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Chapter 1 Introduction

1 Introduction

Besides the well-known application of low-molecular weight substances, like drugs, the
application of bigger non-drug materials - like polymers, ceramics or metals - to the human
body is valuable to treat, enhance, or replace a damaged tissue, organ, or organ function.
Originating from their application in the biological environment, these materials are called
biomaterials, because of their ability to replace or restore biological functions and exhibit a

pronounced compatibility with the biological environment [1,2].

Biomaterials in general have been used for numerous applications in which their contact to
cells and tissues via their surface is of utmost importance. Apart from their original use as a
tissue replacement, they have increasingly been applied as carriers for drugs [3] and cells
[4,5,6,7,8] in recent years. The characterization of the material interaction with cells was,
thereby, frequently concentrated on issues such as biocompatibility [9,10,11,12], initiation of
tissue ingrowth into the material’s void space or host tissue integration. Although these
properties are of paramount significance for biomaterial development and application,
cell/material interactions have primarily been considered on a generalized scale, as the
underlying mechanisms remain widely elusive due to the complexity and multitude of
parameters involved. While research along these traditional lines has resulted in a number of
biomaterials with significantly improved properties, the question arose in recent years if one
could not take better advantage of biology’'s potential to interact with its environment more
specifically. Doing so would facilitate the development of biomaterials for applications that
require the control of cell behavior with respect to individual processes such as cell
proliferation [13,14], cell differentiation and cell motility [15,16,17,18]. In an ideal case, this
would allow for the ‘design’ of a material to elicit cellular responses that help the material to
better perform its intended task. Applications for such designer-materials range from tissue
repair or replacement to the controlled cellular uptake for the delivery of therapeutic agents
[19,20].

There are two major categories of cell-biomaterial interactions. specific and unspecific.
Unspecific interactions are usually difficult to control, because they are based on properties
common to multiple cell types. These common cell characteristics include, for example, cell

surface properties, such as the negative charge of the cell membrane, as well as ubiquitous



Chapter 1 Introduction

lipophilic membrane proteins or lipophilic proteins of the extracellular matrix that mediate

unspecific adhesion to polymer surfaces.

Specific interactions, in contrast, are much more controllable as they are primarily related to
the interactions of defined chemical structures, such as ligands that interact with their
corresponding cell surface receptors [21]. The expressions ‘biomimetic’ and ‘ bioactive’ have
been coined to describe materials that are capable of such defined interactions [22,23]. In
particular, biomimetic materials are materials that mimic a biological environment to elicit a
desired cellular response, facilitating the fulfillment of their task [24,25]. It is obvious that
drugs do not fit into such a definition, as their task is the interaction with cells ‘per se'.
Biomaterials of a natural origin also do not unequivocally fit into this category, because they
do not mimic a natural environment, but rather provide one. Despite these crisp definitions, a

gray zone exists in which materials cannot explicitly be classified.

So what is the blueprint of a biomimetic material after all? It is obvious that, for example,
receptor ligands integrated into the material play an important role with respect to cell-
material interactions. One has to bear in mind that the main task of a biomimetic material is
not necessarily the specific interaction with a cell or tissue, but rather the fulfillment of the
intended purpose, e.g. the targeting of a certain cell type or providing a scaffold structure for
tissue growth; this specific interaction is intended as a tool for the material to achieve these
goals. One of the first types of biomimetic materials targeted the integrin receptor to enhance
cell adhesion to material surfaces [26,27]. Such materials contained exposed RGD motifs on
their surface [28,29]. Other materials had cytokines tethered to their surface to target cell
surface receptors that impact cell proliferation or differentiation [13,14,18]. Some of these
materials have been extraordinarily successful and it is expected that more and more
biomaterials will be developed that mimic the properties of biological environments in order

to influence cells and whole tissues.

It is the goadl of thisreview to give an overview of the field of biomimetic materials, which is
scattered among different disciplines, such as biomaterials science, biomedical engineering,
the medical sciences and pharmaceutics. It is obvious that the definitions given above include
avariety of material design principles and a number of material classes. Mimicking a natural
environment could, for example, also be a matter of shaping a material on the micrometer and

nanometer scale, dimensions that cells can ‘sense’ and respond to in defined way [30,31,32].
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As a treating of the whole field is beyond the scope of this single paper, we will focus
exclusively on materials that interact with cells via receptors. In the first chapter, we will
elucidate the mechanisms by which cells can interact with their environment, which provide
the basis for arational material design. In the following chapter we will review the chemistry
by which cell surface receptor ligands can be attached to the materials. Next we will consider
two limiting cases. the scenario in which the dimension of the biomimetic material vastly
exceeds the dimensions of a cell and the reverse case in which the cell is much larger than the
material, which is then essentially in the nanoscale. In both cases, we report on the particular
aspects of material design and actual developments. Finally, we review potential applications
of biomimetic materials in tissue engineering, polymer-associated drug targeting and non-

viral gene transfer into mammalian cells.

