurs (4.2 % of
applied dose). Apical-to-basolateral movement occurred faster in the first 2 hours
and reached a sustained rate by 4 hours (very similar pattern to FA-OVA-FITC

conjugate transport described in Chapter 3).
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A significant difference in terms of transport was observed between the untreated
and filipin and dynasore-treated cells layers. In fact, the transport was absent in
caveolae and dynamin inhibited cells, whilst clathrin inhibition showed no
significant decrease in particle transport (1% reduction). It strongly suggested the
involvement of caveolae-mediated pathway in the transport of folate-modified NPs

and also the important role of dynamin in caveolae-mediated endocytic processes.
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Figure 4.15 Transport study (in apical to basolateral direction) showing the cumulative number of OVA-FA-NPs transported in four hours experiment in the
presence of endocytosis inhibitors. Samples (100pl) were taken every hour from basolateral side and apical-to-basolateral translocation assessed by measuring
fluorescence. One way analysis of variance (ANOVA) with Bonferroni post-hoc test was used. Error bar represents mean + standard deviation (n=3). Small graph

(top right) presents the same data expressed as % of apically applied dose.
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Figure 4.16 shows the pattern in basolateral number of folate-modified NPs
following their application to the cell layers in the presence of colchicine (tubulin
inhibitor) and cytochalasin-D (actin inhibitor).

Data showed that the transport level increased with time in the presence of these two
inhibitors (from 7.1 x10' to 12.34 x10'° in the presence of colchicine (P<0.01) and
from 7.1 x10' t010.27 x10'° (P<0.05) in the presence of cytochalasin D). NP
transport in the actin and tubulin inhibited cells showed an initial delay compared to
untreated cell layers but at later times, increased transport was observed for treated

cell layers relative to untreated ones.
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Figure 4.16 Transport study (in apical to basolateral direction) showing the cumulative number of OVA-FA-NPs transported in four hours experiment in the
presence of endocytosis inhibitors. Samples (100ul) were taken every hour from basolateral side and apical-to-basolateral translocation assessed by measuring
fluorescence. One way analysis of variance (ANOVA) with Bonferroni post-hoc test was used. Error bar represents mean + standard deviation (n=3). Small graph

(top right) presents the same data expressed as % of apically applied dose.
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4.3.10 Basolateral medium analysis by TEM

The samples from apical and basolateral medium were observed by TEM following
a 4h of incubation with OVA-FA-NPs and OVA-NPs (control). As illustrated in
Figure 4.17, in apical side, particles with size ~120 nm and some material fragments
(more in OVA-FA-NPs solution) were observed. In the basolateral, samples (after
transport experiment), species with size and appearance similar to OVA-FA were
observed in the OVA-FA-NP experiment, but no such species were found in the
control OVA-NP basolateral samples.

This result suggested transcellular transport of NPs only happened for folate
modified NPs which would be in agreement with the quantitative data presented in

4.3.8.
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Figure 4.17 Transmission electronic microscopy images of apical and basolateral media of Calu-3 cells incubated with blank OVA-FA-NPs and OV A-

NPs in HBSS for 4 h at 37 °C. (Scale bar: 200nm)
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4.4 Discussion

With interest in nanotechnology rising, it should not be surprising that many studies
on uptake of folate-surface modified nanoparticles have been recently undertaken
[37-44] but data on folate modified NPs transport across the epithelial cell layers
have not yet, to the best of our knowledge, been reported. Work detailed in this
chapter hence investigated the potential of the folate-mediated pathway for delivery
of folate modified NPs across the epithelium, as a potential drug carrier system for

mucosal administration.

To this end, we formulated folate-modified nanoparticles (~120 nm) to investigate
the folate mediated endocytosis and transport across polarised Clue-3 cell layer, as
an in-vitro epithelial model shown in previous Chapter (Chapter 3) to expresses the

FRs in day 24 post seeding.

Polystyrene NPs used in this story, are widely used as a model nano-carrier and
reference particles to study cellular uptake [45, 46], in in-vitro [47-49] and in-vivo
studies [50]. They are also commercially available in different sizes, different

surface modifications and fluorophores (allowing imaging and quantification).

OVA-FA was not chemically conjugated to the NPs; it was instead physically
adsorbed on the NP surface, taking advantage of ovalbumin’s ability to adsorb

almost irreversibly onto the surface of polystyrene NPs [51].

Characterisation of OVA-FA and OVA-modified NPs for their size by dynamic light
scattering (DLS) revealed that the mean hydrodynamic particle radius for both
nanoparticle systems, surface modified with OVA (Figure 4.3 B) and those modified

with FA-OVA (Figure 4.3 C) ranged between 62-64 nm, indicating no significant
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differences in the particle size between OVA-FA modified and OVA modified

nanoparticles that could potentially affect their cellular internalization behaviour.

Unmodified nanoparticles displayed a mean hydrodynamic particle radius of 17.9
nm (Figure 4.3 A), indicating the formation of an adsorbed layer in the order of 44-
48 nm, considerably larger than that would be expected from adsorption of a
monolayer of ovalbumin (molecular dimensions of 7x4.5x5 nm [52]). Such
behaviour would be in agreement with previous studies on ovalbumin adsorption
onto the latex surface in which ovalbumin adsorption occurs in excess of the
quantity required to produce coverage of the surface and where multilayer
adsorption behaviour is indicated [53]. In a similar way to hydrophobic sorption of
albumin to polystyrene latex, [54, 55] the adsorption of OVA on the surface of
polystyrene nanoparticles is expected to be irreversible under the conditions
employed, permitting OVA (and hence ligand) association with the nanoparticles

during the time course of the experiments.

In the present study the amount of conjugated or unconjugated OVA used per
surface area of polystyrene nanoparticles (1.7 mg m) falls within the higher range
of plateau adsorption values reported previously (eg. approximately 1.5 mg m’? [56]
and 1.2 mg m? [57)). It is assumed that molecules immobilized within the surface
multilayer would adopt different orientations, including those that permit binding of
conjugated folate to the receptor and initiate nanoparticle cellular internalization. By
removing excess un-adsorbed ovalbumin (by centrifugation) the possibility that free
FA-OVA conjugate in the system compete for the folate receptors with the ligand-

bearing nanoparticles is minimised.
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Studies on cell toxicity (MTS assay) of OVA-FA, OVA-FA and OVA modified NPs
and unmodified NPs towards cells cultured as polarised layers (Figure 4.4) were
conducted in addition of assessment of cell layer integrity through measurement of
TEER. The tested nanoparticles systems did not show significant reduction in Calu-3
metabolic activity at applied dose (1.69x10 '* NPs). This result is in agreement with
a report by Frohlich [58] showing that polystyrene NPs > 40 nm (from 30-500
um/ml) did not show any indication of cytotoxicity. Another study [59] also
confirmed the non-cytotoxicity of polystyrene beads with larger size (0.45 pm,

0.5mg in 100 p1 PBS) to murine 1929 fibroblasts.

In vitro systems for predicting mucosal drug absorption should ideally be able to
model the physiological transport characteristics of the in vivo epithelium and
provide a reasonable quantitative prediction of drug translocation. The cell culture
characterization detailed in chapter 3 (3.3.2 & 3.3.3) confirmed that Calu-3 cell layer
cultured on permeable membrane is capable of producing electrically-tight
monolayers with low permeability, indicating a formation of tight junction structure.
Findings similar to ours [60, 61] have also suggested Calu-3 as an appropriate model
for the airway epithelium.

FRs expression in Calu-3 cell layer was shown previously in Chapter 3 (sections
3.34 & 3.3.5) and in this chapter; the folate receptor expression was further
demonstrated by immunofluorescence which revealed abundant distribution of
fluorescence throughout the cell cytoplasm on day 25 post seeding. Interestingly, no
fluorescence was apparent in cells cultured on day 23 post seeding indicating the
importance of culturing time in expression of FR (as discussed in Chapter 3).
Demonstrated expression of folate receptor in investigated Calu-3 cell layer would
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be in agreement with previously published reports on its presence in normal and

cancerous tissue, including lung [62, 63] (as discussed in Chapter 3).

4.4.1 Uptake study of folate-modified NPs

To assess cellular uptake and transport of folate modified nanoparticles, two
different approaches were employed; quantitative analysis of fluorescent-labelled
nanoparticles and qualitative assessment using confocal and transmission electron
microscopy.

Cellular internalization of 50% of FA-OVA-NPs compared to 14 % of OVA-NPs
and significant decrease (P<0.001) in uptake of folate-modified NPs at 4°C strongly
suggested the involvement of predominantly active folate-mediated endocytosis in
cellular internalization of folate-modified nanoparticle. It further confirmed that the
attachment of folate promotes cellular uptake of NPs.

There are numerous studies [64-68] confirming that attachment of folate would
increase the cellular uptake of NPs via folate pathway compared to non-folate NPs.
For instance, Zhang [65] visualised the uptake of FITC labelled folate-conjugated
bovine serum albumin nanoparticles (BSANPs) (~150n) and BSANPs lacking folate
into SKOV3 cell (human ovarian cancer cell line) monolayer by fluorescence
microscopy. The absence of FITC fluorescence in the BSANPs lacking folate
samples in contrast to the intense fluorescence in the samples containing folate-
conjugated BSANPs revealed the dependence of nanoparticle uptake on the
conjugation of folate.

Uptake data presented in this work was also in agreement with previous reports that
demonstrated particles up to about 100-200 nm could be internalized by a receptor-

mediated endocytosis [69, 70].
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4.4.2 Transport study of folate-modified NPs

Regarding the potential role of folate-mediated pathway in translocation of material
across the polarised cells, there are few reports on transcytosis of folate molecule [1-
4] and to the best of our knowledge, there are no studies reported in the literature
that investigated potential of the folate mediated transport pathway for cellular
uptake and transport of NPs across epithelial cells or mucosal surfaces.

Periodic measurements of NP levels in the basolateral solution (Figure 4.16)
following apical administration to Calu-3 cell layers revealed that only folate
modified NPs traversed the Calu-3 layers at 37 °C. A pattern of an initial steeper
increase in basolateral NPs level, followed by a plateau was typically observed.

Such a trend was also seen for FA-OVA-FITC conjugates (section 3.3.7) and can
possibly be attributed to saturation of FR as reported in the literature [71].

The disability of OVA-modified NPs (not containing conjugated folate ligand) in
crossing the Calu-3 monolayer again indicated the involvement of folate-mediated
path way for NP transport and also proved that simple attachment of folate is able to
change the fate of the cargo (will be discussed further).

The basolateral presence of folate-modified NPs was also confirmed by TEM. Only
fragments were observed on the basolateral side for OVA-modified NPs (Figure
4.17). This result confirmed the quantitative data and furthermore suggested
polystyrene NPs keep their coating after transport as the observed nano-objects in
the basolateral and apical chambers have a similar size.

