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ABSTRACT

Nowadays, the potential use of micro- and nanoparticles for drug
delivery purposes is intensively investigated. Different molecules can be
loaded into particles by selected techniques and even the surface of
the drug carriers can be structurally modified. This allows for prolonged
residence time of micro- and nanoparticles in the circulation increasing
bioavailability and can moreover facilitate targeting diseased cells and
tissues specifically.

Accordingly, the first part of the present thesis deals with preparation
parameters and their impact on microparticle characteristics.
Experiments with  biocompatible and biodegradable PLGA
microparticles loaded with hydrophilic, amphotheric, or lipophilic
fluorescent model drugs revealed that selection of the preparation
technique, the size, the loading as well as the release profile is basically
dependent on the lipophilicity of the matrix and the entrapped drugs.
Matching lipophilicity vyielded best results. Interestingly, only
hydrophilic fluorescein-sodium as a payload was released in a
thermo-responsive manner as indicated by < 0.23% cumulative release
at 4°C as opposed to > 80% at 37°C after 48h. In terms of surface
modification of particles for site-specific delivery, particles prepared in
presence of the alternative stabilizer poly(ethylene-alt-maleic acid),
which contains additional reactive carboxylic end groups, yielded the
highest coupling rate of bioadhesive wheat germ agglutinin and
consequently strongest interaction with Caco-2 cells as compared with
particles prepared in presence of the commonly used stabilizers
polyvinylalcohol and poloxamer 188 by solvent evaporation techniques.
Furthermore, it is most likely that the hydrodynamic flow under
physiological conditions and associated hydrodynamic forces will affect
the interaction between particles and tissues. In the second part of
present work, a multi-channel acoustically driven microfluidic system
based on surface acoustic wave technology (SAW) was developed
further in terms of parallelization. This device with four channels
operated in parallel offered high reproducibility as well as versatility,
and was further employed to mimic physiological conditions in vitro. As
a proof-of-concept, the SAW-driven microfluidic device was applied to
investigate the adhesion of positively and negatively charged
polystyrene microspheres to endothelial and epithelial cell monolayers
in the presence of hydrodynamic drag. Under flow conditions charge of
1 um particles exerted negligible influence on epithelial and
endothelial binding at average shear rates between 0.5 s and 2.25 s™
but biorecognitive lectin-particles yielded higher adhesion rates at the
mean.

Moreover, as a step further towards lectin-mediated drug delivery for



parenteral administration, the glycosylation pattern of human
endothelial cells of micro- and macrovascular origin before and after
inflammation was elucidated by lectin screening. Wheat germ
agglutinin (WGA) revealed the highest binding rates to endothelial
monolayers especially in case of inflamed primary cells. Interestingly,
up to a concentration of 15.88 ug mL™* WGA exerted no agglutinating
effects on blood cells. This finding represents a paradigm shift and will
open new perspectives for glycotargeting in pharmaceutics.

Finally, transport studies of nanoparticles across artificial intestinal
epithelia clearly demonstrated that commonly applied filter
membranes as a growth support act as an additional barrier against
particle transport and fluorophore leakage results in arbitrary higher
transport rates. As a more reliable alternative, metal grids with a mesh
width of 25 um as a growth support and ultracentrifugation as a
method for removal of free nanoparticle were proposed.

All'in all, in this thesis some key parameters issues basically influencing
the preparation techniques, surface functionalization, and endothelial
as well as epithelial in vitro models have been elucidated and described
in detail in an effort to extend the scope of applicability of targeted
drug delivery systems.



Zusammenfassung

Derzeit stehen Mikro-und Nanopartikel als Drug Delivery Systeme im
Mittelpunkt des Interesses von Forschung und Entwicklung im
pharmazeutischen Bereich. Sie bieten viele Vorteile wie die
Verfligbarkeit unterschiedlicher Herstellungstechniken und damit die
Anpassungsfahigkeit an die Eigenschaften des Wirkstoffes. Dartber
hinaus kann die Oberflache der partikularen Wirkstofftrager strukturell
modifiziert werden, sodass einerseits die Verweildauer der Mikro-und
Nanopartikel im Korper verlangert und damit die Bioverfligbarkeit des
Wirkstoffes erhoht wird. Andererseits kdnnen durch Strukturierung der
Oberflache mit biorekognitiven Liganden dem Partikel Eigenschaften
verliehen werden, nur mit spezifischen Zelltypen und Zielgeweben zu
interagieren, wodurch die Dosis und die Nebenwirkungsrate von
Formulierungen gesenkt werden kann.

Der erste Teil der vorliegenden Arbeit beleuchtet Aspekte der
Funktionalisierung von Mikropartikeln, die aus dem biokompatiblen
und bioabbaubaren Polyester Poly (D,L-laktid-co-glykolid) herstellt
werden. Die Oberflachenmodifikation mit bioadhdsivem Weizenlektin
bewirkt, dass im Gegensatz zum freien Arzneistoff erst der
inkorporierte hydrophile Wirkstoff in Diinndarmzellen aufgenommen
wird. Interessanterweise wird der hydrophile Modellarzneistoff nur bei
Korpertemperatur freigesetzt. Andererseits steigt der erreichbare
Beladungsgrad der Mikropartikel mit der Lipophilie des Wirkstoffes.
Zusatzlich wird Poly (Ethylen-alt- Maleinsdure) (PEMA) als Stabilisator
bei der Herstellung von Mikropartikeln vorgestellt, der im Gegensatz zu
den etablierten Stabilisatoren eine wesentlich héhere Ligandendichte
an der Partikeloberfliche ermoglicht. In einem Review wird die
Anwendung von Lektin-modifizierten Mikrosphdaren zur Behandlung
von Allergien beschrieben.

Der zweite Teil dieser Arbeit ist dem hydrodynamischen Fluss in
Blutgefallen und Dinndarm gewidmet, der die Wechselwirkung von
Partikeln mit Zellen enorm beeinflusst, jedoch in der Literatur bisher
kaum beriicksichtigt wurde. Zur Simulation des Flusses wird ein
mikrofluidisches, auf Oberflachen-akustischen Wellen basierendes und
bereits etabliertes System in Richtung Parallelisierung weiterentwickelt.
Interessanterweise Uiben Scherraten zwischen 0,5 s? und 2,25 st
keinen nenenswerten Einfluss auf die Adhdsion von negativ oder
positiv geladenen Mikropartikeln aus. Weizenlektin-modifizierte
Mikropartikel zeigen im bewegten system eine hohere Bindungsrate an
artifizielles Dinndarmepithel. Zur Etablierung eines in-vitro Modelles
fur Blutgefile werden erstmals Endothelzellen im mikrofluidisch
bewegten System erfolgreich kultiviert, die Vertraglichkeit mit
Erythrozyten untersucht und ein fiir beide Zelltypen geeignetes



Puffersystem etabliert. Zusatzlich wird dieses Modell auf entziindetes
Endothel erweitert. Obwohl nach derzeitigem Stand des Wissens die
parenterale Applikation durch die Lektin-bedingte Agglutination von
Erythrozyten ausgeschlossen wird, ist i.v.-Gabe dennoch denkbar, da
<15,88 pg mL™? Weizenlektin keine Haemagglutination ausldsen.
SchlieBlich zeigen Permeationsstudien von Nanopartikeln im
zellbasierten in-vitro Modell, dass die Filterschicht des Systems eine
starkere Barriere darstellt als die Zellschicht. Als Alternative wird die
Verwendung von Metallgittern mit einer Maschenweite von 25 pum
vorgeschlagen. Zusatzlich wird darauf hingewiesen, dass markierte
Partikel das Fluorophor freisetzen kénnen und dadurch scheinbar
hohere Transportraten bestimmt werden.

Insgesamt konnten im Rahmen der vorliegenden Dissertation
wesentliche Beitrage zum Verstandnis der Wechselwirkung zwischen
Polymer und Wirkstoff, zwischen Partikeloberfliche und Ligand sowie
zwischen Partikeln und Zellen sowohl unter statischen als auch
dynamischen Bedingungen geleistet werden. Somit stehen weitere
Bausteine zur Realisierung des Konzeptes von zielorientierten
Arzneiformen zur Verfligung.
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INTRODUCTION

Nowadays, micro- and nanotechnology grows by leaps and bounds,
undergoing explosive developments and delivering technological
breakthroughs. The progress in this multidisciplinary research area
creates a myriad of new opportunities in medical sciences, including
diagnostics, drug delivery systems, and therapy regimens [1].
Considerable research efforts are focused on micro- and nanoparticles
for administration as drug delivery systems. Using a proper technique,
the drug of interest can be adsorbed, covalently linked or loaded into
micro- and nanoparticles. Hence, the active pharmaceutical ingredient
(API) is protected from enzymatic degradation (protease, nuclease),
metabolism, and premature loss of activity on the way to the desired
site of action [2, 3]. Furthermore, site-specific drug delivery is a broad
and emerging field of application. For that purpose the surface of
micro- and nanocarriers is grafted with certain ligands in order to
specifically target diseased cells and tissues and/or to prolong the
residence time of formulations [3-5]. A wide array of drug delivery
systems has been developed for this applications such as liposomes,
dendrimers, magnetic particles, ceramic carriers and polymeric
particles [2, 3, 5, 6]. Among the polymeric carriers, biodegradable and
biocompatible poly (D,L-lactide-co-glycolide) (PLGA) formulations are
the most extensively studied as drug delivery systems, which are
applied for sustained, targeted, and localized delivery of different
agents [3, 7].

Thus, a focus of the present thesis is shedding some light on surface
functionalized PLGA-microparticles for drug delivery. Since PLGA is
currently the most attractive polymer for fabrication of various devices
for drug delivery, at the beginning of this chapter a fundamental
description of PLGA will summarize the characteristics, the preparation
techniques of drug carriers, and the surface functionalization strategies
as well as examples of various applications. (1.1)

In the specific section, the influence of hydrophilicity of model drugs on
the properties of PLGA-microparticles such as size, stability, payload,
release profile, and cytoadhesive properties will be described. For that
purpose, three different fluorescent model drugs, representing
hydrophilic, amphoteric and lipophilic APls were prepared and their
surface has been functionalized. (1.2.1)

Solvent evaporation technique is the most frequently used method to
prepare PLGA-particles. However, stabilizers are inevitable necessary to
yield particles that can counteract covalent surface functionalization of
microcarriers [8-10]. Thus, the effect of traditional and newly
introduced stabilizers on efficacy of covalent conjugation of ligands will
be examined in comparison with microparticles prepared without

11
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stabilizer. (1.2.2)

Regarding to the numerous applications of PLGA micro- and
nanoparticles, biomimetic particulate vaccines represent a promising
approach for the therapy of various immunologically mediated diseases
[11]. Thus, in the last section of the first chapter, a review about oral
immunotherapy will be presented. It focuses on the characteristics and
advantages of polymeric PLGA-particles as well as the lectin-mediated
improvement of intestinal uptake. (1.2.3)

Upon administration in humans, either perorally or parenterally,
particles will interact in a different manner with the organism as
opposed to conventional drug formulations. In particular, the
hydrodynamic flow in the gastrointestine or circulation and the
associated hydrodynamic forces will affect the interaction of particles
with cells and tissues. Microfluidic systems represent a promising
platform for studying the influence of hydrodynamics on the
bioadhesive properties of particulate carriers. Therefore, the second
aim of the present thesis is the investigation of particle-cell interactions
under flow conditions. For this purpose, an acoustically-driven
microfluidic system based on surface acoustic waves (SAW) has already
been established in our group [12]. In the introductory section,
fundamental knowledge about surface acoustic waves and its
applications will be described. (2.1)

In the specific section, a multi-channel acoustically driven microfluidic
platform will be further developed towards parallelization and is based
on the formerly developed device. Furthermore, in order to mimic the
circulatory system, human endothelial cells will be cultivated inside the
microchannels of this device. Finally, a proof-of-concept will be
presented by studying the adhesion of microspheres to endothelial
monolayers under hydrodynamic conditions (2.2.1 (i)). In the
subsequent section, the characteristics of electrostatic interactions
between tissues and particles will be elucidated. Negatively charged
polystyrene microparticles will be electrostatically coated with cationic
polyelectrolyte. Since the membrane of mammalian cells is generally
negatively charged [13], it is assumed that positively charged drug
carriers strongly interact with cells. Using the multi-channel
microfluidic device, the interaction between coated particles and
intestinal epithelial cells will be investigated under hydrodynamic flow
(2.2.1 (ii)).

The circulatory system might be simulated in vitro using the
multi-channel microfluidic platform. As a first step to put this idea into
practice, six fluorescein-labeled plant lectins with different
carbohydrate specificity will be used to elucidate the glycosylation
pattern of endothelial cells before and after inflammation. Moreover,
in order to evaluate the possibility of the development of lectin-grafted



drug delivery carriers for parenteral administration, the effect of wheat
germ agglutinin on agglutination of blood cells will be investigated.
(2.2.2)

Most commonly filter membranes are used to investigate the
permeation of novel drug carriers such as nano- and microparticles
across cultivated cell layers. However, the properties of such transport
systems (e.g. pore sizes, pore densities) might considerably influence
the results. The last section of this thesis is focused on the estimation
of the impact of commercially available filter membranes as growth
supports for cell layers on the transport rates of particles. Finally, a
set-up based on stainless steel grids is presented as a potential
alternative to conventional filter materials. (2.2.3)
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1.1 BACKGROUND

1.1 BACKGROUND

Within the past two decades, poly(lactide-co-glycolide) (PLGA)
emerged as one of the most successfully applied polymers to fabricate
devices for drug delivery and tissue engineering purposes [1, 2]. Due to
its attractive properties (Figure 1), PLGA has been extremely intensively
investigated as delivery vehicles for drugs, proteins and various other
macromolecules such as DNA, RNA and peptides [3-5].

Biodegradability
&
Biocompartibility

FDA & EMA approval

for drug delivery systems®

Protection of drugs from

degradation

i Attractive
Encapsulation of .
hydrophilic rerties of P Possibility of surface
- Qi orve delively modification
lipophilic substances systems

Site-specific drug delivery

Possibility of sustained
and controlled release

Figure 1. Attractive properties of PLGA for drug delivery systems [2] FDA:
abbreviation for US Food and Drug Administration; EMA: abbreviation for
European Medicines Agency.

according to S. Nimesh. Gene Therapy: Potential Applications of
Nanotechnology. Woodhead Pulishing Limited (UK). 2013.

Basic characteristics of PLGA

PLGA is a copolyester of lactic acid and glycolic acid (Figure 2). Due to
the asymmetric a-carbon of lactide yielding a D- or L-stereomer, PLGA
is correctly termed as poly(D,L-lactide-co-glycolide) [1]. The
L-enantiomer of poly lactic acid is semicrystalline, whereas the mix of
the D- and L-stereoisomers is completely amorphous due to disordered
polymer chains. In comparison with lactide, the glycolide lacks one
methyl group which increases hydrophilicity and crystallinity [6, 7]. At
present, commercially available GMP-grades of PLGA are Medisorb®
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(Alkermes, Cambridge, USA), Lactel® (Durect Corporation, AL, USA),
Purasorb® (Purac resp. CSM, Netherland), and Resomer® (Evonik, Essen,
Germany) [8]. The PLGA-copolymer is synthesized at large scale by
ring-opening polymerization of the cyclic dimeric anhydrides with Zn or
Zn-lactate as a catalyst [9]. When lactic acid is added to stop the
polymerization process, uncapped PLGA (so-called “H-type”) is yielded
containing free carboxylic end groups [8]. This type of PLGA polymer is
the basis for covalent or ionic surface modification of particulate
delivery vehicles made from this polymer. A wide range of solvents can
be used to dissolve PLGA, for instance, chlorinated solvents (e.g.
dichloromethane), tetrahydofuran, acetone or ethyl acetate [10, 11].
Since the glass transition temperature of PLGA copolymers is slightly
higher than the body temperature of 37°C, the polymer is in a hard and
brittle state under physiological conditions and causes high mechanical
strength of drug delivery vehicles [6, 12]. Furthermore, due to the
influence of the molecular weight of PLGA-chains, the intrinsic viscosity
related to the molecular weights is usually indicated in commercially
available products [6]. PLGA shows a non-linear and dose-dependent
profile in pharmacokinetics and biodistribution in humans [13].
Moreover, although mild local tissue reactions at the site of application
can occur [14, 15], PLGA has been generally recognized as a safe
polymer for macro-, micro- and nanoparticulate systems.
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unchanged
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Acid Cycle
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Figure 2. Metabolism and excretion of PLGA
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Biodegradation of PLGA

In aqueous environment, swelling of the matrix is followed by
degradation of PLGA. The backbone ester linkages of the copolymer are
cleaved hydrolytically into oligomers, and finally into monomers [1, 6,
12, 16-18]. Consequently, this degradation process is termed hydrolytic
degradation or biodegradation [19]. This biodegradation process can
comprise surface diffusion, bulk diffusion, surface erosion and bulk
erosion and has been discussed controversially [1].

Nowadays it is generally accepted that particles < 300 um are degraded
by homogenous or bulk degradation. Degradation of the matrix starts
with adsorption of water at the surface and swelling of the matrix.
Then a three-phase mechanism is proposed: (i) random chain scission
of the polymer backbone resulting in decrease of the molecular weight
of the polymer, however, without total weight loss and formation of
soluble monomers; (ii) rapid loss of molecular weight of polymer chains
and of total mass accompanied by formation of water-soluble
oligomers and monomers of < 5200 Da, which is the beginning of
erosion; (iii) further formation of water-soluble monomers from
oligomeric fragments until the complete solubilization of polymers [20].
Such biodegradation process of PLGA polymer is mainly through bulk
degradation at uniform rate [6, 18] with random hydrolytic chain
scissions [21], as well as the autocatalytic effect of the carboxylic end
groups formed during hydrolysis [6, 12]. The copolymer PLGA is
degraded into its monomers lactic and glycolic acids [6, 12, 16].
Entering the tricarboxylic acid cycle, lactic acid is metabolized and
finally eliminated as carbon dioxide and water from body [6, 7, 12, 16].
In contrast, glycolic acid can be eliminated unchanged via the kidneys
or is oxidized to yield glyoxlic acid which can be further metabolized to
yield serine, glycin or pyruvate (Figure 2) [6].

Several characteristics of the polymer can affect the biodegradation
process of PLGA. The polymer composition, especially the molar ratio
of the individual monomer components in the polymer chains, is the
most important factor influencing the degradation rate. Since the
amount and arrangement of glycolic acid blocks is a critical parameter
determining the hydrophilicity of the matrix, generally the increase of
glycolic blocks results in accelerated degradation of the copolymer [1].
For instance, PLGA 65:35 (lactide:glycolide) degrades faster than PLGA
75:25 and PLGA 85:15 [22]. Interestingly, an equimolar amount of
monomers (PLGA 50:50) provokes the fastest degradation and
increasing either the one or the other monomer results in delayed
hydrolysis [12, 17]. Furthermore, the crystallinity of PLGA polymer
affects the biodegradation rate, the mechanical strength, and the
swelling behavior of copolymer. However, there are still contradictory
reports about the influence on the degradation rate [23]. The average
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molecular weight of PLGA copolymer is indicative for the polymer chain
length, and directly affects the degradation rate. Generally, polymers of
higher molecular weight composed of longer polymer chains exhibit a
lower degradation rate [24]. Additionally, the shape of the matrix and
the pH value of the aqueous environment also affect the
biodegradation process of PLGA [1]. At this, a higher ratio of surface
area to volume of the matrix corresponding to smaller particles and
alkaline as well as strongly acidic media accelerate the polymer
degradation [1, 25]. Interestingly, the role of enzymes in the
biodegradation of PLGA is still controversially discussed. Although most
of the literature reports that degradation of PLGA is solely by hydrolysis
[5], differences of the degradation rates between in vitro and in vivo
have been observed which suggests contribution of enzymes to
degradation of PLGA in the body [12].

Preparation of functionalized PLGA particulate drug delivery systems

PLGA copolymer based particulate drug delivery systems can be
fabricated by different techniques. Among these, three important basic
methods are currently most popular, solvent evaporation techniques,
phase separation (coacervation) methods and spray drying. In case of
the solvent evaporation technique, the active pharmaceutical
ingredient (API) is dissolved according to its hydrophilicity either in an
organic solution of PLGA (single emulsion technique) or in an aqueous
solution and emulsified in the organic PLGA phase (double emulsion
technique). The organic solution or the water-in-oil emulsion is then
emulsified in a high volume of outer aqueous phase, which results in
the formation of an oil-in-water single emulsion or a
water-in-oil-in-water double emulsion, respectively. Subsequently, the
organic solvent is allowed to evaporate and the liquid droplets become
denser and harden to yield finally solid particles. In contrast to solvent
evaporation technique based on the solvent extraction, phase
separation techniques are based on the addition of a non-solvent [4,
26]. After dispersing the drug in the PLGA-solution addition of the
non-solvent reduces the solubility of the polymer resulting in formation
of a coacervate at the interface [8]. Finally, spray drying technique is a
rapid, convenient process suitable for the industrial upscaling and
GMP-conform production [1]. At this, the API-containing PLGA-solution
is atomized into a turbulent stream of warm air, the solvent of the
liquid droplets is evaporated by the air stream and finally the dry
particles are deposited by a cyclone and collected [19, 26].

The aim of targeted drug delivery, sometimes also termed as smart
drug delivery, is to deliver APIs most exclusively to cells and tissues of
interest [27, 28]. Thus, surface functionalization of PLGA particles by
grafting with selected biorecognitive ligands for certain cell-associated
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structural moieties is a most promising approach towards site specific
drug delivery [8]. Considering the type of interaction two basic
strategies of drug targeting are distinguished, passive and active
targeting. In the case of passive targeting, the natural biodistribution
pattern is utilized for selective accumulation of the drug delivery
system at a certain region of the body [29]. For instance, the enhanced
permeation and retention effect (EPR) relies on the increased capillary
permeability in rapidly proliferating tumors or inflamed tissue. In case
of active targeting, tissue or cell-specific accumulation of the carrier is
due to specific biorecognitive interactions with the target-tissue. The
soluble or solid drug-loaded carrier system is decorated with a ligand,
the so-called “homing device”, that guides the formulation to certain
structures on the cell surface or tissue of interest and exclusively
releases its payload at the desired site of action [28].

As mentioned above, uncapped PLGA of the “H-type” with free
carboxylic acid groups at the end of polymer chains offers versatile
opportunities for surface functionalization of particles. Covalent
modification and surface coating via ionic interactions are the two most
important pathways for stable surface functionalization. Furthermore,
amphiphile molecules and proteins can be adsorbed on the surface of
particulate drug carriers exploiting hydrophobic interactions with
hydrophobic regions of PLGA, which is independent from the type of
PLGA [8]. As carbodiimide coupling represents a versatile approach
towards surface functionalization of PLGA nano- and microcarriers, this
technique will be discussed in detail:

Carbodiimide Method

Carbodiimides are the most popular zero-length cross-linkers. They
mediate the formation of amid linkages between carboxylic and
primary amine groups or phosphoramidate linkages between
phosphates and amines. However, due to the relatively weak
nucleophilic characteristics of the PLGA-carboxylates in an aqueous
medium, the successful conjugation via nucleophilic addition is
sometimes limited. Upon reaction of carboxylic groups with
N-substituted carbodiimides a highly active O-acylisourea intermediate
is formed, which can further react with a nucleophile such as a primary
amine to form a stable amide bond yielding isourea as a by-product
(Figure 3). Considering the mild working conditions of this method
within a pH range of 4.5 to 7.5 is most favorable for sensitive ligands
such as proteins, peptides and easily degradable molecules. The
water-soluble 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC)
is the one of the most popular carbodiimides. However, there are
several disadvantages of using only EDAC for coupling. Firstly, the
EDAC-solution must be prepared freshly and used immediately to
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Figure 3. Reaction scheme of the carbodiimide method using EDAC and NHS

prevent extensive loss of activity. Secondly, the active intermediate
O-acylisourea is rapidly hydrolyzed in aqueous environment. To
overcome these pitfalls, EDAC is combined with N-Hydroxysuccinimide
(NHS) or water-soluble N-Hydroxysulfosuccinimide (sulfo-NHS). The
hydroxyl group of NHS or sulfo-NHS can easily react with the
active-ester to form a more stable NHS-ester intermediate with a
longer half-life in the range of some hours. This intermediate preferably
reacts with amines than with hydroxyls and improves the coupling
efficiency (Figure 3). Furthermore, due to the enhanced stability of
intermediate, the reaction can be done in two-steps: The first step
comprises the activation of carboxylic groups of PLGA by EDAC/NHS,
and during the second step a stable amide bond is generated with
primary amine groups of the ligands. Most importantly and
advantageously, between the two steps excess of reagent can be
removed by dialysis, centrifugation or size exclusion chromatography.
This multi-step procedure helps to prevent cross-linking of proteins,
which usually occurs in a one-step procedure when the reactants
contain both, carboxylic and primary amine groups [30]. Alternatively,
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when the ligand of interest contains no functional groups for coupling
with the carboxylic groups of PLGA, the latter might be modified with
spacers such as diamines, polyamines or dihydrazides [31]. Such
spacers not only make covalent linkage possible but also accessibility of
cell-bound targets and thus bioactivity might be improved due to
antennary exposure of the ligand. Additionally, the ligand density might
be improved by using homofunctional branched spacers with multiple
binding sites. [8].

Applications of PLGA-particles

Due to the numerous advantages of PLGA, nano- and microparticles
made thereof have been intensively investigated for drug delivery
purposes in various biomedical areas, such as vaccination, cancer,
inflammation, cardiovascular diseases, infectious diseases and others
[2]. Besides the research activities focused on such new delivery
vehicles in lab scale, several pharmaceuticals based on PLGA-particles
are already available on the market to date (Table 1) [8, 26].

In terms of drug targeting via functionalized PLGA drug carriers, the
lectin-mediated biorecognition is an attractive concept to achieve a
site-specific delivery. H.J. Gabius defines a lectin as a (glycol)protein
different from immunoglobulins which bind carbohydrate, however do
not biochemically modify the sugar structure [32]. The concept of
lectin-mediated drug targeting exploits the specificity of protein-sugar
interactions. The target of “glycotargeting” is the highly glycosylated
dense layer coating the outer surface of all mammalian cells, the
so-called glycocalyx [33]. It contains a myriad of different glycans as
binding sites for lectins [34]. H.J. Gabius called the diversity of
glycosylation as "sugar code", encoding biological information in
1.44x10" different hexasacchrides [35]. Since the glycocalxy varies
between species, biological organizations, and also between different
tissue and cell types as well as even healthy and diseased tissue within
the same organism [33], certain lectins can target specifically different
biological sites. Moreover, the binding of some lectins to
carbohydrate-containing receptors at the cell surface can trigger
vesicular transport processes such as clathrin or caveolin-mediated
endocytosis which mediate uptake of lectin-decorated drug delivery
carriers into the cell and sometimes exocytosis at the basolateral face
so that the delivery system can even cross polarized epithelial cells
[34].

Among the numerous common known plant lectins, wheat germ
agglutinin (WGA) from Triticum vulgare (also known as T.aestivum) is a
very attractive candidate as a vehicle for lectin-mediated drug targeting
approaches, especially for peroral administration. WGA is a dimeric
protein with two identical subunits of 171 amino acid residues and
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contains four repetitive hevein domains comprising a sequence of 43
amino acids which function as binding pockets for carbohydrates. WGA
can specifically bind to sialic acid and N-acetylglucosamine of the
glycocaylx on the cell surfaces and its binding site can be inhibited by
the competitive carbohydrate N-acetylchitotriose [36]. Interestingly,
the glycosylated extracellular domain 3 of the epidermal growth factor
(EGF) receptor is involved in WGA-binding. Due to the up-regulated
expression of EGF-receptors in some tumors, this approach might also
be applicable in cancer therapy. The cellular uptake of WGA is an active
energy-dependent process. At 4°C, the lectin only binds to the cell
surface, while at 37°C lectin binding to the cell surface is followed by
internalization. It is suggested that at least 60% of WGA enter the
lysosomal degradative pathway after uptake by the cells [37].

Table 1. Approved pharmaceuticals available on the market. Data are
modified from [8, 25]. Most of the pharmaceuticals are marketed as
powders for reconstitution and suspension i.v. administration.

# available as periodontal insert.

* indicates drug formulations available in Austria according to the
database of the Austrian Agency for Health and Food Safety (AGES)
httns://aspregister.basg.gv.at/aspregister/.
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Active pharmaceutical

ingredient (API)

Marketed product

Company

Application

Peptides and Proteins

Small Molecules

Buserelin acetate

Lanreotide acetate

Leuprolide acetate

Octreotide acetate

Somatropin (rDNA

origin)

Triptorelin acetate

Triptorelin embonate

Triptorelin pamoate

Minocycline
hydrochloride

Naltrexone

Risperidone

Suprecur® Depot*

Somatuline®
-Depot, -LA*

Lupron Depot®,
Depot-PED®

Lutrate ®Depot*

Enantone®*

Sandostatin LAR®*

Nutropin AQ®

Gonapeptyl Depot®

Decapeptyl
Depot®*

Moapar®

Pamorelin LA®*
Trelstar®

Arestin®*"

Vivitrol®

Risperdal Consta®*

Sanofi-Aventis

Ipsen Pharma

AbbVie

GP Pharm

Takeda

Novartis
Pharma

Genentech

Ferring

FERRING

Debiopharm

Ipsen Pharma
Actavis

OraPharma

Alkermes

HaematoPharm,
Janssen-Cilag

Endometriosis
Acromegaly

Endometriosis,
Prostate cancer,
Fibroids, Center
precocious
puberty
Prostate cancer
Prostate cancer,
Center
precocious
puberty

Acromegaly

Pediatric
growth
hormone
deficiency
Prostate cancer
Endometriosis,
Prostate cancer,
Center
precocious
puberty
Prostate cancer
Prostate cancer;
severe sexual
deviation (e.g.
paedophilia)
Prostate cancer
Prostate cancer

Periodontal
disease
peridontal
insert
Alcohol
dependence

Antipsychotic
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PLGA-microparticles with 4.7 wm in diameter were prepared by the double emulsion technique and
loaded with 1.7 g fluorescein/mg PLGA mimicking a hydrophilic APL In an effort to further elucidate
the release and bioadhesive characteristics of lectin-grafted formulations in vitro, the particles were
coated with wheat germ agglutinin. The microparticles exhibited thermo-responsive release since no
free fluorescein was detected at 4 °C or room temperature. At body temperature, however, more than 80%
of the payload was released within 48 h. The adhesion of lectin-grafted particles to Caco-2 monolayers,

gfg:g;:::{on which were applied as a model for the human intestinal epithelium, exceeded that of plain ones 1.5-
Caco-2 fold as also observed by fluorescence microscopy. Furthermore, the amount of model drug bound and
Microparticle taken up into the cells was 5.8-fold higher after incubation for 4 h at 37 °C as compared to fluorescein in
PLGA solution. According to fluorescence imaging a considerable amount of the total fluorescein payload was
Thermo-responsive accumulated intracellularily after incubation for 5 h at 37 °C. These findings not only confirm the utility
WGA of bioadhesives of the second generation for improved absorption of low molecular weight hydrophilic

compounds but also indicate storage stability of such suspensions at 4 °C and room temperature without
any premature loss of APIL.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, particulate formulations are intensively investigated
as drug delivery systems. They offer lots of advantages such as fea-
sibility of encapsulation of different drugs especially sensitive APIs,
sustained drug delivery from the particle matrix, and protection of
the payload against unfavorable conditions in the body. Among the
polymers in use, Poly (lactic-co-glycolic acid) (PLGA) is most pop-
ular because it is biodegradable and biocompatible and generally
recognized as safe by the FDA (Anon., 2012). In order to develop
long-term active formulations, in which sensitive drugs could be
delivered to their target without degradation, a variety of APIs has
been encapsulated into PLGA micro- and nanoparticles (Mundargi
et al., 2008), for example, recombinant human growth factor (Rafi
et al,, 2010), swine insulin (Bao et al., 2006), recombinant glyco-
sylated glial cell-line derived neurotrophic factor (Garbayo et al.,
2008), and HIV peptides (Manocha et al., 2005). One of the methods
most commonly used to encapsulate hydrophilic drugs within par-
ticles is the water/oil/water or double emulsion technique based
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pharmaceutics, University of Vienna, AlthanstraBe 14, 1090 Vienna, Austria.
Tel.: +43 14277 55406; fax: +43 1 4277 9554.
E-mail address: franz.gabor@univie.ac.at (F. Gabor).

0378-5173/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ijpharm.2012.07.025

on solvent evaporation (Ye et al., 2010). Since the release profile
of the payload depends on the degradation characteristics of the
polymer and the particle size, microspheres offer the advantage of
sustained release kinetics and higher payload (Florence, 2005). In
order to transport drugs as close as possible to the site of action,
microcarriers can be targeted with different ligands. In particu-
lar, the lectin-mediated targeting is well known as a variant of
the bioadhesion concept, which is not only applicable for gastroin-
testinal targeting, but also for other biological barriers (Bies et al.,
2004; Wirth et al., 2002). Among these sugar-binding proteins,
wheat germ agglutinin (WGA) from Triticum vulgare, which specif-
ically binds to sialic acid and N-acetyl-D-glucosamine, possesses
cytoadhesive and cytoinvasive characteristics. Furthermore, due to
WGA-mediated biorecognition of the glycosylated structures in the
intestine, we have already published several drug delivery systems
grafted with WGA for GI-targeting (Ratzinger et al., 2010a, 2010b;
Roth-Walter et al., 2005; Weissenbdck et al., 2004).

The aim of the present work was to develop a WGA-targeted
PLGA microparticulate delivery system loaded with fluorescein
sodium as a model drug. Fluorescein sodium was chosen because
of its excellent water solubility, low molecular weight and fluores-
cent properties facilitating detection. Lectin was immobilized to
the surface of PLGA microparticles using the carbodiimid method.
As already reported by Keegan’s group, PLGA particles are usu-
ally prepared by solvent evaporation using polyvinylalcohol (PVA)
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as stabilizer. Despite thoroughly washing, however, the PVA still
resides on the surface of particles and leads to decreased ligand
coupling efficiency (Keegan et al., 2006). Therefore, poly(ethylene-
alt-maleic acid) (PEMA) was applied as a new stabilizer during the
preparation process because its carboxylate groups can increase the
coupling rate (Keegan et al., 2004). The resulting particulate drug
delivery system was examined in terms of particle size, stability,
payload, and release profile of encapsulated fluorescein sodium.
In order to elucidate the impact of the bioadhesive coating, assays
were performed using Caco-2 monolayers which represent a well-
established model of the human intestinal epithelium. Besides
imaging techniques quantitative protocols such as pulse-chase
incubations were pursued to simulate the situation in the human
intestine. Moreover, the characteristics of the microspheres were
compared with an aqueous solution of free model drug to figure
out the advantages of the bioadhesive microparticles.

2. Materials and methods
2.1. Materials

PLGA (poly(D,L-lactide-co-glycolide), Resomer RG503H, 50:50
lactide/glycolide) was obtained from Boehringer Ingelheim (Ingel-
heim, Germany). Poly (ethylene-alt-maleic anhydride) (PEMA) and
fluorescein sodium were bought from Sigma Aldrich (Vienna,
Austria). Wheat germ agglutinin (WGA) from T. vulgare was pur-
chased from Vector Laboratories (Burlingame, USA). Hoechst 33342
trihydrochloride trihydrate was obtained from Invitrogen (Vienna,
Austria). All other chemicals used were of analytical purity.

2.2. Preparation of fluorescein-loaded PLGA microparticles

Fluorescein loaded PLGA microparticles were prepared by
a water-in-oil-in-water solvent-evaporation technique. 400 pL
aqueous solution of fluorescein sodium (7.5 mg/mL) were emul-
sified with a solution containing 400 mg PLGA in 2.4 g ethyl acetate
by sonication for 2 min (sonifier: Bandelin electronic UW70/HD70;
tip: MS 72/D; Berlin, Germany). After adding 8 mL of a 0.5% aqueous
solution of PEMA the emulsion was sonicated again for 2 min yield-
ing the (w/o)/w emulsion which was poured into 100 mL of a 0.25%
aqueous solution of PEMA. After mechanical stirring at 600 rpm
for 1h at room temperature, residual ethyl acetate was removed
under reduced pressure. In order to remove non-encapsulated flu-
orescein sodium, the microparticles were washed three times with
120 mL 20 mM HEPES/NaOH-buffer pH 7.0. Finally the particles
were resuspended in 100 mL of the same buffer. The PLGA con-
tent of lyophilized aliquots was determined gravimetrically after
dialysis against distilled water. The particle size distribution was
determined using a Malvern Mastersizer 2000 laser particle size
analyzer (Malvern Instruments, Malvern, UK).

2.3. Preparation of wheat germ agglutinin functionalized
microparticles

WGA was covalently coupled to the carboxylate-groups
at the surface of PLGA microparticles according to a modi-
fied carbodiimide method (Ertl et al., 2000). Briefly, 5mL of
the PLGA microparticles suspension in 20mM HEPES/NaOH-
buffer pH 7.0 containing 0.1% Pluronic® F-68 were activated
by adding 5mL of a freshly prepared solution containing 1-
ethyl-3(3-dimethylaminopropyl) carbodiimide (EDAC, 1400 mg)
and N-hydroxysuccinimide (NHS, 59mg) in the same buffer.
After end-over-end incubation for 30 min at room temperature
the microparticles were washed by dilution with 15 mL 20 mM
HEPES/NaOH-buffer pH 7.4 containing 0.1% Pluronic® F-68 and cen-
trifugation (3200 rpm, 10 min, 4 °C) to remove the excess reagents.