-10-
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2 Mechanisms by which cells can interact with their
environment

Mechanisms of cellular interaction with the environment are of paramount significance for
biomimetic material development. In vertebrate tissues, many mechanisms exist that enable
cells to communicate with their environment, specifically by means of signaling molecules.
The principle of this interaction is that a ligand binds to its corresponding receptor leading to
various intra- and extracellular responses. In this chapter, we will elucidate the biological
principles of three interactions that are of interest for biomimetic material design: cell

adhesion, morphogenic stimuli signaling and endocytosis.

Figure 1: Process of cell attachment to cell spreading. Scanning electron micrographs of
adherent cells on substrates containing varying concentrations of covalently grafted peptide
(GRGDY). (A) spheroid cells with no filapodial extensions; (B) spheroid cells with one to two
filapodial extensions;, (C) spheroid cells with greater than two filapodial extensions, (D)
flattened morphology representative of well spread cells. Bar: 10 um. Reproduced from [ 38].

-11-
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2.1 Cdl adhesion

Cell adhesion is a critical process in the field of biomaterials. In tissue engineering, for
example, cell attachment is an obvious prerequisite for a number of important processes, such
as cell proliferation or cell migration [33], but cell adhesion is an important component even
for more established biomaterial applications such as orthopedic implants [34]. However, in
many applications it may be crucial to ensure the adhesion of specific cell types. Therefore, a
tremendous amount of research has been devoted to understand and, consequently, control
cell adhesion.

2.1.1 |ntegrin-binding peptides

Cell-matrix adherens junctions enable cells to bind the extracellular matrix [ECM] by
connecting the actin filaments of their cytoskeleton to the matrix. Members of a large family
of cell-surface matrix receptors called integrins mediate this adhesion. Integrins are composed
of two non-covalently associated transmembrane glycoprotein subunits (o. and ). 18 a- and 8

- units have already been discovered, which form 24 known different heterodimers [35].

The tripeptide sequence Arg-Gly-Asp [RGD] has been identified as part of many natural
integrin ligands and a motif on several ECM proteins [36]. The variety of receptors with
different oo and 3 subunit combinations gives rise to differences in the receptor affinity of
different RGD containing compounds. Many small adhesion peptides (RGD peptides) have
been synthesized, for example RGD, YRGDS, CGRGDSY, as well as cyclic RGD peptides
such as cyclo(RGDfK) [27]. About half of the 24 known integrin receptors bind to ECM
molecules in a RGD dependent manner [37]. Due to the fact that integrins are distributed and
used throughout the organism, the RGD sequence is an attractive compound to utilize in the

stimulation of cell adhesion on synthetic surfaces.

Cell adhesion involves a sequence of four steps: cell attachment, cell spreading, organization
of an actin cytoskeleton, and formation of focal adhesions (Figure 1) [28,38]. Following cell
attachment, cells are sufficiently associated with the material to withstand gentle shear forces,
whereas during the second phase the cell body becomes flat and its plasma membrane spreads
over the substratum. Thereafter, actin organizes into microfilament bundles that form an actin
cytoskeleton. A forth effect is the formation of focal adhesions that link the ECM to the actin

-12-
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cytoskeleton. A great number of signaling events following the formation of focal adhesions

are known [39].

2.1.2 Heparin-binding peptides and lectins

Among the non-integrin surface receptors, proteoglycans, such as the syndecans [40],
congtitute a large family of molecules responsible for cell adhesion. They consist of a core
protein to which the negatively charged glycosaminoglycan is covalently attached [28].
Therefore, the heparin-binding domains are rich in basic amino acids and numerous heparin
binding sequences based on X-B-B-X-B-X or X-B-B-B-X-X-B-X dgructures have been
identified [41], where B represents a basic amino acid and X a hydropathic residue. KRSR,
for example, was selectively used to promote osteoblast adhesion [42]. However, cell
attachment using these sequences is usually less significant compared to integrin-binding
RGD.

The carbohydrate-rich zone on the cell surface, known as the glycocalix, can be characterized
by its affinity for carbohydrate-binding proteins called lectins [43]. Wheat germ agglutinin
[WGA], for example, recognizes these carbohydrates and can therefore be used for targeting
cells[44].

2.2 Morphogenic and mitogenic factor signaling

While the aforementioned mechanisms of communication were linked to the attachment of
cells, morphogenic and mitogenic factors affect other processes such as cell mobility, cell
differentiation cell proliferation. Growth factors are a class of bioactive molecules that hold
great potential the development of biomimetic polymers. These polypeptides manage cellular
activities through a complex network of intracellular signaling cascades. They engage in
processes such as cellular proliferation, differentiation, migration, adhesion and gene
expression. For each type of growth factor, there is a specific receptor or set of receptors,

which some cells express on their surface and others do not.