Similar experiments to ours have also been performed by Roger et al [33]. However
their analysis revealed that lipid nanocapsules (LNCs) observed at the basolateral
side (100-120 nm) were different in size from those observed at the apical side (20-
60 nm) after transport across a Caco-2 monolayer.
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The nanoparticles translocation across Calu-3 cell layer was also indicated in the
confocal microscopy images (Figure 4.11) which show that folate-modified NPs at
37°C were observed uniformly throughout the vertical axis of the cells, including

below the level of the TJs and at the level of the Transwell® filter.

4.4.3 Uptake and transport study of folate-modified NPs in the presence of
endocytic inhibitors

The internalization and cell trafficking of any cargo can be studied by different
methods but all have their limitations. A common method is to use inhibitors that are
considered to affect specific cellular uptake mechanisms and also in part this is
because they are easy to use [15]. However, there was a big difference in the
efficacy and cytotoxicity of the selected inhibitors in the different cell lines.
Moreover, they usually lacked specificity for distinct pathways [72]. It is therefore
important to fully characterize their effects on any particular cell line before trying
to investigate the uptake pathway for any particular nanoparticle that is supposed to
enter cells by endocytosis.

To establish a protocol for the use of endocytosis inhibitors for a specific cell type, it
is important to assess their in-vitro cellular toxicity. This work investigated the
viability of Calu-3 cell line after exposure to five frequently used endocytosis
inhibitors: chlorpromazine, filipin, dynasore, cytochalasin D and colchicine. All
selected concentrations of inhibitors used in this are also frequently selected in the
literature for inhibition studies [32, 35, 72-79].

In addition to the cytotoxicity data, this work also evaluated the effect of the
inhibitors (filipin and chlorpromazine) on two well-known molecules, transferrin
and cholera toxin B which are known to selectively enter cells via clathrin and

caveolae mediated endocytosis, respectively. Result presented in section 4.3.3
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confirmed the suitability of 10 pg/ml chlorpromazine for inhibition of clathrin
mediated endocytosis in Calu-3 cell layer as 70 % reduction in transferrin was
observed. Santos e al [32] showed inhibition of transferrin endocytosis in HeLa
(Human cervix epithelium), A549 (human lung epithelium) and 1321N1 (human
glial astrocytoma) for almost 90% by 10 pg/ml chlorpromazine Another study also
demonstrated that 10 pg/ml chlorpromazine could supress transferrin internalization
for 90-100 % [78].

In this study, cholera toxin B internalization was reduced by 50% in filipin treated
cells compared to untreated ones indicating the suitability of 5 pg/ml filipin for
inhibition of caveolae mediated endocytosis in Calu-3 cell layer and also the
importance of caveolae mediated pathway for cholera toxin B uptake in Calu-3 cell
layer. A report by Torgersen [79] has demonstrated that treatment of Caco-2 cells
with 5 pg/ml filipin reduced cholera toxin B uptake by less than 20%, suggesting
that caveolae do not play a major role in the uptake of cholera toxin B. They
concluded that the toxin can be endocytosed by clathrin and caveolae-dependent as
well as by clathrin-independent endocytosis in different cell types. On the other
hand, findings similar to ours have also been published by Orlandi and Fishman [35,
80] investigating cholera toxin B internalisation pathways in Caco-2 cells. They
found that only 33% of surface-bound toxin was internalized by 1 pg/ml filipin-
treated cells within 1 h compared with 79% in untreated cells (58% inhibition). They
also showed that 10 pg/ml chlorpromazine did not affect toxin internalization. These
discrepancies could be the result of different cell lines used in different studies as it
has been shown that the effect of endocytosis inhibitors is extremely cell type
dependent and treatment with endocytosis inhibitors, which have been applied
successfully on one cell line, should not be blindly transferred to other cell lines
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without performing the necessary control experiments [72]. Furthermore, it has been
shown that expression of caveolae in Calu-3 cells is higher than some tested cell
lines such as Caco-2 and Hela [81] which can explain the higher involvement of
caveolae in cholera toxin B internalization and also the stronger filipin inhibition in
Calu-3 cell layer in this work.

Taking all the aforementioned data together, these results confirmed the suitability
and efficiency of selected concentrations of filipin and chlorpromazine for studying
the intracellular trafficking of NPs in Calu-3 cell layer.

To investigate the pathway(s) of folate-modified NPs internalization in Calu-3 cells,
this work first examined the effect of filipin and chlorpromazine on folate-modified
NPs uptake across Calu-3 cell layer.

Data (Figure 4.9) revealed the dominant involvement of caveolae-mediated pathway
in internalization of folate-modified nanoparticles which was in line with other
reports suggesting FR appears to physically move in and out of the cell using a novel
uncoated pit pathway involving caveolae that does not merge with the clathrin-
coated pit endocytic machinery [5-9, 82]. It should be note(i that all these reports
have been undertaken on mostly KB (nasopharyngeal carcinoma), HeLa, MAI04
(monkey kidney epithelial cell line) and Caco2 cell lines and there is no published
report on folate internalization pathway on polarised Calu-3 monolayer.

Regarding the folate-modified NPs transport across the calu-3 cell layer, a
significant difference was observed in the transport of folate-modified NPs in
untreated and filipin treated cell layers. In fact, data presented that transport was
absent in caveolae inhibited cells, while clathrin inhibition showed no significant
decrease in particle transport (1% reduction). It strongly suggested the involvement
of caveolae-mediated pathway in transport of folate-modified NPs.

144



Chapter four Intracellular trafficking study of folate-decorated NPs

These observations are explained as follows. Internalised materials are normally
transported by the clathrin mediated pathway to endosomes which subsequently
fuses with lysosomes where the degradation of the materials takes place [83] so

there is no or less chance for transport of NPs in filipin treated cells.

There are some studies [10, 78, 83-85] investigating the caveolar trafficking
pathway suggested that materials using caveolae mediated endocytosis avoid the
acidic endosomes and lysosomes. After internalization, caveolae-derived vesicles
travel to caveosomes, which are distinct from early endosomes in content and pH
(neutral pH). In caveosomes, internalized ligands or membrane constituents could
reside and would target Golgi apparatus and the endoplasmic reticulum and not
lysosomes [86]. Although it is made known that caveolae pathway serve transport
functions (including that of the vesicular internalisation of small molecules by the
process of potocytosis, and the endocytic and transcytotic movements of
macromolecules) by escaping lysosomes but the exact function and interactions of

caveolae within the cell are far from fully elucidated [87].

At this point it is worth mentioning that no report was found to investigate the NPs

transport and their cell trafficking.

To confirm more the nature of this endocytic route, the present work also assessed
the effect of dynamin, a protein that blocks the internalization of both clathrin- and
caveolin-coated vesicles [36]. Dynasore was used to block vesicular endocytosis by
selectively inhibiting dynamin 1 and dynamin 2 GTPases, which are responsible for
vesicle scission during both clathrin- and caveolin-mediated endocytosis [88, 89]. As
expected, NPs showed the greatest reduction in uptake (Figure 4.9) in the presence

of dynasore. The significant decrease (P<0.001) in uptake of folate modified and
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control NPs in the presence of dynasore confirmed the endocytosis of NPs by
dynamin-dependent pathways. Dynamin inhibition also blocked the folate modified
NPs transport across Calu-3 monolayer. It was due to the inhibition of caveolae

mediated pathway as discussed above.

Findings similar to ours have also been published by Goldberg [88]. Their work
demonstrated that inhibition of dynamin by 50 pM dynasore, strongly reduced the
endocytosis and transepithelial transport of Poly (amido amine) dendrimers in Caco-

2 polarised monolayer.

The importance of microtubules in the uptake and transport of NPs was investigated
in this work. Microtubules are dynamic protein filaments that stretch across cells and
provide a mechanical basis for chromosome sorting, cell polarity and organelle
localization among other functions. The transport of endocytic contents from early
to the late endosomes is dependent on microtubules which also promote fusion and
fission of endocytic vesicles [90]. In this study, endocytosis of folate and non folate-
modified NPs showed no significant reduction in the presence of colchicine
revealing microtubules are not involved in uptake of NPs in Calu-3 cell layer, while
transport of folate modified NPs was elevated in colchicine treated cell layer. It is
difficult to discuss the reason of these observations at this stage since there are many

discrepancies in the literature.

Lin et al [91] synthesised gold NPs with different surface modifications, they
noticed that addition of colchicine at 37°C reduced endocytosis of those NPs which
were employing the caveolae pathway for their entry in Caco-2 cells. The reduced
uptake of NPs resulted in 25-30% increased accumulation of these nanoparticles in

the apical layer when compared to the standard 37°C cell assay, indicating strong
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contribution of microtubules for the endocytic uptake of NPs under physiological
conditions. Their finding was totally in disagreement with ours as endocytosis of
FA-OVA-NPs did not decrease in colchicine treated cells in this study.

They [91] also demonstrated that colchicine barely affected the cell uptake and
transport behaviour of other coated gold NPs using the clathrin-dependent pathways
through Caco-2 cells which were similar to what observed for OVA modified NPs as
they were internalized to Calu-3 cell layer through clathrin pathway. Qaddoumi [92]
also reported that Nocodazole, a microtubule inhibitor, did not cause any significant
reduction in nanoparticle (biodegradable poly (D, L-lactide-co-glycolide) (PLGA))
uptake in Rabbit conjunctival epithelial cells. This is consistent with our study. They
concluded that microtubules are involved in vesicle transport and not endocytosis or
receptor recycling at the plasma membrane

Kamen [93, 94] also stated similar finding to ours. They confirmed that disrupting
microtubules with nocodazole (microtubule inhibitor) had no effect on
internalization of 5-methyl [°H] tetrahydrofolate (S-CH3THF) in MA104 cells. They
concluded nocodazole could not alter the functional membrane localization of the
FR and the initial rate of 5-CH;THF uptake thus making it unlikely that
microtubules are involved in folate-mediated uptake.

Regarding colchicine effect on transport rate, Jevprasesphant [95] showed the effect
of colchicine (10 pM) on dendrimer permeation across Caco-2 monolayer. They
reported there was no statistically significant difference between apical to basolateral
and basolateral to apical transport of dendrimer in the presence or absence of

colchicine which was not in line with this work.

One possible explanation for increased transport rate in colchicine treated cells in

our study was that since the microtubule is the major contributor to trafficking in the
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endosomal / lysosomal pathway, it was logical to suggest that this inhibitor might
block the transfer of NPs from the endosomes to the lysosomes, thus preventing
degradation of NPs, resulting in an increase in the chance of transport. However, it

must be noted that for this hypothesis, further investigation is needed.

Because exocytosis and endocytosis are controlled by filamentous actin, a major
component of cytoskeleton, actin disrupting agents cytochalasin D was also tested to
determine their effect on FR function and folate mediated endocytosis and transport
of NPs in this work.