After resuspending the microparticles in 10 mL of the same buffer
500 L of an aqueous solution of WGA (5 mg/mL) were added fol-
lowed by end-over-end incubation for 1h at room temperature.
Unreacted binding sites were saturated by incubation with 2.4 mL
glycine solution (100 mg/mL in buffer) for 30 min at room tem-
perature. Subsequently, the microparticles were washed twice by
centrifugation (3200 rpm, 10 min, 4°C) with 15 mL buffer each as
above. Finally, the particles were resuspended in 10 mL buffer and
stored at —80°C until use. As areference, plain PLGA microparticles
were treated as above but adding solely buffer instead of the EDAC,
NHS, WGA and glycine.

2.4. Determination of the fluorescein sodium content of the
microparticles

Aliquots (300 L) of the microparticle suspensions were
hydrolyzed by addition of 100 L 4 M NaOH in triplicate. The fluo-
rescein content of 100 pLaliquots was determined in 96-well plates
at 485/525nm (exc./em.) using a fluorescence microplate reader
(Infinite M200, Tecan, Grodig, Austria). The amount of encapsu-
lated label was calculated from a calibration curve established with
fluorescein sodium in 1 M NaOH.

2.5. Release of the fluorescein sodium from the microparticles

To assess the release of encapsulated fluorescein sodium, 500 L
suspension containing either plain or surface modified particles
were incubated with 20 mM HEPES/NaOH-buffer pH 7.4 containing
0.1% Pluronic® F-68 at 4°C, 37°C, and room temperature. At cer-
tain time intervals, the respective supernatants were collected by
centrifugation (14,000 rpm, 5 min, 4 °C) and the amount of liberated
fluorescein sodium was determined in each sample fluorimetrically
at 485/525 nm. Finally, the percentage of the released fluorescein
was calculated with reference to the encapsulated fluorescein con-
tent.

2.6. Cell culture

Caco-2 cells were purchased from the German collection of
microorganisms and cell culture (DSMZ, Braunschweig, Germany).
Cells were cultivated in RPMI 1640 cell culture medium con-
taining 10% fetal calf serum, 4 mM L-glutamine and 150 mg/mL
gentamycine in a humidified 5% C0,/95% air atmosphere at 37 °C
and were subcultured by TrypLE® select. Tissue culture reagents
were obtained from Sigma Aldrich (St. Louis, USA) and Gibco Life
Technologies Ltd. (Invitrogen Corp., Carlsbad, USA). Cells between
passage 63 and 73 were used for the present study. For cell
experiments following a pulse-chase protocol and fluorescence
microscopy, 1.7 x 104 Caco-2 single cells were seeded per well
using 96-well microplates or glass cover slips combined with the
flexiPERM micro 12 system, respectively. Cells were cultivated
under standard cell culture conditions until a confluent monolayer
has been formed.

2.7. Pulse-chase studies of the particle-cell interaction and
comparison with free fluorescein in aqueous solution

In order to evaluate the particle-cell interactions, fluorescein
loaded microparticles were incubated with Caco-2 monolayers
under different conditions following a pulse-chase protocol. At
this, the microparticle suspension was diluted with isotonic 20 mM
HEPES/NaOH-buffer pH 7.4 to yield a concentration of 200 pg par-
ticles/mL. For comparison, a solution of fluorescein in the same
buffer containing equal amounts to that of the microparticles was
applied (0.35 pg/mL). After washing confluent Caco-2 monolayers
with isotonic 20 mM HEPES/NaOH-buffer pH 7.4 (100 p.L/well), the
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cells were incubated with 100 pL/well of the microparticle suspen-
sion or the aqueous fluorescein solution for 30 min at4°Cand 37 °C,
respectively (pulse phase). After removal of unbound micropar-
ticles or free fluorescein by washing twice with 100 wL 20 mM
HEPES/NaOH-buffer pH 7.4, the relative cell-associated fluores-
cence intensity was determined at 485/525 nm. Subsequently, the
cell layers were incubated up to 4 h at 37 °C (chase phase), followed
by a further washing step as above. Again, the relative fluorescence
intensities were determined before and after this final washing step
at 485/525 nm.

2.8. Fluorescence microscopy

Caco-2 monolayers grown on glass cover slips in the flex-
iPERM micro 12 system were used for fluorescence microscopy.
After removing the cell culture medium, the nuclei of the living
cells were stained by incubation with Hoechst 33342 (5 ug/mL
RPMI medium; 50 pL/well) for 30min at 37°C. Excessive dye
was removed by washing the monolayers twice with 100 pL
isotonic 20mM HEPES/NaOH-buffer pH 7.4 each. After incuba-
tion with 100 wL microparticle suspension (200 wg/mL isotonic
20mM HEPES/NaOH-buffer pH 7.4) at 37°C for 1, 3 and 5h,
respectively, the Caco-2 layers were washed with 100 L iso-
tonic 20 mM HEPES/NaOH-buffer pH 7.4 to remove any unbound
particles and fluorescein released into the supernatant. With-
out any further preparation images of the cell layers were
acquired using a Zeiss Axio Observer.Z1 microscopy system
equipped with LED illumination system “Colibri” (Gottingen,
Germany).

3. Results and discussion
3.1. Characterization of fluorescein-loaded PLGA-microparticles

With respect to the size of particulate drug delivery systems
for intestinal delivery of hydrophilic APIs, among others, some
issues remain to be considered: (i) Desai et al. (1997) reported
that particles in the lowest micrometer range rather remain in the
intestinal lumen than to be taken up by the cells. (ii) Microparti-
cles provide a higher payload of hydrophilic APIs than submicron
particles (Florence, 2005). (iii) Smallest microparticles provide a
surface area large enough for modification with targeters. Thus,
PLGA-microparticles with a mean diameter of 4.7 + 0.75 pm loaded
with fluorescein sodium as a model for hydrophilic APIs were pre-
pared by the double emulsion solvent-evaporation technique. The
amount of encapsulated fluorescein sodium was 1.75 4 0.02 g and
1.77 £0.01 pg fluorescein sodium per mg PLGA with and without
WGA conjugation, respectively. Microscopic inspection of the parti-
cles revealed homogenous distribution of fluorescence throughout
the particle matrix. According to Keegan et al. (2004, 2006), the
use of PEMA instead of the traditional stabilizer poly(vinyl alco-
hol) enhances the conjugation efficiency with amine-containing
ligands due to adhesion of the carboxylated surfactant at the
surface of the microspheres. Accordingly, the amount of WGA
coupled to the surface of PLGA-microparticles using PEMA as
surfactant was about 1.3-fold higher in comparison to the PVA
stabilized particles (data not shown). In spite of replacement of
PVA by PEMA, the plain and surface grafted particles were fully
redispersible and stable upon storage for at least one month at
4°C.

3.2. Release profile of fluorescein sodium from PLGA
microparticles

Most probably due to purification of the microparticles imme-
diately after preparation the first burst release associated with
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Fig. 1. Release of fluorescein sodium from PLGA microparticles. (A) depicts the
release profile from microparticles before WGA conjugation at three different tem-
perature levels (4°C, 37 °C, and room temperature (RT)). (B) shows the liberation at
37°C before (Fluorescein sodium-microparticles, F-MP) and after WGA conjugation
(WGA-fluorescein sodium-microparticles, WGA-F-MP) (SD <2.16, n=3).

dissolution of surface-bound hydrophilic label was not observed
(Fig. 1). Interestingly, the drug model substance was released at
a fairly constant rate even over 23 h corresponding to the sec-
ond and third slower continuous release phase (Faisant et al.,
2006). This amount corresponds to the maximum release rate of
88.9 £+ 0.23% since no further release of model drug was observed
upon prolonged incubation. In case of thermo-responsive release
it was reported that temperatures higher than 37°C alter the
first burst phase due to morphological changes of the micropar-
ticles such as surface pore closing and geometry change but the
post-burst release phases remain unaltered (Zolnik et al., 2006).
However, no information is available about the situation at tem-
peratures below 37°C. To date it is generally accepted that PLGA
microspheres smaller than 300 wm undergo homogenous or bulk
degradation where the degradation rate of the surface is equivalent
to that of the core (Anderson and Shive, 1997). The temperature-
dependent parameters governing the release from 4.7 um PLGA
spheres comprise the solubility and diffusion of the label as well
as the mobility and degradation rate of PLGA-chains. Since fluores-
cein sodium is highly soluble independent from temperature and
the difference in release rate between room temperature and 37 °C
is quite higher than that between 4 °C and room temperature, the
physicochemical properties of the model drug are supposed to be
of minor influence. Additionally, the release profile of entrapped
fluorescein was almost the same independent from surface modifi-
cation of the microparticles with lectin. Thus it might be concluded
that the enhanced release at body temperature is solely due to
the hydrophobic PLGA-matrix. Such thermo-responsive release
characteristics go along with storage stability at 4 °C and room tem-
perature, but with release of the API from the formulation as soon as
reaching body temperature. This might be of high interest not only
for formulation of unstable low molecular weight biotech drugs but
also for surface modification of drug loaded particulate matter.
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Fig. 2. Overlay of differential interference contrast and fluorescence images of Caco-2 monolayers incubated with WGA-grafted fluorescein-loaded PLGA microparticles (A)
and the same particles without WGA grafting (B) for 30 min at 4 °C followed by two washing steps.

3.3. Cytoadhesion studies

In order to elucidate the effects of grafting the microparticles
with WGA, Caco-2 monolayers were incubated with particles for
30min at 4°C and examined qualitatively as well as quantita-
tively after removal of unbound microparticles. Even microscopic
inspection revealed a considerably higher number of cell-bound
microparticles in case of lectin-modification as compared to
plain particles, which confirms successful coupling of the lectin
(Fig. 2). In accordance with the release studies at 4°C, stain-
ing of cells by released dye was not observed. Performing the
same experiment in 96-well plates and fluorescence reading
revealed that about 1.5-fold more microparticles had bound to
the cell-membrane upon surface modification with the biorecog-
nitive lectin (Data not shown). The enhanced bioadhesion of
the WGA-grafted particles derives from the strong interaction of
the lectin with sialic- or N-acetyl-D-glucosamine moieties of the
artificial intestinal epithelium, which resists even the washing
procedure (Gabius, 2009). As depicted by the images, intracel-
lular uptake of the lectinized particles does not occur since
the incubation temperature of 4°C suppresses energy-dependent
transport processes and the size of the particles exceeds by far
that of vesicles generated during receptor-mediated endocytosis
which represents the mechanism of WGA-mediated cytoinvasion
(Gabor and Wirth, 2003).

3.4. Elucidation of the microparticle-cell interaction following a
pulse-chase protocol in comparison to free fluorescein

To investigate the mechanism of the interaction between Caco-
2 monolayers and WGA-grafted fluorescein-loaded microparticles
in a quantitative way, pulse-chase experiments were performed
(Fig. 3). Firstly, after removing the medium, the Caco-2 cell mono-
layers were pulse-incubated with the particle suspension for
30min at 4°C or 37 °C. Since fluorescein is not released at 4 °C and
unbound particles were removed by washing, the RFI (relative flu-
orescence intensity) at 4°C represents the amount of cell-bound
microparticles or cell-bound encapsulated model drug. In contrast,
because of release of encapsulated fluorescein at 37 °C, the cell-
associated RFI of 37°C pulse incubation represents the sum of
cell-bound microparticle-entrapped and cell-associated released
dye. When the same amount of free fluorescein was added as
the payload of the microparticles (0.35 g/mL), the amount of
cell-associated model drug (18042 RFI) was fourfold higher as
compared to non-grafted microparticles (47 +9 RFI) but only 2.7-
fold higher as compared to bioadhesive microparticles (66 4+ 7 RFI)

after pulse incubation at 4°C (Fig. 3A). Due to higher diffusional
uptake of free fluorescein, this difference slightly increases to
4.7-fold or 3.2-fold, respectively, in case of 37% pulse incubation
(Fig. 3B). Obviously, the difference in cell-associated RFI between
the solution of the model drug and the microparticles mainly
derives from quench of the label by the microparticles’ matrix.
At both temperature levels of the pulse incubation, however,
the cell-associated RFI of WGA-grafted microparticles exceeded
that of plain particles by about 40% at the mean. In accordance
with the cytoadhesion studies (Section 3.3), this again confirms
successful covalent modification of the microparticles and their
enhanced bioadhesivity as compared to lectin-free microparti-
cles.

Secondly, after 4 h of chase incubation at 37 °C following pulse
incubation at both temperature levels, the total fluorescence inten-
sities were determined omitting a washing step (Fig. 3, chase
total). Thus, they represent the sum of the fluorescence intensities
referred to both, released fluorescein present in the supernatant
and taken up into the cell as well as cell-bound microencapsulated
model drug. In case of the microparticles, the high RFI values point
to extraordinarily high thermoresponsive release of model drug
which was entrapped and quenched by the PLGA matrix before.
Again, the total release from lectinised-microparticles exceeded
by far that from non-coated ones due to the fact that a consider-
ably higher number of WGA-coated particles containing quenched
model drug adhered to the cells as already observed (see Fig. 2). In
case of the fluorescein solution, no change in RFl was observed after
chase incubation. Altogether, the microparticle approach is favor-
able since less than 10% of the model drug were finally detected
when applied as a solution.

Thirdly, after removal of non-cell-associated fluorescein,
the determined relative fluorescence intensity represents cell-
associated fluorescein deriving from intracellularily accumulated
fluorescein and microparticle-entrapped cell-bound dye (Fig. 3).
After pulse incubation at 4°C and chase incubation at 37°C the
amount of cell-associated model drug was 2.9-fold higher when
applied as microparticles and further increased to 4.2-fold in case
of WGA-coated microparticles as compared to the solution. Upon
incubation at body temperature the percentage of model drug
delivered to the cells exceeded that of the solution 4.4-fold (non-
coated microparticles) or 5.8-fold (WGA-coated microparticles).
These results again confirm the superiority of the microparticle
approach, which is further improved by surface modification of the
particles with cytoadhesive WGA.

To visualize the course of release of the model drug from
lectin-coated microparticles, preloaded Caco-2 monolayers were
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Fig. 3. Comparison between WGA-grafted fluorescein-loaded microparticles (WGA-F-MP; 200 pg/ml), fluorescein-loaded microparticles (F-MP; 200 pg/ml) and fluorescein
in aqueous solution (F-Solution; 0.35 pg/ml) after pulse incubation at 4 °C for 30 min and chase incubation at 37 °C for 4 h (A) or pulse incubation at 37 °C for 30 min and chase
incubation at 37°C for 4 h (B). The grey columns (pulse incubation) and black columns (chase incubation) refer to the y-axis at the left, which represents the cell-associated
relative fluorescence intensity after pulse or chase incubation after removal of free fluorescein. The diamonds (chase total) refer to the y-axis at the right, which represents

the total relative fluorescence intensity after chase incubation without washing.

incubated for different time intervals at 37°C (Fig. 4). After 1h
the fluorescent particles were still bound to the cells and cel-
lular enrichment of released dye was hardly detectable. After
further 2h of incubation, however, the released model drug is
already taken up locally by the cells as indicated by appear-
ance of a diffuse fluorescent corona around the microparticles
in the underlying cells. Finally, after 5h of incubation at body

temperature, most of the microparticles lost their label and
are sparsely visible, but the majority of cells is stained by
the released dye. Consequently, this set of fluorescence photos
demonstrates that the presented micro-formulation is cytoad-
hesive due to the lectin coat and delivers the entrapped
model API directly into the underlying cells in a sustained

manner.

Fig. 4. Fluorescence microscopic images of the Caco-2-binding of WGA-grafted fluorescein-loaded microparticles followed by release and cellular-uptake of encapsulated
fluorescein sodium (green) at 37 °C after 1h (A), 3h (B) and 5h (C). The nuclei of the cells were stained in blue by Hoechst 33342. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of the article.)
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4. Conclusion

Biodegradable PLGA microparticles with 4.7 um in diameter
were prepared by a w/o/w solvent evaporation technique using
PEMA instead of a traditional stabilizer, which 1.3-fold increases
the number of modifiable carboxylate groups at the particle surface.
The particles were rendered cytoadhesive by covalent coupling of
WGA and loaded with fluorescein sodium as a model API yield-
ing a payload of 1.7 wg/mg polymer independent from surface
modification. The comparison with free model API and non-
coated microparticles using Caco-2 monolayer assays revealed two
notable characteristics of WGA-grafted microparticles: Firstly, the
model API was only released from the microparticles at body
temperature. Although the genuine mechanism remains to be elu-
cidated, this property implies storage stability of the drug-loaded
microparticle suspension at both, 4°C and room temperature,
which is suggested to be beneficial for drug candidates with
poor storage stability. Secondly, as confirmed by fluorescence
microscopy, the WGA-coat made the particles bioadhesive result-
ing in 1.5-fold enhanced cell-binding as compared to non-modified
ones. The close vicinity of the particles to the absorptive enterocytes
shortened the diffusional pathway of the drug into the cell and
concurrently increased the gradient between the lumen and the
cytoplasm so that enhanced intracellular uptake of the hydrophilic
model drug was observed. According to quantitative pulse-chase
experiments, lectin-mediated cytoadhesion increased the cellular
accumulation 5.8-fold as compared to the API-solution. This con-
firms utility of the lectin-approach for enhanced and sustained
intestinal cellular uptake of hydrophilic drugs from microparticles.
Since WGA also binds to sialic acid moieties of the mucus (Wirth
et al,, 2002), these lectin coated particles representing bioadhe-
sives of the second generation are expected to be firmly fixed to
the absorptive epithelium in vivo due to double anchoring. As this
concept would not only be useful for delivery of hydrophilic low
MW, but also other poorly absorbable low and high MW drugs from
the biotech pipeline, the feasibility of this approach will be tested
with other active compounds in future.
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Abstract

PLGA microparticles loaded with three different fluorescent model drugs,
fluorescein sodium (hydrophilic), sulforhodamine (amphoteric), and boron-
dipyrromethene (BODIPY® 493/503, lipophilic), were prepared by the solvent
evaporation technique. Due to varying hydrophilicity, the diameters of the
microparticles ranged between 4.1 and 4.7 pm. According to fluorimetric
analysis, the loading varied from 0.06 to 2.25 pg of the model drug per mg
PLGA. In terms of the release profile, the fluorescein sodium-entrapped
formulation exhibited thermo-responsive release Kkinetics. In the case of
sulforhodamine- and BODIPY® 493/503-loaded particles, almost no release was
observed, neither at 4°C nor 37°C during the first 50 hours. Furthermore, to
estimate the bioadhesive properties of such drug delivery systems, the surface
of the loaded particles was grafted with wheat germ agglutinin by applying the
carbodiimide method. Cytoadhesion studies with Caco-2 monolayers revealed
an up to 1.9-fold and 3.6-fold increase in the bioadhesion of the lectin-
functionalized, model drug-loaded particles as compared to the albumin- and
non-grafted microcarriers, respectively. All in all, the results clearly indicated
that the lipophilicity of the polymer matching that of the drug favored
entrapment, whereas mismatching impeded loading into the PLGA-
microparticles. Even in the case of low loading, these delivery systems might be
useful for the fluorescent detections and microscopic imaging of cellular
interactions due to their fluorescent properties and lack of dye leakage.
Moreover, lectin grafting can mediate bioadhesive properties to such particulate
drug carriers which could be a promising approach to improve drug delivery.
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Introduction

As is nowadays generally accepted, the administration of polymeric micro- and nano-
carriers as particulate drug formulations offers numerous advantages in comparison to
conventional approaches, such as the protection of encapsulated active pharmaceutical
ingredients (APIs) against the harmful gastrointestinal environment, the possibility of
encapsulating hydrophilic as well as lipophilic drugs, the controlled release of loaded APIs,
the feasibility of different physicochemical targeting approaches, as well as the
improvement of bioavailability [1]. Because of these reasons, the characteristics of
numerous polymeric drug carriers have been intensively studied. Among these polymers,
the most commonly investigated one is PLGA (poly(lactic-co-glycolic acid)) due to its
biocompatibility and biodegradability, its ability to modify the release profiles by use of
different polymerization grades, as well as its long-time use in humans resulting in being
“generally recognized as safe” by the FDA [2—6]. In terms of encapsulation of APIs with
poor biopharmaceutic and pharmacokinetic properties, a wide variety of drugs has been
successfully applied in particulate delivery [2], such as the antioxidants coenzyme Q10 [7]
and curcumin [8], the anti-leishmanial agent amphotericin B [9], the immunosuppressant
cyclosporine [10], the anti-cancer agent doxorubicin [11], and others. In the case of
surface modification for drug targeting, the uncapped types of PLGA with terminal
carboxylate groups provoked interest due to the feasibility of functionalization with a
number of ligands, especially proteins and peptides. In particular, the surface modification
of particles with lectins is a promising approach for gastrointestinal targeting [12]. In order
to prolong the residence time in the Gl tract by improving mucoadhesion, immobilization of
wheat germ agglutinin (WGA) from Triticum vulgare might be useful. Due to its specific
interaction with sialic acid and the N-acetyl-D-glucosamine moieties of the glycocalyx of
enterocytes [13], several drug delivery systems functionalized with WGA have been
developed in our group for intestinal targeting [14—17].

In the present work, three different fluorescent dyes were entrapped into PLGA
micropatrticles. Fluorescein sodium, sulforhodamine, and 4,4-difluoro-1,3,5,7,8-penta-
methyl-4-bora-3a,4a-diaza-s-indacene (BOD; BODIPY® 493/503) were chosen as model
drugs due to their differing solubilities being hydrophilic, amphoteric [18], and lipophilic,
respectively. PLGA-microcarriers were prepared using the solvent evaporation technique
either as water-in-oil-in-water (double emulsions) or as oil-in-water (single emulsion)
methods according to the lipophilicity of the loaded fluorescent dyes. Moreover, the
surface of the microparticles was modified with ligands (e.g. WGA) by the carbodiimide
method, which mediates the formation of amid linkages between carboxylic and primary
amine groups. Therefore, instead of the commonly used stabilizer polyvinylalcohol (PVA),
poly(ethylene-alt-maleic acid) (PEMA) was applied. Due to its carboxylate content PEMA
might enhance the coupling efficiency as described by Keegan et al. [19]. Subsequently,
the size, stability, payload, and release profile of the loaded model drugs of the prepared
microparticles were analyzed. Additionally, the surface of the microcarriers was modified to
mediate specific bioadhesive properties. In comparison to the albumin- and non-grafted
drug carriers, the impact of this functionalization was examined in vitro with Caco-2 cell
monolayers, which is a generally accepted and well-established epithelial cell model [20].
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Results and Discussion
Characterization of the Model Drug-Loaded PLGA-Microparticles

Tab. 1. Characteristics of the fluorescent model drug-loaded PLGA-microparticles

Type / Preparation Characteristic Mean Dye loading Encapsul.
Loading technique of dye diameter (ug/mg  efficiency
of microspheres (um) PLGA) (%)
Fluorescein-Na (w/o)w

entrapped particles / double hydrophilic  45+1.2 1.75+0.03 46.7
Fluorescein - Na emulsion

Sulforhodamine (w/o)w

entrapped particles / double amphoteric 4.7+x15 0.06+0.01 0.8
Sulforhodamine emulsion

BOD o/w

entrapped particles / single hydrophobic 4.1+1.4 2.25+0.07 59.9

BODIPY® 493/503 emulsion

Due to its hydrophobic characteristics, BODIPY®493/503 was entrapped into micro-
particles via the single emulsion (o/w) method, whereas fluorescein sodium as well as
sulforhodamine were encapsulated applying the (w/o/w) double emulsion technique. As
illustrated in Table 1, independent from the type of loaded model drug, the particles
possess a comparable mean diameter of about 4.4 um. There are some reasons rendering
this size range appropriate for the intestinal drug delivery: first, in contrast to nanopatrticles,
the total API-loading is higher. Second, at the same weight, particles of low micron size
provide a larger surface area for functionalization with targeters than larger particles. Third,
according to Desai et al. [21], particles in the low micrometer size range are not likely to be
taken up by the cells, but rather remain in the intestinal lumen. Therefore, such particles
could facilitate a long-term drug release in a controlled manner. Furthermore, in order to
enhance the capability of later covalent conjugation with primary amine-bearing protein
ligands to the particle surface by carbodiimide chemistry, PEMA (poly(ethylene-alt-maleic
acid)) as a new stabilizer instead of the traditional one poly(vinyl alcohol) (PVA) was
applied by the solvent-evaporation technique [19].

Among all microparticle preparations, the BOD-loaded microparticles exhibited the
smallest mean particle size, the highest model drug loading, and the highest encapsulation
efficiency (Table 1). This might be due to the lipophilicity of both, the dye and the
polymeric matrix, which results in high affinity between both components. As a result of
these prevailing strong hydrophobic interactions, the fluorescent dye preferentially remains
in the oily phase together with PLGA during the emulsification step as reflected by the high
dye loading and also yields tighter and smaller microparticles by the single emulsion
technique [22, 23]. In contrast, the dye loading of fluorescein sodium-loaded microcarriers
was 22% lower. This result is due to low affinity between the hydrophilic dye and the
hydrophobic polymer. Consequently, in the case of the double emulsion technique,
hydrophilic drugs can easily distribute from the inner aqueous phase to outer aqueous
medium during the emulsification process, which considerably reduces the loading
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efficiency. Interestingly, although the fluorescein sodium and sulforhodamine-loaded
particles were prepared by the same technique, and equimolar amounts of dyes were
applied, the encapsulation efficiency of these two model drugs varied considerably. As
demonstrated in Table 1, the entrapped amount of fluorescein sodium was approximately
1.75 ug per mg PLGA, in contrast to 0.06 pg per mg PLGA in the case of sulforhodamine.
This might be due to the amphoteric character of sulforhodamine, which allowed the red
fluorescent substance to accumulate inside the aqueous phase as well as inside the oll
phase during the first emulsification step. Therefore, after the addition of the second
aqueous phase, sulfornodamine might have been distributed into this external phase and
washed out during the subsequent purification step.

Furthermore, after the surface modifications with the targeters, all the microparticles were
homogenously dispersible in buffer, and stored stably at —80°C for at least one month until
further experiments.

Release Kinetics of the Entrapped Fluorescent Model Drugs from PLGA
Microparticles

The release studies of the entrapped fluorescent model drugs were performed before the
surface modification of the microparticles at 4°C as well as 37°C and after the surface
functionalization with WGA at 37°C. As demonstrated in Figure 1, in contrast to the
literature [24, 25], the three types of particles exhibited no signs of first burst release which
might be due to the purification steps after preparation. Interestingly, a thermo-responsive
release profile of entrapped fluorescein sodium from PLGA microparticles was observed
(Figure 1A) [26]. At this rate, less than 0.23% of the entrapped model drug was released
from the particulate formulation after nearly 50 h incubation at 4°C in contrast to more than
90% at 37°C. However, in Figure 1B and 1C it is shown that such a thermo-responsive
release from sulforhodamine- or BOD-entrapped PLGA-microparticles was not observed.
According to Shive et. al. [4], PLGA microparticles smaller than 300 um in diameter were
degraded in a homogenous manner with an equivalent degradation rate at the surface and
in the core. Thus, such different release profiles might be governed predominantly by two
parameters: (i) the solubility of the entrapped model drugs in buffer; (ii) the diffusion
velocity of the fluorescein sodium from the PLGA-matrix into the buffer. Since the inner
texture of PLGA-microparticles is porous, water can easily penetrate such small holes to
get contact with the encapsulated dye molecules. However, among the three types of
fluorescent dyes investigated, only fluorescein sodium was excellently soluble in water and
dissolved in agueous buffer solution independently from the temperature. Therefore, the
first entrapped and then dissolved fluorescein sodium easily diffused from the particle’s
matrix into the surrounding medium. For the sulforhodamine-loaded microspheres, the
fairly lower encapsulated amount might have led to a lower detection sensitivity of the
liberated dye, and according to its amphiphilic character, its aqueous solubility was lower
than that of fluorescein sodium. Finally, in the case of the BOD-loaded microspheres, the
hydrophobic character of BOD favored the model drug to remain inside the hydrophobic
PLGA-matrix and not to partition into the surrounding aqueous buffer. In addition,
independent from the model drug, microparticles with or without WGA-grafted surfaces
displayed the same release kinetics of the entrapped model drug at the same conditions.
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Fig. 1.
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Release profiles of entrapped fluorescein sodium (A), sulforhodamine (B), and
BOD (C) from PLGA microparticles. The release studies were either performed
before surface modification (b.m.) at two different temperatures (4°C and 37°C),
or after surface modification with WGA at 37°C (a.m. WGA) (SD =< 2.03, n=3).
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In conclusion, due to the different properties of entrapped fluorescent model drugs as well
as the influence of temperature on the PLGA-matrix, the three different types of
microspheres exhibited different release profiles. In addition, particle surface modification
with lectin did not affect the liberation kinetics of the entrapped model drugs.

Cytoadhesion Studies
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Fig. 2. Cytoadhesion studies of fluorescein sodium, sulforhodamine, and BOD-loaded
PLGA-microparticles with Caco-2 monolayers at concentrations of 100, 200,
400, and 800 pg/mL after 30 min incubation at 4°C. The surfaces of the
particles were modified with WGA-, BSA-, or non-modified, abbreviated as
WGA-MPs, BSA-MPs, and Plain-MPs, respectively (n = 3, SD <1.07).

In order to study the cytoadhesive properties of the targeted particulate formulations,
Caco-2 cell monolayers were incubated with the respective particle suspension for 30 min
at 4°C. After two washing steps, the cell-associated relative fluorescence intensity was
quantified. WGA is a lectin with biorecognitive properties that interacts with glycosylated
structures in the intestine, which increases the bioadhesion to epithelial cells [12]. Thus,
the lectin-grafted microparticles served as targeted formulations, whereas BSA- and non-
grafted particles served as controls.
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Fig. 3. Overlay of differential interference contrast and fluorescence images of Caco-2
monolayers incubated with fluorescein sodium- (A), sulforhodamine- (B), and
BOD- (C) entrapped PLGA microparticles for 30 min at 4°C followed by two
washing steps (concentration of PLGA-MPs: 200 pg/mL).
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As illustrated in Figure 2, independent from the type of the entrapped model drugs as well
as concentrations of the applied particle suspension, the highest amount of cell-associated
particles was observed in the case of the WGA-grafted microparticles exceeding that of
the BSA-grafted ones up to 1.9-fold and non-grafted drug carriers 3.6-fold, respectively.
These specific binding effects of WGA-functionalized particles to Caco-2 cells were also
confirmed by microscopy (Figure 3). As depicted by the images, intracellular uptake of the
particulate formulations was not observed. This might be due to the incubation
temperature of 4°C, which inhibits energy-dependent transport mechanisms, as well as the
size of the particles being too large to undergo receptor-mediated endocytosis [21].
Additionally, the amount of cell-associated particles per well increased with the
concentration of applied particle suspension (Figure 2). A comparison of the surface-
modified particles revealed that the BOD-entrapped microcarriers yielded the highest
binding efficiency at all concentration levels, whereas fluorescein sodium-loaded particles
exhibited the lowest rate of cytoadhesion. For example, the amount of cell-associated
WGA-grafted, fluorescein sodium-loaded carriers ranged between 2.3£0.14 and 17.3+1.01
pg/well with a concentration of particles from 100 pg/mL to 800 pg/mL. This result
corresponds to only 80-35% of that of the cell-associated BOD-entrapped microparticles
at the same concentration. It should also be considered that due to the hydrophobic
character of BOD as well as the amphoteric properties of sulforhodamine, which resist
purification by washing with water, non-encapsulated dye might remain non-specifically
adsorbed at the surface of the particles. Furthermore, such surface-anchored model drugs
might detach from particles during incubation with cells to bind to the cell membrane.
Importantly, such loosely bound and detached fluorescent dyes emit higher fluorescent
signals in comparison to entrapped fluorescent substances inside of the particle-matrix
due to quenching phenomena. Since such free fluorescent dyes can strongly contribute to
the signal intensity and are also calculated as cell-bound particles, the measured amount
of the cell-associated BOD- and sulforhodamine-entrapped particles might be higher than
the truly cell-bound amount. Since the hydrophilicity of fluorescein anticipates the complete
removal of particle-bound dye from the surface during several washing steps with aqueous
buffer, such a confusing effect can be excluded. Because of this reason, the calculated
amount of cell-associated fluorescein sodium particles was lower than that of the other two
formulations. Interestingly, the BSA-grafted microparticles exhibited a slightly higher
binding efficiency to the cell monolayer as compared to the non-grafted particles, which
might be due to the nonspecific protein-protein interactions between albumin and the cell
membrane.

Conclusion

In this study, three fluorescent model drugs were microencapsulated in a hydrophobic
matrix using modifications of the solvent evaporation technique according to the differing
hydrophilicity of the entrapped drugs. In the case of similar hydrophobicity of both model
drugs BOD and PLGA, the single emulsion technique vyielded microparticles of the
smallest size and highest encapsulation efficiency, but almost no release presumably due
to strong hydrophobic interactions. In the case of hydrophilic fluorescein sodium and
amphoteric sulforhodamine, however, only the double emulsion technique yielded
microparticles. These were of larger size and lower drug loading due to the differing
hydrophobicity of the drug and polymer. As amphoteric drugs and hydrophobic polymers
also intensely interact, almost no release was observed from the sulforhodamine-loaded
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PLGA carriers. In contrast, mismatching characteristics of the drug and polymer facilitated
release as indicated by the thermoresponsive release of fluorescein sodium.
Consequently, the choice of the preparation technique, size, loading, as well as the
release profile was basically guided by the solubility characteristics of the matrix and the
entrapped drug. Moreover, non-releasing microparticles with a high quantum yield, such
as the BOD-PLGA microcarriers, represent a useful tool to elucidate the interaction with
cells quantitatively by fluorescence reading and qualitatively by microscopic imaging as
confirmed by the Caco-2 monolayer experiments.

Experimental
Materials

PLGA (poly(lactic-co-glycolic acid), Resomer® RG503H, 50:50 lactide/glycolide) was
obtained from Boehringer Ingelheim (Ingelheim, Germany). PEMA (poly(ethylene-alt-
maleic anhydride)), fluorescein sodium salt, sulforhodamine 101, and albumin bovine
fraction V (BSA) were bought from Sigma Aldrich (Vienna, Austria). Wheat germ agglutinin
(WGA) from Triticum vulgare was purchased from Vector laboratories (Burlingame, USA).
BODIPY® 493/503 (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene)
was from Invitrogen (Eugene, USA). All other chemicals were of analytical purity.

Preparation of Fluorescent Model Drugs Loaded with PLGA Microparticles

Sulforhodamine- and fluorescein sodium-loaded PLGA microparticles were prepared by
a water-in-oil-in-water solvent-evaporation technique. For that purpose, 400 pL of an
aqueous solution containing fluorescein sodium (3.75 mg/mL) or sulforhodamine
(7.5 mg/mL) were emulsified with a solution containing 400 mg PLGA in 2.4 g of ethyl
acetate by sonication for 2 min (sonifier: Bandelin electronic UW70/HD70; tip, MS 72/D,
Berlin, Germany). After adding 8 mL of an aqueous solution of PEMA (0.5%), the emulsion
was sonicated again for 2 min yielding the (w/0)/w emulsion that was poured into 100 mL
of 0.25% aqueous solution of PEMA. For the BOD-entrapped microparticles, an oil-in-
water solvent-evaporation technique was applied. A solution containing 400 mg PLGA and
1.5 mg BOD in 2.8 g ethyl acetate was emulsified with 8 mL of an aqueous solution of
PEMA (0.5%) by sonication for 2 min yielding an o/w emulsion which was poured into 100
mL of a 0.25% aqueous solution of PEMA. After mechanical stirring at 600 rpm for 1 h at
room temperature, residual ethyl acetate was removed under reduced pressure. In order
to remove the non-entrapped fluorescent dyes, the microparticles were washed three
times with 120 mL 20 mM HEPES/NaOH pH 7.4 each and resuspended finally in 100 mL
of the same buffer. The PLGA content was determined gravimetrically from lyophilized
aliquots after exhaustive dialysis against distilled water. The particle size distribution was
determined by laser light scattering (Mastersizer 2000 laser particle size analyzer,Malvern
Instruments, Malvern, UK).

Surface Modification of Microparticles with Wheat Germ Agglutinin or Bovine Serum
Albumin

Wheat germ agglutinin (WGA) or bovine serum albumin (BSA) was covalently bound to the
surface of the PLGA microparticles following the carbodiimde method. Briefly, the surface
carboxylate groups of the 5 mL PLGA microparticle suspension in 20 mM HEPES/NaOH
pH 7.0 containing 0.1% Pluronic® F-68 were activated by the addition of 5 mL of freshly
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prepared solution of 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDAC, 1400 mg) and
N-hydroxysuccinimide (NHS, 59 mg) in the same buffer. After end-over-end incubation for
30 min at room temperature, the microparticles were washed once by dilution with 15 mL
of 20 mM HEPES/NaOH pH 7.4 containing 0.1% Pluronic® F-68 and centrifuged
(3200 rpm, 10 min, 4°C) to remove the excess reagents. For coupling, the activated
microparticles were resuspended in 10 mL of the same buffer and mixed with either 500
pL aqueous solution of WGA (5 mg/mL) or 458 yL aqueous solution of BSA (10 mg/mL) by
end-over-end incubation for 1 h at room temperature. Non-reacted binding sites were
saturated by incubation with 2.4 mL glycine solution (100 mg/mL) in 20 mM HEPES/NaOH
pH 7.4 containing 0.1% Pluronic® F-68 for 30 min at room temperature. Subsequently, the
microparticles were washed twice by centrifugation (3200 rpm, 10 min, 4°C) with 15 mL
buffer each. Finally, the particles were resuspended in 10 mL buffer and stored at —80°C
until use. As a reference, the non-grafted PLGA microparticles were treated as stated
above, but by solely adding buffer instead of EDAC, NHS, WGA, BSA, and glycine.