The receptors for most growth and differentiation factors are a large family of transmembrane

tyrosine protein kinases. They include receptors for vascular endothelial growth factor

-13-



Chapter 1 Introduction

[VEGHF], fibroblast growth factors [FGFs], epidermal growth factor [EGF], insulin-like
growth factor-1 [IGF-1] and many others.

VEGF is, amongst other functions, the key regulator of normal and abnormal angiogenesis, a
specific mitogen for vascular endothelial cells derived from arteries, veins, or lymphatics [45]
and therefore used as a promising candidate for the stimulation of angiogenesis-dependent

tissue regeneration.

FGFs are polypeptide growth factors that initiate mitogenic, chemotactic and angiogenic
activity [46]. Some FGFs are potent angiogenic factors and most of them play important roles
in embryonic development and wound healing. In contrast to VEGF, FGFs are pleiotropic, i.e.
they control distinct and seemingly unrelated effects, because they stimulate endothelial cells,
smooth muscle cells, fibroblasts and certain epithelial cells [47].

EGF exhibits mitogenic and motogenic activities [48,49] and is present in many cell types,
including fibroblasts and epithelial cells. EGF, in addition to TGF-o. (transforming growth
factor-a), is thought to be an important factor in inflammation and wound healing by

stimulating neovascularization and chemotaxis of cells involved in wound healing [50].

|GF-1 has successfully been shown to induce proliferation of chondrocytes and stimulate the
synthesis of ECM components in an in vitro cartilage model [51]. Furthermore, it has been
demonstrated that the IGF-1 receptor is different from the insulin receptor, but there is

communication between IGF-1 and insulin and their receptors[52].

The TGF-B superfamily comprises a large number of polypeptide growth factors [53] and, in
contrast to the above mentioned factors, they activate receptors that are serine/threonine
protein kinases [54]. TGF-3 has been shown to play a major role in wound healing and
fibrosis, and has been recognized to be very important in tissue repair due to its ability to
stimulate cells to deposit ECM [55]. TGF-B1, for example, is a key factor during bone
development and regeneration [56,57].

A number of other extracellular signaling proteins are structuraly related to the TGF-3s and
also belong to the TGF-B superfamily. Among them, the bone morphogenic proteins [BMPs]
play an important role in bone formation [54]. BMP-2 is reported to be a useful growth factor
to increase osteoblastic differentiation of rat marrow stromal cells [rMSCs] [58,59].

-14-
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2.3 Endocytosis

A third important biological principle is the particle uptake into cells via lipid bilayer vesicles
formed from the plasma membrane, usually termed endocytosis. Being able to activate this
mechanism using a biomimetic material would provide tremendous opportunities for
delivering drugs and DNA more efficiently into the cell. Two main types of endocytosis are
distinguished, generally classified as phagocytosis and pinocytosis. Phagocytosis involves the
internalization of large particles (> 0.5 pum), whereas pinocytosis describes the formation of
smaller vesicles (< 0.2 um) [60]. These vesicles are initiated at specialized regions of the
plasma membrane called clathrin-coated pits, which, in association with transmembrane
receptors, can serve as a concentrating device for the internalization of specific extracellular
macromolecules, a process called receptor-mediated endocytosis. The macromolecules bind to
complementary cell-surface receptors, accumulate in clathrin-coated pits and enter the cell in
clathrin-coated vesicles that end up in endosomes. Thereafter, the receptor proteins can be

recycled, degraded in lysosomes or return a different plasma domain [61].

This process can be used for the uptake of molecules in hepatocytes, which express the
asialoglycoprotein receptor [ASGPr], a receptor that selectively recognizes glycoproteins
containing galactose residues [62]. The transport of macromolecules into the cell by receptor-
mediated endocytosis with transferrin as atargeting moiety via the transferrin receptor can be
utilized in rapidly dividing tissues [63]. Another possible uptake route to clathrin-mediated

endocytosis is via caveolae [64].
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3  Conjugation chemistry for biomimetic molecules

Biomimetic materials can be synthesized in numerous ways. One method includes a complete
de novo synthesis of all components including the cell signaling entities. As this is different
for each individual material, it is beyond the scope of this review to go into such details. An
alternative is the design of the material that can be assembled from components. Molecules
that are used for cell signaling are then considered one building block that is attached to the
backbone of the material via functional groups on the polymer. This design strategy has the
advantage that bioactive molecules can be bound to the material surface after processing the
polymer into its final form. In this chapter we will review the most popular binding reactions

that can be used for such an assembly.