In this study, disruption of the actin cytoskeleton resulted in a significant decrease of
OVA-NPs endocytosis but it did not reduce markedly the internalization of OVA-
FA-NPs.

Our observation was not consistent with earlier findings by Qaddoumi [92] and
Dausend [96] as they showed treatment of Rabbit conjunctival epithelial cells and
HeLa cells with cytochalasin D significantly reduced nanoparticle uptake. Dausend
[96] demonstrated that cytochalasin D inhibited the endocytosis of polystyrene
nanoparticles (~120 nm) nearly as strongly as cooling to 4 °C, thereby demonstrating
that nanoparticle internalization is highly dependent on F-actin.

However, Kamen [93, 94] reported that disruption of the actin cytoskeleton by
cytochalasin D and lat B, another actin-disrupting agent, which destroys actin
filaments by a different mechanism, reversibly increases the proportion of receptors
on the MA104 cell surface and increases the rate of 5-methyl [*H] tetrahydrofolate
delivery 2-fold. They reported that increased rate of folate delivery caused by
cytochalasin D was not observed in FR-negative cell lines.

So one possible theory for lack of significant reduction of folate modified NPs

observed in cytochalasin D treated cell layer in this work is that although
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cytochalasin D decreased the endocytosis rate, but at the same time it would increase
the number of FRs in the cell membrane and result in higher folate-modified NPs
delivery into the cells. On the other hand, significant reduction in OVA-NPs uptake,
which was in line with reports mentioned above, confirmed the involvement of actin
filament in endocytosis in Calu-3 cell layer.

Our data also presented the transport level increased with time from in the presence
of cytochalasin D. Transport in the actin inhibited cells showed the same profile as
untreated cell, increasing in first 2 hours and reaching a sustained rate by 4 hours.
Unfortunately, there is no report in the literature dealing with the effect of actin
disruption on NPs transport. The only possible explanation for increased transport is
as mentioned above for colchicine. However, further studies are required to explore

the possibility of these strategies.
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4.5 Conclusion

Using the Calu-3 epithelial cell model, which is shown to express FR, this work
investigated the detailed mechanisms of cellular uptake, intracellular trafficking and
transport of folate modified NPs (~120 nm) across Calu-3 cell layer. Various
endocytic inhibitors were employed in order to examine the mechanism of cellular
uptake and transport of folate modified nanoparticles. The study demonstrated an
involvement of the caveolar pathway in internalization of folate modified
nanoparticles; as judged from a significant reduction of the internalization in filipin
(inhibitor) treated cells. Moreover, the work also showed evidence of transport of
folate-modified nanoparticles via caveolar pathway, since translocation of
nanoparticles across the cell layer is absent when this path is inhibited. This work
therefore showed that the folate mediated transcytotic pathway offers potential for
delivery of protein and NP-based therapeutics.

Note that none of the specific chemical inhibitors led to 95% inhibition of
internalization. This observation most likely indicates the role of non-clathrin, non-
caveolae-mediated pathways for internalization which needs further investigation.
Disruption of actin filament and microtubules caused no difference in cellular uptake
of NPs but increased the transcytosis of folate modified NPs.

Moreover, data revealed that attachment of folate onto NPs had a key role in their
uptake and transport across cell layer and it could change the endocytosis pathway.
Furthermore, adsorption of OVA-folate on the surface of NPs was seen to promote

their cellular uptake and transport across the cell layers.
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5.1 Introduction

To achieve intracellular delivery of biologicals (proteins, oligonucleotides or
siRNA), the crucial step is to design a delivery system that will protect the
incorporated biologic and is efficiently internalized by the cells of interest. The
approaches used to formulate delivery systems and achieve cellular targeting and
internalization are typically based on sub-micron sized particulate “carriers’, such as
liposomes or polymeric nanoparticles which are decorated on their surfaces with
targeting ligands, based on either antibodies, polypeptides, fusogenic proteins or
hormones.(l‘ he choice of ligand depends on the type(s) of cells/tissues to be targeted)
After attachment, the targeting ligand must be @, andf’ét?cigs;}ic,‘ at the carrier
surface to ensure effective interaction with receptor at the targeted cell. For
intracellular delivery, it is also important that the ligand-receptor binding interaction
leads to internalization of the carrier, followed by an appropriate_intracellular

transport route, which will eventually deliver a therapeutic biologic to the target

intracellular site.

The @ity of a ligand on the surface of a particulate carrier can have a profound
® @)
effect on ligand-receptor binding events and the biological processes that follow this

binding. Studies on this phenomenon have recently taken momentum with a general
aim to enhance prospects of targeting systems by improving their binding and
cellular uptake by targeted cells. Surface_density of different ligands has been
demonstrated to play an important role in cellular uptake of, for instance, PLGA
nanoparticles surface modified with wheat germ agglutinin [1] or with a cyclic
peptide that specifically binds to ICAM-1 (intercellular cell adhesion molecule-1)

[2], composite polymeric micelles surface decorated with RNA A10 aptamer which
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specifically binds to the prostate-specific membrane receptor [3], liposomes surface
modified with fibronectin-mimetic peptide [4] and caprolactone-polyethylene glycol
micellar nanoparticles surface modified with bovine serum albumin as a model

ligand [S]. The influence of ligand surface density on cell uptake has also been

demonstrated in our recent work with composite polymeric micelles surface

decorated with the folate ligand [6].

NN
\Tglcal!y/ the surface density of the ligand is controlled by jadjusting the composition

of the mixture containing ligand-modified and unmodified polymeric molecules that
eitherQself-assemble into a micellar-type nanocarrier [3] orhadsorb at the surface of
the core nanoparticles [/2] However such approaches to achieve surface ligand
presentation typically do not allow control over its_"spatial_gdis_g_ri_l‘qggipn, and
@ the jj_f’egg_g_f_j,igand_wgfgge_gp@{'o_n_"_the_Vbindingv_and cellular

upt'qlgcv‘remaiqswlg{gq}_y unstudied [7]. Scarce publications on the effect of ligand

m using branched materials that _a_lf‘foi'dm multi-ligand _attachment  per;

e - "~ i

Ple?{iwle, indicate potentially important implication(s) for cell targeting

and development of more effective targeting systems [8].

In this chapter, a model nanoparticle system which enables manipulation of the
surface density as well as surface clustering of a ligand has been described. This was
achieved by controlling the level gf}iga\r_ld (folic acid) conjugation to ovalbumin with
multi-ligand linking capacity. Subsequent adsorption of such ligand-OVA conjugate
with different conjugation levels onto nanoparticle surface, alone or in the mixture
with unconjugated OVA, allows control over surface density and clustering. The

system provided a mean to test, not only the impact of surface ligand density, but

Ay
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also of ligand_spatial distribution (clustering) at the carrier surface on its cellular

internalization behaviour.

—
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5.2 Material and Methods

5.2.1 Preparation of Folate and non-Folate modified nanoparticles

All chemicals were purchased from Sigma-Aldrich (UK) unless otherwise specified.
Ovalbumin-Folic acid (OVA-FA) was prepared by the same method described in
3.2.3. In order to have different Molar Substitution Ratios (MSR), ranging from 1-15
moles of FA per mole of OVA, folic acid was added in 20-40 fold molar excess to
OVA in combination with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (ECDI)
(in 60 fold molar excess to OVA) to OVA solution (40 mg OVA in 0.I1M sodium

carbonate buffer (pH 9.5))

"2{ As described in chapter 3 (section 3.2.3) the resulting conjugate was,dg/saultgd and
Ru/rif/igd with PD10 column (Sephadex G-25 Medium) using PBS (containing 0.14M
NaCl and 0.01M phosphate at pH 7.4) as the eluting solution to remove any free
unconjugated drug. Molar ratio of FA to OVA was determined by quantifying FA
using spectrophotometry at A 34 (6=6.5 X 10%) and OVA by the Bradford reagent

(using UV at 595 nm), using calibration curves of known OVA concentrations.

FA-OVA conjugates and unconjugated OVA were adsorbed on the surface of

sulphate-modified, polystyrene latex of 30 nm diameter as described in section 4.2.1.
5.2.2 Light-Scattering Measurements

The hydrodynamic diameter and size distribution of nanoparticles was determined by

Dynamic Light Scattering (DLS) (section 4.2.2).
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5.2.3 Cell culture

Calu-3 cells were cultured on flasks at 5% CO,, 37°C until‘gjo\n/f\lﬂlll?flgq. Thereafter
cells were detached from the flasks, seeded and cultured on permeable supports (10°
cells per well) according to the methods detailed previously (section 2.2.1.2 and
2.2.1.4). The integrity of the cell layers and tight junction formation was assessed by
measurement of Transepithelial Electrical Resistance (@ as detailed in section

222,

5.2.4 Cell uptake studies

These experiments were conducted as mentioned in sections 3.2.8. Uptake study
was performed for a period of four hours. Cellular internalization of nanoparticles in
the presence of inhibitors was studied as described in 4.2.5. Calu-3 cells were pre-
treated with either clathrin inhibitor, chlorpromazine (10 pg/ml), or caveolac
inhibitor, filipin (5 pg/ml) for 1 hour prior the addition of nanoparticles. Inhibitors
were used at concentrations that did not exhibit a prominent effect on cell viability

(4.3.2.2).
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5.3 Results

5.3.1 Nanoparticle preparation and characterization

Initially, folate ligand (FA) was conjugated to OVA as an ‘anchoring’ species that
served to achieve multi-ligand attachment, as well as to anchor the ligand to the
surface of a polymeric carrier, in this case polystyrene latex, via adsorption. FA-
OVA conjugates with varying molar substitution ratio (MSR) of 1.54+0.2, 3.342.1,
5.5+£0.2, 7.8+1.6, 9.0+0.8 and 13.2+1.0 (mean+S.D, n=6) mol FA per mol OVA
were produced and adsorbed onto 30 nm polystyrene latex (as presented

schematically in Figure 5.1).