Determination of the Amount of Loaded Fluorescent Model Drugs

To quantify the entrapped fluorescein sodium or sulforhodamine, 300 uL aliquots of the
microparticle suspensions were hydrolyzed by the addition of 100 yL 4 M NaOH and the
fluorescence intensity of the 100 pL aliquots was measured at 485/525 nm (exc./em.) and
580/615 nm (exc./em.) for fluorescein sodium and sulforhodamine, respectively. The
amount of the model drug was calculated from a calibration curve established with
fluorescein sodium or sulforhodamine in 1 M NaOH.

To determine the amount of entrapped BOD, 150 pL aliquots of the microparticle
suspensions were hydrolyzed with 50 yL of 4 M NaOH and diluted 10-fold with a mixture of
DMSO and 20 mM HEPES/NaOH pH 7.4 containing 0.1% Pluronic® F-68 (1+8). In 96-well
microplates, 100 pL samples were analyzed at 485/525 nm (exc./em.) and the amount of
the entrapped BOD was calculated from a calibration curve of BOD in a mixture of DMSO
and 20 mM HEPES/NaOH pH 7.4 containing 0.1% Pluronic® F-68 (1+9).

All assays were done at least in triplicate.

Release of the Fluorescent Model Drugs from the Microparticles

To study the release kinetics of the entrapped model drugs, 500 pL suspensions in 20 mM
HEPES/NaOH pH 7.4 supplemented with 0.1% Pluronic® F-68, containing either plain- or
surface-functionalized patrticles, were incubated at 4°C and 37°C. At certain time intervals,
the supernatants were collected by centrifugation (14000 rpm, 5 min, 4°C) and the amount
of released fluorescent dyes was determined fluorimetrically at 485/525 nm (fluorescein
sodium and BOD) or at 580/615 nm (sulforhodamine). The percentage of released model
drug was calculated with reference to the total dye content of the microparticles.

Cell Cultures

The Caco-2 cell line was purchased from the German collection of microorganisms and
cell cultures (DSMZ, Braunschweig, Germany). Cells were cultivated in RPMI 1640 cell
culture medium containing 10% fetal calf serum, 4 mM L-glutamine, and 150 mg/mL
gentamycine in a humidified 5% CO,/95% air atmosphere at 37°C and were subcultured
by TrypLE® select. Tissue culture reagents were obtained from Sigma Aldrich (St. Louis,
USA) and Gibco Life Technologies Ltd. (Invitrogen Corp., Carlsbad, USA). Cells between
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passage 60 and 71 were used for the present study. For cell experiments and
fluorescence microscopy, 1.7 x 10 Caco-2 single cells were seeded per well using 96-well
microplates. Cells were cultivated under standard cell culture conditions for one week to
obtain a confluent monolayer.

Cytoadhesion Studies

In order to evaluate the cytoadhesive properties of the microparticles, the particle
suspensions were diluted with isotonic 20 mM HEPES/NaOH pH 7.4 to yield 100, 200,
400, and 800 pg particles/mL. After washing the confluent Caco-2 monolayers once with
isotonic 20 mM HEPES/NaOH pH 7.4 (100 uL/well), the cells were incubated with 100
pL/well of the microparticle suspension for 30 min at 4°C. After removing the unbound
microparticles by washing twice with isotonic 20 mM HEPES/NaOH pH 7.4 (100 pL/well),
the relative fluorescence intensities were determined at 485/525 nm for fluorescein sodium
and BOD or at 580/615 nm for sulforhodamine. Finally, the amount of the cell-associated
particles was calculated from a calibration curve established with the particle suspensions.

Fluorescence Microscopy

Caco-2 monolayers cultivated in 96-well microplates as described above were used for
fluorescence microscopy. After washing the confluent Caco-2 monolayers once with
isotonic 20 mM HEPES/NaOH pH 7.4 (100 pL/well), the cells were incubated with 100 pL
of the microparticle suspension (200 ug particles/mL in isotonic 20 mM HEPES/NaOH pH
7.4) at 4°C for 30 min. Unbound particles were removed by washing the Caco-2 layers
twice with isotonic 20 mM HEPES/NaOH pH 7.4 (100 pL/well). Without any further
preparations, images of the cell layers were acquired using a Zeiss Axio Observer.Z1
microscopy system equipped with an LED illumination system “Colibri” (Goéttingen,
Germany).
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Abstract

Targeted drug delivery requires administration of stable surface-
functionalized particles but grafting might be counteracted by
presence of stabilizers. To elucidate the influence of polyvinylalcohol
(PVA), Pluronic’ F-68 (PL), and poly(ethylene-alt-maleic acid) (PEMA) on
ligand density after immobilization, the energy input during solvent
evaporation was modified to yield particles in a comparable size range
of about 3.5 um in terms of the surface area mean. The cytoadhesive
fluorescent-labeled wheat germ agglutinin was covalently coupled to
the carboxylate groups of the PLGA matrix via carbodiimide.
Calculation of the ligand density from the surface area mean and
fluorescence intensity of immobilized lectin revealed that in case of
solvent evaporation in presence of stabilizers the number of
immobilized ligand molecules per microparticle followed the order
PEMA (21%) > PVA 4 kDa (17%) > PL (13%) > PVA 40 kDa (8%) as
compared with spray dried particles prepared without any stabilizer
(100%). Cytoadhesion studies with Caco-2 monolayers confirmed
retained biorecognitivity of the immobilized targeter and the cell
binding rate followed the same ranking as above except for the two
types of PVA which changed their places. All in all, PEMA emerged as
an alternative stabilizer preferable over well established PVA and PL
because it offers additional reactive carboxylates for grafting as well as
sufficient stabilization of the microparticles especially in case of
hydrophilic drugs as a payload.

Keywords

Poly(D,L-lactic-co-glycolic acid) (PLGA); Poly(ethylene-al/t-maleic acid)
(PEMA); Polyvinylalcohol (PVA); Solvent evaporation; Spray drying
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Introduction

Currently great efforts are focused on the development of micro- and
nanoscaled particulate drug delivery systems offering potential
benefits such as protection of the API against harmful environment,
prolonged release and enhanced solubility of poorly bioavailable drugs.
Additionally, different preparation techniques ranging from the lab to
the industrial scale enable entrapment of hydrophilic as well as
hydrophobic drugs of different molecular weight. An intensively
investigated future trend of this concept is the development of site-
specific drug delivery systems by structural modification of the surface.
Ideally the grafting with biorecognitive ligands would allow specific
targeting of cells and tissues, which is supposed to ultimately result in
increased efficacy at reduced dosage concurrent with minimized side
effects for the patient [1, 2].

For preparation of surface-modified particles, two approaches are
currently pursued, either a one step procedure using fully
functionalized polymers as a starting material or a two step procedure
by surface modification of previously prepared particles. In the latter
case, surface functionalization might be counteracted by the presence
of stabilizers. On the one hand, stabilizers are inevitably necessary to
prevent aggregation, on the other hand they are adsorbed at the
surface shielding functional groups required for covalent linkage of
ligands.

In order to approach this problem, microparticles are prepared from
the copolyester Poly (D,L-lactide-co-glycolide) (PLGA), which is most
widely used for the preparation of particulate drug delivery systems for
oral [3], parenteral [4], dermatological [5], pulmonary [6], nasal [7],
and ocular [8] routes as well as diagnostics [9] due to biocompatibility
and biodegradability [10]. Among the numerous methods developed
for preparation of PLGA-particles, spray drying and solvent evaporation
techniques are most frequently applied. In case of spray drying, the
droplets of an atomized PLGA solution are dried in a stream of warm
air [11. 12]. In case of the solvent evaporation technique, a lipophilic
APl is dissolved in the organic solution of PLGA (single emulsion
technique) whereas a hydrophilic APl is dissolved in an agueous phase
and emulsified in an organic PLGA phase (double emulsion technique).
The organic solution or emulsion is then emulsified in an outer
aqueous phase, which results in the formation of an oil-in-water single
emulsion or a water-in-oil-in-water double emulsion, respectively.
Subsequently, the organic solvent is evaporated and the liquid droplets
increase in density to yield finally solid particles. Both methods,
however, require a stabilizer to prevent emulsion breaking and
aggregation. Polyvinylalcohol (PVA) and poloxamers, especially
poloxamer 188 (Pluronic’ F-68), are most frequently applied and they
are reported to be incorporated on the particle surface during
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preparation, which can affect size, zeta potential, mucoadhesion [13,
14] and particularly surface functionalization.

As potential binding sites are required for functionalisation, the H-type
of PLGA is used, which contains free carboxylate groups, and the
carbodiimde technique [15] is applied for covalent conjugation of
bioadhesive wheat germ agglutinin. Use of the fluorescein-labeled
bioadhesive analogue (F-WGA) as a ligand enables both, determination
of the coupling efficiency by fluorimetry and estimation of retained
biorecognition by cytoadhesion assays using Caco-2 monolayer
representing a well-established model of the human intestinal
epithelium.

In the present study, PLGA-microparticles are prepared by the double
emulsion solvent evaporation technique. Three types of surfactants are
used as stabilizers, namely polyvinylalcohol (PVA), poloxamer 188
(PIuronic® F-68) and poly(ethylene-alt-maleic acid) (PEMA). According
to McCarron et al [16] PVA reduced the coupling rate of polyclonal
antibodies to PLGA-nanoparticles by 50%. Additionally, it should be
considered that the commonly applied PVA exhibits a molecular weight
<100,000 Dalton and represents a heterogeneous mixture of polymer
chains with different length [17-19] which influences the properties of
formed particles. Therefore, PVA of 31,000 Dalton and 205,000 Dalton
and nearly identical polymer components were used in this study. In
order to increase the density of carboxylic acid groups on the surface
of particles as well as to stabilize the particles, PEMA was also included
[20, 21]. For comparison of the influence of stabilizers on the ligand
density at the particle surface, spray-dried PLGA-microparticles were
also functionalized without any stabilizer [3].
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Materials and Methods

Materials

PLGA (poly(D,L-lactide-co-glycolide), Resomer RG503H, 50:50
lactide/glycolide) was bought from Boehringer Ingelheim (Ingelheim,
Germany). Poly (ethylene-alt-maleic anhydride), Pluronic’ F-86,
Polyvinyl alcohol 40-88 (PVA 40-88, MW 205,000), and Polyvinyl
alcohol 4-88 (PVA 4-88, MW 31,000) were obtained from Sigma Aldrich
(Vienna, Austria). Fluorescein-labeled Wheat Germ Agglutinin (F-WGA,
molar ratio fluorescein/protein=2.9) from Triticum vulgare was
purchased from Vector laboratories (Burlingame, USA). All other
chemicals were of analytical purity.

Preparation of PLGA-microparticles

PLGA-microparticles were prepared by the water-in-oil-in-water
solvent evaporation technique. Briefly, 400 uL distilled water were
emulsified with a solution containing 400 mg PLGA in 2.4 g ethyl
acetate by sonication. After adding 8 mL 0.5% aqueous solution of
different tensides, the emulsion was homogenized again by different
procedures in order to prepare particles in a comparable size range: In
case of Poly (ethylene-alt-maleic acid)(PEMA), which was prepared
from Poly (ethylene-alt-maleic anhydride) by hydrolysis with 0.2M
NaOH [22], the emulsion was sonified (Bandelin electronic
UW70/HD70; tip: MS 72/D; Berlin, Germany) for 2 min at 40%
intensity. In case of all other surfactants high speed homogenization
(ULTRA - TURRAX® T8, IKA, Staufen, Germany) was applied for 6 min at
about 25,000rpm (Pluronic F-86®; position #6) or 22,000 rpm (PVA 40-
88 and PVA 4-88; position #5). After pouring the (w/o0)/w emulsion into
100 mL 0.25% aqueous solution of the corresponding tenside, the
particle suspension was stirred at 600 rpm over night at room
temperature to evaporate residual ethyl acetate. Finally, the
microparticles were washed three times with 120 mL 20mM
HEPES/NaOH pH 7.0 and resuspended in 100 mL of the same buffer.
Spray-dried PLGA microparticles were prepared and fractionated
according to their size as previously described [3, 23, 24]. Briefly, a 6.5%
(w/v) PLGA solution in methylene chloride was spray-dried (Mini Spray
Dryer B-191, Buechi Labortechnik AG, Flawil, Switzerland). For size
fractionation 100 mg dry particles were dispersed in 10 mL distilled
water by sonication and centrifuged at 400 rpm for 2 min. The pellet
containing too large particles was discarded and the supernatant was
again centrifuged for 10 min at 3200 rpm for 10 min. The supernatant
containing mainly nanoscaled particles was discarded and the pellet
was re-suspended in 5 mL 20mM HEPES/NaOH 7.0.

The PLGA content of Iyophilized aliquots was determined
gravimetrically after exhaustive dialysis against distilled water. The
particle size distribution was determined using a Malvern Mastersizer
2000 laser particle size analyzer (Malvern Instruments, Malvern, UK).
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Surface modification with fluorescein-labeled wheat germ agglutinin
F-WGA was covalently linked to the carboxylate groups on the surface
of PLGA-microparticles using a modified carbodiimide method [25]. In
brief, a dispersion of 5 mL PLGA-microparticles in 20 mM HEPES/NaOH
pH 7.0 was incubated end-over-end for 2 h at room temperature with
2.5 mL of a freshly prepared solution containing 1400 mg 1-ethyl-3(3-
dimethylaminopropyl) carbodiimide and 59 mg N-hydroxysuccinimide
in the same buffer. The beads containing activated carboxylic groups
were washed three times with 20 mM HEPES/NaOH pH 7.4 to remove
the excess reagents. After resuspending the microparticles in 5 mL of
the same buffer, 500 pL aqueous solution of F-WGA (5 mg/mL) were
added followed by end-over-end incubation overnight at room
temperature. Non-reacted binding sites were saturated by subsequent
incubation with 1.8 mL glycine solution (200 mg/mL in buffer) for 5 h at
room temperature. Finally, the microparticles were washed three
times by centrifugation to remove excessive reagents, resuspended in
5 mL buffer and stored at -80 °C until use. The mass of modified PLGA-
particles was determined gravimetrically as mentioned above.

Quantification of particle-immobilized F-WGA

The amount of surface-bound F-WGA was determined by
quantification of the label after dissolving the microparticles. For that
purpose, 500 uL suspension containing F-WGA-modified particles were
firstly spun down at 3200 rpm for 15 min. and the pellet was
hydrolyzed with 500 puL 0.1 M NaOH for 3 days. The relative
fluorescence intensities (RFI) of hydrolyzed samples were determined
at 485/525 nm using a Tecan Infinite® 200 fluorescence reader (Grodig,
Austria) and the amount of immobilized WGA was calculated from the
calibration curve of F-WGA.

Calculation of the WGA-density at the particle surface

The surface area A [m?] and volume V [m?] of a spherical particle with
radius r [m] is calculated according to equation 1.1 and 1.2,
respectively:

A= 4r’m (1.1)
4 3
V= rg” (1.2)

Consequently, the mass of a single particle m [kg] can be calculated
from equation 1.3 with p [kg m™] as the density of the polymer.

m = pV (1.3)

Therefore, the total number of particles N and total surface area Aotal
[m?] each milligram particles is calculated from equation 1.4 and 1.5,
respectively:

_10°°
m

N (1.4)
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Atotal = NA (15)
Finally, after substitution, the simplified expression is presented by 1.6:
3x107°
Atotal = = (1.6)
pr

with p is 1280 kg m™ in the case of PLGA and r is the Sauter mean
diameter D[3,2]. Since the molecular weight of WGA is 36kDa, the
number of coupled WGA-molecules per m? Nwea/m? can be calculated
from equation 1.7.,

Avagadro’s number*p*10~°

Nwea/m’ = Arora 736000 (1.7)

where p is the ratio of conjugated WGA to PLGA-microparticles [pug/mg]
and Avagadro’s number is 6.022x10%.

Furthermore, the number of coupled WGA-molecules each PLGA-
microparticle (Nwea/mp) @s another parameter describing the coupling
efficiency is calculated according to expression 1.8.:

Avagadro’s numberxp*10~°
N*36000

Nwea/mp = (1.8)

Cell culture

Caco-2 cells were purchased from the German collection of
microorganisms and cells (DSMZ, Braunschweig, Germany). Cells were
cultivated in RPMI 1640 cell culture medium containing 10% fetal calf
serum, 4 mM L-glutamine and 150 mg/mL gentamycine in a humidified
5% C0,/95% air atmosphere at 37°C and were subcultured by
treatment with TrypLE® select. Cells between passage 56 and 87 were
used in the present study. For cytoadhesion studies, 1.7 x 10* Caco-2
single cells/well were seeded in 96-well microplates. Cells were
cultivated under standard cell culture conditions for one week until a
confluent monolayer has been formed.

Cytoadhesion Studies

In order to evaluate the particle-cell interactions, PLGA-microparticles
were incubated with Caco-2 monolayers. After washing the confluent
Caco-2 monolayer once with isotonic 20 mM HEPES/NaOH pH 7.4, the
cells were incubated with 100 pL per well of the microparticle
suspension (20 pg microparticles) for 30 min at 4 °C. Unbound
microparticles were removed by washing twice with the same buffer,
and the RFI of the monolayer was determined at 485/525 nm. The
amount of the cell-associated particles was calculated from a
calibration curve established with F-WGA microparticle suspensions.

Scanning electron microscopy (SEM)

The dry particles were placed on sample holders and coated with gold
using Q150R ES rotary-pumped sputter coater (Queorum, UK) at 0.1
mbar and 60 mA for 60 sec. The samples were imaged in high vacuum
using a Hitachi Tabletop Microsocpe TM-1000 (Krefeld, Germany).
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Results and Discussion

Characterization of PLGA-microparticles

In order to elucidate the influence of stabilizers on the ligand density
and subsequently the cytoadhesive properties, PLGA-microparticles
were prepared by solvent evaporation in presence and spray drying in
absence of a stabilizer. As the surface area is a key parameter the
energy input had to be adjusted to obtain particles within a
comparable size range. Although the concentration of the stabilizers
was kept constant, the characteristics inherent to the stabilizer
additionally determine the droplet size when the solvent evaporation
technique is applied. Whereas PEMA required highest energy input by
ultrasonication to yield particles in the micrometer range, for use of
PVA or PL lower dispersing energy by ULTRA - TURRAX® was sufficient
(Table 1). Interestingly, emulsification of PVA-containing batches at
speed setting #4 yielded larger microparticles, but nanoparticles were
obtained at setting #6. Consequently, setting #5 corresponding to
about 22,000 rpm was chosen for preparation of both types of PVA-
MPs. In case of PL as a stabilizer only a high dispersing energy
corresponding to 25,000 rpm resulted in formation of microparticles in
desired size range. Such different effects of poloxamer and
polyvinyalcohol on particle size are also reported in the literature by
different groups. Applying similar preparation techniques, particles
using poloxamer 188 as stabilizer were bigger than those prepared
with PVA even in the case of nanoparticles [19] and microparticles [18].
The different procedures yielded microparticles in the size range
between 2.96 to 7.11 um (Table 1). As described by Ratzinger et al [3,
27], spray-dried PLGA-particles are highly hydrophobic resulting in
formation of aggregates upon dispersion and thus a broader size
distribution. In an effort to limit the size distribution, the spray-dried
particles were roughly fractionated by centrifugation yielding higher
uniformity. In contrast, particles prepared by solvent evaporation were
smaller with lower uniformity (Table 1) corresponding to a narrower
size distribution. Among the microparticles prepared by solvent
evaporation, PVA 4-88 as stabilizer (PVA 4-MPs) yielded the biggest
particles that was followed by the order: poly(ethylene-alt-maleic acid)
particles (PEMA-MPs) > Pluronic® F-68 particles (PL-MPs) > PVA 40-88
particles (PVA 40-MPs). Interstingly the size of PVA 4-MPs exceeded
that of PVA 40-MPs. This is might be due to the high molecular weight
and an approximately 2-fold higher viscosity of PVA 40-88 as compared
to PVA 4-88, which provoked formation of tighter and smaller oily
droplets during the second emulsification step and thus yielded smaller
particles. SEM images (Figure 1) confirmed these results and displayed
smooth particle surfaces.

Usually, the particle size determined by laser diffraction is presented as
volume moment mean or De Broukerer mean diameter D[4,3] relying
on the volume as a basis for calculation the particle size [28]. However,
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for evaluation of the variation of ligand density at the surface due to
different stabilizers, the surface area mean or Sauter mean diameter
D[3,2] is relevant, since it represents the particle distribution
calculated from the surface area [28]. Interestingly, the spray-dried
particles exhibited a difference of about 3.2 um between D[4,3] and
D[3,2]. This indicates a broad size distribution with several big particles
or aggregates larger than 4 um, which contribute essentially to D[4,3].
However, most of the batches contained particles around 4 um
contributing strongly to D[3,2]. This result was also confirmed by the
uniformity values and SEM images (Figure 1A). Thus, the surface area
of particles was meaningful for our purpose and D[3,2] was used as
diameter of different PLGA-microparticles for further discussion.
Accordingly, the PLGA-microparticles either prepared by solvent
evaporation or spray drying yielded a diameter around 3.5 pm in terms
of the surface area mean (Table 1).

Quantification of immobilized wheat germ agglutinin on the surface
of PLGA-microparticles

The amount of fluorescein-labeled wheat germ agglutinin (F-WGA)
immobilized at the surface of PLGA-MPs was quantified fluorimetrically.
In order to consider any loss of PLGA-particles during the process, the
weight of the modified particles was also determined. The ratios
between functionalized WGA and PLGA-particles on a weight basis (p
[ug/mg]) are presented in Table 2. The spray-dried microparticles
prepared without surfactant yielded the highest amount of WGA per
particle, which was more than 2-fold higher than that of particles
fabricated by solvent evaporation in presence of stabilizer. Among the
particles prepared by the double emulsion technique, the weight ratios
between WGA and PLGA-MPs followed the order: PVA 40-MPs >
PEMA-MPs > PL-MPs >PVA 4-MPs. Such a weight-related ranking,
however, is not reliable for comparison of the stabilizer induced
variation of ligand density since the particles possess different size and
consequently surface area.

Considering the surface area for calculation of the number of
immobilized WGA molecules according to the equations given above
revealed that again spray-dried particles contained the highest number
of coupled lectin molecules (Table 2). Since the spray-dried particles
are characterized by a high ratio p as well as a rather smaller total
surface area, which both exert a positive effect on calculation of
Nwea/m’, undoubtedly an excellent coupling efficiency is obtained.
However, since PEMA-MPs exceeded PVA 40-MPs, the order of
stabilized particles varied now as follows: PEMA-MPs > PVA 40-MPs >
PL-MPs >PVA 4-MPs. This alteration in coupling efficiency might be due
to the difference in particle size corresponding to the total surface area.
At a certain total weight of particles, a larger total surface area is
associated with a smaller mean diameter of the particles. According to
expression 1.7, the number of coupled lectin/m? is proportional to p
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however inversely proportional to Aita. Therefore, although PVA 40-
MPs exhibit a higher coupling ratio p, a lower number of WGA-
molecules is immobilized at the surface due to a larger total surface
area as compared with PEMA-MPs. Additionally, the difference
between MPs prepared in presence and in absence of stabilizer
increased concurrently. For instance, the ratio p of PEMA-MPs was 62%
lower than that of sprayed-dried particles compared to 70% difference
of the value Nwgam? In case of PVA 40-MPs, the difference to
surfactant-free particles was 65% for the ratio p and 74% for the value
Nwea/m’. This pronounced decrease in coupling efficiency of particles
prepared by the solvent evaporation technique according to the
calculation mode might again be due to the same reason as mentioned
above.

For further refinement and reliability in describing the ligand density,
the number of particles is taken into account. According to expression
1.8, the number of coupled WGA molecules each particle is strongly
dependent on the number of MPs (N) of certain weight. Moreover,
since all particles were made from PLGA, N is inversely proportional to
the diameter r of the particles according to the expressions 1.2 - 1.4.
Thus, it is concluded that, the bigger the particles, the smaller is the N
which vice versa means that a larger particle can bind more ligands
than a smaller one. As expected, among all types of PLGA-MPs, spray-
dried particles with the biggest mean diameter yielded the highest
amount of WGA functionalized on their surface, whereas PVA 40-MPs
possessing the smallest particle size exhibited the lowest lectin-density.
Interestingly, although the size of PEMA-MPs was at the upper end of
particles prepared by solvent evaporation, the lectin density per
particle Nwga/vp Was the highest and about 20% higher than that of
PVA 4-MPs with the largest mean diameter.

Among all types of particles, the spray-dried particles possessed the
highest lectin density since surface exposed carboxylate groups of
PLGA were not shielded by stabilizers and were freely accessible for
activation and coupling. In case of solvent evaporation, however,
stabilizers are necessary to prevent coalescence of the emulsion
droplets. Adhesion at the particle surface or even incorporation nearby
the surface of might shield the carboxylic end groups of PLGA-chains
and decrease the coupling efficiency. As reported by Scholes et al, PVA
could not be complete removed even by repeated washings and they
suggested physical incorporation of PVA into the nanoparticle surface
due to hydrophobic interactions or hydrogen bonding as a reason [13].
Pluronic F-68® is triblock copolymer consisting of a hydrophobic
poly(propylene glycol) (PPO) backbone grafted with two hydrophilic
poly(ethylene glycol) (PEO) chains. The PEO chains protrude towards
the aqueous medium, whereas the PPO moiety adsorbs at the
hydrophobic surface of the particles [27, 29]. Depending on the
amount of adsorbed Pluronic F-68%, a ‘mushroom-like’ or ‘brush-like’
layer is formed [29] with 6 nm in thickness according to Backer et al [30]
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or >20 nm as reported by Santander-Ortega et al [31]. Thus, such a
surfactant-layer limits access of carboxylic groups of PLGA and
counteracts coupling efficiency. In contrast, PEMA offers additional
reactive carboxylate groups instead of non-reactive hydroxyls in the
case of PVA and Pluronic F-68®. Consequently, PEMA-MPs exhibited
the highest ligand density of all particles prepared by solvent
evaporation. Moreover, as reported by Keegan et al, the immobilized
ligand still remains on the particle surface even after the release of
encapsulated proteins. This supports the assumption that during bulk
erosion of PLGA-MPs the particle surface is not destroyed immediately
and the stabilizer conjugated ligands remain bioreactive at least for a
certain period [20]. In accordance with Keegan et al. the results reveal
that the use of PEMA is a better choice for preparation of
biodegradable particles with functionalized surface and high ligand
density than the well established stabilizers PVA and Pluronic®.
Nevertheless, it should be considered that the number of coupled
ligands on the surface of PEMA-MPs was about a fifth of surfactant-
free particles, most likely due to the fact that only part of the
carboxylic acid chains of PEMA is accessible for conjugation so that
PEMA still exhibits a considerable blocking effect as compared to
spray-dried particles. Contrariwise, particles prepared by spray-drying
suffer from a broad size distribution, which requires size fractionation
associated with low recovery. Additionally, different stabilizers can
influence other particle characteristics such as size and biological
properties. Particles prepared with PVA for stabilization are usually
small and rather uniform in size [32]. Pluronic®-contained particulate
carriers possess enhanced mucoadhesive properties [33] and can
activate the complement system [34]. Thus, the preparation technique
as well as the choice of stabilizer for a certain microparticulate drug
delivery system strongly depends on the aim of application.

Evaluation of particle-cell interactions

In order to assess the relationship between WGA-density at the
particle surface and bioadhesion, cytoadhesion studies using Caco-2
monolayers as an ex-vivo model were performed. For that purpose, the
amount of cell-associated particles referring to the cell-bound RFI is
given as percentage of the amount of added particles. After repeated
washings the highest binding of microcarriers to the monolayer was
observed in case of stabilizer free spray-dried microparticles
amounting to 44 + 8.3 % (Figure 2). In case of PEMA-MPs it roughly
halved decreasing to 23 + 1.5 %. PVA 4-MPs revealed the lowest
binding rate to the cell layer, whereas PL-MPs and PVA 40-MPs
interacted with the cells to a similar extent. However it should be
considered that cytoadhesion depends on both, number of conjugated
lectin and the particle size. Generally, big particles possess a large
surface area allowing immobilization of a higher number of
cytoadhesive ligands and offer a larger contact area to the glycocalyx
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of the cells than smaller ones. Contrariwise, big particles need a higher
coupling density to survive the strong shear stress during repeated
washings. Consequently, comparing the WGA-density at the surface
and the percentage of bound particles, PEMA-MPs bind strong enough
to the cell surface to withstand detachment by washing. In case of
spray dried MPs, a quite higher ligand density is required to remain
attached. Although the lectin density of PVA 4-MPs is higher than that
of PVA 40-MPs, lower cell-adhesion was observed. Probably the lectin-
mediated interaction was too weak so that they were easily washed
away. Interestingly, in case of PVA 40-MPs the amount of cell-bound
microcarriers is higher than expected as indicated by the lectin-density.
Probably, strong non-specific interactions contribute to binding
rendering these particles problematic for targeting purposes. All in all,
the cytoadhesion studies additionally confirm that PEMA is a stabilizer
preferable for site specific microparticles.
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Conclusion

Targeted particulate drug delivery requires high ligand density at the
surface to enable strong biorecognitive interactions with the intended
site of action. Usually first the drug-loaded particles are prepared and
their surface is decorated in a second step. Upon covalent
immobilization of ligands using reactive groups of the matrix, spray
drying is the method of first choice since no stabilizer is required and
the particles offer the advantage of non-restricted access for
modification provided that the particles do not agglomerate in
aqueous dispersion. In case of high hydrophilicity or thermosensitivity
of the payload such as drugs from the biotech pipeline, however, the
double emulsion technique is an alternative preparation method.
Basically, this technique requires stabilizers to yield particles but
conversely functional groups are shielded resulting in reduced ligand
density. In this study, the carboxylate-rich polymer PEMA was found to
fulfill both tasks, sufficient stabilization and thus narrow size
distribution of the particles as well as sufficient reactive moieties for
functionalization with biorecognitive ligands. The ligand density
significantly exceeded that of microparticles prepared with well-
established PVA or Pluronic®. Although the minimum ligand density
required to accomplish biorecognitive interactions is still unknown,
PEMA is proposed as a useful stabilizer even for active targeting of
particles.
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PLGA- Type of _/\_o._mnc_mq Preparation D [4,3] Volume D [3, 2] Surface . .
. . surfactants as weight of ) moment mean Uniformity
microparticles . technique area mean (um)
stabilizers surfacant (m)
(w/o)w
poly(ethylene- .
100000 - doubl I
PEMA-MPs alt-maleic acid) ouble emuision 4 7 +0.01 3.2£0.01 0.46
(PEMA) 500000 Sonifier with
intensity 40%
Lo (w/o)w
PL-MPs A ﬂﬂ“ﬁmw Hmmwmv 8350 double emulsion 3.840.08 2.9+0.08 0.40
P ULTRA-TURAXX' #6
olyvinylalcohol (w/o)w
PVA40-MPs P Aw<>v<8-mm 205000  double emulsion  2.9%0.01 2.2+0.01 0.47
ULTRA-TURAXX' #5
olyvinylalcohol (w/o)w
PVA 4-MPs P %E& as 31000 double emulsion 5.6 +0.01 3.4 +0.01 0.51
ULTRA-TURAXX' #5
spray-dried MPs - - Spray drying 7.1£0.02 3.9+0.01 0.73

Table 1. Characteristics of the PLGA-microparticle prepared by different methods.
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Figure 1. Scanning electron microscopic
images of PLGA-microparticles prepared using
spray drying technique after size-fractionation
(A), double-emulsion solvent evaporation
technique using PEMA (B), Pluronic® F-68 (C),
PVA 40-88 (D) and PVA 4-88 (E) as stabilizer
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Figure 2. Cytoadhesion studies of fluorescein-labeled wheat germ
agglutinin  functionalized PLGA-microparticles with  Caco-2
monolayers. After 30 min incubation at 4°C and removal of unbound
particles, the amount of cell-associated microparticles was
determined fluorimetrically. The grey columns refer to the y-axis at
the left representing the percentage of the amount of cell-assiociated
particles related to the amount of applied microparticles. The
diamonds refer to the y-axis at the right representing the number of
coupled WGA-molecules per microparticle. The significant difference
of the percentage of cell-associated microparticles related to applied
particles between PEMA-MPs (p<0.05) and other particles is marked
with an asterisk; as well as marked with double asterisks in the case
of PVA 4-MPs (p<0.01). (n=4, meantSD)
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Immunotherapy, in recent times, has found its application in a variety of immunologically mediated diseases. Oral
immunotherapy may not only increase patient compliance but may, in particular, also induce both systemic as well
as mucosal immune responses, due to mucosal application of active agents. To improve the bioavailability and to
trigger strong immunological responses, recent research projects focused on the encapsulation of drugs and antigens
into polymer particles. These particles protect the loaded antigen from the harsh conditions in the Gl tract.
Furthermore, modification of the surface of particles by the use of lectins, such as Aleuria aurantia lectin, wheatgerm
agglutinin or Ulex europaeus-l, enhances the binding to epithelial cells, in particular to membranous cells, of the
mucosa-associated lymphoid tissue. Membranous cell-specific targeting leads to an improved transepithelial
transport of the particle carriers. Thus, enhanced uptake and presentation of the encapsulated antigen by antigen-
presenting cells favor strong systemic, but also local, mucosal immune responses.

Immunotherapy is a widely accepted and
applied therapeutic approach for a range of
immunologically mediated diseases includ-
ing autoimmunity, cancer and allergy. It aims
to restore deficient functions of the immune
system by the administration of biological
substances, which either enhance or suppress
immune responses. Although immunotherapy
is often applied parenterally, the oral admin-
istration route is preferred due to higher com-
pliance of patients and lower complication
rates [1]. However, the harsh conditions of the
gastrointestinal (GI) environment constitute a
substantial challenge for designing immuno-
therapeutic drugs, which often suffer from low
bioavailability when administered via the oral
route. Therefore, there have been extensive
research efforts to improve and optimize drugs
intended for oral application. During recent
years, one of these novel approaches has been
the encapsulation of therapeutic agents into
polymer particles within the nano- or micro-
meter range in size. These microparticles
(MPs) or nanoparticles (NDPs) display several
features, which make them suitable for oral
application and increase bioavailability of
encapsulated substances.

Besides describing the characteristics and
advantages of polymer particles for oral
immunotherapy, we will focus on recent stud-
ies investigating lectins as bioactive substances
for functionalizing the surface of particles to
improve intestinal uptake in this review.

10.4155/TDE.11.146 © E Untersmayr

Preparation techniques of particle
carriers for oral immunotherapy
Polymer particles used for oral immunotherapy
are often made from polylactide-co-glycolide
(PLGA) or polylactide (PLA) not only due to
their special carrier properties, but also because
of their adjuvant effects [2]. Both PLGA and
PLA are characterized by high biocompatibility
and biodegradability, as their degradation prod-
ucts are eliminated via the Krebs cycle, which
is why their application in human patients has
been approved by the US FDA (3-s].
Numerous studies have focused on the
development and improvement of the prepara-
tion processes for vaccine-loaded particles. It
has become apparent that two techniques, the
double-emulsion technique and spray-drying
technique, are typically being applied today.
The water-in-oil-in-water (w/o/w) or double-
emulsion technique allows for entrapment of
hydrophilic substances such as vaccines. A
small volume of an aqueous vaccine solution
is emulsified in a PLGA- or PLA-rich organic
solution, for example, dichlormethane or ethyl
acetate, to form the primary water-in-oil emul-
sion. Dispersion of this primary emulsion in an
excess of a second, aqueous surfactant solution
yields the w/o/w emulsion followed by forma-
tion and hardening of the particles due to evap-
oration or extraction of the organic solvent.
The surfactants in use are mostly poly(vinyl
alcohol), but also poloxamer 188 (Pluronic®
F-68) and poly(ethylene-alt-maleic acid) [6-3].
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Key Terms
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for immunomodulation.
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carbohydrate residues of
epithelial cells’ glycocalyx.

PLGA particles: Delivery
vehicles composed of polylactic-
co-glycolic acid within the
micro- or nano-meter range.
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Although this w/o/w method is a relatively sim-
ple and economic technique [9], the sometimes
low encapsulation efficiency or payload as well
as the huge initial burst release, because of the
limited speed of removal of organic solvent,
are disadvantageous [10]. Therefore, different
modifications were investigated in order to
overcome these obstacles. The solid-in-oil-in-
water method differs from the double-emulsion
technique in as much as the first aqueous phase
is replaced by an aqueous, very fine suspen-
sion of the antigen. Since the solid state is
most favorable for protein stability and, thus,
bioactivity, this technique might be useful for
entrapment of unstable antigens [11]. Another
variation of w/o/w method is the water-in-oil-
in-oil technique, also termed as coacervation
method. In this, a nonsolvent is added to the
primary emulsion yielding coacervate droplets,
which are finally hardened by another organic
solvent [12].

The spray-drying technique is a second,
widely used method to prepare PLGA or PLA
particles. A fine suspension or emulsion contain-
ing the vaccine and the polymer is sprayed into
the air for atomization and the organic solvent
is evaporated at an elevated temperature to yield
solid particles. This technique allows easy tun-
ing of particle characteristics and scale-up, but
high product loss, especially in small batches,
might be crucial [13].

Recently, several new methods to manufacture
PLGA or PLA particles have been reported, such
as the ultrasonic atomization method [14,15], the
electrospray method [16], the microfluidic method
(17.18], the pore-closing and thermoreversible-gel
method [19,20], and the microfabrication method
(21]. Although these innovative techniques are
being applied rarely for the preparation of vac-
cine-loaded particles as of now, they still offer
new possibilities for manufacturing particles
with improved characteristics.