Ovalbumin Folate-Ovalbumin conjugate
Folate
+ %
Folate-Ovalbumin and Nanoparticle system with controlled
unconjugated Ovalbumin mix folate ligand density and clustering
Polystyrene NP O

Figure 5.1 Preparation of folate decorated polystyrene nanoparticles. Each ovalbumin ‘anchor’
molecule allows covalent linkage of multiple ligands. Co-adsorption of ligand-conjugated (at different
molar substitution ratio) and unconjugated anchor molecules achieves ligand clustering on

nanoparticle surface.
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5.3.2 Nanoparticle characterization

Particle size determination of a series of FA-OVA decorated nanoparticles by
dynamic light scattering (DLS) is shown in Figure 5.2. The systems in the series
comprised of nanoparticles with surface adsorbed FA-OVA conjugates produced at
different molar substitution ratio of folate to OVA (Figure 5.2 C-F). For the purpose
of comparison, the size of unmodified nanoparticles (i.e. prior to surface adsorption
of FA-OVA conjugates) and following adsorption of unconjugated OVA are also
shown (Figure 5.2 A and B). The particle distribution graphs show that there was no
notable aggregation of the nanoparticles following surface modification. The mean
hydrodynamic particle radius and distribution for all nanoparticle systems, surface
decorated with unconjugated (Figure 5.2 B) and those decorated with FA-conjugated

OVA with varying molar substitution ratios (Figure 5.2 C-F), ranged between 62-66

e e

nm, End/lcm no significant_differences in the particle size between modified
S——— T e T T T e -

T

nanoparticles that could potentially affect their cellular internalization behaviour.
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Chapter 5 Ligand density/clustering effects on endocytosis of FA-modified NPs

Key Nanoparticle type Hydrodynamic
(molar substitution ratio FA-OVA) radius (nm) £ SD

A Unmodified 17.9+4.5

B OVA modified 62.1£11.7

C FA-OVA (1/1.5) modified 659+ 1.1

D FA-OVA (1/5.5) modified 642+129

E FA-OVA (1/9.0) modified 64.8+12.4

F FA-OVA (1/13.2) modified 64.4 +2.1

Figure 5.2 Particle size and distribution (hydrodynamic radius) of unmodified (4), and nanoparticles
modified with either unconjugated ovalbumin (B) or folate-conjugated ovalbumin (FA-OVA)
prepared at different molar substitution ratios (C, D, E and F), as determined by dynamic light
scattering. The results in the table represent a mean * SD of ten measurements performed in Hank's

Balanced Salt Solution.

5.3.3 Effect of ligand density on cellular internalization of nanoparticles

To study the effect of folate ligand density on cellular internalization of
nanoparticles, these were surface modified by adsorption of FA-OVA conjugates
produced at different molar substitution ratios, ranging from 1.5 to 13.2 moles of
folate per mole of OVA.

Data in Figure 5.3 clearly demonstrate that cellular uptake of the modified
nanoparticles was affected by the surface density of the ligand (i.e. molar

substitution ratio), whereby the uptake increased with an increase in folate ligand

density and apparently reached a plateau at high ligand densities. In comparison,

control nanoparticles surface-modified with unconjugated OVA (therefore lacking in
T
folate ligand) showed a significantly lower cellular intemalization (P< 0.001).

s R
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*
o
e e
.‘” I
3.21

01 1L.4/1 5.51 7.8/1 9.0/1 11.5/1 13.21
Folate (M) / OVA (M)

[ ] w - L
5 LA S SR R it

Cellular uptake (%) dose/ 105 cells

o

Figure 5.3 Effect of ligand density on cellular internalization of nanoparticles in Calu-3 layers.
Nanoparticles were surface modified with Folate-ovalbumin (FA-OVA) conjugates produced at
increasing FA to OVA molar substitution ratios (1.4-13.2/1). ) 0/1 represents unmodified OVA
nanoparticles (control). Uptake efer(ffsicj/qs % of dose applied apically (containing 1.69x10"
nanoparticles) per one cell ’lg){gcﬂ(lxloﬁ cells). Orze-wqy analysis of variance (ANOVA) with
Bonferroni post-hoc test was used for statistical analysis. Error bar represents mean + standard
deviation (n=3). * ** and *** denote p<0.05, p<0.01 and p<0.001, respectively relative to cell

uptake of nanoparticles adsorbed with FA-OVA at the highest molar substitution ratio (13.2:1).
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5.3.4 Effect of surface ligand density on cellular internalization pathway
(endocytosis)

~—To investigate the potential effect that surface density of ligand could have on the
pathway(s) involved in cellular _internalization_(endocytosis) of folate-decorated

nanoparticles, clathrin and caveolae-mediated pathways were investigated as

potential internalization routes suggested for the folate and_non-folate NPs [9-11]

e e e s e o Ao

(also observed in Chapter 4, section 4.3.6). Sterol-binding agent filipin was applied
to the Calu-3 cells to disrupt caveolae-mediated endocytosis [12], and cationic
amphiphilic agent chlorpromazine to inhibit the@dependent pathway [13, 14].
Figure 5.4 shows the impact of inhibitors of caveolae- and clathrin-mediated cell
uptake pathways on internalisation of nanoparticles surface decorated with FA-OVA
of varying substitution ratios. Cons.id?{i?g_”the:‘_ control system comprising of

nanoparticles modified with!unconjugated OVA, the cellular_internalization was

notably reduced ‘(ﬁg@g)@.with~_chlorp;orquipi treatment (i.e. inhibition of clathrin
pathway, whilst no significant reduction compared to the untreated cells was seen
with filipin treatment (caveolae inhibition), clearly indicating that the _cell uptake of

folate-free nanoparticles was largely dependent on the clathrin-mediated pathway.

For FA—_QYA,_F@QQHJEQ nanoparticles, clathrin inhibition by \gh&mromazine

significantly (P<0.01) influenced cell internalization at the lowest surface density of

PRI

the folate ligand, indicating that clathrin-mediated pathway was still dominant in the
- e e oo ie P L Ll

[

internalisation of this system. On the other hand, chlorpromazine-induced clathrin

e

inhibition showed a moderate effect on systems with intermediate ligand densities
‘———\\-—‘_-—’ . — — s

eamararen e T

R ——a

(molar substitution ratios of 3.2 and 5.5; P<0.05) and displayed no significant effect

on the cellular uptake_of nanoparticles at_higher folate ligand densities (molar

LT

substitution ratios >7.8). A mirror trend of statistically significant decrease in
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cellular internalization of nanoparticles at higher folate ligand densities (molar
substitution ratios >7.8; P<0.001) was apparent when caveolin-mediated endocytosis
was inhibited by filipin. The suppression in cell uptake was modest at a lower ligand
density (molar substitution ratio of 5.5) and insignificant at lowest two densities

(molar substation ratios 3.2 and 1.5).

90 ® Chlorpromazine-treated
# Filipin-treated

Relative cell uptake (%)

3.21 5.51 7.8/1 13.2/1

Folate (M) / OVA (M)

Figure 5.4 Cellular internalization of folate-modified nanoparticles in the presence of endocytosis
inhibitors for clathrin (chlorpromazine) and caveolae (filipin) — mediated pathways. Nanoparticles
produced at increasing folate to ovalbumin (OVA) molar substitution ratios (1.5-13.2). 0/1 represents
unconjugated OVA modified nanoparticles. Uptake expressed as % relative to uptake in untreated
cell layer. One-way analysis of variance (ANOVA) with Bonferroni post-hoc test was used Jor
statistical analysis. Error bar represents mean + standard deviation (n=3). *p<0.05, ** p<0.01 and

***% p<0.001 relative to the respective uptake when untreated with the inhibitors.
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5.3.5 Effect of ligand clustering on cellular internalization

Table 5.1 summarizes the data depicting the effect of ligand clustermg on cell uptake

/..f’—

of nanoparticles. A matrix of nanoparticle systems w1th dlfferent surface dlstrlbutlon

T st

of folate ligand was created by adsorptlon of different composmons of FA-
e ey A - ———

conjugated OVA, w1th varymg molar subst:tutlon ratios (1.5 to 13. 2) in combmatxon

e e e UV

with unconjugated OVA. Variations in ligand density were largely determined by the
folate molar substitution ratio (rows in Table 1), whlle clustermg was largely

- - e s

determined by the composmon of FA- conjugated to unconjugated OVA mixtures

e P e e e e N e e mor e £t s 0 i

(columns in Table 5.1).

At f}_r_st the table demonstrates dramatic differences in nanoparticle internalization
by cells, extending between 60%: of the administered dose. for the highest surface
content of folate ligand (referring to high molar substitution ratio of 13.2 at 100%
FA-OVA) and 10% of the dose for the system with low surface content (referring to

1.5 molar substitution ratio and 10% FA-OVA mixture).

Combining this with the data in Figure 5.4, showing that the pathway of the
nanoparticles uptake changed with the surface density of the ligand, the high ligand
coverage systems would be taken into the cells at high levels (% of applied dose) and
primarily by caveolae-mediated pathway, whilst those with the low surface ligand
coverage would be internalised in a considerably less efficient manner and primarily
by clathrin-mediated pathway. The matrix hence demonstrates how dramatically
different outcome, and potentially different drug delivery effect, could be regardless

of the fact that the same ligand was employed for nanoparticle surface modification.

Comparing the systems where folate conjugates with the same molar substitution

ratio in mixture with unconjugated OVA were used to modify nanoparticles
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(columns in the Table 1), the data clearly indicated that decreasing the overall
surface density of folate ligand and gradually creating an ‘island in the sea’ folate
pattern at the nanoparticle surface led to a decreased uptake by the cell layer for all

the molar substitution ratios.

The matrix in table 5.1 also allows an overall comparison between cell
internalization of nanoparticles with relatively clustered ligand pattern with their
counterparts prepared at similar content of folate ligand, but in a more dispersed
pattern (comparison in diagonal direction of Table 1.5, e.g. nanoparticles surface
modified by 75/25 mixture of FA-OVA conjugate at molar substitution ratio of 13.2
with 6.7 nmol FA and nanoparticles with 6.5 nmol FA surface modified with FA-
OVA .conjugate at molar substitution ratio of 3.3). Such comparisons typically
revealed that a statistically higher internalization of the nanoparticles by Calu-3 cell
layers was associated with more clustered rather than dispersed surface ligand

pattern.
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Molar substitution ratio Folate : OVA
13.2 11.6 9.0 7.8 DL 353 1.5
Amount of folate ligand used to modify nanoparticles (nmol) (upper number).
<>g Cellular internalization (%) of applied dose (lower number)
3 100% | 26.7 233 18.2 15.8 11.1 6.5 29
X 60.0 582 | Als3g 49.0| *2423| *'294 24.1
g 75% | 19.9 17.4 13.6 11.8 8.3 49 211
3 572 | Als537| *°456| *446| *°37.7| *"258| *"132
§ 50% | 134 11.6 9.1 7.9 5.5 B9, 1.4
:§ *350.9 *250.1 | *°484| *Sa16| *307| *'215| A¥ 112
é‘ 25% | 6.7 5.8 4.6 3.9 2.8 1.6 0.7
S *138 *3346| *'304| *'°265| *'17.6| **A3118 10.8
10% | 2.6 23 1.8 1.5 1.1 0.6 0.2
#a2yqn | A2+ 211 | #S188| *°182 153 124 10.0

Table 5.1 Cellular internalization of folate surface modified nanoparticles. A matrix of nanoparticles surface modified with different folate-OVA substitution ratios
(1.5-13.2) and mixtures with unmodified OVA anchor (10-100 %). Systems with similar amount of folate ligand (nmol) are compared. * sign with corresponding
number denotes compared systems which are statistically different (p< 0.05 or 0.01), " sign with corresponding number denotes compared systems which are not

statistically different. One-way analysis of variance (ANOVA) applied as statistical analysis.



Selected data from Table 5.1 are summarized in figure 5.5, which compares the
internalisation of folate-decorated nanoparticles with the similar folate content,
distributed at the surface in either more clustered or disperse arrangements. The
trends in figure indicated an interesting phenomenon; at higher overall ligand
content, cellular internalization of nanoparticles was higher in the clustered ligand,
relative to the dispersed series. However at the lower overall ligand content the
trends were reversed and the internalization of dispersed ligand nanoparticles was

higher with a crossover at the folate content of approximately 2.6-2.9 nmol.

601 _o- Dispersed ligand S o ®

®=  (Clustered ligand L de}
’

40 'y /o

.

20+

Cell uptake (%) applied dose

0 T T ) Ay

0 2 4 6 10 15 20 25 30
Amount of folate ligand (nM)

Figure 5.5 Effect of the surface ligand distribution on cellular internalisation of nanoparticles at

corresponding ligand amount (selected data from table 1).
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5.4 Discussion

The interaction of nanomaterials with cells is critical in drug delivery which is
mainly dictated by surface properties of nanoparticles. While most studies have
reported the effect of surface functional groups/ligands/penetration motifs on the

nanoparticle cellular uptake, the impact of ligand density and_patterning on the

-

cellular internalization of nanoparticles is §¢lglorg_g§g@iqg§"t7, 8, 1/5]>

g e

Work detailed in this chapter investigated the effects of surface ligand distribution
pattern (ligand clustering and density) on the internalization of nanoparticles by
bronchial epithelial cells in vitro (Calu-3 cells cultured as polarised layers). For this
aim, ovalbumin was used as an intermediate species to anchor the folate to the
nanoparticle surface. The model system consisted of polystyrene nanoparticles
surface-decorated via the adsorption of ovalbumin conjugated to the folate ligand (as
discussed in chapter 4). The density of the displayed folate was manipulated by
controlling the conjugation level of folate-ovalbumin (3.2.3 & 3.3.1), while ligand
clustering was achieved by co-adsorption of varying mixtures of folate-ovalbumin

conjugate (at different ligand density levels) and unconjugated ovalbumin.

Characterisation of OVA-FA and OVA coated NPs for their size by dynamic light
scattering (DLS) revealed that the mean hydrodynamic particle radius for all
nanoparticle systems, surface decorated with OVA (Figure 5.2 B) and those
decorated with different density of FA conjugated-OVA (Figure 5.2 C-F) were
ranged | lﬂg{g@ry, indicating no significant differences in the particle size

between OVA-FA modified and OVA modified nanoparticles that could potentially

affect their cel}ular internalization.
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(Increasing overall ligand density on the nanoparticle surface resulted in increased
internalization of modified nanoparticles by the cells, up to a saturation level.

The trend seen in Figure '313 was in close agreement with our previous study where a
range of folate _decorated micellar-type nanoparticles _were produced by
progressively increasing the content of folate functionalized copolymer relative to
the ‘ﬂpW core polymer [6]. A similar trend of increased folate ligand

density resulting in increased internalization by KB cells until an apparent plateau is

re.?Eh?Q_‘X?i also reported for solid lipid nanoparticles with ‘fgl?tg ligand conjugated

PRI,

cell association reaches a plateau at higher ligand densities was also observed for

nanosystems surface-modified w1th other ligands, for_instance bacterial invasion

MBP-Inv479) factor attached at varying surface concentrations to_155-200 nm

nanoparticles [17], or for Rl RNA apta aptamer at the surface of mncellar-type PLGA-PEG

nanoparticles [3].

The observed plateau in cell internalization at higher ligand densities_could arise

from n saturation of folate receptors at the cell surface [18], whereby increasing ligand

density would increase the number of potential receptor interactions until a point at

which__the - maximum_ _number of interactions occurs and the rate of partncle

internalization approaches the maximum rate allowed by the process, as previously

suggested [19].

Data also presented that surface ligand density also affected the cellular uptake

pathway; from predommantly clathrin to predommantly caveolae-mediated as the

Y T e e e

ligand density was increased.

These findings indicated dominant involvement of caveolae-mediated internalization

of folate decorated nanoparticles and contributed to our findings discussed in
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chapter 4 (section 4.3.6) and also to the body of literature_where some. studles

T T

pointed at caveolae [9 11, 20 21} and others at clathrin-mediated pathways for folate

receptor uptake@] The data further indicated a role that ligand  density plays in

determining internalization pathway of folate-decorated nanoparticles. To the best of

S S
.

our knowledge, no previous studies in the literature had reported such data.

This work further demonstrated that surface clustering of folate ligand _enhanced

cellular internalization of nanoparticles, relative to its dispersed surface distribution.

This finding appears in line with the suggested formation of folate receptor into

discrete clusters at the cell membrane associated with caveolae structure [24 25]
\\_/

Relating this work with recently published data from other studies illustrated that for

liposomes_surface modified with either mdlvxdual’ or clustered’ mannosyl hgan
T e e e e e —

= TRAE A o .

e e,

e?aepq.sylatsd..a@gs [26].

Data presented in this chapter were in line with a very recent publication on the

effect of folate ligand clustering, where the authors concluded that a partlcular hgand

e e e areme o s S TP

clustering formation at the surface of mixed micelles had a prominent effect on their

association with cells in vitro (KB cells) and was reflected i in in vivo (nude mice
2200 With cefls i viiro (R CCLS dc m

bearing KB (FR+) and A375 (FR-) tumors) assessment of the system where optimal

RISt S
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5.5 Conclusions

This work described a simple approach to the surface modification of nanoparticles
systems which, in addition to control of surface density of a ligand, allowed control
over ligand clustering. Data also suggested that ligand density not only affects the
level of cellular internalization of targeted nanoparticles, but also influences the

pathway of nanoparticles internalization by the cells.

Worked detailed in this chapter also showed that ligand presentation in clustered
rather than disperse arrangements, affected cellular uptake and that the optimum
arrangement was different for different pathways of uptake in an appropriate in vitro
epithelial model. The systems allowed tuning to a desired ligand density and
clustering and could be a useful platform to study targeted delivery of a new

generation of nano-scale therapeutics.
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6.1 Introduction

Advancement of new microscopic imaging methods and tools, such as advanced
imaging instruments, novel methods and new experimental assay, are markedly
enhancing assays and tissue models for early drug discovery, as well as more
complicated disease models that are used later in drug discovery. Together, these
inventions are enabling more sensitive, specific and higher resolution measurements
from cells and organisms, and so could have an impact on a wide range of discovery
activities ranging from target biology, compound screening and animal models of
disease. Many of these innovations are important because they help to improve some
of the technical limitations (e.g. low resolution) that are inherent in microscopic

optical imaging [1].

Two widely used imaging techniques that can be employed to provide high-
resolution information on the interactions of drug delivery systems such as
nanoparticles (NPs) with living cells are total internal reflection fluorescence

microscopy (TIRF) and total internal reflection microscopy (TIRM) [2].

6.1.1 Total internal reflection microscopy (TIRM)

TIRM is an optical technique which generates contrast from the scattering of a
totally internally reflected light beam. It monitors the separation distance between a
microscopic sphere and a flat plate. If a refractive object (n,), is placed in the
evanescent field of a light beam undergoing total internal reflection, at the interface
between a dense () and less dense (11;) e.g. glass and air, and if n; > nj, then the
object will scatter the evanescent light, resulting in linearly propagating light. By
studying the totally internally reflected light beam or the scattered evanescent light,

it is possible to build up an image of the object under examination [3].
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6.1.2 Total internal reflection fluorescence (TIRF) microscopy

Total internal reflection fluorescence microscopy (TIRF), also known as evanescent
wave microscopy, exploits the unique properties of an induced field in a limited
region of sample immediately next to the interface between two media having
different refractive properties. This surface electromagnetic field, called the
'evanescent wave', can selectively excite fluorescent molecules in the liquid near the
interface. In practice, the most commonly utilized interface in the application of
TIRF microscopy is the contact area between a sample and a glass coverslip or tissue
culture dish. TIRF examination of cell/surface contacts significantly reduces
background fluorescence from fluorophores either in the bulk solution or inside the
cells (i.e. autofluorescence and debris). On the other hand, as TIRF minimizes the
exposure of the cell interior to light, the healthy survival of the culture during
imaging time is much enhanced compared to standard epi-illumination. It is highly
amenable to live cell imaging due to its low levels of phototoxicity [2, 4] and
photobleaching. Additionally, since it is a widefield technique the temporal
resolution is outstanding and depends on camera sensitivity, optical setup,
illumination intensity and exposure time. The TIRF technique has been used
extensively in the imaging of different systems including single molecule detection
[5-7] imaging endocytosis and exocytosis [8] and analysis of cell-substrate

interactions [9-11].

6.1.3 Combined TIR/TIRF microscope

TIRM offers several advantages over conventional fluorescent techniques such as
decreased phototoxicity and tiny photobleaching, but it lacks from the loss of
specificity of imaging specific cellular structures stained by fluorescent labelling. A

system which combines the label-free high resolution imaging offered by TIRM and
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the potential of single molecule imaging offered by TIRF using fluorescently
labelled structures is potentially very beneficial in many areas of research.
Combining a TIR system into a TIRF microscope provides high-resolution imaging
of both the label-free and fluorescence samples either separately or simultaneously
(Figure 1). By combination of TIRM and TIRF, high spatial and temporal
information on the process of cellular uptake of drug delivery systems will be
accessible. For example, selectively labelling certain cell structures could gain
information on the cellular processes due to the ability of TIRM to record dynamic
events in real time, and the capability of TIRF to image specific structures that are

fluorescently labelled [2].
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832 nm Amber LED

488 nm laser

EMCCD

Figure 6.1 For the two colour TIRF illumination, the laser beams are expanded by lenses L1-4 and
combined at a dichroic beamsplitter (DBS). To control the incident illumination angle, the mirror
and focusing lens L5 can be translated by the stage to allow positioning of the focal point in the back
Jocal plane (BFP) of the microscope objective lens. For TIRM illumination, the amber LED is imaged
by condenser lenses L6 and L7 onto an annular mask that is conjugate to the BFP of the microscope
objective. Lenses L8 and L9 image the mask into the BFP to provide illumination above the critical
angle. Fluorescent emission and reflected LED illumination pass through the multiband dichroic
beamsplitter MDBS, and tube lens L10 forms an image on the electron multiplying charged coupled

device (EMCCD). Adopted from [2].

This Chapter investigates the potential of combined TIRM/TIRF microscopy for
real-time imaging of endocytosis and transport of folate modified nanoparticles in an

EGFP-clathrin LCa and DsRed-caveolin-1 expressing Calu-3 cell layer.
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6.2 Material and methods

Unless otherwise stated, all chemicals were obtained from Sigma, Aldrich (UK).