Characteristics of particles for oral
immunotherapy & their fate upon
ingestion

The use of particle carriers as an oral-delivery
system aims to protect the encapsulated sub-
stances and deliver them in an intact form to the
immunocompetent cells of the GI tract. Thus,
systemic or even mucosal immune responses,
when being administered via the mucosal sur-
face, can take place. Under normal conditions,
upon ingestion, proteins or carbohydrates are
exposed to changing pH levels and digestive

Therapeutic Delivery (2012) 3(2)

enzymes of the oral cavity, stomach, pancreas
and bile as well as brush-border hydrolases
during GI transit resulting in degradation [22].
Additionally, after mucosal uptake hapten drugs
encounter the hepatic first-pass metabolism lead-
ing to low bioavailability of active substances
5]. Encapsulation of antigens into particle car-
riers protects against these harsh GI degrading
conditions [23], enabling an intestinal uptake of
intact antigens and drugs, and the circumven-
tion of the hepatic first-pass metabolism due to
protection of the payload by the particle matrix.
Furthermore, functionalization of particles by
special targeting substances can direct particle
binding to specific cells and enhance the particle
uptake capacity via intestinal cells.

In the intestinal mucosa, two different cell
types are responsible for the uptake of particu-
late structures: enterocytes and ‘membranous’
or ‘microfold’ cells (M cells). M cells are part
of the follicle-associated epithelium overlying
the organized gut-associated lymphoid tissue,
which can either be located in isolated form or
within organized follicular clusters, the so-called
Peyer’s patches [24.25]. With the loss of brush-
border enzymes, such as alkaline phosphatase,
M cells show a reduced digestive function, which
makes them even more interesting for drug tar-
geting [26.27]. They are mainly responsible for
the uptake of intact, particulate structures [28].
Although the proportion of M cells in follicle-
associated epithelium of Peyer’s patches can be
high in rabbits and mini-pigs, the occurrence
in rodents (10%) and humans (<5%) is much
lower [29]. These cells are responsible for antigen-
specific intestinal immune responses by trans-
porting foreign material from the gut lumen to
the mucosa-associated lymphatic tissue in an
intact form, making them an optimal entry for
antigens in oral immunotherapy. The capacity
of transcytosis through the intestinal epithelial
layer depends on the size, with a particle size of
below 1 pm for optimal M-cell absorption 30,
but also on the charge and hydrophilicity of the
particle carrier [31-33]. Once bound to the apical
side of M cells, macromolecules are endocytosed
via clathrin-coated vesicles, thereby reaching the
lysosomal compartment, from which they are
exocytosed to the basolateral site to be taken up
by antigen presenting cells (APCs) [34,35).

The particles’ size is pivotal for stability, dis-
tribution, release of the encapsulated antigens
and induction of immune responses [36,37].
Furthermore, the particles’ size determines not
only the uptake, but also the retention time at
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M-cell sites. NPs are rapidly internalized mainly
by a process that involves receptor-mediated
endocytosis, and are then disseminated sys-
temically (5.38]. In contrast, MPs greater than
5 pm remain trapped in the Peyers patches for
up to 35 days [39]. The size of particles able to
cross the intestinal barrier has been narrowed
down to ranges between 700 nm and 10 pm [40].
In recent in vitro studies using the colon carci-
noma cell line Caco-2 as an intestinal epithelial
model, particles of different sizes from nano- to
micro-meter range have been investigated for
their interaction with intestinal cells and their
properties for cellular uptake. NPs of 100-nm
size showed a high interaction rate of more than
6000 PLGA and 200,000 polystyrene (PS) par-
ticles per Caco-2 cell. Particles with a size of 1
or 2 pm interacted in very low numbers (12 and
below) with one Caco-2 cell [41]. Furthermore,
while small NPs were detected intracellularly,
also within the nuclei, particles bigger than 300
nm were attached to the apical membrane of
Caco-2 cells. Thus, a very small difference in
particle size is decisive for either sole cell-binding
or even internalization [41]. Upon shuttling of
NPs through intestinal epithelial cells encap-
sulated drugs circumvent the P-glycoprotein
efflux from enterocytes and bypass liver metab-
olism, which enhance their oral bioavailability
(42]. Additionally, slight differences of NP size
have an impact on the availability of encapsu-
lated drugs in the circulation. Particles with a
size of 150 nm show a prolonged circulation
time and sustained blood levels compared with
particles with a size lower than 100 nm or above
200 nm, which may be taken up by the reticulo-
endothelial system cells. In comparison, NPs
between 100 and 200 nm can escape reticulo-
endothelial system uptake [5.43). A further prop-
erty of PLGA and PLA particles is their nega-
tive surface charge [44-45]. As epithelial cells and
mucus of the GI tract are negatively charged,
the uptake of PLGA and PLA particles without
surface modification may be poor. However,
positively charging PLGA particles, for example
using positively charged stabilizers, increases
the epithelial penetration and systemic uptake
of encapsulated, slightly soluble drugs. These
favorable characteristics are not found in par-
ticulate carriers prepared with anionic stabilizers
(5.46]. Therefore, the characteristics of particles,
such as size and surface charge, influence the
interaction, uptake and distribution by intestinal
epithelial cells. The impact of particle hydro-
philicity on intestinal uptake has been described
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very controversially in literature. Coating of
PS particles with poloxamer, which increases
hydrophilicity, was demonstrated to decrease
the GI uptake [47]. A similar effect was shown
for NPs made of polymers with different hydro-
philic properties [48]. However, surface modifi-
cation with poloxamer or particle preparation
with different polymers influences the surface
charge of the particles, which could contribute
to reduced intestinal uptake [49]. A recent study
by Gaumet ez al. reported that modification of
surface hydrophilicity by coating PLGA parti-
cles with chitosan, which did not affect surface
charge or particle size, enhanced the interaction
of particles with intestinal Caco-2 cells [49].

Therefore it is obvious that a ‘fine-tuning’ of
particle properties and design by the choice of
size and hydrophilicity is substantial for optimiz-
ing the uptake and the resulting immunological
response. While the intestinal epithelial trans-
port of particles in the nanometer range might
be optimal, one has to keep in mind that nano-
spheres are taken up into the cells with distinct
intracellular distribution, which might lead to
side effects not yet known.

Immune response triggered by
particles

In addition, the type and intensity of the elic-
ited immune response are also influenced
by th characteristics of the particle carrier.
PLGA is not only a highly biocompatible and
biodegradable material, it further affects the
immune response via its adjuvant properties [50],
which were hypothesized to be due to the partic-
ulate structure of the allergen carrier and due to
the sustained allergen release from the particles
51]. Various studies demonstrated that the capac-
ity of PLGA particles to act as vaccine adjuvant
was high and comparable to the conventional
aluminum-adsorbed vaccine formulations [52-
s4]. Subcutaneously applied NPs encapsulating
the birch pollen allergen Bet vl induced compa-
rable IgG1, IgG2a and IgG2b titers in BALB/c
mice as subcutaneous treatment with allergen
combined with aluminum [55]. In animal stud-
ies, intraperitoneal immunization with PLGA
MPs loaded with pollen extract even induced
a Thl-dominant immune response including
IgG2a antibodies and IFN-y production by
spleen cells (s6,57]. In contrast, the widely used
vaccine component aluminum hydroxide trig-
gers a Th2-driven immune response. Therefore,
the use of PLGA particles for immunomodu-
lating purposes may be beneficial, especially in
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Nanoparticles

MHC-I

situations where the immune system is biased
towards a Th2 environment, such as in allergic
diseases.

Also with regards to immune response, the
particle size determines the outcome. Only MPs
between 1 and 10 pm in size promote humoral
responses, whereas NPs below 1 pm mainly
induce cellular responses (Ficure 1) [s8]. Particle
structures smaller than 5 pm are taken up by
APCs, such as dendritic cells (DCs) and macro-
phages [59-61], and are transported directly to the
lymph node (s8], where the encapsulated antigen
can be presented to T cells.

NPs loaded with FITC-bovine serum albu-
min were shown to be phagocytosed by APCs,
leading to a two—threefold increase of cell size,
and were then continuously endocytosed and
exocytosed from the cells. Thus, only low con-
centrations of intracellularly released antigen
could be observed over time [2]. Interestingly,
immunizations with NPs containing hepatitis
B surface antigen (HBsAg) led to low produc-
tion of IgG, secretion of IFN-y and upregula-
tion of MHC-I on APCs, which indicated the
induction of a cellular immune response. The
uptake of NPs may result in the production and
release of pro-inflammatory cytokines, such
as IL-1, IL-5, IL-8, IL-10, IL-18 and TNF-a
[62,63]. Semete et al., however, observed no
increase in cytokine production [64]. Fluorescent
MPs (2—8 pm) were found to attach to the cell
surface of APCs in a nonspecific manner [2].
Additionally, the encapsulated antigen is slowly
and continuously released into the cell leading
to enhanced antibody responses, increased pro-
duction of IL-4 and upregulation of MHC-II

Microparticles

MHC-II

IFN-y IL-4

|

Cellular immune reponse

|

Humoral immune response

Figure 1. Particle-induced immune response.
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molecules, which in concert triggers a predomi-
nant humoral response. The high concentration
of released soluble antigen leads to direct bind-
ing of the antigen to MHC-II molecules and
subsequent presentation [2]. Besides the different
impact on the release pattern of the entrapped
antigen by hydrophobic particles in comparison
to more hydrophilic carriers, the hydrophobic-
ity of polymer microspheres and a rough surface
further increase the attachment to the surface of
APCs [65], and enhance the antibody response
[66]. Interestingly, the capacity of phagocytosis
by macrophages can be increased by coating
microspheres with targeting substances, such
as wheatgerm agglutinin (WGA), arginine—
glycine-aspartic acid-containing peptide or
mannose-polyethylene glycol (PEG),-NH, [67].
The uptake of NPs and the intensity of anti-
gen presentation by APCs can be modulated
by the use of substances bound to the particle
surface, specifically targeting APCs, such as
DC-specific intercellular adhesion molecule-
3-grabbing nonintegrin (DC-SIGN) antibod-
ies. With this DC-specific targeting approach,
antigen-specific cellular responses can be stimu-
lated at 10-100-fold lower particle concentra-
tions than with nontargeted NPs [¢8]. By the
incorporation of fluorescent labeled peptides
and the inclusion of iron oxide, encapsulated
antigens can be microscopically tracked with-
out the loss of vaccine function. In this study,
peptides loaded into NPs, which specifically
targeted DC-SIGN on DCs, were found in the
lysosomal compartment of DCs within 24 h and
were presented to T cells despite the presence of
fluorescent labels [68]. Interestingly, the surface
modification with a DC-SIGN-specific antibody
did not enhance uptake and presentation of MP
encapsulated antigens. Recently, NPs’ surface
modification with an antibody against the DC
lectin DEC-205 receptor induced the produc-
tion of IL-10 by DCs and T cells in vitro. When
these modified particles were intraperitoneally
injected into ovalbumin (OVA) primed mice, a
similar IL-10 pattern was observed, which was
dependent on the density of surface modification
[69]. Previous studies have shown that mannosyl-
ated particles can specifically deliver antigens
and drugs to DCs and result in enhanced pre-
sentation to T cells [70]. When a dimannosyl
ligand was used for liposomal vesicles targeting,
which contained the Toll-like receptor (TLR)-2
ligand Pam CAG for strong immune stimula-
tion and further peptide sequences of ERbB2
and Th-helper epitopes, tumors expressing
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ErbB2 were eradicated more efficiently in an
artificial mouse tumor model [71]. This combi-
nation of mannose receptor and TLR targeting
beneficially affects the binding to APCs and
the stimulation of cellular immune responses.
Mannan or PEG coating was shown to protect
against protein opsonization, enabling specific
receptor-ligand binding. However, mannose
coupling to microspheres initiated the phago-
cytosis by C-type lectin receptor, it could not
stimulate DC maturation and activation toward
T-cell responses [72].

After the induction of the first immune
responses, the longevity of the protective effects
after vaccination is determined by the induction
of a memory response. The continuous release of
inoculated antigens from PLGA particles after
the first burst is advantageous to restimulate
memory cells and responsible for a long protec-
tion time even after one vaccination [52], under-
lining the beneficial effects of PLGA as a carrier
substance for novel vaccination approaches.

Particles for oral immunotherapy
Oral immunomodulation with polymeric par-
ticulate carriers has been investigated for a
wide range of therapeutic applications, such as
immunosuppressive drugs [42], viral and bacte-
rial antigens (58,65, hormones [5,73], anticancer
drugs (74], and allergens [75]. The majority of
these studies focused on the investigation of
PLGA particle carriers loaded with drugs or anti-
gen but without further functionalization of the
particle surface for cell targeting in the GI tract.
Recently, it was observed that the encapsula-
tion of antigens into PLGA particles did not only
protect from GI digestion, but also initiated spe-
cific immune responses by the means of IgG and
IFN-y production at very low antigen amounts
(76]. In this study, encapsulation of the food aller-
gen OVA, which was found to be degraded under
physiological conditions during the GI transit
(77), remained stable when entrapped within
PLGA NPs. Oral application of OVA-loaded
PLGA nanospheres, which were further coated
with PEG to reduce particle aggregation and to
enhance particulate blood circulation (78], initi-
ated a high OVA-specific IgG response at very low
allergen amounts (5 pg). However, PEGylation
of glycan-modified liposomes interfered with
the targeting potential to DCs, which has to
be taken into consideration for designing novel
formulations [79]. Moreover, very low IL-4 and
significantly higher IFN-y production of spleen
cells was observed in animals immunized with

future science group

particles compared with mice being fed unpro-
tected OVA, which was even more pronounced
when the B1 integrin on M cells was specifically
targeted by an RGD-containing peptide [76].

In order to design PLGA particles as oral
therapeutics, the size, lipophilic properties and
surface charge have to be taken into consider-
ation. However, the development of these for-
mulations becomes even more complicated when
hydrophilic drugs, such as insulin, are subject
to encapsulation. This problem can be solved
by the use of specific ampholytic surfactants,
such as phospholipids. In a recent study, PLGA
NPs loaded with insulin for oral application
in diabetic rats revealed slower absorption and
sustained elimination, while serum insulin con-
centration steadily increased over 6 h. Thus, the
insulin absorption was markedly enhanced by the
use of an insulin—soybean phosphatidylcholine
complex loaded into PLGA NPs compared with
subcutaneous insulin injection [73].

Comparing the oral route with others, a
recent study focused on the encapsulation of
viruses, such as rotavirus in MPs. PLA and
PLGA microspheres containing rotavirus were
evaluated for in vivo immunogenicity in mice
using intranasal and oral administration as dif-
ferent routes of immunization. A single particle
administration elicited an increase of systemic
rotavirus-specific IgA and IgG antibody titers.
Orally applied PLA microspheres induced a more
persistent and longer-lasting serum IgA antibody
response, which could be explained by the higher
hydrophobicity of PLA and the slower polymer
degradation. PLGA microspheres showed an
improved antibody response when being applied
via the intranasal route. However, it is question-
able whether antibody titers in serum are sig-
nificant for protection against rotaviruses as it is
well known that mucosal IgA protection is most
efficient [80]. Therefore, the authors hypothe-
sized that oral immunization with these micro-
spheres might induce a strong intestinal antibody
response, although mucosal IgA levels have not
been analyzed in this study [58]. This was also the
subject of investigation in a murine study analyz-
ing the systemic and mucosal immune response
after oral immunization with Helicobacter pylori
lysate-loaded PLGA NPs, in order to evaluate
their potential as a novel antimicrobial treatment
strategy against H. pylori infections. Kim et al.
demonstrated that after two oral administra-
tions of H. pylori-PLGA nanospheres, H. plyori-
specific serum IgGl and IgG2b levels and gut
lavaged IgA were significantly elevated [81].

www.future-science.com

1.2 SPECIFIC TOPICS

281

79



1. FUNCTIONALIZED PLGA-MICROPARTICLES FOR DRUG DELIVERY

80

282

Diesner, Wang, Jensen-Jarolim, Untersmayr & Gabor

Another field of application is anticancer
therapy with particulate carriers incorporating
anticancer drugs [82-83]. It was reported that the
bioavailability of chemotherapeutic drugs, such
as tamoxifen or doxorubicin, encapsulated in par-
ticles significantly increased [83-84]. Furthermore,
in a 7,12-dimethylbenz[a]anthracene-induced
breast cancer rat model, oral administration of
doxorubicin loaded PLGA NDPs revealed a higher
antitumor efficacy as a result of enhanced bio-
availability, tumor permeation and retention
effect [74]. In addition, incorporation of doxorubi-
cin into PLGA nanospheres significantly reduced
the doxorubicin-induced cardiotoxicity [74].

Targeting via surface bound lectin
improves intestinal uptake of particles
While the above mentioned oral application
approaches of PLGA particles seem to work appro-
priately in these experimental models, a further
strategy to improve the quality of PLGA carriers
is the functionalization of particle surface with
bioactive substances. Following this approach,
mucosal cells are specifically targeted, thereby
improving the cellular uptake as well as transepi-
thelial transport and inducing not only a systemic,
but also a strong mucosal immune response.
Enterocytes represent the majority of epithe-
lial cells in the intestinal tract. Thus, entero-
cyte-specific targeting, for example by WGA,
substantially increases the transepithelial trans-
port, which may especially be of interest for
drug development where no mucosal immune
response induction is needed. Enterocyte-specific
targeting induces a rather systemic IgG-mediated
immune response [22]. As a second group of intes-
tinal epithelial cells that are of interest, M cells
can be specifically addressed by particle function-
alization. The idea of M-cell-specific uptake and
the induction of subsequent immune responses
derives from nature. A number of enteropatho-
genic microorganisms, such as Vibrio cholerae
(85.86], Salmonella typhimurium [87.88), Shigella
Sflexneri (89-91), Yersinia pseudotuberculosis and
Yersinia enterocolotica [92-94], and reoviruses [95],
but also nonenteropathogenic pathogens, such
as influenza virus A [96], or human immunode-
ficiency virus-1 (HIV-1) [97], are primarily taken
up by M cells, as reviewed by Corr ez al. [98].
Although underlying mechanisms of the M-cell
uptake are in many cases not fully understood to
date, it is suspected that pathogens use specific
binding approaches to surface structures on M
cells to invade the human body via transmucosal
transport [99]. Possible interaction partners might

Therapeutic Delivery (2012) 3(2)

be M-cell expressed TLR4, platelet activating
factor receptor and a5B1 integrin [100], carbo-
hydrates and Claudin 4. The latter functions as a
receptor for Clostridium perfringens enterotoxin
(CPE) and has been recent focus for targeting
approaches [101]. CPE30, the C-terminal 30
amino acid part of CPE, was coated to PLGA
NPs, which increased the uptake by upper air-
ways when administered intranasally or by intes-
tinal M cells after ingestion [101]. However, in
depth investigation of pathogen M-cell-binding
partners has been quite difficult due to the lack
of suitable in vitro and in vivo models. Due to
the low number of M cells in the intestinal tract
and due to the inter-species variability in surface
receptors [99], results obtained in experimental
animal models can only be extrapolated into the
human situation when taking into account cer-
tain limitation. Furthermore, it has to be kept in
mind that the distribution of surface structures
on human M cells of different intestinal regions
may also differ [24], which may indicate a certain
local functionality. Therefore, the most conve-
nient approach for M-cell studies might represent
the human M-cell-like co-culture model, where
M cells are generated by co-culturing Caco-2
cells, a colon carcinoma cell line with intestinal
phenotype, together with Raji-B cells, a cell line
derived from Burkitt lymphoma [102]. As this
model is based on the use of carcinoma cell lines,
it should be noted that epithelial glycosylation
patterns in the gut are altered in colon cancer,
questioning the value of this experimental model
[24]. However, due to the lack of information on
M-cell-specific carbohydrate residues in humans,
the M-cell-like co-culture model might repre-
sent the only valuable experimental model cur-
rently available. Using this model, it has become
obvious that bacterial and viral transcytosis via
M cells might, in some cases, be initiated by a
receptor-mediated process [99].

Numerous studies rely on the idea of specifi-
cally targeting M cells to increase the mucosal
transport. Several bioactive substances, especially
lectins, have been the focus of extensive research
to date. Lectins are proteins that selectively bind
to carbohydrate residues of epithelial cells” gly-
cocalyx and may serve as molecules on particle
surface for specifically targeting M cells [103,104].

Lectins, derived from Ulex europaeus
(UEA-I), Lycopersicon esculentum (tomato lec-
tin), Bandeiraea simplicifolia I, Canavalia ensi-
Jformis, Triticum vulgare (WGA) and Aleuria
aurantia lectin (AAL) have been propagated for
intestinal cell targeting, however, they differ in
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their specificity for the intestinal cell type, as
reviewed by Clark [105].

m WGA for targeting enterocytes

WGA represents a dietary nontoxic lectin, which
is contained in wheat flour [22]. WGA specifi-
cally binds to N-acetyl-p-glucosamine and
sialic acid moieties of both, epithelial cells and
M cells [106,107]. The usability of WGA-coated,
allergen-loaded PLGA microspheres for oral
immunotherapy was assessed in animal studies.
After two gavages of WGA-coated microspheres,
mice revealed a higher allergen-specfic IgG pro-
duction compared with feedings of uncoated
particles [108]. However, when the efficacy of
WGA-coated allergen-loaded microspheres was
evaluated in birch pollen-sensitized mice, oral
treatment did not induce an allergen-specific iso-
type switch towards IgG2a or the production
of the Thl cytokine IFN-y in comparison to
gavages of plain microspheres [74]. Additionally,
WGA attached to carbopol has recently been
used for surface modification of liposomes, which
significantly increased the receptor mediated
binding to Caco-2 cells and further enhanced
the pharmacological efficacy of calcitonin, when
loaded into the nanocarriers [109].

As targeting of orally applied particle carriers
to epithelial cells in situations of Th2 modula-
tion does not seem sufficient to trigger immune
responses, a M-cell-specific targeting approach
may increase the efficiency, because transcytosed
particles reach the lymphatic tissue underlying
the M cells and induce a strong mucosal, as well
as systemic immune response.

m Concanavalin A for interaction with
intestinal epithelial cells & immune cells
Concanavalin A is a lectin from Canavalia
ensiformis (Jack bean), which specifically rec-
ognizes glycoproteins and glycolipids contain-
ing a-p-mannosyl and a-p-glucosyl residues.
Concanavalin A can not only interact with the
intestinal epithelium but also with immune cells,
such as macrophages, resulting in their activation
and subsequent upregulation of TLRs as well
as the production of NO and proinflammatory
cytokines [110-112].

As the lectins listed below bind specifically to
o-L-fucose, their use as targeting moieties should
result in M-cell-specific adherence.

m Ulex europaeus |

The lectin UEA-T has recently been used for the
functionalization of HBsAg incorporating NPs
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(113]. These NPs were shown to specifically bind
via a-L-fucose to mouse M cells ex vivo. After
three oral immunizations with UEA-I coated,
HBsAg loaded NPs and a booster immunization
after 3 weeks, mice developed HBsAg-specific
serum antibody titers comparable to levels mea-
sured after intramuscular injection of HBsAg
adsorbed to aluminum hydroxide. Furthermore,
gavages of these UEA-I coated NPs-induced
mucosal secretion of sIgA and the produc-
tion of IL-2 and IFN-y in spleens, indicating a
Thl-dominant immune response [113].

Although UEA-I may be a promising target-
ing substance, its origin is a highly toxic plant,
which makes its beneficial application in humans
questionable.

m [otus tetragonolobus

The Lotus tetragonolobus agglutinin (LTA) from
Asparagus pea represents another lectin candi-
date for functionalization of particles. Similar to
UEA-I, LTA targets M cells specifically via a--
fucose. Encapsulation of HBsAg in LTA-coated
PLGA NPs can effectively be delivered to murine
M cells. Upon oral immunization these par-
ticle carriers elicited a significantly higher sIgA
response compared with uncoated nanospheres.
Furthermore, mice immunized orally with these
LTA-coated NPs developed a significantly higher
Th1 response by means of IgG2a/IgG1 produc-
tion ratio compared with intramuscular alumi-
num hydroxide-based HBsAg injections. This
was underlined by higher levels of the Th1 cyto-
kines IFN-y and IL-2, suggesting the induction
of cell-mediated immunity [114].

m Aleuria aurantia lectin
AAL from the edible, nontoxic orange peel
mushroom Aleuria aurantia also possesses a-L-
fucose specificity and, thus, was shown to bind
to murine Peyer’s patches [115]. Additionally, a
common 77 vitro M cell-like co-culture model of
human origin was used to confirm AAL binding
to human M cells. AAL coating of fluospheres
resulted in an increased transcytosis of MPs
by M cells compared with plain particles [115].
In the same study, AAL-coated PLGA micro-
spheres induced a high production of the Thl
cytokines IL-2 and IFN-y compared with only
small quantities of IL-5 and IL-10 in periph-
eral blood mononuclear cells of allergic indi-
viduals. These data supported the suitability of
AAL-coated microspheres for allergy therapy.
In subsequent studies, AAL-coated PLGA
MPs were loaded with an allergen in order to
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evaluate their efficacy as oral allergy immuno-
therapy 7 vivo. Naive BALB/c mice were orally
immunized with AAL-coated, birch-pollen-
loaded MPs six-times. This oral immunization
regimen induced a three-times higher IgG2a
antibody response compared with noncoated
MPs [116]. The immunotherapeutic efficacy
of these AAL functionalized MPs was fur-
ther evaluated by oral treatment of birch pol-
len sensitized mice. Animals fed with AAL-
functionalized, allergen-loaded microspheres
for 15-times revealed an increase of birch
pollen-specific IgG2a, whereas IgE and IgGl
were not affected, indicating the induction of
a prominent Thl-biased immune response. In
addition, spleen cells of animals being treated
with AAL MPs via the oral route secreted sig-
nificantly more T-regulatory cytokine IL-10 and
Thl cytokine IFN-y [75]. These studies corrobo-
rate the potential of AAL functionalized MPs as
a novel strategy for oral immunotherapy against
Th2-biased diseases, such as allergy.

Although lectin targeting prolongs the reten-
tion time in the intestine and may, therefore
improve the mucosal uptake and the subsequent
immune response, one has to keep in mind
that lectins are often toxic and susceptible to
proteolytic degradation in the GI tract, which
renders some of them inappropriate for iz vivo
application [105,117]. Several studies have focused
on novel approaches to overcome the limita-
tions of the toxicity of lectins, such as UEA-IL.
The production of recombinant lectins with
modified properties but with the same bind-
ing characteristics has been described for the
recombinant mistletoe lectin [118]. Additionally,
synthesized peptides, which mimic function
and characteristics of lectins, such as size and
stability, have been designed. These are promis-
ing novel interaction partners and can reduce
costs. A tetragalloyl p-lysine amide construct,
as the main compound of two UEA] mimet-
ics, leads to successful delivery of coated PS
particles to mouse M cells and might specifi-
cally bind via a-r-fucose [117]. Based on this
study, Misumi et a/. have recently synthesized
a tetragalloyl-p-lysine dendrimer (TGDK) and
evaluated its use for M-cell binding in nonhu-
man primates and iz vitro M cell-like culture
model [119]. After gavage of TGDK to rhesus
macaques, the dendrimer was efficiently deliv-
ered to rhesus Peyer’s patches’ M cells in vivo.
Additionally, oral immunization with TGDK-
conjugated multiantigens containing bovine
serum albumin and a rhesus CCR5-derived

Therapeutic Delivery (2012) 3(2)

cyclopeptide, which has recently been discussed
as an attractive target for mucosal HIV-1 vac-
cines, elicited mucosal rcDDR5-specific IgA
with neutralizing activity. However, dose-find-
ing studies need to be performed in addition to
address the functional aspects of these induced
autoantibodies [119].

Although these novel approaches of syn-
thesizing lectin mimetics may be promising
for future application, the question remains
whether synthetic targets are superior to lectins
derived from nature, which also feature charac-
teristics suitable for oral application in humans.
The targeting substances WGA [120) and AAL
are nontoxic and highly resistant against gas-
tric digestion [DiesNeER SC,ScHULTZ C, WANG X-Y ET AL.,
UNPUBLISHED DATA] and enhance the retention time
and transepithelial transport of MPs at the GI
mucosa, finally resulting in improved efficacy,
as reviewed by Des Rieux ez al. [23].

Preparation of WGA & AAL
microspheres

For preparation of WGA- and AAL-grafted
MPs, the uncapped type of PLGA-containing
terminal carboxylate groups or PLA is used as
a matrix for anchorage of the lectins at the par-
ticle surface. For coupling, the carbodiimide
method is applied, which represents the most
popular zero-length cross-linked coupling
technique [121]. Here, the carboxylic groups of
PLGA or PLA react with N-substituted car-
bodiimides to yield highly reactive, but highly
instable O-acylisourea intermediates. The lat-
ter can react with nucleophiles such as primary
amino groups of the lectins to form stable
amide bonds yielding isourea as a by-product.
To achieve optimum coupling rates, the pH is
maintained between 4.5 and 7.5. Usually, the
water-soluble 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide is applied, which is dis-
solved rapidly and used immediately to pre-
vent extensive loss of activity. Furthermore, in
presence of N-hydroxysuccinimide (NHS) or
N-hydroxysulfosuccinimide the stability of the
active intermediate is extended to a few hours
by preventing rapid hydrolysis. Moreover, upon
use of NHS, the reaction can be performed in
two steps. In the first step, the carboxylic groups
are activated with 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide/NHS. After removing the
excess coupling reagents by washing, the amine
component is added and allowed to react with
the active ester. The advantage of this being
that the coupling of proteins, which contain
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both carboxylate and amine groups, may be
improved by avoiding the cross-linking of pro-
tein molecules with each other. Altogether, the
addition of NHS may improve the efficiency of
the reaction [122].

Current highlights & pitfalls of
PLGA-based immunotherapy
Irrespective of the route of application, PLGA
particles have been further developed for allergy
vaccination encapsulating immunomodulatory
motives. Beside the above-mentioned stud-
ies focusing on lectin-coated microspheres for
allergy treatment, recent data indicated the
counterbalance of Th2 responses by the use
of PLGA particles co-encapsulated with the
immunostimulatory TLRY ligand oligodeoxy-
nucleotide (CpG), protamine and phospholi-
pase A, from bee venom [123]. Whether or not
this approach may be effective in human aller-
gic patients remains to be elucidated as espe-
cially the receptor of CpG, TLRY, is diversely
expressed in mice, while in humans its expres-
sion is restricted to B-cells and plasmayc-
toid DCs [124], probably leading to different
immunological responses.

Further novel approaches of immuno-
modulation in various diseases, such as infec-
tions, autoimmunity and cancer, represent the
adoptive immunotherapy [125]. Antigen-specific
cytotoxic T cells expand by ex vivo stimulation
with activated APCs and are subsequently rein-
fused into patients. The generation and the use
of APCs, however, carry the risk for infections
and therefore attempts are made to replace
them by novel approaches, such as artificial
APC (aAPC) systems. In 2008, the concept
of aAPCs using PLGA particles encapsulating
IL-2 for T-cell stimulation presenting adaptor
elements for recognition ligands as well as co-
stimulatory ligands in high density was first
introduced [126). With this aAPC approach,
peptide-specific cytotoxic T cells were even
more efficiently activated than when using
autologous cellular APCs [125]. By the coupling
of different peptides and cytokines, aAPC sys-
tems based on PLGA particles might represent
a promising novel approach for a number of
different diseases in the future, inducing a very
specific, beneficial T-cell response. Additionally,
PLGA particles encapsulating tumor antigen
were recently introduced for intracellular load-
ing of DCs, which should then become effi-
cient activators of a cytotoxic anti-tumor T-cell
response [127,128].
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In contrast with these recently published
highlights in the development of novel immu-
notherapeutical approaches, one should also
critically reflect on current research regard-
ing PLGA-based immunotherapies. Due to
numerous studies within recent decades, our
knowledge on optimizing properties of PLGA
particle carriers, such as size, functionalization
or preparation methods, has extensively broad-
ened. However, clinical trials in human patients
proving the usability of PLGA particles for oral
immunotherapy application are still missing,
making conclusions on their efficacy and appli-
cability impossible. Due to substantial differ-
ences of M-cell distribution and surface recep-
tor expression between mice and men [99], data
generated in animal studies might not reflect the
situation in humans. The only valuable model
currently available, the M cell-like co-culture
model, is based on the formation of M cells from
the colon cancer cell line, which is known to
differently express carbohydrate residues [24].
As data on the expression of specific receptors
on human M cells is lacking, the development
of M-cell-specific targeting strategies, such as
the coating of particles with lectins or lectin
mimetics [117.119), might be more difficult than
expected. It was even hypothesized that the role
of M cells for luminal antigen uptake is over-
rated as these cells account for only a minority
in the intestinal epithelium and might exert
diverse functions in different intestinal regions
(24], making the field of M-cell targeting even
more complex.

Therefore, as long as suitable and physio-
logical M-cell models, as well as human clinical
studies are missing, conclusions on the applica-
bility of lectin-functionalized PLGA particles
for oral immunotherapy in humans have to be
drawn with great caution.

Future perspective

As reviewed in this article, functionalized par-
ticles loaded with active agents to be delivered
to the gut-associated lymphoid tissue, might
represent a successful novel treatment strategy,
especially in situations when the immune system
is biased towards Th2, such as allergic diseases.
Without any doubt, the murine system mirrors
only partially the situation in human patients
(129]. Therefore, clinical studies to prove the
therapeutic efficacy of the proposed novel oral
immunotherapy formulations are of paramount
importance. However, additional strategies
may still be improved in the future. In ongoing
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current research efforts to approach the aim of
successful oral immunotherapy, two function-
alization strategies of particle carriers emerged,
being of special interest when screening the
scientific literature:

Active targeting of apical receptors on M cells
as highlighted by Brayden ez 4/. (130]. Since a-L-
fucose is part of the sparsely mucus-coated gly-
cocalyx of M cells, binding of active substances
can be mediated by lectin-coated formulations.
For oral administration, however, these certain
lectins have to resist the harsh conditions dur-
ing GI transit. Additional properties required
are nontoxicity as well as non-immunogenicity
of the carrier material, which can be achieved
by synthetic modification of the carriers or
by the careful choice of naturally derived tar-
geting substances, such as WGA and AAL.
Furthermore, cellular interaction is mediated
by only small units of most complex structured
lectin molecules. Thus, undesired effects might
be avoided by designing ‘neolectins’, which
represent exclusively the binding domain, by
using phage display techniques for example.
Nevertheless, one should keep in mind that

Preparation techniques of particle carriers for oral inmunotherapy

cell-binding is only the first stage of a complex
journey through the epithelial layer to the sub-
jacent immune cells until an efficient immune
response is elicited.

The transepithelial uptake as the second step
can be enhanced by physical properties of the
particulate structure. It is generally accepted
that particles below 1 pm are optimally taken
up by Peyer’s patches and can thus, lead to suf-
ficient antigen processing. Since the volume and,
therefore, the loading capacity of MPs by far
exceeds that of NDs, the usage of particles in
the micrometer range seems to be most suit-
able in the case of encapsulating large proteins
for allergen-specific immunotherapy. Thus, the
combination of both targeting strategies using a
biodegradable polymeric matrix with adjuvant
properties might represent the deciding prereg-
uisite for successful oral immunotherapy in the
future but have to be investigated in-depth for
their suitability in humans.
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The double-emulsion technique sometimes yields low payload and huge initial burst release of particles, which might be overcome by
the use of solid antigens or coacervation.

The spray-drying technique allows fine tuning of particle characteristics and easy scaling-up. However, high product loss occurs upon

processing of small batches.

Characteristics & gastrointestinal fate of particles for oral immunotherapy

The particle matrix protects encapsulated antigens from harsh conditions in the Gl tract and helps them escape the hepatic first-pass

metabolism.

Positive surface charge facilitates adhesion of particles to the negatively charged cell membrane and hydrophilicity seems to enhance the
interaction with cells. Particles <1um are taken up by M-cells as opposed to epithelial cells, whereas particles >300nm remain bound to
the cell membrane and smaller ones accumulate intracellularly.

Immune response triggered by particles
Polylactide-co-glycolide possesses adjuvant properties comparable to aluminum-adsorbed formulations. In this regard, microparticles
trigger a humoral response, whereas nanoparticles elicit a cellular response.
The sustained release of antigens restimulates memory cells.

Lectin-modified particles for oral imnmunotherapy
Lectins can improve uptake and transcellular transport of particles inducing not only a systemic but also a strong mucosal response.
Wheat-germ agglutinin-grafted microparticles interacting with both M-cells and absorptive enterocytes, induce higher IgG-levels than
plain ones.
Particles modified with a--fucose binding lectins such as Ulex europaeus-I, Lotus tetragonolobus agglutinin and Aleuria aurantia lectin
induce a Th1-dominant response.

Future challenges
(Bio)synthesis of nontoxic lectin-mimetics exhibiting gastrointestinal stability, low-molecular weight and high specificity of carbohydrate
binding as targeting ligands for site-specific delivery of particles will promote progress in the field.
Development of preclinical models with glycosylation patterns similar to that in humans and clinical trials in humans will be milestones
for further advances in oral immunotherapy.
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2.1 BACKGROUND

A.T. Florence has hypothesized that hydrodynamic effects play a
substantial role in the interaction between particles and cells or tissues
in vivo [1]. However, most of the investigations dealing with the
interaction between particulate systems and cells in vitro are
commonly performed under stationary conditions. Consequently, in
vitro, the binding of particles to the cells is due to deposition of the
particles governed by sedimentation and diffusion [2]. In contrast, in
vivo the extracellular materials such as particles are exposed to
hydrodynamic flux and struggles or benefits from hydrodynamic forces.
Thus, the stationary experimental set-ups run the risk of
underestimation of the effects of different flow conditions in the body
and reveal imprecise or probably incorrect results about interaction
between particles and cells. Fortunately, nowadays more and more
investigations performed that cope with this thematic area of
hydrodynamic forces under physiological conditions and continuously
improve our current understanding of the interaction of particles with
our bodies. For instance, Hammer et al. [3, 4], Goetz et al. [5-7], and
Eniola-Adefeso [8] have already published their findings in this area
using different flow systems.

¢ .
W\

Figure 1. Schematic illustration of places of interests for particles transport
in flow. A: flow in the gastrointestinal tract due to peristaltic movement; B:
transport of particles to mesenteric lymph and capillaries due to binding to
M-cells of Peyer’s patches and enterocytes; C: blood flow in the circulatory
system; D: flow in the lymph vessels; E: particle transfer between blood and
lymph; F: flow characteristics at vessel bifurcations; G: extravasation of
particles and flow in tissue; H: enhanced permeation and retention (EPR)
effect of particles in tumor vessels; I: vascular adhesion of particles to the
wall of blood vessels. [1]

Regarding flow of particles in vivo, several situations and processes
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should be considered (Figure 1), such as (i) the flow of blood, lymph or
interstitial fluid; (ii) the interaction of particles with themselves or with
biological components under flow; (iii) the effect of shear forces on
particle access to, interaction with and removal from receptors [1].
Among these mentioned areas of interest, the flow of particles in blood
vessels is the most investigated topic.

Blood is a suspension of red blood cells (RBCs, erythrocytes), white
blood cells (WBCs, leukocytes) and platelets (thrombocytes) in plasma.
Since the hematocrit (volume fraction of erythrocytes) is about 40% to
45% in healthy humans, the rheological properties of blood are
strongly dependent on RBCs due to their high concentration. Human
erythrocytes are biconcave in shape with a mean diameter of about 8
um and a thickness of 2 um without nucleus. Since the RBCs are highly
deformable, they can easily pass capillaries with diameters even lower
than their size [9]. Within a blood vessel the erythrocytes are
distributed according to the so-called ‘Fahraeus Effect’, which describes
the accumulation of RBCs accumulate in the center of the vessel and
concurrently migration off from the wall [10]. As a consequence, a cell
free layer with low hematocrit is formed with varying thickness
from >10 pum in capillaries to >100 um in arterioles [11]. Leukocytes are
generally spherical with a mean diameter of about 6-8 um and less
deformable than RBCs. Although the amount of WBCs is about
1000-fold lower than that of RBCs in normal blood [12, 13], leukocytes
can also affect the hemodynamic properties of blood especially in the
microcirculation. The mechanisms such as leukocyte deformation,
entrapment of leukocytes at the entrance to or within vessels, and
leukocyte adhesion to the endothelium are supposed to be involved
[14-16].

The blood flow in vascular vessels of humans varies extremely. For
instance, in elastic arteries the flow velocity is 300 mm stas compared
to only 0.2 mm stin capillaries [17]. Jain et al. demonstrated that the
blood flow velocity in arterioles and venules depends on the diameter
of the vessels [18]. However, due to great differences between flow
velocities in blood vessels, and in an effort to better compare and
describe the flow of particles in blood, the shear rate and the shear
stress have been introduced as two relevant and important parameters.
The shear rate is defined as the rate at which the velocity of a fluid
under shear changes through its cross section or the gradient of
velocity in a flowing fluid with the unit of reciprocal seconds. For a
Newtonian fluid flowing in a pipe, the shear rate can be roughly
calculated from the 8-fold fluid velocity divided by the inner diameter
of the pipe. The shear stress is calculated by multiplying the shear rate
with the viscosity of the flow medium, describing the hydrodynamic
forces in the system. According to its calculation, the viscosity of the
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medium (e.g. blood) is the relevant factor [2]. Martini as well as
Fahraeus and Lindaqvist observed that the blood viscosity decreases
significantly when the diameter of the used tubes was smaller than 500
pum [10, 19]. Moreover, the blood viscosity is also changed upon certain
diseases. For example, the blood viscosity in healthy humans is about 3
mPas, while in case of anemia it decreases to 1.5 mPas.

The endothelium constitutes the inner layer lining the blood vessels
and plays an important role in vascular interactions under blood flow. It
is involved in a variety of physiological and pathophysiological
processes in the course of atherosclerosis [20], diabetes [21], and
cancer [22]. Shear stress in blood vessels was observed to induce
alteration of gene expression [23], and re-arrangement of the
cytoskeletal structure of endothelial cells [24, 25]. More importantly,
hydrodynamic flow strongly affects the interaction between leukocytes
and endothelial cells occurring during recruitment of leukocytes in
response to inflammation inside vascular walls [26].

The expression of adhesion molecules on the surface of the
endothelium during inflammation plays a major role in many diseases.
In this regard, the selectin group is one of the most interesting groups
of adhesion molecules. They are calcium-dependent glycoproteins with
an extracellular lectin-like domain and they are classified according to
the site of their expression: E- selectin on activated endothelial cells,
P-selectin on platelets and endothelial cells, and L-selectin on
leukocytes. The 64kDa E-selectin (also known as CD62E, ELAM-1,
LECAM-2) is of particular interest, since it triggers recruitment of
immune cells during acute or chronic inflammation. Expression of
E-selectin is stimulated by TNF-a, IL-1 or bacterial lipopolysaccharides
during inflammation and the maximum expression level is reached 4
hours after cytokine stimulation. Subsequently the level drops off very
quickly due to internalization by endocytosis as well as lysosomal
degradation. Consequently, after 24 hours, E-selectin is no longer
detectable. E-selectin interacts with leukocytes via its lectin-like
domain and EGF-like domain [27].

Furthermore, the properties of particles can also strongly influence the
interaction with cells under hydrodynamic conditions. One of the key
parameters is the diameter, which not only determines the
internalization rate of particles, but also the mechanism of
internalization. Particles smaller than 500 nm or 100 nm as sometimes
reported are internalized by endocytosis, while a phagocytic process is
required for larger particles >1 um, which is associated with a more
complex rearrangement of the cytoskeleton [28-30]. Moreover,
comparing microparticles and nanoparticles, the latter ones are
relatively insensitive to effects of shear stress. Since tiny particles offer
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a small contact area at the particle/cell interface, the attacking
hydrodynamic forces are weak; in case of larger particles, a higher
number of ligand-receptor bonds can be formed due to a larger contact
area. At the same time, however, the bonds are also more vulnerable
and rather broken by shear forces due to the large diameter of the
particles [1, 31]. Thus, Decuzzi and Ferrari suggested that there might
be an optimum size of particles for adhesion at the surface of cells
under hydrodynamic conditions [32].

Another question recently under discussion is whether shape does
matter. Probably due to the fact that most of the particles are spherical,
the influence of shape on flow properties of particle suspension is
currently underestimated [1]. However, nowadays techniques like
imprinting are available that allow preparation of custom-shaped
non-spherical particles but also nanocrystals [33], carbon nanotubes
[34], or nano-rods [35] can possess non-spherical shape. In general, the
flow properties of non-spherical particles are dependent on size and
shape. These two parameters basically determine their orientation
under flow but the orientation can also change over time during
transport [31, 36, 37]. For example, due to the ellipsoidal structure of
platelets, Mody et al. have suggested that, unlike rolling of leukocytes,
platelets perform a flipping motion in the blood stream [38]. Therefore,
ellipsoidal particles with similar shape like platelets might be
interesting to simulate the flow of platelets and their adhesion to the
vessel walls [1, 48]. Moreover, internalization can be influenced by the
shape of particles. Mitragotri et al. have demonstrated that the
internalization of gold nano-rods is strongly dependent on the
orientation towards the cell membrane, especially by the position of
the major axis that can be rectangular or parallel to the cell membrane
[39]. Furthermore, the flow properties of elastic particles differ from
ones. Elasticity is supposed to allow for the flow of a deformable
particle inside a narrow capillary with a smaller diameter than its own
[1]. All in all, the transport properties of non-spherical and non-solid
particles are subject of current investigations and general principles are
presently still not fully elucidated.

Additionally it should be considered that the architecture of blood
vessels, especially their bifurcations, is another important issue in
terms of hydrodynamics [40-42]. The behavior of particles at
bifurcations is more complex than in a non-branched vessel. The
particle distribution depends not only on the diameter and flexibility of
particles, but also on the flow rates in different branches [1]. A classic
solid particle can be trapped or hindered by obstacles and thus the
rheological properties of flow would be changed. Moreover, the
adsorption of particles to blood constituents or vice versa cannot be
prevented. Due to the hydrophobic interactions, albumin, IgG and
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fibrinogen from blood can adhere at the surface of particles [43], which
is most likely to change the rheological pattern of particle flow.

In order to achieve site-specific drug delivery, surface functionalized
particulates are usually investigated for active targeting. In contrast to
results collected in stationary experimental set-ups, exposition to
hydrodynamic forces resulting from physiological flow is supposed to
basically change the interaction between decorated ligands on the
surface of the particles and surface receptors of cells. A.T. Florence has
predicted that some approaches towards targeted drug delivery
arbitrary successful under stationary conditions will fail under flow
conditions. For instance, the accelerated movement of particles under
flow can offer more contact events and thus facilitate aggregation
which impedes accessibility of coupled targeters. Moreover, another
consequence might be the detachment of ligands from the surface of
particles due to the instability of such targeters. The released ligands,
however, can block with the receptors on the cell surface prior to their
interaction with particles and prematurely counteract the whole
approach [1].

All'in all, hydrodynamic forces are an essential physiological parameter
that can crucially affect bioadhesion of targeted particulate drug
delivery systems to cells and tissues. Thus, development of suitable in
vitro flow systems is a further important tessella to get a view of the
whole mosaic. For this purpose, different fluidic systems have been
developed to investigate the impact of hydrodynamics on bioadhesion
of particles. They comprise macroscale systems such as parallel plate
flow chambers [44], variable-height flow chambers [45], and
variable-width linear shear stress flow chambers [46]. Moreover,
microscale systems have been established such as microfluidic
co-culture migration systems [47], micropatterned substrates for
endothelial cell culture in microfluidic channels [48], as well as
membrane devices for modeling the airways [49]. Among these
versatile devices, microfluidic system based on surface acoustic waves
(SAW) is a very attractive strategy, which offers a promising platform
for studying the hydrodynamics especially in the human circulatory
system. Due to the high potential of such a system, the properties and
applications of such SAW-based chip will be discussed in detail.

Surface acoustic wave based microfluidics

A surface acoustic wave (SAW) is a wave that propagates on the surface
of a solid and has been described for the first time by Lord Rayleigh in
1885 [50]. Commonly, SAW-technology is used in radio frequency
communication [51], chemical and biochemical sensors [52] and optical
modulators [53]. Nowadays, SAWs can be generated in a controlled
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Figure 2. A schematic illustration of the acoustic streaming acting on a
small droplet on the surface of a piezoelectric substrate [64, 65]. The SAW
is propagating from left to right, and the acoustic energy is radiated into

the fluid at the angle 0. Thus, a longitudinal sound wave travels into the
fluid leading to streaming inside the droplet.

manner in the nanometer scale using chip technology [2]. For that
purpose, interdigital electrodes are deposited by standard lithography
and lift off/wet etching processes [54] on a piezoelectric substrate,
which serves as an interdigital transducer (IDT). Exciting the interdigital
electrodes are at an appropriate frequency results in high frequent
deformation of the substrate and a SAW is generated at the surface.
Commonly single crystal lithium niobate (LiNbOs3) is utilized as a
piezoelectric substrate because of its high electromechanical coupling
coefficient [54]. When a liquid is in contact with the IDT surface the
SAW will cause a pressure difference which generates a longitudinal
sound wave in the fluid [2, 55, 56]. The resulting pressure gradient acts
as a pumping force and results in streaming (Figure 2). The internal
flow streaming deriving from acoustic radiance pressure inside the
liquid is aligned either in a clockwise direction in the case of a droplet
[57], or in a counter clockwise direction in case of a liquid in a channel
[58]. Such SAW-devices offer several advantages that comprise (i)
strong forces, extreme accelerations, and fast operation; (ii) simple
electrode network and cost-effective fabrications; (iii) simple
miniaturization, high reproducibility and programmability [54, 59].
Currently there are two fields of application for SAW-based
microfluidics, droplet-based and continuous-flow devices. In case of
continuous-flow applications, channel structures are used to confine
the liquid. At this, either open channels are fabricated by direct pattern
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transfer onto a SU-8 coated substrate [60], or closed channels can be
prepared from polymers, usually polydimethylsiloxan (PDMS) [61].
Continuous-flow SAW-devices are applied for micropumping [60-63] in
biological test systems. Such pumping at the microscale offers the
advantages of flexibility and versatility, since aggressive chemicals can
be used without affecting the electrode because there is no direct
contact with the liquid. Additionally, the flow can be directed by exact
positioning of the IDTs, which offers versatility regarding the size of the
channels [54].

The application and further development of an acoustically-driven
multichannel microfluidic system will be discussed in the following
section, especially parallelizing and studies focused on cytoadhesion of
targeted particulate drug carrier systems in the presence of
hydrodynamic drag.
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Microfluidic devices have emerged as important tools for experimental physiology.
They allow to study the effects of hydrodynamic flow on physiological and
pathophysiological processes, e.g., in the circulatory system of the body. Such
dynamic in vitro test systems are essential in order to address fundamental
problems in drug delivery and targeted imaging, such as the binding of particles to
cells under flow. In the present work an acoustically driven microfluidic platform is
presented in which four miniature flow channels can be operated in parallel at
distinct flow velocities with only slight inter-experimental variations. The device
can accommodate various channel architectures and is fully compatible with cell
culture as well as microscopy. Moreover, the flow channels can be readily
separated from the surface acoustic wave pumps and subsequently channel-
associated luminescence, absorbance, and/or fluorescence can be determined with a
standard microplate reader. In order to create artificial blood vessels, different
coatings were evaluated for the cultivation of endothelial cells in the
microchannels. It was found that 0.01% fibronectin is the most suitable coating for
growth of endothelial monolayers. Finally, the microfluidic system was used to
study the binding of 1 um polystyrene microspheres to three different types of
endothelial cell monolayers (HUVEC, HUVECtert, HMEC-1) at different average
shear rates. It demonstrated that average shear rates between 0.5s ' and 2.25s™"
exert no significant effect on cytoadhesion of particles to all three types of
endothelial monolayers. In conclusion, the multichannel microfluidic platform is a
promising device to study the impact of hydrodynamic forces on cell physiology
and binding of drug carriers to endothelium. © 2073 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4819273]

. INTRODUCTION

The endothelium constitutes the inner layer lining the blood vessels and as such is involved
in a variety of physiological and pathophysiological processes, for instance, in the course of
atherosclerosis,l diabetes,2 and cancer.’ Thus, from a therapeutic point of view, it would be
beneficial to deliver drugs or contrast agents to dysfunctional parts of the endothelium. To reach
this aim, particulate drug delivery systems, such as drug-loaded nanoparticles or liposomes,
have been frequently proposed. By modifying the surface of these carriers with specific target
molecules, selective adhesion to diseased cells and tissues might be possible. Several strategies
have been suggested: E-selectin-binding peptide modified N-(2-hydroxypropyl) methacrylamide
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(HPMA) polymer drug carriers® and sialyl Lewis X-conjugated liposomes for targeting inflamed
vasculature,” anti-ICAM decorated PLGA nanocarriers® and RGD-conjugated HPMA copolymer
particles for targeting of tumor angiogenic vasculature,’ as well as leukocyte-mimetic anti-
P-selectin and VCAM-1 grafted microparticles of iron oxide for MRI® are some representative
examples. However, it has also been shown that coating of colloids with polymers such as
polyethylene glycol (PEG) prolongs the half life of particles in the blood stream.’ Thus, under-
standing the key parameters that either enhance adhesion or prolong residence in the circulatory
system is of fundamental importance.

Currently, in vitro studies concerned with the adhesion of particles to endothelial cells are
usually carried out under stationary conditions. /n vivo, however, endothelial cells grow in a
three-dimensional matrix and are constantly exposed to hydrodynamic forces caused by blood
flow.'”!" Generally, hydrodynamic flow can be regarded as an external force acting on a cell.
The exposure of endothelial cells to shear stress has indeed been shown to induce alterations
in gene expression'” and cytoskeletal re-arrangement.'*'* For instance, hydrodynamic flow
strongly affects the interaction between leukocytes and endothelial cells occurring during
recruitment of leukocytes in response to inflammation inside vascular walls."> Therefore, it
would be advantageous to have in vitro models at hand, which allow simulation of hydrody-
namic flow conditions. Microfluidic systems offer promising solutions for this purpose. By
using soft lithography, channel structures can be produced in arbitrary geometries and num-
bers at a sub-millimeter scale. In contrast to classical flow-through chambers, only minute
amounts of samples are necessary and highly reproducible experimental conditions are
ensured.'®

In the present work a multi-channel acoustically driven microfluidic system based on sur-
face acoustic wave technology (SAW) will be described. This device will be employed to
mimic physiological conditions in vitro. A central advantage of this setup is that quantitative
analysis of cell-bound fluorescence, luminescence, and/or absorbance can be carried out by
using a standard microplate reader. First, the range of flow rates that can be generated reprodu-
cibly in the system will be assessed. Second, optimized cell culture techniques, especially chan-
nel coatings with extracellular matrix components, will be described that allow cultivation of
three different types of endothelial cells inside microchannels. Finally, as a proof-of-concept,
the SAW-driven microfluidic device will be applied to investigate the adhesion of polymer
microparticles to endothelial cell monolayers in the presence of hydrodynamic drag.

Il. MATERIALS AND METHODS
A. Material

Sylgard®184 Silicone Elastomer Kit was obtained from Baltres (Baden, Austria). Yellow-
green fluorescent carboxylated polystyrene particles with a diameter of 1000 nm were purchased
from Polysciences Europe GmBH (Eppelheim, Germany). Human fibronectin was bought from
BD Bioscience (Bedford, USA). All other chemicals were of analytical purity.

B. Fabrication of sterile microchannels

Microchannels composed of poly(dimethylsiloxane) (PDMS) were fabricated as described
previously.!” Briefly, 10g base and 1g curing agent were mixed by vigorous stirring. After
evacuation for 30min to remove gas bubbles, the liquid pre-polymer was poured into pre-
structured aluminium molds and hardened over night at 70 °C. After peeling the PDMS replicas
from the molds, they were attached to predetermined spots on a glass plate (127 x 85 x 1.1 mm,
length x width x height) and fixed irreversibly by gluing with liquid pre-polymer and heating to
100 °C for 30 min.

C. Characterization of multichannel microfluidic system

Each of the four identical microchannels on the glass plate was filled with water contain-
ing 0.259, fluorescent microparticles (3 um, Duke Scientific Corp., California, USA).



044127-3 Wang et al. Biomicrofluidics 7, 044127 (2013)

According to Hodgson et al., in order to guarantee efficient transmission of the SAWs into
the microchannels, water was used as a couplant between the IDT and the glass plate.'® The
system is operated by a radio frequency generator (SMB100A, Rohde&Schwarz GmbH,
Austria) connected in series to a coaxial amplifier (LZY-1, Mini Circuits, Brooklyn, USA) and a
fixed attenuator (VAT-3W2+, Mini Circuits, Brooklyn, USA). The radio frequency signal is dis-
tributed to the four IDTs by a 4-way divider (D1572-102, Werlatone, Brewster, USA). The whole
setup was mounted on a Zeiss Axio Observer.Z1 (Gottingen, Germany). Due to the difficulty of
directly measuring the power transduced into the SAW, the input power levels given herein sim-
ply correspond to the arithmetic sum of the powers of the generator and amplifier minus loss in
the splitter. The values given should not be considered as the actual power transduced into the
SAW. The input power was converted from dBm to the mW-scale according to Eq. (1).

P = P 107, (D

where P is the power in [mW], P is the reference power (1 mW), and x is the power in
[dBm]. The flow velocity in the microchannels was determined from the translational velocity
of the fluorescent particles by microscopy. Moreover, the corresponded average shear rate was
calculated according to Eq. (2),

Vmax

V= ) 2

SJRse

where 7 is the average shear rate in [s~'], Vmax is the flow velocity measured in a laterally as
well as vertically central region of the channel, which was the highest velocity due to the char-
acter of parabolic flow, and H/2 is the half-height of the microchannel (Figure 1(D)).

D. Cultivation of endothelial cells

Three different cell types were used: (i) primary human umbilical vein endothelial cells
(HUVECS) isolated from human umbilical cords by treatment with collagenase Type I, (ii)
human umbilical vein endothelial cells immortalized with human telomerase reverse transcrip-
tase (HUVECtert),"” and (iii) immortalized human dermal microvascular endothelial cells
(HMEC-1, ATCC cat no. CRL-10636).?° The tissue culture flasks used for cultivation were
coated with a 1% (w/v) aqueous solution of gelatin for 30 min prior to seeding the cells sus-
pended in EndoPrime® Medium (EndoPrime Kit, PAA, Linz, Austria). All cells were grown in
a humidified atmosphere with 5% CO, at 37°C and subcultured twice a week using trypsin-
EDTA solution.

The PDMS microchannels were coated with several coating solutions (see below) before
seeding the endothelial cells suspended in M199 medium supplemented with growth factors,
heparin, and 20% fetal bovine serum (500 ul cell suspension per channel). Confluent cell mono-
layers were accomplished after 1 day cultivation by seeding of 2 x 10° cells ml~" in case of
HUVECs and HUVECtert or after 3 days cultivation by seeding of 3 x 10° cells mL™" in case
of HMEC-1. The cells were used for the experiments between passage 2 to 8 (HUVECS), 21 to
28 (HUVECtert), or 30 to 38 (HMEC-1).

E. Coating of PDMS microchannels

Three different coating solutions were applied: (i) gelatin (1% w/v in phosphate buffered
saline; PBS), (ii) collagen (0.14mgm171 in PBS), and (iii) fibronectin (0.1 mgmrl in PBS).
Briefly, after incubation of the autoclaved microchannels with sterile PBS (500 ul per channel)
for 30 min at room temperature, 300 ul of the coating solution was added. After incubation for
1 h the coating solution was removed from the microchannels. In the case of gelatin and fibro-
nectin, the cells were seeded immediately. In the case of collagen, the microchannels were
washed twice with cell culture medium (500 ul each channel) prior to seeding of cells.
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FIG. 1. Multichannel acoustically driven microfluidic platform. The SAW-chip consists of four IDTs, which are structured
on a piezoelectric substrate (PES) and connected to a high frequency source (HF-input). Four microchannels for the cultiva-
tion of cells are formed by attaching poly(dimethylsiloxane) (PDMS) structures to a glass plate dimensioned
127 x 85 x 1.1 mm (length x width x height). Inspection windows in the aluminum block allow for microscopic observa-
tion during experiments (A). The positioning of the microchannels on the glass plate was kept constant by a preprinted
template in order to guarantee the localization of the IDTs underneath the microchannels (B). The system is operated by a
radio frequency generator connected to a coaxial amplifier (operated by a laboratory power supply, with an integral fan for
cooling), and a fixed attenuator. The radio frequency signal is distributed to the SAW-Chip by a 4-way divider (C).
Schematic presentation of cross-section of acoustically driven microfluidic platform for the studying of interaction between
particles and cells under flow condition (D).

Furthermore, composite coating with collagen/fibronectin was investigated. After
collagen-coating as described above, 300 ul of fibronectin solution (0.1 mgml~' in PBS) were
added and 15 min later the cells were seeded. Confluence of the cell monolayer was checked
microscopically.

F. Identification of suitable buffer systems for flow experiments

Three commonly used buffer media were tested: (i) isotonic HEPES/NaOH buffer pH 7.4,
(ii) PBS, and (iii) PBS supplemented with Ca®>"/Mg®". After filling each microchannel with
500 ul buffer, flow was induced by acoustic streaming at a power of 25dBm (average shear
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rate ~2.25s ') for 15min. Subsequently, the integrity of the cell monolayers was checked
microscopically. M199 cell culture medium instead of buffer was used as a control.

G. Cytoadhesion of microparticles under flow conditions

To study binding of microparticles to endothelial cell monolayers, 1 um fluorescent polysty-
rene microspheres were used. After removing the cell culture medium from the microchannel, and
washing the monolayer once with 500 ul PBS each, 500 ul microsphere suspension (100 ug ml~" in
PBS supplemented with Ca*"/Mg”") were added and the monolayer was incubated for 15min
under flow conditions. In order to generate different flow velocities, certain input power levels
from 17.5dBm to 25dBm corresponding to average shear rates between 0.49 and 2.25s ' were
applied. After removal of non-bound microspheres by washing twice with 500 ul PBS supple-
mented with Ca?*/Mg”", the cell-associated fluorescence was determined in a microplate reader
(TECAN; Infinite M200; excitation: 440; emission: 485 nm). The corresponding amount of cell-
bound particles was calculated from a calibration curve that has been acquired with a dilution series
of microspheres in the PDMS channels.

H. Microscopy

To study the morphology and integrity of endothelial cell monolayers in microchannels,
phase contrast images were acquired at defined cultivation intervals using a Zeiss Axio
Observer.Z1 (Zeiss, Gottingen, Germany).

In order to visualize the distribution of microparticles on the endothelial cell surface at the end
of the cytoadhesion studies and to confirm confluence of the cell monolayer even after exposure to
flow, fluorescence microscopy was applied. For this purpose, the cells were fixed in ice cold metha-
nol (—20°C) for 10min at —20°C. After rehydration in PBS containing 1% BSA for 20 min at
room temperature the cells were washed with the same buffer. Then, 300 ¢l polyclonal goat-anti-
human VE-cadherin (C-19) antibody (200 ug ml~', Santa Cruz Biotechnology) in PBS containing
1% BSA was added to label vascular endothelial cadherin by incubation for 1 h at 37°C. After
washing with the same buffer, 300 ul of a 1:200 dilution of rhodamine-labelled rabbit-anti-goat
antibody (1 mgml ™', Abcam) and 0.5 ug Hoechst 33342 in PBS containing 1% BSA were added
and stored for 30 min at 37 °C. Finally, the cell layers were washed twice with the same buffer and
fluorescence images were acquired.

|. Data analysis

Data were statistically analyzed using the Microsoft Excel® integrated analysis tool. The
hypothesis test among two data sets was made by comparing two means from independent
(unpaired) samples (t-test). Values of p < 0.05 were considered statistically significant.

lll. RESULTS AND DISCUSSION
A. A multichannel acoustically driven microfluidic platform

Since hydrodynamic flow is expected to affect the adhesion of particles to cells, dynamic
biopharmaceutical test systems are of highest interest especially due to the growing importance
of micro- and nano-scaled drug delivery systems. It will be demonstrated that a multichannel
acoustically driven microfluidic system can be used to study such hydrodynamic effects
in vitro. SAW-induced streaming of liquids in miniature channels has already been described
previously.'®!” In brief, exciting IDTs on a piezoelectric substrate (LiNbO5) at an appropriate
frequency generates a SAW. When this SAW couples into a liquid, it generates a pressure gra-
dient therein that induces streaming. In contrast to classical flow systems, which rely on exter-
nal pumps (e.g., syringe pumps) and tubing, acoustic streaming allows to minimize the risk of
contamination. Furthermore, by eliminating the need for tubing, the system becomes simpler
and avoids any dead volume. It is also possible to upgrade the device and parallelize multiple
SAW pumps on a chip. In the present work, a platform was developed which can be used to
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simultaneously pump liquid in four microfluidic channels (Figure 1). For this purpose, four
IDTs were glued into a pre-structured aluminum block and connected with ports for cabling.
As illustrated in Figure 1, a small inspection window was included for each channel which
allows microscopic observation by inverted or upright microscopes during the experiment. This
device holds glass plates (127 x 85 x 1.1 mm, length x width x height) on which four PDMS-
microchannels with arbitrary geometry can be mounted. The dimensions of the glass plate were
chosen in order to match the size of standard microplates as most plate readers allow specifying
the exact location of read-out points on a microplate. Thus, the geometry of the PDMS-
microchannels on the glass plate can be directly programmed into the software. Consequently,
data are simply collected by reading the luminescence, absorbance or fluorescence at pre-
selected points in the microchannel. All in all, the systems offers the advantages of low risk of
contamination, high versatility in cultivation of cells of different origin, qualitative evaluation
by microscopy and quantitative assessment of bound material by microplate reading as well as
simple operation.

B. Characterization of multichannel acoustically driven microfluidic system

To assess the reproducibility and the attainable range of flow velocities with parallelized
SAW-pumps, flow velocity was measured in several different microchannels. The flow velocity
was determined in a laterally as well as vertically central region of the channel by measuring
the translational velocity of suspended microparticles via fluorescence microscopy. As shown in
Figure 2, there is a clear relation between input power and average shear rate in the channels.
According to Eq. (1), the total input power, which directly operated SAW-device, ranged from
25mW (14dBm) to 1400 mW (31.5dBm). Since four transducers were operated in parallel, ev-
ery transducer is supplied with a fourth of the total input power. Typically, flow velocities
between 0.3mms ' and 10mms ' were generated corresponding to average shear rates
between 0.15s~ " and 5s~' with the present channel geometry. It is important to mention, how-
ever, that by down-scaling of the channel dimensions (e.g., decreasing channel width and
height) clearly higher average shear rates (1-2 orders of magnitude) can be attained.

As demonstrated in Figures 2(A) and 2(B), the average shear rates determined in the four
microchannels are widely identical over a period of at least 30 min. This underlines that con-
stant flow velocities and shear rates can be generated in this parallelized multichannel platform.
At input powers >1400mW (31.5dBm), the system heats up considerably which ultimately
leads to evaporation of the water couplant between the chip surface and the glass plate. This
strongly reduces the coupling efficiency of the SAW into the microchannels. When operation of
the SAW-chips at such high input power levels is desired, it would thus be necessary to use
low-viscosity oil or similar non-aqueous coupling fluids to reduce evaporation by heating.

In order to guarantee comparable pumping levels in consecutive experiments, the localiza-
tion of the IDTs underneath the microchannels has to be kept constant. This can be achieved
easily by using a preprinted template for positioning of the microchannels on the glass plate
(Figure 1(B)). Furthermore, two framing bars were included on the SAW-chip to allow for fixa-
tion of the glass plate and to ensure reproducible positioning of the IDTs underneath the chan-
nels (Figures 1(A) and 1(B)). If these potential pitfalls are kept in mind, only slight variations
of the flow velocities will be observed (Figure 2(C)). These results collectively underline that
parallelized SAW-chips can generate a considerable range of flow velocities in microchannels
with satisfactory precision and reproducibility. Moreover, not only constant flow can be gener-
ated. In principle, pulsatile flow is easily attained by modulating the amplitude of the high fre-
quency signal. The latter is a highly interesting approach to mimic the flow patterns prevalent
in the circulatory system.

C. Cultivation of endothelial cells in microchannels

In order to generate artificial blood vessels, growth of endothelial cell monolayers in the micro-
channels would be desirable. To approach this aim, three different cell types representing large ves-
sel and microvascular endothelial cells were tested for cultivation in PDMS microchannels:
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FIG. 2. Average shear rates generated by IDTs in PDMS-microchannels on microfluidic platform. Channels 1-4 represent
the respective microchannels arranged on top of the four IDTs (Figure 1). Flow velocities of 10 particles per channel were
determined after 15 min (A) and 30 min of operation (B), respectively. Flow velocities of 10 particles, generated by one of
the four IDTs of the platform in a microchannel on four different glass plates on consecutive days, were determined after
15 min of operation (C). (SD < 1.12, n=10).

primary HUVECs, immortalized HUVECtert, and immortalized HMEC-1. Primary HUVECs are
isolated from human umbilical cords by treatment with collagenase type I*! and are widely used as
a cell model for in vitro studies in flow chambers.”> HUVECs offer the typical advantages of pri-
mary cells but they can only be cultivated for about eight passages. Retroviral infection with human
telomerase reverse transcriptase (W'TERT) can extend their ability to replicate and thus their life-
span.'®? It is supposed that immortalized HUVEC cell lines (HUVECtert) exhibit similar func-
tional and morphogenetic characteristics like their primary parent cells. Furthermore, immortalized
human dermal microvascular endothelial cells (HMEC-1) represent an interesting cell line for culti-
vation in flow channels since they exhibit similar morphologic, phenotypic, and functional charac-
teristics compared to their endothelial parent cells.”
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As endothelial cells do not adhere and proliferate on a plain glass surfaces, coating of the
channel with gelatine, collagen, fibronectin, and collagen/fibronectin mixtures can facilitate ad-
hesion. Several different techniques and protocols have been reported in the literature for one
and the same adhesion molecule so that the following results only pertain to the exact protocols
as described above. Although gelatin is frequently employed for the coating of tissue culture
flasks for HUVECs, it was found that it is not optimal for coating PDMS-microchannels
(Figure 3(A)). Similarly, coating with collagen also led to rather insular attachment of cells
(Figure 3(B)). In contrast, coating with fibronectin mediated regular attachment of HUVECs to
the surface inside the PDMS microchannels (Figure 3(C)). Interestingly, sequential coating
of the channels with collagen and fibronectin did not result in improved cell adhesion
(Figure 3(D)). Similar results as described above were also found for HUVECtert and HMEC-1
cell lines. As illustrated in Figure 4, all three types of endothelial cells formed a confluent
monolayer with elongated and polygonal cells on fibronectin-coated glass. Thus, coating of
PDMS microchannels with fibronectin was used in all further experiments.

D. Selection of buffers suitable for experiments with endothelial cells under flow
conditions

In order to identify a suitable medium for experiments under flow conditions, the effect of
three different commonly used buffer media (isotonic HEPES/NaOH buffer pH 7.4, PBS, and
PBS supplemented with Ca*"/Mg”") on endothelial cells were investigated. For that purpose,
the cell culture medium overlying confluent endothelial cell monolayers inside PDMS micro-
channels was replaced by different buffers followed by incubation under flow conditions at an
average shear rate of 2.25s™' for 15min and microscopic images of the HUVECtert mono-
layers were acquired (Figure 5). As is clearly visible, the cell monolayers incubated with
PBS + Ca®"/Mg”>" exhibited no morphological changes as compared to the M199 medium.
Interestingly, incubation with PBS or isotonic HEPES/NaOH pH 7.4 resulted in detachment of
endothelial cells from the channel surface (Figures 5(C) and 5(D)). This effect was also

FIG. 3. Phase contrast images of primary HUVECs one day after seeding (2 x 10° cells ml~") in microchannels coated
with gelatin (1%, A), collagen (0.14mg ml~!, B), fibronectin (O.Imgml_l, C) and collagen/fibronectin (0.14mgml_1/
0.1 mgml ™', D), respectively.



044127-9 Wang et al. Biomicrofluidics 7, 044127 (2013)

FIG. 4. Phase contrast images of primary HUVECs (A) and HUVECtert (B) one day after seeding (2 x 10° cells ml ") as
well as HMEC-1 (C) four days after seeding (3 x 10° cells m1™") in microchannels coated with fibronectin (0.1 mg ml™h.

observed under stationary conditions (data not shown). Most probably, the lack of Ca’" and
Mg?" ions in these media weakens the adhesion between endothelial cells as well as that to the
growth surface and reduces the monolayers’ resistance against hydrodynamic stress. In addition,
although the zwitter-ionic buffer HEPES is relative chemically inert** and is commonly used
for different cell culture experiments, its stability is still not well defined and it can form aggre-
gates that results in decreased buffering capacity.*>*® Consequently, the instability of HEPES
might contribute to monolayer detachment. Therefore, PBS + Ca®*/Mg?" buffer was chosen as
suitable medium for particle-monolayer interaction experiments.

E. Cytoadhesion of microparticles to endothelial cell monolayers under flow conditions

Finally, cytoadhesion of negatively charged 1 um polystyrene microparticles was investigated
under different flow conditions. Endothelial cell monolayers in PDMS microchannels were incu-
bated with particles at different average shear rates between 0.49 and 2.25s~'. Non-bound colloids
were removed by washing, and then each cell layer was checked for confluence under the micro-
scope. As shown in Figure 6, most of the cell monolayers retained their confluence after flow incu-
bation and only monolayers of full integrity were analyzed. As depicted in Figure 7, the average
number of cell-bound particles decreased slightly with increasing flow velocity. Similar results
were found for all three types of endothelial cells. This suggests that increasing hydrodynamic drag
exerts no significant influence on the cytoadhesion of polystyrene microparticles in the rate of

FIG. 5. Differential interference contrast images of HUVECtert after 15min incubation with M199 medium (A),
PBS + Ca2+/Mg2+ (B), PBS (C), and isotonic HEPES pH 7.4 (D) under flow conditions (average shear rate 2.25 s7h.
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FIG. 6. Fluorescence microscopic image of cell-bound 1 ym polystyrene microparticles (green) after incubation at an aver-
age shear rate of 1.13s™ 'after two washing steps. The nuclei of HUVECs were stained in blue using Hoecht 33342 and
VE-cadherin was immunostained in red.

average shear rates tested. Interestingly, similar results have been obtained for the interaction
between Caco-2 cell monolayers (enterocytes) and 1 um polystyrene microparticles coated either
with wheat germ agglutinin or with poly(ethyleneimine).?” Charoenphol er al.,*> who modified the
surface 0.5 and 2 um polystyrene particles with sialyl-Lewis A to target vascular selectin, have also
made comparable observations. Their cytoadhesion studies were performed in DPBS buffer using a
circular parallel plate flow chamber with shear rates between 100s ' and 640s~'. In accordance
with our work, no significant difference in adhesion levels of particles onto endothelial monolayers
was observed.? Interestingly, a lower binding rate of microparticles was observed in case of
HMEC-1 monolayers as compared with HUVECs and HUVECtert. The latter two types of endo-
thelial cells, however, revealed similar microparticle binding capacity. At the highest average shear
rate of 2.25s ', the binding efficiency of particles to HMEC-1 monolayer was only about 65% of
that to HUVECs monolayer; at average shear rates of 0.5, 1, and 1.5 s~ ! the particle adhesion level
on HMEC-1 monolayer was 79%, 73%, and 78% of that on HUVECs monolayer, respectively.
This significant difference might be due to the different endothelial cell type. HUVECs were
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FIG. 7. Cytoadhesion of 1 um fluorescent polystyrene microparticles on HUVECs, HUVECtert and HMEC-1 monolayers
at different average shear rates between 0.5s ' and 2.25s™ ' in a multichannel microfluidic platform. (n > 28). Statistically
significant differences were determined by student’s t-test. *ns =not significantly difference. # =p <0.01 compared to
HUVECs-binding at the same average shear rate.
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isolated from umbilical cords, which represent the cell type in large vessels, whereas HMEC-1 rep-
resent a microvascular cell type. According to the literature, not only the growth rate and differen-
tiation status?*® but also the cell surface structures and the amounts of cell adhesion molecules
expressed are different for endothelial cells derived from microvascular vessels compared to
large vessels according to their different functionality.”* > This might be a possible reason
why HUVECs exhibited higher binding of negatively charged 1 um polystyrene particles than
HMEC-1.