6.2.1 Plasmids
The plasmids pEGFP-C1 and pDsRed-N1 were purchased from BD Clontcch,

France.

6.2.2 Oligonucleotide primers

Primers were designed using Primer3 software (version 0.4.0) with default sctting.
Primers were designed to be intron-spanning to discriminate ¢cDNA from genomic
DNA. Gene specificity was confirmed using Primer BLAST on the NCBI website.

The following primers were purchased from Sigma-Aldrich:
Hs Caveolinl DsRed clone Forward
5’GCCCGGGAATTCACCATGTCTGGGGGCAAATACG
Hs Caveolinl DsRed clone Reverse
5’GCCCGGGTACCCCTATTTCTTTCTGCAAGT

Hs Clathrin Lca EcoRI Forward
5’GCCCGGGAATTCCATGGCTGAGCTGGATCCG

Hs Clathrin Lca EcoRI Reverse

5’GCCCGGGTACCTCAGTGCACCAGCGGGGC
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6.2.3 Antibiotics
Ampicillin was used from a 50 mg/ml in 50% (v/v) ethanol stock, kanamycin from

50 mg/ml in dH20. They were stored in at -20 °C

6.2.4 Luria Bertani medium

All bacterial strains were routinely grown on Luria Bertani broth (LB broth)/ agar
(LB agar) media unless otherwise stated. 20 % (w/v) LB broth consisting of 10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl and 4 ml/ 1 M NaOH was prepared as
described by the manufacturer. LB agar was prepared by addition of 1.5 % (w/v)

agar to LB broth prepared as above.

6.2.5 Molecular Biology Techniques
6.2.5.1 cDNA

Human lung first-strand cDNA was obtained from BD Biosciences Clontech, UK.

6.2.5.2 Sample preparation

Standard 2 x PCR ready to use master mix (ReddyMix, Abgene) containing 1.25
units Thermoprime plus DNA polymerase, 75SmM Tris-HC] (pH 8.8 at 25°C), 20mM
Ammonium sulphate, 1.5mM Magnesium chloride, 0.01% (v/v) Tween 20, 0.2mM
Each of dATP, dCTP, dGTP and dTTP, was uscd to prcpare the PCR reaction
mixture. The final reaction mix consisted of 7.5 pl PCR Master-Mix, 1 ul each of 10
MM primers (Hs Caveolinl DsRed clone forward/reverse and Hs Clathrin Lca EcoRI
forward/reverse), 1 pl DNA template (lung cDNA) and 4.5 pul nuclease free water
(Roche, UK) to a final volume of 15 pl. PCR amplifications were performed
according to the protocol of Sakai et al [12] in a final volume of 50 ul. Reactions
were carried out in a PTC-200 Peltier Thermal Cycler (MJ Research, UK) for a total

of 30-35 cycles. Briefly, the DNA template was denatured at 94 °C for 5 min. This
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was followed by 30-35 cycles of denaturation at 94 °C for 30 sec, annealing at 50-
55°C for 45 sec and extension at 72 °C for 1-2 min. The last cycle finished with an
extension at 72 °C for 8 min to ensure completion of all strands. Reaction mixes
were then incubated at 4 °C indefinitely to allow PCR reactions to be carried out

overnight,

6.2.5.3 DNA Agarose gel electrophoresis

DNA loading buffer (6 x stock: 1 ml glycerol; 2 ml 10 x TBE; bromophenol blue
0.002 g; sterile dH20 to 10 ml) (New England BioLabs, UK) was added to DNA
samples and analysed on 0.8 or 1 % (w/v) agarose gels using a horizontal gel
apparatus (Fisher Scientific, UK). The gels were prepared using analytical grade
agarose (Promega, UK) in 0.5 x TBE buffer (1 M Tris-HCl; 1M Boric acid; 0.05 M
EDTA; pH 8.0) with the addition of ethidium bromide to a final concentration of 10
ug/ml. The gels were run in 0.5 x TBE buffer and electrophoresis was performed at
90-110 V. DNA fragments were visualised on a UV transilluminator with Gene

Genius Bio imaging software (UVP, USA).

6.2.5.4 DNA molecular weight markers

To establish the size of DNA fragments, 1 pg of either 100 bp or 1 kb ladder

(Invitrogen, UK) in DNA loading buffer were loaded on agarose gels.

6.2.6 DNA manipulation

6.2.6.1 Extraction of PCR amplified DNA from agarose gel

DNA bands were visualized on the agarose gels using a UV transilluminator. The
bands were cut from a very small region of gel with a clean razor blade. Insert DNA
purification was performed following the manufacturer’s instructions using Qiagen

gel extraction kit (cat no: 28704).
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6.2.6.2 DNA restriction enzymes

The restriction enzymes EcoRI and Kpnl were purchased from New England
Biolabs (UK) and were used according to the manufacturer’s instructions. Reactions
generally contained 0.05-1 pg DNA, as determined with a nanodrop
spectrophotometer, 0.5-1 pl restriction endonuclease and 1 x restriction buffer made
to a final volume of 50 pl with dH2O. The reaction mixture was incubated at 37 °C
for a minimum of 1 h or until the digestion was complete. Reactions were analysed
on agarose gels and appropriate bands cut out prior to DNA extraction using the

Qiagen Gel Extraction Kit (Qiagen, UK).

6.2.6.3 Ligation of insert DNA and plasmid DNA

Concentration of insert DNA was calculated with respect to plasmid concentration

using following formula.

(ng of plasmid DNA x kb size of insert DNA / kb size of plasmid DNA) x Molar

ratio (insert DNA/plasmid DNA)

Ligation reaction was set up with the concentrations thus obtained in a volume of
6 ul of 10 x ligation buffer (Roche, UK) containing 1 u of T4 DNA ligase (Roche,
UK), made up to a final volume of 30 pul with dH20. The ligation mix was incubated

at4 °C for 16 h.

6.2.7 Introduction of DNA into bacterial cells

Competent E. coli cells were obtained from Invitrogen, UK.

6.2.7.1 Electroporation of electrocompetent E. coli cells

Electroporation was performed in 0.2 c¢m electrode gap Gene Pulser cuvettes

(BioRad, UK) containing 20 pl of competent cells and 0.05-0.1 pg DNA. An
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electroporation pulse of 2.5 kV (25 uF, 200 Q) was delivered using the BioRad Gene
Pulsar connected to a BioRad pulse controller (BioRad, UK). A 1 ml aliquot of pre-
warmed (37 °C) 480 pl of S.0.C medium was added to the cells and incubated at
37 °C in the absence of antibiotics with shaking at 225 rpm. After 1 h aliquots of
cells were plated onto LB agar plates containing kanamycin to sclect for

transformants and grown overnight at 37 °C.

6.2.8 Isolation of plasmid DNA

Plasmid DNA isolation was performed using the Qiagen Miniprep kit (Qiagen Ltd.,
cat no. 27104) according to the manufacturer’s protocol. Briefly, cells pelleted from
1-10 ml of an overnight bacterial culture were subjected to alkaline lysis, then
neutralised and centrifuged at 5000 rpm for 10 min to remove denatured and
precipitated cellular debris. Lysates were then loaded onto a silica-gel filter, washed

and plasmid DNA was eluted into 30-50 pl PCR grade H20 (Roche, UK).

6.2.9 DNA sequence analysis

The DNA sequencing was conducted by comprchensive pharmacogenomics and

molecular biology services, cogenics located at Hope End, Takeley, Essex, UK.
6.2.10 Transfection

For transient transfection, Calu-3 cells (used between passages 25-40) were cultured
on flasks until confluence. Thereafter, cells were detached from the flasks, sceded on
(10° cells per well) transwells-Inverted (Underside of transwell, Figure 2.1) as

described in section 2.2.1.5.

25 days post seeding, they were transfected with 5 pg EGFP-clathrin LCa and

DsRed-caveolinl using TransFast Transfection Reagent (Promega, UK) in
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accordance with the manufacturer’s instructions. Firstly, the TransFast reagent and
plasmid were added to 2 ml of pre-warmed (37 °C) serum-free DMEM and incubate
for 15 minutes at room temperature. The culture medium was removed from the
cells grown and the TransFast reagent/DNA mixture was added to the cells. The
cells were immediately placed in the incubator for 1 hour at 37 °C and 5 % CO2.
Following the incubation period the cells were gently overlayed with pre-warmed
complete DMEM (2.1.1). Cells were incubated at 37 °C and 5 % CO2 for 24-48

hours. Cells were then ready to be used for TIRF imaging.

In order to check the transfection efficiency, Calu-3 cells were also sceded into 35
mm glass based dishes (Iwaki, Japan) coated with a 0.01% PLL with the same cell

density (10° cells per well) (section 2.2.5.1) .

6.2.11 Folate modified Nanoparticles
Ovalbumin-Folic acid (OVA-FA) was prepared by the same method described in
3.2.3 and were adsorbed on the surface of green, sulphate-modified, polystyrenc

latex of 30 nm diameter as described in section 4.2.1.

6.2.12 Zonula Occludens (ZO-1) TJ staining
Samples for confocal imaging of TJ were immunostained with ZO-1 as described in

section 2.2.5.2.

6.2.13 TIRM/TIRF Microscopy

A combination of TIRM and TIRF was performed in the same instrument as
previously described in our group [13] utilising illumination through the microscope
objective (PlanFluor 100x NA 1.45, Zeiss). All studics were performed using a
standard inverted biological microscope (TC 5400, Meiji) with custom built

illumination optics. The optical configuration used for TIRF imaging included
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excitation with a 488 nm solid state laser (Protera 488-15, Novalux, Sunnyvale, CA)
reflected off a polychroic mirror (z488/532). Emitted light was collected through a
suitable emission filter (z488/532m). All filters and polychroic and dichroic mirrors
were obtained from Chroma Technologies (Brattleboro, VT). TIRM imaging of
Calu-3 cells was achieved with illumination using a light emitting diode (LED) with
a centre wavelength of 580 nm (LXHL-MLID Luxcon Star, Lumileds, CA)

reflected off the same polychroic mirror.

The camera utilised to acquire images was a 14-bit cooled EMCCD (iXon DV-885
KCS-VP, Andor Technology, Belfast UK). The resolution of the camera was 1004 x
1002 pixels, with each pixel 8 um x 8um in size. Sequential TIRM and TIRF images
were acquired by the camera under the control of iQ version 1.5 (Andor
Technologies, Belfast UK). Mechanical shutters, also under the control of iQ via a
break-out box (Andor Technologies, Belfast UK), were placed in the beam path to
minimise photobleaching and to switch between TIRM and TIRF illumination.
TIRM and TIRF images were acquired with exposure times of 90 and 400 ms
respectively. For video imaging, frames were streamed to a kinctic image disc on a
PC and then saved to hard disc. Analysis of still images and vidco scquences was
performed with iQ, Image] and Excel (Microsoft, Redmond, WA). Digital

brightness and contrast was adjusted in Photoshop (Adobe Systems, San Jose, CA).