All in all, as a proof-of-concept, cytoadhesion studies with 1 um negatively charged micro-
spheres were performed in this novel multichannel microfluidic system. Three different types of
endothelial cell monolayers retained their confluency under flow conditions which allows for
successful mimicking of macro- and micro blood vessels. Due to the expected impact of surface
properties, dimension and size of particulate drug carriers, it might be interesting to study
cytoadhesive characteristics of different types of particles in further experiments. Another im-
portant parameter to be elucidated might be viscosity of the medium because the shear stress is
the arithmetic product of shear rate and viscosity. Thus, further hydrodynamic studies with
media of viscosity similar to blood and with suspended blood cells might bring us one step
closer to physiological conditions.

IV. CONCLUSION

A.T. Florence has hypothesized that hydrodynamic effects could play a substantial role in
the interaction between particles and cells or tissues in vivo, in particular in the circulatory sys-
tem.* In order to shed some light on this issue, a multichannel microfluidic setup was devel-
oped and optimized that can be used to mimic physiological flow conditions in the lab. This
chip-based system allows constant and pulsed flow. With the current channel geometry average
shear rates up to 55 ' are easily generated. By integration of four identical SAW-pumps in one
platform, parallelized experiments can be carried out, which greatly extends versatile applicabil-
ity of this microfluidic system. In addition, the dimensions of our current setup match those of
standard microplates. Thereby, channel-associated fluorescence, luminescence, and absorbance
can be simply detected by using a standard microplate reader. Furthermore, the device is fully
compatible with cell culture as demonstrated by successful cultivation of HUVECsS,
HUVECtert, and HMEC-1 monolayers inside the PDMS-microchannels. To achieve the latter,
the channel surface was coated with a 0.01% solution of fibronectin. Moreover, the endothelial
monolayers remained widely intact during incubation with buffers and microparticle suspen-
sions under flow conditions. Studying the cytoadhesion of negatively charged 1 um micropar-
ticles to endothelial cell monolayers under flow conditions revealed no significant effects of
hydrodynamic drag at average shear rates between 0.5s~ ' and 2.25s ' for all three types of en-
dothelial cells. However, most probably due to the differences between endothelial cells derived
from large and small vessels, HUVECs and HUVECtert exhibited higher particle binding
capacity as compared to HMEC-1. In conclusion, the developed multichannel microfluidic plat-
form represents a promising device to elucidate the effect of shear forces on cell-binding of
particles. Moreover, the system is not only limited to biopharmaceutical applications but is also
suitable for general experiments on the effect of hydrodynamic forces in luminal compartments
of the human body. Further studies with such dynamic in vitro test models are expected to
improve our understanding of basic mechanisms in targeted drug delivery and cell physiology.
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Carboxylated polystyrene microspheres with 1 wm in diameter were surface-modified either by coating
with poly(ethyleneimine) (PEI) as cationic polyelectrolyte leading to a conversion of the surface charge
from negative to positive, or by covalent immobilization of wheat germ agglutinin (WGA) via a carbodi-
imide method to obtain a carbohydrate specific biorecognitive surface. To characterize the impact of the
binding mechanism on the particle-cell interaction, the binding efficiencies to Caco-2 cells were inves-
tigated for both, the biorecognitive WGA-grafted particles and the positively charged PEI-microspheres,

Ic(?cl (‘:’_‘;rds" and compared to the unmodified negatively charged polystyrene particles. As a result, WGA-grafted par-
Hydrodynamics ticles exhibited the highest binding rates to single cells as well as monolayers as compared to positive
Microfluidics and negative particles under stationary conditions. Concerning ionic interactions, PEI-coated particles

suffered from a critical agglomeration tendency leading to a high variance in cell binding. Further-
more, in order to elucidate the bioadhesive properties under flow conditions, an acoustically-driven
microfluidic multichannel system was applied. Using different setups, it could be demonstrated that the
hydrodynamics exerted almost no impact on cell-bound particles with a size of 1 wm at a flow velocity
of 2000 wm s~'. Using this novel microfluidic system, it was thus possible to prove that the omnipresent
hydrodynamic drag in vivo is mostly negligible for microparticulate drug delivery systems in the size

Poly(ethyleneimine) (PEI)
Surface acoustic waves (SAWSs)
Wheat germ agglutinin (WGA)

range of 1 wm or below.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Keeping path with the exciting progress of nanotechnology,
micro- and nanoparticles have been intensively investigated
regarding their potential application as drug delivery systems.
At this, the surface of particulate drug formulations might be
chemically and structurally modified to allow for prolonged
residence times of micro- and nanoparticles in the body or to
facilitate targeting specific cell types and tissues. Nowadays,
various targets are exploited for a potential pharmaceutical
application. In general, the underlying particle-cell interaction
mechanisms can be divided into two different types: one is
based on specific biorecognitive mechanisms, where, for exam-
ple, surface immobilized antibodies [1-3], RGD [4,5], aptamers
[6], and small molecules like folat [7] could be utilized; the
other mechanism relies on nonspecific adhesion including
hydrophobic and ionic interactions. For hydrophobic adhesion
chitosan, sodium alginate, cellulose derivates such as sodium

* Corresponding author at: Department of Pharmaceutical Technology and Bio-
pharmaceutics, University of Vienna, AlthanstraBe 14, 1090 Vienna, Austria.
Tel.: +43 14277 55407; fax: +43 1 4277 9554.
E-mail address: michael.wirth@univie.ac.at (M. Wirth).

0927-7765/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.colsurfb.2012.09.012

carboxylmethylcellulose and hydroxypropylmethylcellulose,
as well as polyacrylates such as Carbopol® and polycarbophil are
usually applied [8,9]. Moreover, nonspecific interactions might
be attained by particles carrying negative or positive surface
charges. At this, due to prevailing negative charges at the surface
of all cell types in multicellular organisms [10], cell-binding of
positively charged drug carriers might be higher due to direct
ionic interactions [11,12]. In the present work two different
mechanisms of adhesion were investigated using Caco-2 cells
as artificial epithelial target. As to the biorecognition approach,
the particles were modified with wheat germ agglutinin (WGA)
representing a plant lectin which is known to interact with spe-
cific carbohydrates at the surface of mammalian cells [13]. For
the ionic interaction representing a nonspecific mechanism, the
particles were either surface coated with poly(ethyleneimine) or
left unmodified yielding negatively charged particles due to their
carboxylated nature.

Furthermore, upon administration in humans, either peroral or
parenteral, the flow of materials under physiological conditions and
the associated hydrodynamic forces will affect the interaction of
particles applied to cells and tissues. Thus, it would be interesting
to investigate the impact of hydrodynamics on the cytoadhesion
of particles. For experimental fact finding, different microflu-
idic systems have been established, for instance, microfluidic
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co-culture migration systems [14], micropatterned substrates for
endothelial cell culture in microfluidic channels [15], as well as
membrane devices for modeling the airways [16]. In the present
work, a novel microfluidic system was employed to mimic physio-
logical flow conditions recently described by Fillafer et al. [17]. This
microfluidic platform is based on surface acoustic waves (SAW),
which nowadays can be generated and controlled precisely in the
nanometer scale using chip-technology. In the present work, the
SAW-chip consisted of interdigital electrodes structured on a piezo-
electric substrate (lithium niobate) and serves as an interdigital
transducer (IDT), which could be excited at appropriate frequen-
cies. Due to the resulting deformation of the substrate surface the
SAW is generated. When a liquid is in contact with the IDT sur-
face, the SAW is coupled into the liquid and the resulting pressure
gradient acts as a pumping force, which provokes streaming and
mixing inside the liquid. In order to confine the flow of the lig-
uid to vessel-like structures, poly(dimethylsiloxane) (PDMS)-based
channels made by replica molding were used. In an effort to allow
for parallelization, four interdigital transducers (IDTs) instead of
one were now operated simultaneously in a contact-free manner
without the need for tubing. Upon use of Caco-2 cell monolayers,
which represent a well-established model of the human intestinal
epithelium and were grown in microchannels followed by combi-
nation with this SAW-chip, the impact of flow on the cytoadhesion
of different modified microparticles to intestinal tissues could be
investigated.

2. Materials and methods

2.1. Materials

Yellow-green fluorescent carboxylated polystyrene particles
with a diameter of 1000 nm as well as poly(ethyleneimine) (PEI)
(branched, MW 10 kDa) were purchased from Polysciences Europe
GmBH (Eppelheim, Germany). WGA was obtained from Vector Lab-
oratories (Burlingame, USA). Sylgard® 184 Elastomer Kit was from
Baltres (Baden, Austria). All other chemicals were of analytical
purity.

2.2. Preparation of PEI coated carboxylated microspheres

100 L of a suspension of 1 wm sized polystyrene microspheres
(10mgmL-1) were added dropwise to 400 L of a PEI solution
in 100 mM phosphate buffer pH 5.8 (5mgmL~1) under ultrasoni-
cation (sonifier, Bandelin electronic UW 70/HD 70; tip, MS 72/D,
Berlin, Germany). After adding 1 mL phosphate buffer pH 5.8, the
particle suspension was purified by centrifugation (14000 rpm,
2min, 4°C). Finally, after another washing step with 1500 wL of
the same buffer, the particles were resuspended in 1mL 20 mM
HEPES/NaOH pH 7.4 and stored at 4 °C until use. Control particles
were treated as described above but using solely buffer instead of
PEL The zeta-potential of plain and PEI coated microspheres was
determined after 12.5-fold dilution of the particle suspension with
HEPES/NaOH pH 7.4 using a Zetasizer Nano ZS (Malvern Instru-
ments Ltd., UK). Additionally, the particle suspension was checked
for agglomerates under fluorescence microscope just before further
experiments.

2.3. Preparation of wheat germ agglutinin functionalized
microspheres

Wheat germ agglutinin was coupled covalently to the sur-
face of polystyrene microspheres via a carbodiimide method.
1mg polystyrene microspheres was suspended in 20mM
HEPES/NaOH buffer pH 7.0 containing 0.1% Pluronic® F-68
and activated by adding 500 L of a freshly prepared solution of

1-ethyl-3(3-dimethylaminopropyl) carbodiimide (721 mgmL-1)
and N-hydroxysuccinimide (30mgmL-1) in the same buffer.
After end-over-end incubation for 2h at room temperature, the
microspheres were washed with 1000 wl HEPES/NaOH buffer pH
7.4 containing 0.1% Pluronic® F-68 by centrifugation (14000 rpm,
2min, 4°C) to remove excess reagents. After two additional
washing steps with 1500 L of the same buffer, the activated
microspheres were resuspended in 500 wL HEPES/NaOH buffer
pH 7.4 containing 0.1% Pluronic® F-68 and mixed with 118.6 uL
of a WGA solution (5mgmL-1). After end-over-end incubation
overnight at room temperature, unreacted binding sites at the
particle surface were saturated by incubation with 160 L aqueous
glycine solution (100 mgmL~1) for 30 min at room temperature.
Subsequently, the microspheres were washed three times by cen-
trifugation (14000 rpm, 2 min, 4°C) as above. Finally, the particles
were resuspended in 1000 wL 20 mM HEPES/NaOH buffer pH 7.4
containing 0.1% Pluronic® F-68 and stored at 4 °C until use.

2.4. Production of sterile 3D-microchannels

The applied 3D-microchannels were composed of
poly(dimethylsiloxane) (PDMS). Using the Sylgard® 184 Elas-
tomer Kit as described by Fillafer [17], a mixture of 10 g base and
1 g curing agent was vigorously stirred and evacuated for 30 min to
remove gas bubbles. The liquid prepolymer was then poured into
pre-shaped aluminum molds and hardened over night at 120°C.
In order to gain a hydrophilic surface, glass plates dimensioned
127 mm x 85mm x 1.1 mm (length x width x height) were puri-
fied in piranha solution, representing a mixture of sulfuric acid and
hydrogen peroxide 30% (7 + 3). After the PDMS replicas were care-
fully peeled off from the molds, four identical 3D-microchannels
were attached to the pretreated glass plate by using the same
liquid prepolymer as adhesive and a template for reproducible
positioning. To guarantee proper adhesion of the PDMS to the glass,
the assembly was finally heated to 100°C for 30 min followed by
disinfection in EtOH 70% and drying under laminar flow conditions
prior to cell seeding.

2.5. Cell culture

The human intestinal epithelial cell line Caco-2 was purchased
from the German Collection of Microorganisms and Cell Culture
(DSMZ, Braunschweig, Germany). Cells were cultivated in RPMI
1640 cell culture medium containing 10% fetal bovine serum,
4mM L-glutamine and 150 mg mL~! gentamycine in humidified 5%
C0,/95% air atmosphere at 37 °C and were subcultured by TrypLE®
select. All tissue culture reagents were obtained from Sigma (St.
Louis, USA) and Gibco Life Technologies Ltd. (Invitrogen Corp.,
Carlsbad, USA). For cell culture in 3D-microchannels, each dis-
infected microchannel was pre-incubated for 30 min with 500 .l
sterile PBS at room temperature thus allowing the PDMS to reach
its final size by swelling. Then, 500 p.L Caco-2 single cell suspension
(1.36 x 10° cellsmL~1) were added and the cells were cultivated for
6-7 days until a confluent monolayer was formed. Cells between
passage 43 and 52 were used throughout the study.

2.6. Microsphere binding to single cells

In order to determine the amount of single cell asso-
ciated microparticles, 50 wL particle suspension (120 pgmL-!,
60 wgmL~!, and 30 wg mL~! respectively) were mixed with 50 L
Caco-2 cell suspension (5x 106cellsmL~1) and incubated for
30 min at room temperature. Unbound or loosely associated par-
ticles were removed by centrifugation (5min, 1000rpm, 4°C)
and a washing step with 500 wL PBS containing 0.1% Pluronic®
(PBS/Pluronic®). The cells were resuspended in 500 wL PBS and
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Fig. 1. Acoustically-driven microfluidic multichannel system. The surface acous-
tical wave (SAW)-chip consists of four parallelized interdigital electrodes, which
are structured on a piezoelectric substrate (PES) and connected each with a
high frequency connector (HF-input), thus serving as four identical interdigital
transducers (IDTs). Four 3D-microchannels composed of poly(dimethylsiloxane)
(PDMS) are attached to a glass plate dimensioned 127 mm x 85mm x 1.1 mm
(length x width x height) for the cultivation of cells. Inspection windows in the
aluminum block allow microscopic observation during experiments.

analyzed on an EPICS XL-MCL analytical flow cytometer (Coulter,
Miami, USA) using a forward-versus-side scatter gate for inclusion
of the single-cell population and exclusion of debris and cell aggre-
gates. Fluorescence was detected at 525 nm (10 nm bandwidth) and
the mean channel number of the logarithmic intensities of individ-
ual peaks was used for further calculations. Amplification of the
fluorescence signals was adjusted to put the auto fluorescence sig-
nal of unlabeled cells in the first decade of the four decade log range.
Data of 3000 cells were collected for each measurement and assays
were performed in triplicate.

2.7. Carbohydrate binding specificity of WGA-functionalized
microspheres

To assess the carbohydrate-binding specificity of functional-
ized microspheres, 50 pL particle suspension (120 g/mL) were
mixed with 100 wLN,N’,N”-triacetylchitotriose solution (0, 0.05,
0.1,0.2, 0.4, 0.8 wmolmL~" in PBS/Pluronic®) and 50 L cell sus-
pension (5 x 106 cells mL~1). The mixture was incubated for 30 min
at 4°C and washed once with 500 wL PBS/Pluronic® by centrifuga-
tion (5 min, 1000 rpm, 4 °C) in order to remove unbound or loosely
associated microspheres. Cells were resuspended in 500 L PBS and
analyzed by flow cytometry in triplicate as described above.

2.8. Preparation of the multichannel SAW-chip

The multichannel SAW-chip used for the present work had a
similar set-up as described by Fillafer [17]. Briefly, four interdigi-
tal transducers (IDTs) were glued into a prestructured aluminum
block and connected with ports for cabling. Windows in the alu-
minum block allow microscopicinspection with inverted or upright
microscopes during experiments (Fig. 1). The system is operated
via aradio frequency generator (SMB100A, Rohde&Schwarz GmbH,
Austria) connected in series to a self-cooled high power ampli-
fier (LZY-1, Mini Circuits, Brooklyn, USA) and a fixed attenuator
(VAT-3W2+, Mini Circuits, Brooklyn, USA). Finally, the RF signal is
distributed to the four IDTs by a 4-way divider (D1572-102, Wer-
latone, Brewster, USA).

2.9. Pulse-chase binding studies on Caco-2 cell monolayers at
stationary and flow conditions

In order to characterize the interaction between polystyrene
microparticles with different surface coatings and Caco-2 cell lay-
ers as well as the impact of flow on the adhesion, the particle
suspensions were diluted in respective buffers to achieve work-
ing concentrations of 15ugmL~!, 30 ugmL~!, and 60 pwgmL-!
respectively. Prior to the experiments, the cell culture medium
was removed from the 3D-microchannels and the cell monolayers
were washed once with 500 pL of the respective buffer. Each
microchannel was filled with 500 L of the particle suspension
and covered with a glass cover slip. Then, 200 L of water were
pipetted on each IDT as coupling medium and the glass plate was
placed on the SAW-chip. The pulse-incubation was performed for
30 min at room temperature either under stationary conditions or
under flow conditions with a flow velocity of 2000 wms~1. After
removal of unbound or loosely adhered particles by two wash-
ing steps with 500 pL of the respective buffer per channel, the
relative cell-associated fluorescence intensities were analyzed at
440/485 nm using a microplate fluorimeter (Infinite M200, Tecan,
Grodig, Austria). Subsequently, the cell monolayers were further
incubated for 30 min at room temperature either under station-
ary conditions or under flow conditions at a flow velocity of
2000 wms~! (chase-incubation). Finally, after one washing step,
the relative cell-associated fluorescence intensities were assessed
again as described above.

2.10. Fluorescence microscopy

To visualize the microparticle distribution on the Caco-2 cell
surface at the end of the pulse-chase-experiments and to vali-
date confluence of the cell monolayer after exposure to flow,
fluorescence together with differential interference contrast (DIC)
microscopy was applied. Images of the cell layers were acquired
without any specific preparation immediately after fluorescence
quantification using a Zeiss Axio Observer.Z1 microscopy system
equipped with the LED illumination system “Colibri” and the Axio-
Vision Rel. 4.8.2 software (Zeiss, Gottingen, Germany). That way,
the amount of cell-associated microspheres could also be corre-
lated to the quantified fluorescence intensities.

3. Results and discussion

3.1. Characteristics of the surface-modified polystyrene
microspheres

Although the polystyrene particles used in this work are not
biodegradable and consequently not suitable for administration
as drug carriers, they are well suited for basic systematic stud-
ies on particulate drug formulations due to their well defined
size class and the potentially functionalized surface. Since many
polymers used for drug delivery purposes feature carboxyl end
groups, carboxylated polystyrene microspheres were used in the
present work carrying negatively charged groups at their surface.
According to measurements, this results in a negative zeta poten-
tial of —85.2+£6.1 mV at pH 7.4. Utilizing these negative charges,
cationic polyelectrolytes might thus be adsorbed onto the surface
of carboxylated microspheres. A series of natural and synthetic
polyelectrolytes have been employed for this purpose, including
protamine [18], chitosan [19-21], Eudragit® RL [22], and poly(L-
lysine) [5,23]. In the current study, however, low molecular weight
branched PEI was used due to the high density of amino groups
[24]. Following a modified protocol from Trimaille et al. [25], pos-
itive charges could be introduced at the surface of the particles as
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Fig. 2. Competitive inhibition of the binding of WGA-functionalized microspheres
to Caco-2 single cells using N,N’,N”-triacetylchitotriose at different concentrations.
Particle binding was determined by flow cytometry (mean +S.D., n=3).

confirmed by an inversion of the zeta potential to 71.2 +1.4mV at
the same pH.

Furthermore, WGA, which can specifically bind to sialic acid
and N-acetyl-D-glucosamine, was covalently coupled to the sur-
face of the microparticles using a carbodiimide method. In order to
assess the binding specificity of WGA-functionalized microspheres,
an inhibition test was performed. At this, the free complementary
carbohydrate N,N’,N”-triacetylchitotriose competed with oligosac-
charides within the glycocalyx of the Caco-2 cells for the binding
to WGA-modified particles. As shown in Fig. 2, the number of cell-
associated particles decreased in presence of increasing amounts
of chitotriose to a minimum of 26.6% of the initial value at 40 nmol
carbohydrate per 2.5 x 10° cells. This confirms that the interac-
tion between cells and WGA-modified particles was mostly due
to the lectin-coat of the microspheres representing a specific
carbohydrate-binding moiety.

3.2. Binding characteristics of surface modified polystyrene
microspheres to Caco-2 single cells and monolayers under
stationary conditions

In order to study the impact of the different coatings, the binding
rates of polystyrene microspheres either via ionic (positively, nega-
tively charged) or biorecognitive interactions to Caco-2 single cells
(Fig.3A)as well as to Caco-2 cell monolayers (Fig. 3B) were assessed
under stationary conditions. As illustrated, WGA-functionalized
microparticles revealed the highest binding efficiency concerning
both, single cells and monolayers.

In case of PEI-coated particles, the determined relative cell-
associated fluorescence intensities showed a very high variance
in both assays as indicated by the large error bars. This might be
due to the strong agglomeration tendency of PEI-coated particles
in PBS buffer. As shown in Fig. 4, fluorescence imaging of the particle
binding to Caco-2 cells again confirmed the potential formation of
large aggregates in single cell as well as in monolayer experiments
for PEI-microspheres as compared to WGA-grafted or negatively
charged particles.

Detailed studies on the stability of PEI-coated microspheres
revealed that their agglomeration tendency was highly depending
on the storage time as well as the buffer system used for the parti-
cle suspension. In order to characterize the aggregation behavior of
PEI-particles, the polydispersity index (PDI) was assessed in differ-
ent buffer systems. According to the literature [26-29], the PDI is a
width parameter describing the size distribution of particles with a
value between 0 and 1. A PDI value of <0.1 indicates monodisperse
particles; a PDI between 0.1 and 0.5 represents particles with small
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Fig. 3. Binding of polystyrene microspheres with different surface modifications to
Caco-2 single cells (A) and to Caco-2 monolayers (B) (mean +S.D., n=3). Cells were
incubated for 30 min at room temperature under stationary conditions and analyzed
by flow cytometry (single cells) or fluorimetry (monolayers).

variationsinsize; aPDI> 0.5 signalizes a very broad size distribution
rendering the suspension rather useless. As illustrated in Table 1,
the PDI of PEI-microspheres rose within 30 min after coating in all
buffers tested. However, using 20 mM HEPES/NaOH pH 7.4 (HEPES)
the increase in PDI was only 1.8-fold as compared to the initial val-
ues immediately after coating and remained around 0.1 pointing at
a narrow size-distribution. In contrast, storage in isotonic 20 mM
HEPES/NaOH pH 7.4 (isoHEPES) and PBS increased the PDI 4.0-fold
and 7.4-fold, respectively. However, after incubation in isoHEPES
for 30 min the PDI was still below 0.5 indicating an acceptable size
distribution. After storage for 30 min in PBS, broad variations in par-
ticle size were detected as represented by a PDI of almost 1 due to
the presence of high amounts of agglomerated particles. The dif-
ferent size distributions could also be observed by fluorescence
microscopy (Table 1, last row) clearly indicating different aggre-
gation tendencies. Although the PDI was <0.5 in all three buffer
systems directly after coating, PBS still exhibited the largest PDI as
compared to isoHEPES and HEPES, which again confirms the larger
agglomeration trend in PBS buffer. In order to avoid formation of
aggregates, the microspheres were coated with PEI directly before
use and stored in 20 mM HEPES/NaOH pH 7.4 which emerged to
be the best storage medium. However, this buffer system could not
be used for the cell-binding studies due to the restricted viability
of cells in non-isotonic environment. Although the isotonisation
of 20 mM HEPES/NaOH pH 7.4 also seemed to foster aggregation
of PEI-coated particles, the PDI of 0.423 was within an acceptable
range so that isotonic 20 mM HEPES/NaOH pH 7.4 seemed to be
potentially suitable for further particle-cell experiments.
Although human cells possess a net negatively charged sur-
face, it is difficult to conclude if positive particles actually entail
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Fig. 4. Fluorescence images of the particle binding to Caco-2 single cells (A) and monolayers (B) under stationary conditions: WGA-grafted microparticles (1), PEI-coated

micoparticles (2), and negatively charged microparticles (3).

Table 1
Polydispersity index of PEI-coated microspheres in different buffer systems as well as microscopic fluorescence images of these particles after storage for 30 min.
Polydispersity index (PDI) 20 mM HEPES/NaOH pH 7.4 (HEPES) Isotonic 20 mM HEPES/NaOH pH 7.4 (isoHEPES) Isotonic PBS
Immediately after coating 0.063 0.121
0.893

30 min after coating 0.112

Fluorescence microscopic images

10um

higher cell binding than negatively charged ones due to pronounced
agglomeration. Nevertheless, the results clearly indicate that both
ionic interactions (positive and negative particles) were character-
ized by a lower binding efficiency to Caco-2 cells in comparison
with WGA-mediated biorecognitive interactions.

3.3. Influence of different buffers on the binding properties of
surface modified microparticles

In order to evaluate the impact of cell-compatible buffers on
the particle-cell interaction and to select a suitable buffer sys-
tem for the upcoming experiments, binding studies on Caco-2
cell monolayers were performed with particle suspensions in PBS
containing 0.1% Pluronic® F-68 (PBS/Pluronic®) as well as iso-
tonic 20 mM HEPES/NaOH pH 7.4 containing 0.1% Pluronic® F-68
(isoHEPES/Pluronic®) pursuing the same protocol as described
above (Section 3.2 monolayer experiments). These assays were car-
ried out under stationary conditions with particle concentrations
of 30 g mL~! for 30 min.

300

OisoHEPES
250 A

mPBS
200
150

100 ~

50 A

mean relative cell-associated fluorescence
intensity (MFI)

WGA-grafted PEl-coated Negatively charged

Fig. 5. Influence of the buffer system on the binding characteristics of sur-
face modified polystyrene microspheres (30 pgmL~') to Caco-2 cell monolayers
after incubation for 30 min at room temperature under stationary conditions

(mean#+S.D., n=3).
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As illustrated in Fig. 5, the cell binding rates of WGA-grafted
particles were clearly influenced by the buffer system used for
the assay. Interestingly, the overlapping standard deviations indi-
cated no distinct impact of buffer in case of positively and
negatively charged particles. However, when the mean relative
cell-associated fluorescence intensities of PEI-coated particles in
isoHEPES/Pluronic® were compared with those in PBS/Pluronic®,
the quantity of cell associated microspheres decreased by about a
third at the mean. This finding is in accordance with previous stud-
ies on the PDI revealing that positive particles were more likely
to agglomerate in PBS/Pluronic® than in isoHEPES/Pluronic®. Due
to this pronounced agglomeration tendency of PEI-coated parti-
cles, the observed increase in cell associated fluorescence in case of
PBS assays as already discussed in Section 3.2 can be explained by
binding of particle clusters instead of single particles. This hypoth-
esis is also supported by the huge standard deviations in the single
cell and monolayer assays indicating a high variability in the inter-
play between particle aggregation and cell binding. Interestingly,
according to measurements of the pH as well as the osmolarity
and according to calculations the ionic strength of PBS and iso-
HEPES are identical. Thus, there was another impact of the buffer
system on the particle—cell interaction. For that purpose, the influ-
ence of the buffers on the fluorimetric detection or alterations of
the surface charge of particles and cells as well as the interactions
between them were taken into consideration. According to detailed
experiments, a buffer-induced alteration of fluorescence intensity
is very unlikely (data not shown). However, the surface charge of
cells and particles could probably be affected or altered provoking
different interaction kinetics, since PBS contains multivalentions as
compared to isoHEPES. Furthermore, due to probably insufficient
charge compensations at the particle surface during the PEI-coating
process, locally negative and positive surface areas might be created
promoting the agglomeration process.

Considering the variation of the determined MFI as shown in
Fig. 5, the calculated standard deviation for the PEI-particle binding
was considerably lower in case of isoHEPES. In line with the reduced
tendency toward aggregation, isoHEPES/Pluronic® was thus used
as standard buffer instead of PBS/Pluronic® for the binding studies
in 3D-microchannels, although adhesion of WGA-modified micro-
spheres is significantly reduced in this buffer which might lead to
an underestimation of the actual binding capability of these parti-
cles. Additionally, PEI-coated particles were prepared immediately
before the experiments and all particles were sonified for resuspen-
sion to exclude agglomerations as well as checked by fluorescence
microscopy to guarantee proper conditions.

3.4. Pulse-chase cytoadhesion studies of modified polystyrene
microspheres in a multichannel acoustically-driven microfluidic
system

Upon administration in humans, either peroral or parenteral, the
flow of materials under physiological conditions and the associated
hydrodynamic forces will affect the binding of particles to cells and
tissues. To investigate the impact of hydrodynamics on the cytoad-
hesion of particles a microfluidic setup similar to that described by
Fillafer et al. [17] was used to characterize the cytoadhesion under
flow conditions. In the present work, to improve reproducibility
and to enhance versatile applicability of such acoustically-driven
microfluidic techniques, a SAW platform with four identical IDTs,
which were assembled on an aluminum block (Fig. 1) and could
be operated in parallel, has recently been developed in our group.
Moreover, the device was designed in a way that the glass plates,
which serve as a support for the PDMS-channels and allow cell
growth, were of the same size as standard microplates. That way,
it is possible to detect plate-associated luminescence, absorbance

or fluorescence with high spatiotemporal resolution in standard
microplate readers.

Using this multichannel acoustically-driven microfluidic sys-
tem, a series of cytoadhesion studies of surface modified particles
was performed following different pulse-chase incubation setups.
Throughout the experiments Caco-2 cell monolayers grown to con-
fluence in 3D-microchannels were used. At first, the cells were
incubated with all three types of polystyrene microspheres (WGA-
grafted, PEl-coated and negatively charged) under stationary
conditions so that both phases, the pulse- and the chase-incubation,
were identical lasting for 30 min at RT each (s/s). After the pulse-
incubation but prior to the fluorescence readout of the pulse-phase
a washing step was performed in order to remove unbound or
loosely attached particles. As illustrated in Fig. 6, at the mean,
a slight difference of the cell-associated fluorescence could be
observed between the pulse- and the chase step for each type of
particle. The decrease in particle binding after the chase incubation
was highest for the positively charged microspheres amounting
to 36% of the pulse-phase value. WGA-modified particles yielded
the best results with 89% of stably bound particles after the chase-
phase. As these s/s assays could not reflect the impacts of flow,
microsphere binding to Caco-2 cells was also assessed using an s/f
setup, where a stationary pulse-incubation representing a preload-
ing step was followed by a chase-incubation under flow conditions.
That way, still loosely bound microspheres were supposed to
detach from the cell monolayers due to the streaming. Interestingly,
as shown in Fig. 6, almost no difference between the two phases
could be observed despite exerting shear stress to the preloaded
monolayers. Finally, to simulate in vivo conditions, the pulse-chase
assay was performed with both incubation-steps under flow condi-
tions (f/f). As to the s/s and s/f studies, the impact of hydrodynamic
drag during the chase-phase on cell-binding of the particles was
rather low. As compared to the other assay setups, however, it
was interesting to note that the binding rates after the pulse-
incubation in f/f studies were slightly higher for WGA-grafted and
negatively charged spheres amounting to 117% and 126%, respec-
tively. Considering the size of the polystyrene microparticles used
in this work being 1 wm, only about 1% of the added particles
were calculated to be deposited during 30 min of incubation. Thus,
the shear stress of flow might provoke a down-drift of the micro-
spheres, which brings more particles in close contact with the cells
and results in a higher number of cell-associated particles.

All in all, the series of pulse-chase incubation studies about
cytoadhesion of different types of polystyrene microspheres
revealed that the impact of hydrodynamic stress on pre-bound par-
ticles at the surface of cell monolayers is rather low. Loading of the
colloids under flow conditions, however, might increase the prob-
ability of access of particles to the cell surface due to additional
effects of flow.

Concerning the kind of surface modification, WGA-grafted
particles exhibited the highest binding rates to Caco-2 mono-
layers independent from the type of assay performed, exceeding
that of positively and negatively charged particles 2.13-2.98-fold
(Fig. 6). Hence, as also demonstrated in Section 3.2, biorecogni-
tive interactions seem to provide a higher binding efficiency to
cells than ionic interactions. Biorecognition generally comprises
different binding mechanisms including electrostatic interactions,
hydrogen-bonding as well as van der Waals and hydrophobic inter-
actions [30]. As a consequence these interactions benefit from a
rather high binding stability as exemplified by Kp values of about
107 for the lectin-carbohydrate interaction [31]. Another impor-
tant feature of biorecognitive interactions relies on the close fit
between the ligand and the binding pocket resulting in a highly
specific interaction depending on 3-dimensional geometry and
chemistry. In contrast, binding via ionic interactions might be
impeded or at least partly shielded by electrolytes present in the
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Fig. 6. Pulse-chase binding studies of WGA-grafted, positively and negatively charged microspheres (60 g mL-1) to Caco-2 cell monolayers at stationary and flow conditions
(mean +S.D., n=3). s/s represents a setup where the incubation was identical for both phases: 30 min, room temperature, stationary conditions; s/f represents a setup with
a pulse-incubation for 30 min at room temperature under stationary conditions followed by a chase-incubation for 30 min at room temperature under flow conditions. f/f
represents a setup where the incubation was identical for both phases: 30 min, room temperature, flow conditions. A flow velocity of 2000 pms~! was applied for all flow
conditions. After the pulse- as well as after chase-incubation but prior to fluorescence readout washing steps using isoHEPES/Pluronic® were performed.

surrounding medium. With respect to the allocation of the ionic
binding partners within the cellular membrane, positive and neg-
ative charges are rather stochastically distributed over the surface,
which might contribute to a rather weak local interaction.

A final comparison between the cytoadhesion efficiencies of
positive and negative particles is difficult because of the high
standard deviations of positively charged particles due to the fact
that the storage time after modification as well as the buffer
systems used further influence the results significantly. Addition-
ally, during this work particles of only one single size (1 wm)
were applied and the flow velocity was set to a constant value of
2000 pms~!. However, the dimension of the particle surface, the
mass of particles, and the deposition rates vary according to the
diameter of the colloids. Moreover, according to Decuzzi et al. [32]
the role of particle shape should be considered for the bioadhesive
behavior of particulate formulations. Hence, it might be interesting
to use particles with different sizes as well as shapes at varying flow
velocities in further studies. In addition, it would be interesting to
perform these studies with different types of cells as the proper-
ties of the monolayer surface might also influence the interaction
between particles and the cells.

4. Conclusion

Carboxylated polystyrene microspheres with 1 pum in diam-
eter were either coated with PEI to convert the surface charge
from negative to positive or modified with WGA to obtain a
carbohydrate specific surface. Regarding the influence of the bind-
ing mechanism on the characteristics of particle-cell interactions,
WGA-grafted particles mediating biorecognition exhibited a higher
cell binding efficiency than PEI-coated or unmodified carboxy-
lated microspheres which provoke ionic interactions. In case of
positively charged PEI-particles a buffer system which provides
storage stability and impedes agglomeration has to be selected.
Studying the cytoadhesive properties of particles under flow con-
ditions in an acoustically-driven microfluidic multichannel system
demonstrated that the hydrodynamic drag, which is likely to occur
throughout the organism during drug administration, has no nega-
tive impact on cell-bound particles at a flow velocity of 2000 pm s—!
independent from the type of particle preloading, but even leads to
an increased probability of binding. Thus, administration of partic-
ulate drug delivery systems smaller than 1 wm might benefit from
stable adhesion of the formulation to the pharmaceutical target

also in vivo. In addition, localized or targeted particulate ther-
apy concepts relying on specific interactions with cell membrane
components should be preferred provided that the size of the for-
mulation is appropriate. Nevertheless, the impact of flow on the
bioadhesive properties of different drug formulations has to be fur-
ther investigated in more detail due to the ubiquitous presence of
hydrodynamic forces under physiological conditions. Thus, it might
be advisable to underline the current results with studies using par-
ticles of different sizes as well as shapes and under different flow
velocities.
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Abstract

In the present study, six fluorescein-labeled plant lectins with different
carbohydrate specificity were used to elucidate the glycosylation
pattern of endothelial cells before and after inflammation.
Independent from the cell type the highest binding rates to endothelial
monolayers were observed in case of wheat germ agglutinin (WGA)
and Ulex europaeus isoagglutinin | indicating high numbers of
accessible sialyl and fucosyl-residues at the cell surface. Upon TNF-a
induced inflammation, in primary HUVEC additional sialic acid

structures were disclosed as indicated by increasing WGA-binding rates.