6.2.14 Image analysis

For overlaying of TIRM and TIRF images, they were first strcamed to a kinctic
image disc on a PC (Dell, UK). The images from each channel (TIRM and TIRF)
were then imported into ImagelJ as an image sequence. 16-bit images were converted

to RGB images. The RGB images were false coloured using the look-up table (LUT)
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function on ImageJ. TIRF images were pseudo-coloured green for EGFP-clathrin
and red for DsRed-caveolinl and TIRM images underwent an inverse LUT prior to a
red LUT being applied. The images sequences were overlayed using the image
calculator function in Image] and adding the images together. The resulting

combination image was finally cropped and saved as an Avi file.

6.2.15 Confocal Microscopy
Samples were prepared for confocal microscopy analysis as described in scction

2.2.5.2 and visualized using Zeiss LSM 510 confocal system.
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6.3 Result

6.3.1 Calu-3 cell layer cultured on the underside of permeable membrane

In order to facilitate the live imaging of filter grown Calu-3, cells were cultured on
the underside of permeable membranes (Transwells”) as described in section 2.2.1.5.
To test for tight junction formation, Calu-3 cell layer grown in the inverted
configuration were subjected to immunostaining of tight junctional proteins, ZO-1.
The observed pattern (Figure 6.2 B) of staining was indistinguishable from that

observed in Calu-3 cells grown in the conventional configuration (Figure 6.2 A).

Figure 6.2 confocal images of ZO-1 of immunostaining of Calu-3 cell layer grown in (A)
conventional and (B) inverted configurations. Cell layers were stained with mouse, anti-human ZO-1
(primary) antibody and FITC- (A) or Cy5- (B) labelled goat, anti-mouse (secondary) antibody, Scale
bar represents 10 um.

Epithelial cells grown in this inverted configuration exhibited a fully polarised

architecture, as represented by formation of tight junctions.

6.3.2 TIRM imaging of Calu-3 cells
A typical TIRM image of Calu-3 cell cultured on PLL-coated cover slip is depicted
in Figure 6.3. PLL is routinely used in cell culture to aid adherence of cells to a

substrate. PLL is known to exert an attractive force on the cell membrane due to an
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electrostatic interaction [14]. Figure 6.3 demonstrates the topographical detail

achievable with TIRM.

Figure 6.3 TIRM image of a Calu-3 cell cultured on a PLL coated glass base dish. This image
highlights the capability of TIRM to obtain high-resolution topographical information of the adhesion

of Calu-3 cell to PLL substrates. Scale bar represents 5 jm.

Filopodia structures which are attached to the cell surface can be also seen in Figure
6.3 marked by black arrow. TIRM has also been used to image Calu-3 cell layer.
Figure 6.4 shows a single frame from a typical time-lapse video of apical membrane

of Calu-3 cell layer cultured on the underside of permeable membranes.
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Figure 6.4 TIRM image of apical surface of Calu-3 cell layer cultured on the underside of permeable

membranes for 21 days. Red line denotes two adjacent cells. The image sequence that this image was
extracted from is represented in Figure 6.5. Scale bar represents 10 pum.
This label free TIRM image showed similar structural information about the position
of the cell boundaries (and hence tight junctions) as that in the confocal images in

Figure 6.2.

Figure 6.5 is demonstrating fifteen sequential images, representing a 75 second time
scale, from a TIRM time-lapse video of the cell layer. These images demonstrate
that the Calu-3 layer is tightly packed and limited cell movements (red arrows) could

be observed.
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Figure 6.5 Series of images from a TIRM time-lapse sequence of unlabelled Calu-3 cell layer cultured on permeable filter for 21 days. These 15 sequential TIRM
images were taken from a sequence of 160, at 5 seconds per frame. White arrows represent an area where one cell is observed to moving very slowly. Scale bar

represents 10 pum.
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6.3.2 Clathrin and caveolinl expression in Calu-3 cells

Two plasmids encoding DsRed-caveolinl and EGFP-clathrin LCa were constructed
as described in methods (section 6.2.5-6.2.9).

Calu-3 cells were transiently transfected under non-polarised conditions (grown on
glass base dish) to visualize and image the expression of these protein fusions.
Figure 6.6 and 6.7 shows TIRF/TIRM images of GFP and DsRed positive

transfected cells non-polarised cells grown on glass coverslips.

Figure 6.6 A) TIRM image of a Calu-3 cell B) TIRF image of a Calu-3 cell transfected with DsRed-
caveolin 1.C) Combined TIRM/TIRF image highlighting the distribution of caveolae puncta on the

basal cell membrane. Scale bar represents 5um.

Figure 6.7 A) TIRM image of a Calu-3 cell B) TIRF image of a Calu-3 cell transfected with EGFP-
clathrin. C) Combined TIRM/TIRF image highlighting the distribution of clathrin puncta on the basal

cell membrane. Scale bar represents 5 um.
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The TIRF image in Figure 6.6 (B) and 6.7 (B) show the distribution of DsRed-

caveolinland EGFP-clathrin at the basal cell membrane.

TIRM/TIRF microscopy is an excellent way of studying the dynamics of
individually labelled proteins within a living cell whilst simultancously receiving
high resolution topographical information of the basal ccll membranc. The
TIRM/TIRF microscope enabled high resolution tracking of single clathrin or

caveolae vesicle on the basal cell membrane.

Figure 6.8 and 6.9 depicts sequential images from a TIRF time-lapse video of
DsRed-caveolinl and EGFP-clathrin transfected Calu-3 cells. Green arrows in
Figure 6.8 and white circles in Figure 6.9 show the potential movement of vesicles
from the surface of the cell into the main cell body. Indeed, as the vesicles move
away from the cell surface to the main body, their fluorescence intensity will begin
to decrease and eventually disappear due to the evancscent nature of the excitation

light [15].

It was found that within a population of clathrin and caveolac puncta, the majority

were seen to be static (white arrows in Figure 6.8 and 6.9).
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Figure 6.8 Twelve sequential TIRF images taken from an image sequence of 100, are demonstrating the presence of numerous DsRed-caveolae puncta. The image
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sequence depicts the disappearance of the caveolae vesicles, marked by green arrows presumably by internalisation and still caveolae vesicles marked by white

arrows. Scale bar represents 5 um.
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Figure 6.9 Six sequential TIRF images taken from an image sequence of 60, are demonstrating the presence of numerous EGFP-clathrin puncta. The image

sequence depicts the disappearance of the clathrin puncta, marked by circles presumably by internalisation and still EGFP-clathrin punctum marked by white

arrows. Scale bar represents 5 um.
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6.3.4 TIRM/TIRF imaging of clathrin and caveolae mediated endocytosis of
folate modified NPs

At the outset of this study, it was planned to image particle uptake in a genetically
modified cell line expressing both GFP-clathrin protein and caveolin-1-DsRed
protein. This would have greatly benefited the research since it would allow routes
of nanoparticle endocytosis to be studied simultancously and in real time.
Unfortunately, live imaging of folate modified NPs internalization in EGFP-clathrin

and DsRed-caveolinl treated Calu-3 layer proved problematic and was not achieved.
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6.4 Discussion

Previous studies (Chapter 4) demonstrated that the folate and non-folate modified
NPs were internalized predominantly via a caveolar and clathrin pathways
respectively into Calu-3 cell layers. Thus, it was of interest to further study the
internalization of folate modified NPs by combined TIRF/TIR microscopy to aid

visualization of the endocytic pathways.

To this end, DsRed-caveolinland EGFP-clathrin LCa expression vectors were
constructed. Calu-3 cells (in polarised and non-polarised forms) were separately
transfected with the plasmids encoding DsRed-caveolinl and EGFP-clathrin
fluorescent proteins, which are subsequently synthesized in the cytosol. Using TIRF
it is possible to detect DsRed and GFP constructs which have diffused close to the

basal cell membrane and formed vesicles [4, 16]

Gaidarov’s seminal work highlighted how a fusion protein consisting of green
fluorescent protein and clathrin LCa could be used to visualise the dynamics of
endocytic clathrin coated pits and vesicles in mammalian cells [17]. Similar to
previous studies, the EGFP-Clathrin developed in this work exhibited a distribution
comparable to that of endogenous clathrin. Generally, clathrin is found in an
assembled form on the cytoplasmic surface of the plasma membrane in coated pits
that are active in endocytosis [18], in the #trans-Golgi nctwork region [19], in a
soluble pool in the cytoplasm [20] and in some endosomal structures [21]. In TIRF,
the dynamics of the EGFP-clathrin puncta in Calu-3 cells were similar to those
reported previously [8, 17, 22, 23]. The majority of clathrin puncta were relatively
stationary throughout the time course of the experiment however, sub-populations of

clathrin puncta were seen to move (Figure 6.9) over time.
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The caveolin-1-DsRed protein was made through a fusion of the carboxyl terminus
of the caveolin-1 gene into the amino terminus of the DsRed plasmid. Pelkmans et al
[24] showed that even though both N- and C-terminally GFP-tagged caveolin-1 had
the same overall distribution in living canine cells, the C-terminally GFP-tagged
caveolin-1 allowed normal simian virus 40 viral infection, whercas N-terminally
tagged caveolin served as a dominant negative inhibitor, preventing uptake of simian
virus 40 into the cell. This confirmed that the N-terminus of caveolin is crucial for
caveolae mediated uptake processes. The distribution and the dynamics of the
DsRed-caveolae vesicles in Calu-3 cells were similar to those observed previously
[25]. Tagawa et al reported that the majority of Caveolinl-GFP-labeled spots on the
plasma membrane (PM) are stationary, whereas some appearing and disappearing

caveolar vesicles on the PM are also detected.

The DsRed-caveolin-1 vector constructed in this study to investigate the endocytosis
process has also utilised by some other researchers. Singh et al [26] employed
DsRed-caveolinl to study endocytosis of fluorescent glycosphingolipid (GSL)
analogs in various cell types (Rat fibroblasts, HeLa, Calu-1, and Calu-6, MDCK
etc). Stubbs et al [27] also investigated the association of protein kinase C alpha in
DsRed-caveolinl transfected Chinese hamster ovary (CHO) cells and using

expression of two-photon-excitation fluorescence lifetime imaging (2P-FLIM).