In general, the lectin binding capacity of macrovascular endothelial
cells was significantly higher than that of microvascular ones. Inhibition
tests with complementary sugars confirmed the specificity of lectin-
binding to endothelial monolayers. Interestingly, WGA-blood cell
interaction studies revealed that no agglutination of blood cells occurs
up to the threshold of 15.88 pg WGA mL™. Thus, low amounts of WGA
might be compatible with the circulatory system offering a promising
approach towards therapeutic application of WGA-grafted drug
delivery systems such as microcarriers, which might be beneficial to
prolong the residence time and improve efficacy of poorly bioavailable
drugs.

Keywords

Endothelial cells / Erythrocytes / Glycocalyx /Lectins / Wheat Germ
Agglutinin (WGA)
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Introduction

The vascular endothelium lines the entire interior surface of more than
60,000 miles of blood vessels in the human circulatory system [1]. This
thin cell layer mediates a high number of physiological functions such
as exchange of substances between blood and tissues, synthesis of
nitric oxide, endothelin and prostacyclin for adjustment of vascular
tone and blood pressure, as well as regulation of coagulation,
inflammatory processes and angiogenesis. The surface of endothelial
cells is coated with a glycocalyx, which contains different domains with
specific carbohydrate residues [2] and is negatively charged [3].
According to electron microscopic studies with fixed samples, the
glycocalyx is a fine network of different glycoproteins of 50-100 nm in
thickness [4], whereas direct intravital microscopy revealed a thickness
of 400-500 nm [5]. In addition, it is suggested that the glycocalyx
decelerates the flow at the surface of the endothelial cells contributing
to the asymmetric flow profile of blood[6-8].

The glycans decorating the surface of endothelia in different vascular
beds from varying species including humans have been identified in
several studies [1]. Smolkova et al demonstrated that Concanavalin A
(ConA), Lens culinaris agglutinin (LCA), Lycopersicon esculentum
agglutinin (LEA), Ricinus communis agglutinin (RCA) and wheat germ
agglutinin (WGA) bound to all endothelial beds of rat microvasculature;
however, Griffonia simplicifolia lectin | and Helix pomatia agglutinin
interacted with certain beds [9, 10]. Lectin binding studies in early
developmental chicken embryos showed that ConA, LCA and WGA
specifically interact with vascular endothelium, but only LCA retained
its ability to interact with endothelial cells upon further development
[11]. An examination of Ulex europaeus isoagglutinin | (UEA-I) binding
to the endothelial cells of human vasculature demonstrated that UEA-I
is a specific marker for endothelial layers in human tissues as well as
human tumors of endothelial origin [12-14]. Alroy et al. and Roussel et
al. screened the binding of a set of lectins to 15 species including non-
mammalian animals (e.g. chicken), mammalian animals (e.g. pig, goat
and rabbit) and humans. The results revealed that the lectin binding
pattern corresponding to the carbohydrate pattern decorating the
surface of endothelial cells is a unique signature of different vascular
beds and species. Additionally they ascertained an evolutionary
development [15, 16].

Although several studies focused on the binding characteristics of
different lectins to endothelial cells, a systematic study with human
endothelium prior and after inflammation is still missing. Therefore,
the aim of this work was to elucidate the binding characteristics and
specificity of six plant lectins with different carbohydrate specificity.
The selected plant lectins were wheat germ agglutinin (WGA) from
Triticum vulgare binding to N-acetyl-D-glucosamine and sialic acid, the
lectin from furze seeds (Ulex europaeus isoagglutinin |, UEA-I)
interacting with a-L-fucose-containing carbohydrates, Solanum
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tuberosum lectin (STL) from potato tubers binding to N-acetyl-D-
glucosamine, lentil lectin from Lens culinaris (LCA) recognizing
galactosaminyl-/a-mannosyl-residues, Dolichos biflorus agglutinin
(DBA) from horse gram and peanut agglutinin (PNA) both interacting
with galactosamine and its N-acetyl-derivative. Additionally, three
different cell types are investigated: (i) primary human umbilical vein
endothelial cells (HUVECs) isolated from human umbilical cords by
treatment with collagenase Type |, (ii) human umbilical vein
endothelial cells immortalized with human telomerase reverse
transcriptase (HUVECtert) [17] and (iii) immortalized human dermal
microvascular endothelial cells (HMEC-1) [18]. At this, primary HUVEC
and HUVECtert represent macrovascular cells, whereas HMEC-1 are of
microvascular origin. Moreover, another focus is set on the blood cell
agglutinating activity of WGA which currently excludes this lectin from
parenteral drug delivery concepts and has been already subject of
some lectin-cell interaction studies [19-23]. Here, the objective was to
evaluate whether it is reasonable or not to develop lectin-grafted drug
delivery carriers for parenteral administration.
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Materials and methods

Materials

The fluorescein-labeled lectins from Triticum vulgare (wheat germ
agglutinin, molar ratio fluorescein/protein (F/P) = 4.5), Solanum
tuberosum (STL; F/P = 3.2), Ulex europaeus (UEA-I, isoagglutinin I; F/P =
2.7), Lens culinaris (LCA; F/P = 3.7), Arachis hypogaea (PNA; F/P = 5.1)
and Dolichos biflorus (DBA; F/P = 2.1) were purchased from Vector
Laboratories (Burlingame, CA, USA). Human fibronectin was acquired
from BD Bioscience (Bedford, USA). Recombinant Human TNF-a was
obtained from R&D Systems (Minneapolis, MN, USA). Heparin sodium
salt was from Sigma-Aldrich. All other chemicals were of analytical
grade.

Cell Culture

In the present work, three different types of endothelial cells, HUVEC,
HUVECtert and HMEC were used. All tissue culture flasks used for
cultivation were coated with a 1% (w/v) aqueous solution of gelatin for
30 min prior to seeding the cells. All cells were cultivated in
EndoPrime® Medium (EndoPrime Kit, PAA, Linz, Austria) supplemented
with Bio Whittaker® Pen/Strep/Amphotericin B (final concentration 1%
(v/v); Lonza, Basel, Switzerland) at 37 °C in a humidified 5% CO, / 95%
air atmosphere and subcultured twice a week using 0.25% trypsin-
EDTA solution. The cells were used for the experiments between
passage 3 to 18 (HUVEC), 14 to 46 (HUVECtert) or 27 to 40 (HMEC).

For lectin binding studies and competitive sugar inhibition endothelial
cell monolayers were grown in 96-well microplates. For fluorescence
microscopy cell monolayers were cultivated on glass cover slips
combined with the flexiPERM micro 12 system. The seeding density
was for both cultivation systems 1.7 x 10* single cells/160 pL per well.
Cells were cultivated under standard cell culture conditions until a
confluent monolayer had been formed.

Lectin binding capacity of endothelial cells

To determine the lectin binding capacity of endothelial cells, single
cells (HUVEC and HUVECtert) and monolayers (HUVEC, HUVECtert and
HMEC) were investigated.

For monolayer experiments, confluent monolayers of HUVEC,
HUVECtert and HMEC were washed with PBS buffer supplemented
with Ca?* and Mg*" after removal of the culture medium. Subsequently,
the cell monolayers were incubated with 50uL lectin solution (1.56 —
100 pmol, serial dilutions in the same buffer) each well for 30 minutes
at 4°C. After removal of unbound lectins by three washing steps with
cold buffer, the relative cell-associated fluorescence (RFI) was
determined in a fluorescence microplate reader (TECAN, Infinite M200,
Austria) at 485/525 nm. Monolayer samples incubated with buffer
alone served as a control for autofluorescence of cells and microplates.
In case of inflamed endothelial tissue (HUVEC and HUVECtert), the
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monolayers were activated with TNF-a (0.5 ng/50 puL in cell culture
medium) at 37°C for 4 hours. After removal of TNF-a by washing, the
lectin binding capacity of inflamed endothelial cells was determined as
described above for healthy cells. For comparability of the results, the
read outs were related to an apparent conjugation number of 1mol
fluorescein per mol lectin.

Specificity of the lectin-cell interaction

Competitive inhibition experiments using the complementary
carbohydrates were performed to estimate the specificity of the lectin-
cell interaction. After washing the confluent endothelial cell monolayer
with cold PBS buffer supplemented with Ca®* and Mg*", the cells were
incubated with 25 uL of the complementary carbohydrate in buffer
(see Table 2) and 25 uL of the corresponding lectin in the same buffer
(12.5 pmol/well) for 30 min at 4°C. The monolayer samples were
washed three times with 100 uL pre-cooled buffer and analyzed by
fluorimetry. The acquired RFI values were related to control samples
without carbohydrates, representing 100% lectin binding. For
comparison of the data, ICso values, defined as the amount of
corresponding sugar necessary for 50% inhibition of lectin binding,
were calculated from inhibition curves (not shown).

Cell microscopy

To visualize the cytoadhesion of different lectins in endothelial tissue,
monolayer grown on slides assembled with the flexiPERM micro 12
system were incubated with 12.5 pmol lectin /50 pL PBS buffer
supplemented with Ca®* and Mg?* per well at 4°C for 30 min. After
removal of unbound lectins by three washing steps with cold buffer ,
the cells were fixed in ice cold methanol for 10 min at -20°C (100
uL/well). After rehydration in PBS containing 1% (v/w) BSA (100
uL/well) for 20 minutes at room temperature the monolayer were
washed twice with the same buffer. Then, 100 L solution of 0.5 pg
Hoechst 3334 in PBS/ 1% BSA were added and incubated for 30
minutes at 37°C. Finally, the cells were washed twice with the same
buffer and fluorescence images were acquired with a Zeiss Axio
Observer.Z1 (Zeiss, Gottingen, Germany).

Evaluation of the interaction between WGA and erythrocytes from
different blood groups

Blood samples were collected from healthy donors (blood groups O, A
and B) using VACUETTE® blood collection tubes (3.5 mL 9NC
Coagulation sodium citrate 3.2%; Greiner Bio-One GmbH,
Kremsmuenster, Austria) and used immediately. To analyze the effects
of WGA on erythrocyte agglutination, 19 plL blood samples were mixed
with 1 pL solution of fluorescence labeled WGA (corresponding to an
end concentration between 1.975-125 ug mL" in distilled water) and
incubated for 10min at 37°C. For analysis within the measurement
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range of the flow cytometer, the blood-lectin sample was diluted
20000-fold in two steps, first 100-fold and second 200-fold. The gates
were set properly to determine single cells, cell debris, and cell
aggregates. Samples without WGA served as a control and the assays
were done in triplicate.

To visualize the effect of WGA on erythrocytes, the lectin-blood
mixture incubated for 10 min as above was diluted 150-fold in order to
avoid observation of pseudo-aggregates of erythrocytes due to the
high concentrated samples. Immediately, for each concentration of the
lectin at least 30 images were taken at the same magnification using a
Zeiss Axio Observer.Z1 (Zeiss, Gottingen, Germany). The numbers of
aggregates and single cells were counted manually and the average
number of aggregates of each image was calculated. An aggregation
was defined as an unarranged cluster of more than 2 cells

Inhibition experiments using chitotriose as a carbohydrate
complementary to WGA were performed to verify the specificity of the
lectin-binding to the erythrocyte surface. Briefly, 19 ulL freshly drawn
blood were mixed with 1 pL chitotriose solution (0.1 - 0.8 umol mL™),
and then with 1 uL WGA-solution (2.5mg mL™). After 10min incubation
at 37°C and proper dilution the sample was analyzed by flow cytometry.
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Results

Lectin binding capacity of endothelial cells

Six fluorescein-labeled plant lectins with different carbohydrate
specificities were chosen to investigate the glycosylation pattern of
endothelial cells. Additionally, HUVECs and HUVECtert were activated
with TNF-a to estimate changes in lectin binding pattern upon
inflammation. HMEC-1, however, failed to be inflamed by TNF-a
treatment (data not shown). As displayed in Figure 1, independent
from carbohydrate specificities of the lectins, the cell-bound
fluorescence intensity increased with the lectin concentration in all
three types of cells with and without TNF-a activation. The resulting
binding curves leveled off between the concentrations of 12.5 and 100
pmol lectin indicating saturation of accessible carbohydrates. However,
for all types of monolayers, DBA and PNA vyielded very low RFls which
were scarcely higher than the autofluorescence of endothelial cells.

As demonstrated in Figure 1A and 1B, in case of HUVECs, the cell-
associated fluorescence intensities followed the order: UEA-I > WGA ~
STL ~ LCA >> PNA > DBA. In contrast, in case of HUVECtert, the lectin-
binding rate decreased as follows: WGA > UEA-I > STL >> LCA >> PNA >
DBA. Although the lectin binding capacity was most pronounced in
case of WGA and UEA-I for both cell types, the WGA binding rate to
immortalized endothelial cells was higher than that of UEA-l. In
contrast, UEA-I binding exceeded that of WGA in primary cells.
Moreover, the cell-associated RFI of LCA was significantly lower on
immortalized cells than on primary cells as indicated by only half RFl in
case of HUVECtert as compared to HUVEC at 100 pmol LCA per well.
Interestingly, there was an increasing LCA binding capacity of primary
endothelial cells, and even saturation was not observed up to 100
pmol LCA. Furthermore, STL exhibited similar binding rates to both cell
types. In contrast to primary and immortalized macrovascular
endothelial cells, the HMEC-1 cell line originating from microvascular
tissue showed significantly lower binding rates of the six plant lectins
following the order: WGA > UEA-I ~ STL > LCA >> PNA ~ DBA. For
instance, at the highest concentration of lectins the cell-associated
fluorescence intensities of WGA, UEA-I and STL decreased to half of
those of primary cells, and in case of LCA it decreased even to 12.5%.
Inducing inflammation of endothelial cells by pretreatment with TNF-a
resulted in decreasing binding rates of most of the lectins as compared
to healthy cells. In case of inflamed HUVEC at 100 pmol lectin/well the
cell-associated RFI of UEA-I, STL, and LCA decreased by about 51%, 28%,
and 42%, respectively (Fig. 1A and 1D); in case of immortalized
HUVECtert, the binding rates of WGA, STL, and LCA decreased by about
23%, 31%, and 26%, respectively (Fig.1B and 1E). In contrast, the cell-
associated fluorescence of WGA to inflamed HUVEC increased by about
24% as compared to healthy endothelial cells; thus the order of binding
capacity of lectins was altered according to: WGA > UEA-I ~ STL ~ LCA >>
PNA > DBA. Similarly, in case of HUVECtert a revesed ranking of WGA
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and UEA-I was observed changing the lectin-binding order to UEA-I >
WGA > STL > LCA >> PNA ~ DBA. At this, after activation with TNF-q,
only the fluorescence of cell-associated UEA-I slightly increased by
about 4% at 100 pmol per well. In order to elucidate the changes in
lectin binding upon inflammation in more detail binding studies were
repeated with lectins of high binding capacity at a lower concentration
range from 1.56 to 12.5 pmol each well. Interestingly, no significant
differences in RFI of WGA and UEA-I were detectable between
inflamed and non-inflamed HUVEC and HUVECtert (Fig. 2). However,
LCA-binding to HUVEC decreased slightly by about 16%.

The results of saturation analysis of lectin binding to endothelial cells
were confirmed qualitatively by fluorescence microcopy (Fig. 3). Due to
the strong interaction of the cell surfaces with WGA, UEA-I and STL, the
apical membranes of HUVEC monolayer were intensely stained. In
accordance with the rather weak interaction of PNA and DBA with the
cells, fluorescent staining was not observed. Moreover, due to the
temperature of pre-incubation with lectins (at 4°C), the metabolic
activity of cells was minimized. Therefore, internalization of cell-bound
lectins was not observed (see Figure S1C in supplementary appendix).
HUVECtert and HMEC-1 yielded similar images like HUVEC (pictures not
shown). Additionally, no signs of lectin mediated cytotoxicity were
observed at the concentrations applied.

Specificity of the lectin-cell interaction

The specificity of the interaction between plant lectins and human
endothelial cell was verified by competitive inhibition with
complementary carbohydrates (Table 1). Depending on the amount of
the complementary carbohydrate added, the carbohydrate binding
domain of the lectin is blocked partially and inhibited from binding to
the cell membrane. Due to their high binding capacity to endothelial
cells WGA, UEA-I and LCA were chosen for inhibition experiments.
Generally, an increasing concentration of corresponding carbohydrate
led to a decrease of lectin binding to the cell surface (Table 2). At the
highest carbohydrate concentration applied, the extent of specific
binding of all three lectins exceeded 80%. Whereas less than 10% of
WGA and UEA-I binding to the endothelial glycocalyx was due to non-
specific interactions, this extent increased to about 20% in case of LCA
indicating lower specificity.

In case of microvascular HMEC-1 cells, the inhibition rates of both,
WGA and UEA-I, were slightly lower than those of macrovascular
HUVEC and HUVECtert exhibiting a similar level of specific binding. LCA,
however, exhibited almost the same specificity of interaction with all
types of endothelial cells. Inflammation of HUVEC and HUVECtert
provoked no significant difference in inhibition of WGA and UEA-I
binding as indicated by a mean ICso of 0.0024 + (WGA) and 0.1000 +
(UEA-I). Interestingly, after inflammation of HUVEC, the ICsq value of
LCA decreased significantly to 24% of that of non-inflamed tissue.
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Evaluation of the interaction between WGA and blood cells from
different blood groups

Due to the high affinity and specificity of the interaction between WGA
and endothelial cells as observed above, the effect of WGA on
agglutination of blood cells was investigated. UEA-I also exhibited high
affinity to endothelial cells. However, due to its blood-group specificity
in contrast to WGA, which is non-specific for any blood group [24], it
was excluded from the agglutination tests.

Upon incubation with increasing amounts of WGA, the percentage of
aggregated blood cells of the whole population increased concurrently
independent of the blood group (Fig. 4). According to flow cytometric
analysis in presence of 31.25 - 125 pg WGA mL™" more than 1% of the
whole blood cells were aggregated. This percentage was significantly
higher than that of control samples and independent from the blood
group. The same results were obtained by directly counting the
number of cell aggregates on microscopic images. At the highest WGA-
level (125 pg mL™) huge aggregates were clearly observed (Figure 5).
With decreasing amounts of WGA the size of the blood cell clumps
concurrently decreased, but still several small aggregates were
observed. At 31.25 pg mL™ WGA, at least 2.1 aggregates were detected
on each image in the case of blood groups A and O, and at least 0.5
aggregates were observed in case of blood group B (Table 3). In
contrast, up to a WGA-concentration of 15.88 ug mL’l, an almost
constant amount of 0.1310.06% aggregated blood cells independent
from the blood group was determined. This value was not significantly
different from the control samples without WGA amounting to
0.1310.03% (Fig. 4). Moreover, microscopic analysis yielded similar
results (Table 3). About 0.1+0.2 aggregates of blood cells per image
were observed in presence of > 15.88 pug mL™ WGA as compared with
0.040.2 aggregates in controls without lectin.

Interestingly, on microscopic images of blood group A in presence of
15.88 pg mL™ WGA a very few doublets were observed (Figure 6).
However, these clumps cannot be clearly distinguished from pseudo-
aggregates, which might be due to overlapping of two cells or the
rouleau effect of blood cells [25]. Although the aggregation was
reversible, these pseudo-aggregates were scored as aggregates to
adhere to strict criteria. At the next concentration level of 7.94 pg mL™
WGA no aggregation was observed like in control samples without
WGA. The microscopic images of cells from blood group B and O
revealed the same results (data not shown).
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Discussion

In order to systematically characterize the glycosylation pattern of
human endothelial cells, binding studies with a panel of lectins with
different carbohydrate specificities were performed using their
fluorescein-labeled analogues. For quantitative comparability of the
results and to elucidate the sugar pattern of endothelial cells, it is
assumed that each lectin binds only one specific carbohydrate residue.
For instance, WGA is a dimeric protein containing four hevein domains
as binding pockets for carbohydrates [26]. However, due to steric
inaccessibility and different carbohydrate affinities [27], the molar
binding ratio between WGA and glycosyl residues on the cell
membrane can be limited to 1:1 even in case of cell monolayers.
Additionally, the CyQuant® test assessing the cell number of the
monolayer revealed no significant difference in cell numbers for all
types of endothelial monolayers under investigation (supplementary
appendix: Figure 2). Moreover, the RFl was related to an apparent
flourescein/protein ratio of 1:1. Altogether, the ratios of detected RFI
between different lectins represent the difference in glycosylation
pattern of human endothelial cell monolayer.

According to the results, the glycocalyx of endothelial cells is
characterized by high amounts of N-acetylglucosamine, sialic acid,
fucosyl- and mannosyl residues and minor amounts of galactosamine-
and N-acetyl-galactosamine-residues. These quantitative fluorimetric
results are confirmed qualitatively by fluorescence microscopy (Fig. 3).
The membrane of endothelial cells was intensely stained by WGA and
UEA-I, followed by STL and LCA, whereas PNA and DBA-staining was
almost invisible. However, the glycosylation patterns of macrovascular
HUVECs and HUVECtert varied slightly probably due to immortalization.
In the case of HUVECs, the carbohydrate pattern followed the order:
fucose > N-acetylglucosamine and sialic acid ~ mannose >>
galactosamine > N-acetyl-galactosamine. In contrast, HUVECtert
contain about 5% less fucosyl residues than N-acetylglucosamine and
sialic acid, as well as an approximately 46% lower amount of mannosyl
structures than their primary cells. Interestingly, although WGA and
STL possess similar carbohydrate specificity, the binding rate of WGA
to the HUVECtert was significantly higher than that of STL. This might
be due to the presence of sialic acid residues, which exclusively
interact with WGA and not STL. Thus, the higher content of sialic acid
residues might be due to immortalization. Comparison of the
glycosylation pattern of macrovascular HUVECs and HUVECtert with
HMEC-1 cell line of microvascular origin reveals a considerably lower
lectin affinity to HMEC-1. HMEC-1 cells contain about 50% of fucosyl,
N-acetylglucosamine and sialic acid residues, and rather less than 20%
mannosyl structures at their surface as compared to HUVEC.

Nigel J. Klein postulated that inflammation by TNF-a leads to an
alteration in the glycosylation pattern on the endothelial cell surface
[28]. According to the increase in WGA binding and the decrease in STL
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binding inflammation of primary macrovascular HUVEC provokes
appearance of about 24% more sialic acid residues. However, in
HUVECtert no numerical alteration of sialic acidic structures was
observed. In case of UEA-I, only after TNF-a activation of HUVECtert
the binding rates slightly increased by about 3.9+0.1% indicating easier
accessible fucosyl residues. In HUVEC, however, the number of

accessible fucosyl residues decreased by about 51% upon inflammation.

Additionally, mannosylation corresponding to LCA-binding was
decreased in both inflamed HUVEC and HUVECtert. At the first sight
this observation is contradictory to results of increased mannose-
mediated Concanavalin A (ConA)-binding after TNF-a stimulation [29-
32]. However, it should be considered, although both ConA and LCA
are mannose-binding legume lectins [26], that ConA possesses the
strongest affinity to p-mannose at all [33]. Moreover, for a high affinity
binding between LCA and glycans the presence of one fucosyl residue
and two a-mannosyl residues are necessary [34]. Consequently, an
increase in ConA binding not absolutely means an increase of LCA
binding. Moreover, a decrease in LCA binding might not be only due to
decreased mannosylation, but might also originate from reduced
fucosyl residues. This additive effect might provoke the 42% decrease
of LCA binding to inflamed HUVEC together with the 51% decrease of
fucosylation in comparison to a 26% decrease of LCA binding to
inflamed HUVECtert together with a 4% increase in fucosyl residues. In
addition, although Chacko and Scott both have reported increased LCA
binding to endothelial cells after TNF-a stimulation, it should be
considered that human aortic endothelial cells and HUVEC purchased
from ATCC were used in their studies [31, 32]. Since these two types of
endothelial cells might be different from the HUVEC used in present
study, which were isolated immediately after birth from the umbilical
vein and represent macrovascular cells, the glycosylation patterns
might differ.

According to competitive inhibition tests using complementary
carbohydrates, WGA and UEA-I exhibited the highest binding specificity
yielding up to 95% inhibition. In case of LCA the maximum level of
inhibition was up to 83% indicating higher contribution of non-specific
binding. However, the affinity of lectins to the glycocalyx on the
surface of endothelial cells is quite different. According to the ICso
values, WGA possesses the highest binding affinity being up to 50-fold
and 4000-fold higher than that of UEA-I and LCA, respectively (Table 2).
Interestingly, after inflammation the binding specificity and binding
affinity of WGA and UEA-I were not altered; however, in case of LCA,
the ICs value decreased significantly after TNF-a activation. It might be
due to the decreasing of mannose structure at the cell surface after
inflammation. Therefore, the needed amount of complementary sugar
would be reduced for the inhibition of lectin binding to the cells.

Due to the outstanding binding rate and binding affinity of WGA to
endothelial cells especially after inflammation, it might be beneficial
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for therapy to develop WGA-grafted microcarriers as drug delivery
systems for parenteral administration. However, Carlier, Stinissen and
Peumans already discussed in 1982 [35] that wheat germ agglutinin
represents a plant lectin that agglutinates human and animal
erythrocytes. Nevertheless, it might be interesting to elucidate in detail
the prerequisites, especially the dose of WGA necessary for red blood
cell agglutination. Flow cytometry and microscopic evaluation
confirmed that 15.88 pg mL™ WGA is the limiting concentration for the
agglutination of blood cells. Independent from the blood group no cell
aggregates were observed up to this WGA concentration as compared
to whole blood alone. Furthermore, Delmotte et al. reported that the
minimum concentration of WGA required to agglutinate horse blood is
10 pg mL" WGA [36], which is in the range of the observed threshold
of 15.88 ug mL™* human blood. According to a rough calculation this
limiting concentration of WGA corresponds to binding of 50000 WGA
molecules per blood cell. Considering the maximum WGA-density at
the surface of 3 um PLGA-microparticles (unpublished data),
agglutination of blood cells is supposed to occur only when the ratio
between blood cells and microparticles exceeds 4. As administration of
such extraordinary high amounts of WGA-grafted microparticles is
neither reasonable nor required for efficacy, the concept of using WGA
for prolonged drug delivery might be feasible. Moreover, it should be
considered that this study was performed under static conditions.
However, in vivo flow conditions are prevailing attaining shear rates up
to 4000 s, which might strongly reduce the agglutination tendency of
blood cells, immediately strongly dilute the applied dose, and
consequently might even increase this limiting concentration of WGA.
Nevertheless, it should be also considered that factors like age and
gender might affect such agglutination process.

To sum up, this study confirms that sialic acid, N-acetylglucosamine,
and fucosyl residues are predominant structures in the glycocayx of
endothelial cells. Especially, upon inflammation by TNF-a stimulation
the increase of sialic acid structures leads to increasing WGA-binding to
primary HUVEC. Moreover, the sugar inhibition study proved high
specificity of the interaction between WGA and endothelial cells. In
addition, up to a concentration of 15.88 ug mL? WGA exerted no
agglutinating effects on blood cells. Thus, this threshold might be the
maximum amount for administration of WGA for targeted drug
delivery. All in all, the high binding rate and affinity of WGA to
endothelial cells, as well as its rather high concentration necessary to
agglutinate blood cells open new perspectives for glycotargeting in
pharmaceutics.
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Figure 1: Lectin binding (1.56 — 100 pmol/well, serial dilutions) to
endothelial monolayers at 4°C. The fluorescein-labeled lectins
associated with the cell surface were related to an apparent F/P ratio
of 1 (meantSD, n=6). Monolayers of primary HUVECs(A),
HUVECtert(B) and HMEC(C), as well as inflamed primary HUVECs(D)
and HUVECtert(E) after TNF-a activation (0.5 ng/well over 4 hours at
37°C prior lectin binding).
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Figure 2: Lectin binding (1.56 — 12.5 pmol/well, serial dilutions) to
endothelial cell monolayers at 4°C. The fluorescein-labelled lectins
associated with the cell surface were related to an apparent F/P ratio
of 1 (meantSD, n=6). Monolayers of primary HUVECs(A) and
HUVECtert(B) with and without TNF-a activation (0.5 ng/well over 4
hours at 37°C prior lectin binding).
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Figure 3: Fluorescence images of confluent primary HUVEC monolayer pre-incubated with
fluorescein-labeled lectins (green) at 4°C for 30 min (A-F). The nuclei of cells were
counterstained with Hoechst 3334 in blue. To compare fluorescence images, the length of
exposure was correlated with the F/P-ratio of each lectin: WGA - 1.2sec (A), UEA - 1.7sec (B),
STL - 2.0sec (C), LCA - 3.7sec (D), PNA - 5.1sec (E), DBA - 2.1sec (F).
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Figure 5: Microscopic images of erythrocytes from blood group A in presence of increasing
amounts of WGA. Freshly drawn blood was incubated with WGA solution for 10min at 37°C. and
the images were acquired after 150-fold dilution. Samples without WGA solution served as a
control. Red circles indicate agglomerates of blood cells. The huge grey shadows are dirt in the
light pass of microscope, and are not aggregates of cells.
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. Molecul . -
Lectin Emwmﬂﬂ_w“v F/P Carbohydrate specificity Inhibitory sugar Amﬂﬂvmmmn:”_”_amv
WGA 36,000 29 N-acetylo-glucosamine, Chitotriose 0.0005-0.01
sialic acid
UEA-I 63,000 2.7 a-L-fucose L-fucose 0.05-5
LCA 49,000 3g OMannose a-glucose, b-mannose 0.25-30
a- N-acetyl-p-glucosamine
STL 100,000 3.1 N-acetyl-p-glucosamine Chitotriose n.d.
B—Dp-galactose-N-acetyl-p-
PNA 110,000 5.2 glucosamine, B—p-galactosamine, D-galactosamine n.d.
galactose
o- N-acetyl-p-galactosamine, .
DBA 120,000 2.2 N-acetyl-p-galactosamine n.d.

galactose

Table 1: Characteristics of plant lectins and concentrations of complementary sugars applied in the inhibition
assays (F/P = fluorescein/protein ratio; n.d.= not determined).
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Table 3. Number of cell aggregates in whole blood samples after
WGA-incubation. Freshly drawn blood was mixed with WGA-solution
and incubated for 10min at 37°C. Microscopic images were acquired
immediately after 150-fold dilution. The average number of cell
aggregates was calculated after manually counting (meanxSD, n=30).
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Blood group A

Blood group B

Blood group O

Concentration of
lectin (ug mL™)

Number of cell aggregates / image

125 14.0+3.7
62.5 8.6+3.6
31.25 2.1+0.9
15.88 0.0+0.0
7.94 0.1+0.3
3.9 0.0+0.2
1.98 0.0+0.0
control 0.0+0.0

10.4+5.2

6.1+1.7
2.1+1.2
0.5+0.6
0.6+0.7
0.1+0.3
0.0+0.2
0.0+0.0

2.5%1.4
0.9+0.8
0.5+0.8
0.1+0.3
0.0+0.2
0.0+0.0
0.0+0.1
0.0+0.2
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Supplementary Appendix
Figure S1. Lectin binding studies to endothelial single cells

To study lectin binding, single cells were harvested by trypsination,
collected by centrifugation and resuspended in PBS buffer
supplemented with Ca** and Mg2+ to reach a final concentration of
5x10° cells mL. Afterwards 50 uL single cell suspension were added to
50 pL lectin solution in precooled buffer (0.8 - 6.25 pmol, serial
dilutions) and incubated for 5 min. at 4°C. Unbound lectins were
removed by washing twice with 400 pL cold buffer each. Finally, 100 pL
cell suspension was diluted with 500 uL pre-cooled particle free buffer
and the cell-bound mean fluorescence intensity (MFI) was determined
flow cytometrically at 488/525 nm (Epics XL-MCL analytical flow
cytometer , Beckman Coulter, Miami, USA). A forward versus side
scatter gate was used to confine the analysis to the single cell
population and a minimum of 5000 cells was accumulated for each
analysis. For estimation of autofluorescence, control samples
containing unlabelled cells were included in all experiments.

Single endothelial cells are highly sensitive and viability decreases upon
external stimuli in comparison to monolayers. Thus flow cytometric
analysis of lectin binding was performed only with non-activated
primary HUVEC and HUVECtert in the concentration range of 0.8-
6.25pmol lectin/2.5x10° cells (Figure S1, SD<2.84, n=3). STL was
excluded because of binding characteristics similar to WGA. In case of
primary HUVEC single cells lectin binding was highest in case of WGA
exhibiting a RFl up to 28.59+0.64, followed by UEA-1 > LCA >> PNA ~
DBA (Figure S1A). In case of HUVECtert, the lectin interaction was
highest in case of UEA-I in the concentration range between 0.8 to
3.125 pmol. However, at the concentration of 6.25pmol the RFI of both
WGA and UEA-lI was about 25, followed by LCA >> DBA ~ PNA. In
contrast, UEA-lI exhibited a higher binding rate to endothelial
monolayers of primary HUVEC in the same concentration range (Figure
2A). This might be due to differences in accessible binding area
between single cells and monolayers. While the lectins have the access
to the whole cell membrane in the case of single cells, only the apical
face of cell monolayers or roughly a sixth is available for the interaction
with lectins.

Moreover, as demonstrated by fluorescence microscopic images of
WGA-binding (12.5pmol/2.5x105 cells) to single primary HUVECs (30
min incubation-time at 4°C, Figure S1C), a homogeneous distribution of
cell bound WGA throughout the entire membrane of primary HUVECs
was observed. Due to the temperature level during preincubation with
lectins (at 4°C), the metabolic activity of cells was minimized. Therefore,
no internalization of cell-bound lectins was observed. HUVECtert and
HMEC-1 revealed the similar profiles like primary HUVECs (data not
shown). No sign of lectin mediated cytotoxicity was observed in the
concentration tested.
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Figure S2. CyQuant® cell proliferation test

To estimate of the cell number of activated and non activated
endothelial cells, a cell proliferation test (CyQuant®) was performed.
For that purpose, endothelial cells were seeded in 96-well microplates
at a density of 1.7 x 10* single cells/160 uL per well and cultivated at
37°C in humidified 5% CO, / 95% air atmosphere until confluency. After
removal of the medium, 50 pL reagent | (25uL 20mM HEPES pH 7 and
25 L Celllytic-M) were added to confluent monolayers with or without
TNF-a activation. In case of inflamed cells, the monolayers were
preincubated with TNF-a at a concentration of 0.5 ng/50 uL in cell
culture medium for 4 hours at 37°C. After 15 min. incubation at room
temperature 150 pL reagent Il containing CyQuant GR (0.33%), Celllysis
buffer (5.0%) and distilled water (95%) were added and the RFI was
determined in a microplate reader (excitation: 485nm; emission: 535
nm). Samples of reagents without cells served as a control. As shown in
figure, no significant changes in cell number during inflammation could
be observed. (n=18, SD<1544.37)
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Permeation of nanoparticles across cell monolayers
in vitro — Impact of growth support

Xue-Yan Wangl#, Christian FiIIaferz#, Dietmar Pixnerl, Michael Wirthl,
and Franz Gabor'*

*Corresponding author: franz.gabor@univie.ac.at
* These authors equally contributed to this work.

'Faculty of Life Sciences, Department of Pharmaceutical Technology
and Biopharmaceutics, University of Vienna, Vienna A-1090, Austria

2Department of Mechanical Engineering, Boston University, Boston,
MA 02215, USA

To be submitted to Journal of Nanobiotechnology

157


mailto:franz.gabor@univie.ac.at

2. PARTICLE-CELL INTERACTION: IMPACT OF HYDRODYNAMIC DRAG

158



2.2 SPECIFIC TOPICS

Abstract

Background

Permeable filter supports have been widely employed for the
cultivation of cell layers (e.g. epithelial, endothelial, etc.) and for
studies of the penetration of drugs and drug carrier systems through
these biological barriers. Typically, it is assumed that the characteristics
of the filter membrane itself (e.g. filter material, pore size, pore density)
do not significantly affect the outcome of the transport study. Herein,
this common assumption is tested by studying the permeation of
polystyrene nanoparticles through Caco-2 monolayers which had been
grown on different commercially available filter membranes and
stainless steel grids.

Results

Surprisingly, it was possible to cultivate Caco-2 cell monolayers on
metal grids with an average pore size (¥25 um) that is larger than a
cell’s typical diameter (~15 um). As indicated by immunofluorescence
staining of the tight-junction associated protein ZO-1 as well as
transepithelial electrical resistances of 450 Q cm?, these cell layers
were similar as compared to their filter-supported counterparts. No
permeation of nanoparticles through Caco-2 layers grown on
commercially available filter membranes was detected upon
incubation for 24h at 37°C. In contrast, nanoparticles clearly reach the
basolateral compartment when highly porous metal grids were used as
cellular growth supports. In addition, it was found that fluorescence
label released from the nanoparticles during the experiment can lead
to false positive particle transport results. We suggest the use of
ultracentrifugation to distinguish between particle-associated and
small molecule fluorescence.

Conclusion

The presented results indicate that the permeability characteristics of
the filter membrane affect transport studies through artificial
biological barriers. Highly porous growth materials, like the presented
metal grid, might be suitable alternatives to conventional filter
membranes.