Imaging Calu-3 cell layers grown on permeable membrane in a standard
configuration was not possible due to the constraints imposed by the microscope
optics. The through the lens TIRM/TIRF microscope described in this work relies on
the movement of light rays from an optically transparent high refractive medium to a

lower refractive index medium in order for evanescent wave gencration to occur.
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Typically, live cell TIRF imaging is performed at a cell-microscope coverslip
interface [28]. The penetration depth of the evanescent field varies with incident
angle when the incident beam is 2 deg. above the critical angle the 1/e? penetration
depth is approx. 180nm falling to approx. 120nm when the incident angle is
increased by a further 5 deg. This means that both the TIRM and TIRF channel are
well localised at the basal cell membrane (when the cell is grown directly on glass).
However, when the permeable membrane with cell layer are placed into the imaging
system, the thickness of the substrate is such that it does not afford evanescent wave

penetration through the substrate thus making TIRF/TIRM imaging not possible.

In order to overcome the problems discussed above, this work utilised a new
technique for culturing fully polarised Calu-3 cells on the underside of permeable
filters in order to enhance live cell imaging (Figure 6.10). Calu-3 cells grown in the
inverted configuration displayed similar morphological characteristics as did cells
conventionally grown on permeable membrane. Cells formed a confluent polarised

monolayer with developed tight junctions.

Unfortunately, imaging polarised layers of cells grown on permeable filter led to
other unforeseen difficulties. The process of excising and manipulating the flexible
porous membrane film potentially sheared the confluent monolayer, lcading to loss
of junctional integrity between cells. Cells often appeared distorted under the
microscope because it was difficult to place the excised film of cells flat on the glass
slide and in intimate contact with the surface, a necessity for TIRF/TIRM imaging.
Calu-3 cells grown in the inverted culture system on the filters were used without
manipulation except direct transfer to a microscope grade glass chamber for live cell

imaging (Figure 6.10).
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Figure 6.10 Schematic picture of live cell imaging of Calu-3 cell layer grown on the underside

of permeable membrane

Perhaps the most relevant study investigating the advantages of inverted culture
system is that by Wakabayashi [29] which showed that inverted cultured MDCK
cells exhibited a fully polarised monolayer, including the presence of functional tight
junctions. They also demonstrated that this culturing system permits four-
dimensional (three spatial dimension over time) imaging.

Combined TIRF/TIR microscopy was intended to use for live imaging of folate and
non-folate modified NPs internalization into DsRed-caveolinl and EGFP-clathrin

expressed Calu-3 cell layers grown in the inverted culture system.
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Even though a method for visualising the clathrin and caveolac membrane vesicles
in Calu-3 cells grown on glass (non-polarised) was developed (Figure 6.8 and 6.9),
the visualisation of these proteins expressed in a Calu-3 polarised layer was not
possible as it was difficult to localise the cell layer within the evanescent field for
the reasons discussed above. Hence the ultimate aim of visualising the
internalisation of folate and non-folate modified NPs and colocalisation with these

fusion proteins was not achieved.
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6.5 Conclusion

An EGFP-clathrin LCa and DsRed-caveolinl fusion proteins were successfully
developed and expressed in Calu-3 cells grown in the inverted culture. The
TIRM/TIRF microscope enabled high resolution tracking of single clathrin or
caveolae punctum on the basal cell membrane. It was found that within a population
of clathrin and caveolae puncta, the majority were seen to be static whereas some
were moving, appearing and disappearing to and from the membrane. It was found
that the dynamics of clathrin and caveolae vesicles could also be followed whilst

sequentially imaging the basal cell membrane using the TIRM/TIRF microscope.

It was hoped that a combination of the TIRM/TIRF microscope and the EGFP-
Clathrin LCa and DsRed-caveolin 1 expressing cell line could also allow the
visualisation of endocytosis of folate modified nanoparticles in living Calu-3 cell
layer. Several different cell growth methods and microscope sct-up were tested but

none was successful.
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7.1 Overall summary

Receptor-mediated cellular internalizations have received major attention in the field
of drug delivery in the past few years. This pathway, which is initiated through
endogenous ligands, could be exploited for designing target-oriented delivery
systems. The past decade has seen the development of endogenous ligands to
selectively deliver drugs to cellular intertors using a wide range of cell surface
receptors. Most carrier systems investigated so far can be used as targeting delivery
systems for various biomaterials using relevant ligands. Within this growing class of
targeted pharmaceuticals, folate-conjugates are a well-studied example of targeted

therapeutics [1, 2].

As discussed in chapter 1, the majority of studies on folate mediated drug delivery
have focused on folate mediated drug uptake to cancerous cells, whilst data on
targeted drug delivery via the folate receptor to non-cancerous cclls or the possible

role of the folate receptor in transcytosis are still scarce.

Initial work in this thesis focused on establishing and characterising four in vitro cell
models of the bronchial and intestinal epithelium, namely the cancer-derived
intestinal cell line Caco-2 and bronchial cell line Calu-3, as well as the non-
cancerous intestinal IEC-6 and bronchial HBEC. Data shown in chapter 3
demonstrated that following their growth on appropriate supports (permeable
membranes), these cell lines are all capable of forming polarised layers of closely
packed cells exhibiting a TEER >500 Qcmz, which also present a barrier to the
permeability of FITC-labelled dextran (4400Da). Expression of FR was confirmed
by RT-PCR and Western blot analysis for all the tested cell types and shown to be

dependent on culturing time.
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Fluorescent ovalbumin-folate modified conjugates were synthesised to investigate
the functionality of FRs. Data clearly showed that the expressed FRs were capable of
mediating the uptake and transport of the macromolecular folate-conjugate across

the polarised monolayers of all cell types.

Drug targeting to the lung is attractive as a potential systemic route of delivery and
targeting the apical membrane transport proteins in the airways could possibly lead
to augmented uptake and transport of delivery systems. This would represent a
promising drug delivery strategy for certain drugs and drug candidates [3-5]. And
because drug delivery across the airways through folate-mediated pathway had not
been previously researched, the Calu-3 cell line was therefore chosen for the rest of

the work.

Initial work demonstrated the potential of FRs in transcytosis of folate modificd
OVA. In order to establish whether the folate-mediated transport pathway could be
exploited to deliver nano-sized drug carricrs OVA-FA was immobilised on the
surface of model polystyrene NPs and their cellular uptake and transport were
investigated quantitatively and also by confocal microscopy (chapter 4).
Furthermore, the endocytic mechanism(s) involved in folate-mediated NP
internalization and translocation across the cell layers was explorcd by using
different endocytic-pathway inhibitors. Data showed that folate modified NPs were
taken up and traversed the Calu-3 layers and studies charactcrizing this uptake and
transport strongly indicated folate involvement in the process. The study also
demonstrated an involvement of the caveolar pathway in internalization and
transport of folate modified nanoparticles, as judged from a significant inhibition of

these processes by filipin (inhibitor of caveolac pathway). On the other hand,
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disruption of actin filaments and microtubules exhibited no effect in cellular uptake

of NPs, but increased the transcytosis of folate modified NPs.

This work therefore showed that the folate mediated transcytotic pathway offers
potential for delivery of protein and nanoparticulate therapeutics. However, further
studies are required to utilise more specific endocytosis inhibitors and novel
biomarkers, which associate specifically with certain endocytic pathways or vesicles
for deeper investigation of cell trafficking of NPs which are internalized or

transported via the folate pathway.

The interaction of nano-materials with cells and lipid bilayers is critical in drug
delivery and is mainly dictated by the surface properties of nanoparticles. Numerous
studies have reported the effect of surface functional groups/ligands motifs on the
nanoparticle cellular uptake, while the impact of ligand arrangement and ligand
density on the nanoparticle surface is sceldom examined [6]). Experiments detailed in
Chapter 5 investigated the effects of surface ligand clustering and ligand density on

the internalization of nanoparticles by polarised Calu-3 layers.

Data indicated that increasing the overall ligand density on the nanoparticle surface
resulted in increased internalization of modified nanoparticles by the cells. Surface
ligand density also influenced the cellular uptake pathway; directing uptake away
from clathrin towards caveolae-mediated uptake as the ligand density was increased.
It was further demonstrated that surface clustering of the folate ligand enhanced
cellular internalization of nanoparticles, relative to its dispersed surface distribution.
This part of the work therefore suggested a simple way to prepare a model system
where surface manipulation of ligand density and its distribution are possible and

which can be used to study nanoparticle-cellular interaction processes.
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For better understanding of cell/NPs interaction, probably the simplest way is to
directly visualise it using microscopy techniques [7]. The initial aim of chapter 6
was to utilise combined TIRF/TIR microscopy techniques to enable the visualisation
of nanoparticle endocytosis by living cells. To achieve this goal EGFP-Clathrin LCa
and DsRed-caveolinl expressing cell lines were developed and TIRF/TIRM live
imaging was performed to visualise the expression of EGFP-Clathrin LCa and
DsRed-caveolinl within the transfected cells. It was hoped that a combination of the
TIRM/TIRF microscope and the EGFP-Clathrin LCa and DsRed-caveolinl
expressing cell line could also allow the visualisation of endocytosis of folate
modified nanoparticles in living Calu-3 cells. Several different cell growth methods
and microscope set-ups were tested, but none was successful. One limitation of the
system in its tested configuration was its inability to image fluorescent processes
deeper than 100nm within the cell so future work should focus on achicving
appropriate configuration of the TIRM/TIRF microscope so as to overcome this
limitation and enable live imaging of cells grown on permeable supports rather than

coverslips.

7.2 Future view of folate targeted delivery
Based on the recent progress within the area of folate targeted therapy, one can
predict a positive future for the field. To date, four distinct FA-drug conjugates have

entered human clinical trials for the treatment of various types of cancer:

EC145 represents a novel water soluble FA conjugate of the powerful microtubule
destabilizing agent, desacetylvinblastine monohydrazide. EC145 was found to
produce a marked anti-tumour effect against well-established, subcutancous FR-

positive tumour [8].
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ECO0225 represents the “first in class” multi-drug, FR-targeted drug to be reported. It
is constructed with a single folic acid moiety and extended by a hydrophilic peptide-
based spacer that is, in turn, linked to Vinca alkaloid and mitomycin units via 2

distinct disulfide-containing linkers [9].

BMS-753493 represents a folic acid conjugate that was constructed with a semi-
synthetic analogue of Epothilone A (a new class of anti-cancer drugs which prevent

cancer cells from dividing by interfering with tubulin) [10].

EC0489 is the latest folate-targeted chemotherapeutic to enter clinical trials. This
molecule is a derivative of EC145 that was designed to have limited non-specific
clearance properties through the liver. By reducing hepatic clearance, fewer drugs
will transit through the biliary excretion route resulted in less sideseffect (predicted

from preclinical tests on EC145) are expected [11].

Hence, it is hopeful that folate targeting will Icad to improvements in the safety and
efficacy of clinically-relevant therapeutic agents for both cancer and non-cancer
applications. Existing work shows the potential for folate targeting in cancer therapy
and the present work demonstrates the future potential of folate targeting in
applications for systemic and epithelial delivery of drug and protcin NP-based

therapeutics.
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