Keywords

Caco-2 cells; Filter membranes; Metal grids; Transport studies;
Ultracentrifugation; Permeation
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Introduction

Transport studies across cell monolayers in vitro are used as standard
techniques for determining the permeability of drugs and prodrugs in
the framework of the biopharmaceutics classification system (BCS) [1,
2]. Moreover, the same techniques are applied for studies of the
cytoadhesion, internalization and transcytosis of drug delivery systems
such as nano- and microparticles. Typically, such transport models
consist of an apical and a basolateral compartment, which are
separated by a filter membrane. At this, the filter membrane serves as
a growth support for the cells, which, upon having formed a confluent
layer, simulate an epithelial, endothelial or other barrier of interest.
There are several commercially available transport systems, for
instance Transwell™ by Costar and ThinCert™ by Greiner Bio-One. A
typical device can be accommodated in microplate wells which allows
automatized and parallelized operation of experiments in a medium to
high-throughput manner. The filter membranes are mainly made from
polymers such as polycarbonate, polyester or poly(ethylene
therephthalate) and are characterized by different pore sizes and pore
densities. Biopharmaceutical transport experiments usually rely on
filter membranes with pore diameters <3 um (mostly 0.4 um). Several
studies have also tried to clarify if nanoparticles can permeate
epithelial cell barriers, for instance Caco-2 monolayers cultivated on
filters with 3 um pore size [3-5] or 0.4 um pore size [6-8].

It seems plausible, in particular in the case of nanoparticles whose
diameter approach the filter’'s pore size, that aside from the cell
monolayer the filter itself might present a permeation barrier. If the
filter membrane becomes the literal “bottleneck” for permeation, this
might clearly bias the results of transport studies. To the best of our
knowledge this problem has not been addressed so far.

In the present study, nanoparticle transport was studied with epithelial
cell layers that had been cultivated on different commercially available
filter membranes (Table 1). In addition, the suitability of a metal grid
(25 um mesh width) as an alternative highly porous growth support
was investigated. Caco-2 cell monolayers, which are a widely used as
an in vitro model for the human small intestinal epithelium [9-13],
were cultivated on all of these membranes. In order to allow for their
comparison, Caco-2 monolayers cultivated on filter membranes and
metal grids were characterized. Subsequently, nanoparticle
permeation through Caco-2 layers grown on the various growth
supports were determined over a period of 24 h. Since uptake of
particulate material into cells has been found to be temperature
dependent [14, 15], all experiments were performed at 37°C.
Fluorescent polystyrene nanoparticles with a diameter of 200 nm were
used as colloids, which have been reported to cross epithelial barriers
[4, 8, and 14] and which are well in the size range of potential drug
carrier systems.
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Material and Methods

Materials

ThinCert™ 24-well tissue culture insets for cultivation of cell
monolayers (0.4 um transparent (0.4 TP) as well as translucent (0.4 TL),
1.0 um transparent (1.0 TP), 3.0 um transparent (3.0 TP) as well as
translucent (3.0 TL), 8.0 um translucent (8.0 TL)) were obtained from
Greiner Bio-One (Kremsmuenster, Austria). Fluoresbrite™ carboxylated
yellow-green nanospheres with a diameter of 0.2 um (2.65 % Solids-
Latex, Diameter = 0.212 um) were bought at Polysciences Europe
GmbH (Eppelheim, Germany). Stainless steel tissue grid with a mesh
width of 25 um was purchased from Bueckmann GmbH
(Moenchengladbach, Germany). Pluronic® F-68 was obtained from
Sigma-Aldrich (Steinheim, Germany). All other chemicals used were of
analytical purity.

Cell culture

The Caco-2 cell line was obtained from the German collection of
microorganisms and cell cultures (DSMZ, Braunschweig, Germany).
Cells were cultivated in 75 cm? tissue culture flasks in RPMI-1640 cell
culture medium containing 10 % fetal bovine serum, 4 mM L-
Glutamine and 150 pg mL* gentamycine in a humidified 5 % C0O,/95 %
air atmosphere at 37°C and subcultured with TrypLE® Select (Gibco,
Lofer, Austria).

Cell cultivation on filter membranes and metal grids

Caco-2 monolayers were cultivated on ThinCert™ tissue culture insets
with different pore sizes and densities (Table 1). The apical
compartment was filled with 120 uL cell suspension containing 1.25 x
10* cells while 600 puL of medium were added to the basolateral
compartment. The cell culture medium in both compartments was
exchanged every third day during a total cultivation period of 18 days.
For cultivation of Caco-2 cells on metal grids the filter membranes
were removed from commercially available inserts. Metal grids were
cut to a similar size as the original filters and were bonded to the
bottom of the plastic cups (Figure 1A) with a synthetic rubber adhesive
(Microset 101FF, Microset Products Ltd., Nuneaton, U.K.). Upon
sterilization of these insets with ethanol for 30 min, 120 uL of cell
suspension containing 1.25 x 10* cells was added to the apical
compartment. The basolateral compartment was left empty for the
first 24 h of cultivation. This step is important in order to avoid that
most of the seeded cells simply sediment through the grid’s mesh. If
one compartment is left empty an air-water interface will be formed
directly in plane of the metal grid and thus all cells will be efficiently
deposited onto or close to the wires.

Characterization of cell monolayers
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The cell monolayers grown on the filter membranes and metal grids
were characterized regarding their confluence and electrical
resistance. For localization of cells and analysis of intercellular
connections the nuclei as well as tight junction associated protein ZO-1
were stained. Monolayers were fixed with ice-cold methanol (-22 °C),
washed with phosphate buffered saline pH 7.4 (PBS) and rehydrated in
PBS + 1% bovine serum albumin (BSA). Subsequently, a 1:100 dilution
of mouse-anti-human ZO-1 antibody (BD Biosciences, Schwechat,
Austria) was added followed by incubation for 1 h at 37°C. Upon
washing with PBS + 1% BSA, a fluorescein isothiocyanate (FITC)-
labelled goat-anti-mouse antibody (1:200) (Dako, Glostrup, Denmark)
was added followed by incubation for 30 min at 37°C. Concurrent with
the latter incubation step propidium iodide (2pg mL™) (Sigma Aldrich,
St. Louis, USA) was added to stain the cell nuclei. After washing with
PBS + 1% BSA, the samples were microscopically analyzed on a Zeiss
Axio Observer.Z1 (Zeiss, Gottingen, Germany).

The transepithelial electrical resistance (TEER) of the cell monolayers
was determined with an EVOMX voltmeter (World Precision
Instruments, Sarasota, USA) during the 18 day cultivation period and
before/after nanoparticle transport studies.

Particle transport studies

According to the stability studies of nanoparticles in transport media
(supplementary materials), transport experiments of nanoparticles
were performed in RPMI-1640 cell culture medium supplemented with
1% (w/v) Pluronic® F-68. For each experiment 600 uL of transport
medium were added to the basolateral chamber and 120 uL of particle
suspension (3 x 10" particles mL?) were added to the apical
compartment. The cell monolayers were incubated for 24 h at 37°C.
Samples (100 pL) were drawn from the basolateral compartment after
2,4, 6,9, 12 and 24 h. The relative fluorescence intensity of the
samples was determined using a Tecan Infinite® 200 fluorescence
reader (ex/em: 440/480, Grodig, Austria) and subsequently they were
retransferred to the respective well. After completion of the
experiment (= after 24 h) the basolateral medium was filled into
ultracentrifuge tubes (SORVALL®, Asheville, USA). Nanoparticles were
spun down by ultracentrifugation with a SORVALL® Ultra Pro™ 80
(Wilmington, USA). The typical timescales necessary for centrifugation
of particles can be calculated according to Eq. 1.1 [16]

= 2 n max
2 (pp—ps)T?w? " Tmin

Eq. (1.1)

with T as the timescale necessary to spin down particles, n as the
viscosity of the medium (water at 4°C ~0.0016 kg m™ s?), pp and ps as
the densities of polystyrene (1050 kg m™) and 1% aqueous Pluronic® F-
68 solution (1000 kg m™) respectively, r [m] as the particle radius, w [s
1] as the angular frequency and rpax [M] and rmin [M] as parameters of



2.2 SPECIFIC TOPICS

the ultracentrifuge rotor (for SORVALL® TFT-80.2 Fixed-Angle
Ultracentrifuge Rotor: rm=0.0601 m, ryi»=0.0339 m). The angular
frequency w is simply obtained from Eq. 1.2

W=2TWV ot Eqg. (1.2)
With Vot [s'l] as the rotation frequency.
For the polystyrene nanoparticles employed in this study, typical
ultracentrifugation times of ~4 min at 60,000 rpm should be sufficient
to spin down particles (in practice, the suspensions were centrifuged
for 15min). The fluorescence intensity of the supernatant, which
represents the contribution of released dye molecules to the total
fluorescence of the acceptor medium, was then determined via
fluorimetry. If all dye molecules remained bound to nanoparticles, the
supernatant would not fluoresce.
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Results

Characterization of cell layers on metal grids

Confluent Caco-2 cell layers were formed on stainless steel grids with a
mesh width of 25 um (Figure 1A). As illustrated by immunostaining of
tight-junction associated protein ZO-1, a continuous network of
intercellular connections was formed within the layer (Figure 1C). The
dense occupation of the grid’s pores with cell nuclei (Figure 1B) further
confirmed these findings.

The formation of a tight cell layer is typically associated with an
increase in the transepithelial electrical resistance (TEER) [17].
Experimentally, it was found that even empty filter membranes and
metal grids contribute to TEER values. The specific resistances were
rather similar amounting to ~72 Q cm? for metal grids and ~68 Q cm?
for most commercially available filter membranes respectively (Table
1). Probably due to a smaller pore size and lower pore density, empty
0.4 TP filters are characterized by a rather high TEER of 124 Q cm”.
After correction for these control values, the TEERs of Caco-2
monolayers typically ranged at about 449115 Q cm? (metal grids) and
471+109 Q cm’ (filter membranes; maximum: 665 Q cm? for 8.0 TL
filter, minimum: 359 Q cm? for 3.0 TP filter) prior to particle transport
experiments. After incubation with nanoparticles for 24 h, the TEERs of
the cell layers were 438159 Q cm? (metal grids) and 506+149 Q cm?’
(filter membranes; maximum: 709 Q cm? with 8.0 TL filter, minimum:
322 Q cm? with 0.4 TP filter).

Particle transport studies

Nanoparticle transport studies were performed with Caco-2 layers that
had been cultivated on metal grids and on different commercially
available filter membranes (Table 1). Fluorimetry was used to monitor
the concentration of nanoparticles in the basolateral compartment.

Nanoparticle permeation through Caco-2 monolayers on filter
membranes and metal grids

In course of incubation for 24 h at 37°C the mean fluorescence
intensity (MFI) of the basolateral compartment increased for all types
of growth supports. However, in the case of metal grids clearly higher
intensities were observed (Figure 2). Initially, a relatively high rate of
fluorescene accumulation was detected, which subsequently
decreased after about 6-12 hours. The latter is indicative of an
approach of the system towards equilibrium or saturation. Such
behaviour was not observed with any of the Caco-2 monolayers
cultivated on commercially available growth supports. As illustrated in
Figure 2, the increase of the MFI of the basolateral compartment over
time was clearly lower for these filter membranes and roughly
correlated with pore size (0.4 < 1.0 < 3.0 < 8.0). At constant pore size,
filter membranes with lower pore densities (transparent TP; Table 1)
seemed to be associated with less transport as compared to their high-
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density counterparts (translucent TL). However, this correlation was
more pronounced for filter membranes with 0.4 um pore size as
compared to those with 3 um pore size. Furthermore, the particle
transport studies performed with Caco-2 layers on metal grids
confirmed the tendency that higher pore density and larger pore size
result in clearly increased permeation of nanoparticles. This was
evidenced by the timecourse of the MFI of the basolateral medium for
metal grids (Figure 2). These results suggest a more than 20-fold
difference of nanoparticles transport as a consequence of the type of
growth support.

Discrimination between permeation of nanoparticles and released
fluorophores

Fluorimetry per se does not distinguish if fluorescence originates from
free fluorophor or from fluorophor attached to the nanoparticle’s
polymer matrix. In order to clarify if the fluorescence detected in the
basolateral medium was particle-associated or not, the acceptor
medium was ultracentrifuged. The difference between the acceptor
medium’s fluorescence intensity before and after ultracentrifugation
constitutes the contribution of nanoparticles to the total fluorescence.
Upon ultracentrifugation, the MFIs of most basolateral media were
found to be decreased by varying degrees (Figure 2). Importantly,
however, in case of media from transport studies with Caco-2
monolayers grown on filter membranes, the difference was negligible.
This indicates that the fluorescence detected in the basolateral
compartment is almost entirely due to free fluorophore. In case of
Caco-2 monolayers grown on metal grids, a distinct drop in the
basolateral  medium’s  fluorescence  was  observed upon
ultracentrifugation (Figure 2). This result suggests that nanoparticles
indeed permeated through the cell layer and the underlying metal grid.

Comparison of cell-covered and empty transport filters

In order to be able to understand the effect of the filter membrane
itself on nanoparticle permeation into the basolateral compartment,
the experiments as described above were performed with insets
devoid of Caco-2 cell monolayers. Expectedly, in all cases studied
(filters as well as metal grid) the MFI of the basolateral compartment
after 24h was increased as compared to experiments in which cell
layers were present. Similar MFIs were detected in the basolateral
compartments of filters with pore sizes >3 um (Figure 3). In contrast, in
the case of filters with pore sizes <1 um a relatively lower fluorescene
intensity was observed. The MFI was clearly lowest in the case of 0.4
pum TP filters followed by 1.0 um TP and 0.4 um TL filters.

Nanoparticle permeation through Caco-2 monolayers on metal grids
It is of interest to study if the timecourse of nanoparticle permeation
through Caco-2 monolayers cultivated on metal grids differs from the
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timecourse of permeation of fluorophore which is obviously released
from the particles (see results above). For this purpose, basolateral
media were collected at several time points during the 24h incubation
period and were subjected to ultracentrifugation. As illustrated in
Figure 4, the concentration of particle-associated fluorescence as well
as that of free fluorophore increases within the 24 h incubation period.
During the first 4 hours, however, there is no significant difference
between the medium’s fluorescence intensity before and after
ultracentrifugation. This indicates that no particles are present. After
6h, however, particle-associated fluorescence appears and increases
until the end of the experiment (24h).
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Discussion

The aim of the present study was to investigate the impact of different
growth supports on nanoparticle permeation through Caco-2 cell
layers. Usually, transport studies are performed with cell monolayers
that have been cultivated on polymer filter membranes with different
pore sizes and pore densities (Table 1). Transparent filters (TP) are
often used if access to the cell layer by microscopy is required. In order
to ensure the latter, the filters typically have lower pore densities. In
contrast, translucent filters (TL) have higher pore densities and thus
one expects that they impose less of a permeation barrier to
nanoparticles transport. Generally, the filter’s pore size seems to be
less relevant for studies with low molecular weight drugs, however, it
is probably important in case of drug carriers (e.g. nanoparticles,
microparticles, etc.) whose size approaches the typical pore size.
Generally, it should be noted that commercially available filter
membranes are characterized by rather low free filtration areas.
Remarkably, 85.9 - 99.7 % of a typical filter’s surface is not available for
permeation of nanoparticles into the basolateral compartment (Table
1). This could be considered a special limitation of in vitro assays.
However, it also has to be pointed out that particulate drug carriers
will encounter steric constraints in vivo, which might be similarly if not
even more restrictive (e.g. basal lamina, liver sinusoids, etc.).
Nevertheless, it is important to understand the limitations that arise
due to choice of the assay system and as indicated by the small free
filtration areas, these limitations might be drastic.

In view of these potential limitations of currently available systems, an
investigation of alternative filter materials as growth supports for
permeation studies seemed expedient. In the present study, a stainless
steel metal grid with a mesh width of 25 um was investigated
regarding its suitability as a growth support for epithelial cell layers.
The mesh structure of metal grids is highly regular and they are
available in large quantities at a reasonable cost. The grid is
characterized by a free filtration area of 25 %, which is almost twice
that of 3 um TL filters which are the commercially available
membranes with the highest porosity. As indicated in Figure 1B, Caco-2
cells can be cultivated on these metal grids. This is remarkable, since
single cells with a mean diameter of about 15 um would be expected
to pass through the pores. However, by not adding cell culture medium
to the basolateral compartment for the first hours of cultivation, the
cells were deposited at or near the wires and efficiently adhered there.
Upon adhesion Caco-2 cells proliferated to form a confluent layer with
intercellular connections as indicated by staining of the tight-junction
associated protein ZO-1 (Figure 1C). Furthermore, the cell layers on the
grids were characterized by transepithelial electrical resistances of 450
Q cm? similar to cell layers cultivated on filter membranes. Collectively,
these results underline that the cell layers on metal grids achieve a
level of “tightness” that is equivalent to that of cell layers grown on
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filter membranes.

It seems intuitive to assume that the smaller a filter’s pore size and
density are, the more of a barrier it will present to nanoparticles. In
order to test if this is indeed the case, we performed nanoparticle
transport studies with “empty” filter membranes (=no cell layer
present). In case of pore sizes 23 um (Figure 3), no difference in the
MFI of the basolateral compartment was found after 24h. This
indicates that the pore sizes and densities of these filters are probably
high enough to not present a barrier for equilibration between apical
and basolateral. However, filter membranes with a pore size <1 um
affect the equilibration process. This is probably due to the filter’s pore
size (0.4um) approaching the size scale of the nanoparticles, in our
case nanoparticles with a diameter of ~ 200 nm. Such steric
constraints, which can be further amplified by low pore densities,
hinder nanoparticle permeation into the basolateral compartment.
Furthermore, the considerable surface area of filter of the filter
(including pores) represents a surface for adsorption of nanoparticles.
In general, sequestration of nanoparticles by binding to the filter
material would not be surprising [18]. It is also probable that a filter
pore becomes blocked or at least narrowed if a particle adsorbs to it
wall. Effectively, the latter will lead to a further decrease of the free
filtration area of the membrane.

These considerations seem rather trivial, but nevertheless they have
consequences for transport studies across cell monolayers. Generally,
the low MFI detected in the basolateral compartments in the case of
commercially available filter membranes as grown supports further
exemplified this. At this, the 8 um TL filters exhibited the highest
transport rate among all types of filter membranes, and was more than
8-fold higher to 0.4 um TP filter. In contrast, clearly higher basolateral
fluorescence intensities were detected for Caco-2 layers cultivated on
metal grids. After 24 h incubation, a 137-fold higher MFI as compared
to 0.4 um TP filters was observed. It seems likely that the higher
permeation of particles through cell layers on metal grids is partially
due to the larger free filtration areas as compared to filter membranes.
This was proven by the results of comparison between particle
transport with and without cell monolayers. Although the 3 um and 8
um filters obtained the almost same results of the permeation of
fluorescent intensities for empty filters as empty metal grids, after 24 h
incubation only less than 1% of the MFI in basolateral compartments in
case of filters with cells to empty filters was detected. In contrast,
more than 15% of the fluorescence intensity in the case of cell-covered
metal grids was detected compared to the results of empty metal grids.
Interestingly, it was found that the fluorescence intensity of the
acceptor medium does not only increase due to transported
nanoparticles, but to a large degree due to fluorophore that has been
released from the colloids. This was demonstrated by
ultracentrifugation experiments (Figure 2). Apparently, fluorescent
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marker molecules are released from the nanoparticles in course of the
experiment, permeate across the cell layer and reach the basolateral
compartment. Thus, a direct inference from fluorescence intensity
measurements to presence of nanoparticle is not possible. Similar
reports of “false-positive” findings due to liberated fluorophore have
been reported [19-21] and have to be considered for correct data
interpretation. After correction for free fluorophore, no nanoparticle
transport was observed for commercially available filter membranes. In
contrast, the fluorescence intensity in the acceptor medium for Caco-2
monolayers on metal grids was partially due to nanoparticles. Within
the first 4 hours of incubation, permeation of free fluorophore
dominates (Figure 4). However, after 6 hours nanoparticles started to
accumulate in the basolateral medium. Again, this result estimated
that the particle transport was dependent on the free filtration area
available; higher free filtration area resulted in an increased particle
transport rate. Thus, according to an approximate conversion of
fluorescence intensity to number of particles calculated from a
calibration curve, after 24 h incubation 1.2x10'° nanoparticles reached
the basolateral compartment across Caco-2 monolayers cultivated on a
metal grid. Since 3 x 10 nanoparticles each filter were applied
corresponding to the theoretically maximal observed number of
particles in the basolateral compartment (free equilibration between
apical and basolateral), as consequence the percentage of
experimentally observed transported nanoparticles to theoretically
total particles is 40% approximately.
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Conclusion

The pore size and pore density of the growth support used for the in
vitro cultivation of biological barriers influence the outcome of particle
permation studies. We demonstrated that nanoparticle transport from
apical to basolateral does not only depend on the cell monolayer, but
also on the free filtration area and pore size of the filter membrane. No
transport of fluorescent polystyrene nanoparticles with a diameter of
200 nm was observed across Caco-2 cell monolayers cultivated on filter
membranes with pore sizes up to 8 um within 24h. Stainless steel grids
with a mesh width of 25 um were studied as a highly porous potential
alternative for cell cultivation. When metal grids were used as growth
supports, clearly higher nanoparticle transport rates were observed.
Furthermore, it has to be highlighted that fluorimetry is - by itself - not
a reliable means for particle quantification in the basolateral
compartment. A combination of fluorimetry with ultracentrifugation,
however, is capable of discriminating between particle-associated and
free fluorophore. In conclusion, metal grids or similar materials could
serve as alternative growth supports which circumvent the drawbacks
of currently used filter membranes. Moreover, a standardization of the
filter materials, experimental procedures as well as analytical
techniques used for nanoparticle transport studies would be
advantageous to improve the comparability of results between
laboratories and to ultimately achieve a better understanding of
nanoparticle transport.
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Table 1. Comparison of commercially available growth supports for transport studies with metal grid.

173



2. PARTICLE-CELL INTERACTION: IMPACT OF HYDRODYNAMIC DRAG

174



2.2 SPECIFIC TOPICS

Figure 1. A: Insert with stainless steel tissue grid with a mesh width
25 um (left) and insert with pore filter (right). B: Caco-2 cell layer
cultivated on a metal grid with 25 pum mesh width. Cell nuclei stained
with propidium iodide (red, B), and tight junction associated protein
ZO-1 (green, C). The steel wires appear as dark structures in the
background.
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Figure 2. Mean relative fluorescent intensities detected in the
basolateral compartment in course of 24h-permeation studies across
Caco-2 monolayers cultivated on different commercially available
filter membranes and metal grids. (n23, meanSD)
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Figure 3. Comparison of mean relative fluorescent intensities
detected in the basolateral compartment in course of permeation
studies with and without Caco-2 monolayers cultivated on different
commercially available filter membranes and metal grids after 24 h
incubation. (n=3, meantSD)
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Supplementary Appendix

Table S. Nanoparticle stability in transport media

Mean Particle Size (nm)/Polydispersity Index (Pdl)

Inc_t;it:j:on Distilled Water RPMI+1;/?6PSIuronic® HBSS
Oh 207.0/0.048 292.0/0.038 2(??18)8/
2h 205.0/0.015 288.0/0.002 8(?.?56/
4h 204.0/0.010 288.0/0.022 337552/
6h 202.0/0.009 286.0/0.013 332565(5)/
9h 204.0/0.013 290.0/0.008 43.731!_;3/
24h 204.0/0.044 291.0/0.016 3(7)13372/

To determine a suitable suspension medium for the transport studies,
the stability of nanoparticles in different media was examined. While
distilled water served as control, RPMI-1640 cell culture medium + 1%
Pluronic® F-68 and Hank’s balanced salt solution (HBSS) were used as
cell culture compatible dispersants. Nanoparticle suspensions in the
respective media (3 x 10t particles mL™) were incubated end-over-end
for 24h. The mean particle size and polydispersity index (Pdl) of each
sample were determined with a Zetasizer Nano ZS (Malvern
Instruments Ltd., Worcestershire, UK) at the starting point and after 2,
4, 6,9, and 24 h of incubation at 37°C.

According to the specifications of the manufacturer, as illustrated in
Table S the mean particle size is about 207 nm in distilled water. For
the incubation after 24 h at 37°C, the size of the particles remained
almost unaltered with a Pdl lower than 0.05, which indicated a narrow
particle size distribution. When using the RPMI 1640 + 1% Pluronic® F-
68 as medium, the mean size of nanoparticles was increased slightly by
about 85 nm compared to the size in distilled water. However, the
mean particle size did not change further in course of incubation for 24
h in the RPMI 1640 + 1% Pluronic® F-68 medium. Considering the
consistently low Pdls over 24 h, it seems likely that particle aggregation
in medium is not the reason for the rather spontaneous occurrence of
the increase in particle size. The shift in particle size is probably due to
the higher viscosity of the suspension medium which could affect the
measurement result of nanoparticle size analyzed by dynamic light
scattering [Fillafer C et al. Langmuir 2007 14:8699-8702.]. In contrast,
nanoparticles incubated in HBSS aggregated significantly. As indicated
in Table 2, the mean particle size increased immediately about 3-fold
after 2 h incubation with an increase of Pdl from 0.1 to 0.2. In course of
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further incubation, particle agglomerations were clearly visible and
confirmed by dynamic light scattering in corresponding to the
increased particle size up to 4471nm. Therefore, RPMI 1640 + 1%
Pluronic® F-68 was chosen as suitable medium for further experiments.
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Conclusion

Colloids in the nano- and micrometer range are intensively investigated
as drug delivery systems in the hope of developing efficient carriers for
active pharmaceutical ingredients (APls), especially poorly soluble or
poorly absorbable substances, as well as achieving site-specific drug
delivery. Nevertheless, fabrication, functionalization, and interaction of
colloidal systems with cells and tissues remain challenging and require
further investigations. Therefore, this thesis is aimed to contribute on
some aspects of these topics for a deeper understanding of the
characteristics of nano- and microparticles to finally optimize their
applications as (bio-)pharmaceutical delivery systems.

Poly (D,L-lactide-co-glycolide) (PLGA) is a well-established polyester
with excellent biocompatible and biodegradable characteristics and
represents one of the most successfully applied polymers for
particulate drug delivery systems. For the studies “Lectin-coated PLGA
microparticles: Thermoresponsive release and in vitro evidence for
enhanced cell interation” and “Lectin-grafted PLGA microcarriers
loaded with fluorescent model drugs: characteristics, release profiles
and cytoadhesion studies”, PLGA-microparticles loaded with three
different fluorescent model drugs were prepared by a modified solvent
evaporation technique. Fluorescein sodium, sulforhodamine and
boron-dipyrromethene (BODIPY®, BOD) are suggested to mimic
hydrophilic, amphotheric, and lipophilic APIls respectively. The
double-emulsion technique was chosen for encapsulation of the first
two model drugs, while the single-emulsion technique was used in case
of lipophilic BOD. Due to similar hydrophobicity of BOD and PLGA,
BOD-entrapped microparticles yielded the smallest size with diameter
of 4.1 um and the highest encapsulation efficiency about 2.25 ug per
mg PLGA. However, almost no release of encapsulated BOD was
observed neither at 4°C or 37°C presumably due to strong hydrophobic
interactions. In case of sulforhodamine-loaded PLGA microcarriers, the
amphotheric character resulted in biggest particles and lowest drug
loading, as well as no release of entrapped fluorescent dyes. The
hydrophilic fluorescein-sodium entrapped PLGA-microparticles were
4.1 um in diameter with 47% encapsulation efficiency. Interestingly,
this type of microparticles exhibited thermo-responsive release kinetics,
since no release was observed at 4°C or room temperature. At body
temperature, however, >80% of the payload was released within 48 h.
Utilizing lectin-mediated drug delivery mechanisms, the amount of
model drug bound and taken up into Caco-2 cells was 5.8-fold higher
than that of fluorescein in solution after incubation for 4 h at 37°C.
Furthermore, fluorescence imaging also confirmed pronounced
intracellular accumulation of the fluorescein payload after incubation
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for 5h at 37°C. In conclusion, hydrophilicity of the particulate matrix
and the encapsulated APIs determines the preparation technique as
well as the characteristics of microparticles such as size, loading, and
release profile. Successful encapsulation of fluorescein-sodium is a hint
towards the utility of bioadhesive drug carriers for the improved
delivery and absorption as well as improved storage stability of low
molecular weight hydrophilic APIs. Moreover, BOD-entrapped PLGA
microparticles possessing high quantum yield without any leakage
represent a useful tool for the elucidation of the particle-cell
interaction not only qualitatively by microscopy but also quantitatively
by fluorimetry.

The development of site-specific drug carriers is one of the most
important trends in  pharmaceutical technology towards
patient-friendly therapy. Structural modifications of the particle surface
(e.g. grafting with biorecognitive ligands) are supposed to improve
efficacy and minimize side effects due to required reduced dosage.
However, the presence of stabilizers inevitably necessary for the
preparation of PLGA-particles by the solvent evaporation technique
counteracts the covalent surface functionalization. Thus, the influence
of different surfactants on ligand density was evaluated in the study
“Influence of stabilizers and preparation procedures on ligand density
of PLGA-microparticles”. Adapting the energy input,
PLGA-microparticles within a comparable size range of about 3.5 pum in
terms of the surface area mean were yielded using the commonly used
stabilizers polyvinylalcohol (PVA), Pluronic” F-68 (PL), and the newly
introduced polymer poly(ethylene-alt-maleic acid) (PEMA). Although
the stabilizers enabled preparation of microparticles and prevented
subsequent aggregation, the adsorption of the stabilizers on the
surface of the microparticles shielded the functional groups of PLGA
required for modification. The -calculated number of covalently
immobilized wheat germ agglutinin (WGA) molecules per microparticle
was significantly lower in case of PVA and PL than that of spray dried
particles prepared without any stabilizer. However, the carboxylate-rich
polymer PEMA exhibited enhanced modification efficiency, yielding an
up to almost 3-fold higher ligand density on the surface. Although spray
drying without a stabilizer was the method of first choice offering the
advantage of non-restricted access for grafting, the size distribution
was broad requiring size fractionation associated with high particle loss.
Consequently, using PEMA as stabilizer to prepare PLGA-microparticles
was found to be a better choice, since it offered sufficient stabilization
during preparation as indicated by a narrow size distribution of
PLGA-microparticles. Moreover, additional reactive groups are
introduced by use of PEMA for immobilization of biorecognitive ligands
for active targeting.



Upon the numerous applications of functionalized PLGA drug carriers,
lectin-mediated biorecognition is one of the most exciting concepts for
site-specific delivery. The review article “Use of lectin-functionalized
particles for oral immunotherapy”, not only summarizes the
characteristics and advantages of PLGA-particles for oral
immunotherapy, but also the utility of lectins as bioactive ligands for
functionalization of the particle surface to improve intestinal uptake is
included. Oral immunotherapy is a promising approach for the
treatment of different immunologically mediated diseases, offering
higher patient compliance as well as enhanced systemic and mucosal
immune responses. The encapsulation of drugs and antigens within
polymer particles prevents premature loss and inactivation in the
gastrointestine. Furthermore, surface immobilization of lectins
mediates enhanced binding to epithelial cells and mucosa-associated
lymphoid tissue as well as improved cellular uptake and transport of
antigen-loaded carriers. Especially, surface grafting with wheat germ
agglutinin fostered the interaction with M-cells and enterocytes
resulting in higher IgG-levels. In contrast, modification with Ulex
europaeus isoagglutinin |, Lotus tetragonolobus agglutinin and Aleuria
aurantia lectin induced a high Thl-dominant response.

Upon development of lectin-grafted drug delivery -carriers for
parenteral administration, the most fundamental prerequisite is to
identify appropriate molecular targets at the surface of endothelial
cells. The research article “Lectin-mediated biorecognition:
Glycosylation pattern of human endothelial cells and blood
cell-agglutinating effects of wheat germ agglutinin” summarizes the
results of a study where six fluorescein-labeled plant lectins with
different carbohydrate specificity were used to elucidate the

glycosylation pattern of endothelial cells before and after inflammation.

Both, micro- and macrovascular endothelia, predominantly exhibit
sialic acid, N-acetylglucosamine, and fucosyl residues in the glycocalyx
of endothelial cells corresponding to high binding of wheat germ
agglutinin (WGA) and Ulex europaeus isoagglutinin | (UEA-I). Moreover,
sugar inhibition studies revealed high specificity of the binding
amounting to more than 90% for the interaction between these two
lectins and endothelial cells. However, upon inflammation by
stimulation with TNF-a, only the WGA-binding to primary human
umbilical vein endothelial cells representing macrovascular tissue was
increased which indicates an increase of sialic acid structures in the
glycocalyx upon inflammation. Due to the outstanding binding rate and
binding affinity of WGA to endothelial cells especially after
inflammation, the dose of WGA necessary for the blood cell
agglutination was elucidated in detail. Interestingly, according to flow
cytometric and microscopic evaluation, the limiting concentration of
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WGA for the agglutination of blood cells was about 15.88 ug mL™, since
up to this concentration no cell aggregates were observed being
independent from the blood group. According to a rough calculation,
this limiting concentration corresponded to a ratio more than 4
between blood cells and 3 um PLGA-microparticles considering
maximum WGA-density at the particle surface. As in vivo
administration of such extreme high amounts of microcarriers makes
no sense, the concept of using WGA for parenteral drug delivery might
be feasible and open new perspectives for glycotargeting.

Upon administration in humans, either peroral or parenteral, the flow
of materials under physiological conditions and the associated
hydrodynamic forces will affect the interaction of particles with cells
and tissues. Thus, in the second part of the present experimental
studies comprising the research articles “A multichannel acoustically
driven microfluidic chip to study particle-cell interactions” and “A novel
cell-based microfluidic multichannel setup — impact of hydrodynamics
and surface characteristics on the bioadhesion of polystyrene
microspheres”, a multi-channel acoustically driven microfluidic platform
based on surface acoustic wave was further developed towards
parallelization and employed to study the impact of hydrodynamics on
the particle-cell interaction in vitro. The results revealed that four
miniature flow channels could be operated in parallel at distinct flow
velocities with only slight inter-experimental variations and average
shear rates up to 5 s were easily generated at the current channel
geometry. Moreover, Caco-2 cells representing intestinal epithelial cells
and three different types of endothelial cells of micro- and
macrovascular origin could be successfully cultivated inside the
polymer microchannels to form a confluent monolayer with or without
fibronectin-precoated growth support. Furthermore, as
proof-of-concept, cytoadhesion studies with 1 um fluorescent labeled
polystyrene microspheres with different surface properties such as
lectin-grafted biorecognitive surface, cationic polyethylenenimine
(PEl)-coated positively charged surface, and native carboxylated
negatively charged surface were performed. Interestingly, at average
shear rates between 0.5 s and 2.25 s no significant effects of
hydrodynamic forces on the particle-cell interactions were observed
independent from the type of surface modification, the mode of
particle loading, as well as the type of cells. In conclusion, this
multichannel microfluidic platform represents a promising set-up with
high reproducibility and versatile utility to elucidate the effect of flow
on the particle-cell interaction. Results of this in vitro test model sheds
some light on the impact of flow and thus improved understanding of
the basic mechanisms of drug carrier — cell interaction and cell
physiology is expected.



Currently, commercially available filter membranes are commonly used
as growth supports for the cultivation of cell layers for in vitro transport
studies of particles across cell monolayers. It is assumed that the
properties of the filter membrane itself do not significantly affect the
outcome of transport studies. However, the results summarized in the
study “Permeation of nanoparticles across cell monolayers in vitro —
Impact of growth support” suggested that the filter membrane indeed
influences the permeation of particles through artificial biological
barriers. At this, almost no fluorescein-labeled polystyrene
nanoparticles with 200 nm in diameter were transferred across Caco-2
cell monolayers cultivated on filter membranes with pore sizes up to 8
pm within 24h. This poor result was assumed to be due to the low free
filtration area and the small pore size of these commercially available
growth supports. In order to improve both parameters, stainless steel
grids with a mesh width of 25 um were employed as a highly porous
substrate for cell cultivation. Surprisingly, the cultivation of Caco-2 cell
monolayers on this metal grid was successful and tightness of the
monolayer has been confirmed by immunofluorescence imaging as
well as determination of transepithelial electrical resistances. As
expected, the higher free filtration area and the larger pore size
enabled much higher permeation of the nanoparticles across the
monolayers amounting up to 40% penetration of the particles.
Furthermore, it became evident that discrimination between
particle-associated fluorescence and free fluorophore deriving from
label leakage of the nanoparticles by ultracentrifugation of the liquid in
the acceptor compartment is inevitably necessary to prevent false
positive results. Thus, only by combination of ultracentrifugation and
fluorimetry the nanoparticle fraction in the basolateral compartment
can be determined. In conclusion, highly porous growth supports like
the presented metal grid, are suitable alternatives to conventional filter
membranes for transport studies to assess rather the influence of the
tissue than the sieving properties of the growth support.

All in all, the results of this thesis indicate that the preparation
technique and grafting method for highly efficient particulate drug
carriers should be chosen according to the characteristics of the API
and the matrix. Moreover, the high versatility of PLGA particles,
especially with lectin-grafting, offers great potential for a wide range of
administrations as site-specific drug delivery systems. Considering
hydrodynamic forces as an important in vivo parameter also for in in
vitro test systems will increase our understanding of the basic
interaction mechanisms between particles and tissues. This
contribution of some further pieces to the puzzle of site-specific drug
delivery, confirms the versatility and potential utility of biorecognitive
carriers as therapeutics and/or diagnostics in the foreseeable future.
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