3.1 Carbodiimide-conjugation (Tablel1 a)

Carbodiimides belong to the zero length cross-linking agents, forming bonds without the
introduction of additional atoms or spacers. Their application is favorable in conjugation
reactions, where such spacer might be detrimental for the intended use of the corresponding
conjugates. Their applicapability in both organic and agueous solvents contributes to the wide

spectrum of possible conjugation reactions.

Carbodiimides are widely used to activate carboxylate groups by the formation of highly
reactive O-acylisourea intermediates [65]. This active species can then react with amine
nucleophiles to form stable amide bonds. Water soluble carbodiimides, such as 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride [EDC], allow for an agueous conjugation
reaction of water soluble targeting molecules and polymers. To circumvent hydrolysis [66],
organic soluble carbodiimides, like dicyclohexyl carbodiimide [DCC], have been used to form
ester linkages or amides with the corresponding carboxylic acids at high efficacy in anhydrous
solutions [67,68]. To avoid undesirable side reactions [69], N-hydroxysuccinimide [NHS] or
N-hydroxysulfosuccinimide [Sulfo-NHS] can be added to form more stable NHS ester
derivatives as reactive acylating agents. The corresponding NHS or Sulfo-NHS esters react
readily with nucleophiles to form the acylated product, but only primary or secondary amines

form stable amid or imide linkages, respectively [70].

-16-
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Table 1: Conjugation mechanisms
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a) Carbodiimide mediated reaction of amines with carbonic acids.
b) Reductive amination.

¢) Reaction of isothiocyanates with nucleophils.

d) Reaction of maleimides with thiols.

e) SPDP mediated crosslinking of amines with thiols.

f) Biotinylation of amines.
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Many examples of carbodiimide mediated conjugations are present in the literature: the T101-
antibody has been directly conjugated to PLL taking advantage of the water solubility of EDC
[71], folic acid was covalently bound to poly[aminopoly(ethylene glycol)cyanoacrylate-co-
hexadecyl cyanoacrylate] using DCC/NHS mediated amide synthesis [72] and, in a different
reference, folic acid was also linked to the terminal hydroxyl of the PEG block of poly(L-
histidine)-co-poly(ethylene glycol) by DCC and 4-dimethylaminopyridine [DMAP] mediated
acylation [73].

3.2 Reductive amination (Table 1 b)

Reductive amination results in a zero-length cross-linking between aldehyde and amine
components, forming stable amine bonds without the introducing of additional, possibly

unfavorable spacer.

Native carbohydrates contain aldehyde groups as reducing ends and can be directly coupled
with amine-containing molecules, leading to the formation of a Schiff base intermediate.
Unfortunately, the direct coupling of the reducing carbohydrates with amines suffers a rather
low efficiency, due to the comparatively low concentration of the open structure in agueous
solution compared to the cyclic hemiacetal form. Alternatively, carbohydrates often also
contain hydroxyl groups on adjacent carbon atoms, which can be oxidized to reactive

aldehyde groups using sodium periodate [74,75].

After the reaction in an agueous environment, Schiff bases are rapidly reversed to the
corresponding aldehyde and amine by hydrolysis. The Schiff bases formed can be converted
into stable secondary amine linkages by reductive amination using reducing agents, such as
sodium cyanoborohydrid, which reduces Schiff bases efficiently while aldehydes do not react
[76,77]. Carbohydrates like galactose have been directly coupled to polyethylenimine [PEI]
by reductive amination [78], while transferrin, a glycoprotein, was oxidized using the

periodate oxidation method before conjugation with the amine component PLL [79].

-18-
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3.3 Isothiocyanate reaction with nucleophiles (Table 1 c)

| sothiocyanates are homobifunctional linkers, which react aimost selectively with primary
amines leading to the formation of stable thiourea compounds. Unfortunately, their use is
afflicted with only poorly controllable reactions, the formation of rather random conjugates,
as well as polymerization or intramolecular cross-linking giving byproducts with altered

solubility.

The reaction has its pH optimum at an alkaline pH, where amines are deprotonated [80]. With
the help of the isothiocyanate linker, galactose and lactose have been conjugated to PLL [81].

3.4 Reaction of maleimides with sulfhydryls (thiols) (Table 1 d)

Maleic acid imides (maleimides) are also an integral part of many heterobifunctional cross-
linking agents, allowing for the covalent attachment of bioactive molecules to polymersin a
two-step procedure. This minimizes the side reactions prevalent in the use of
homobifunctional linkers. Over a pH range of 6.5-7.5, maleimides can be specifically
alkylated at their double bond by a reaction with sulfhydryl (thiol) groups to form thioether
bonds [82,83,84]. Although at a higher pH, some cross reactivity with amino groups can
occur, as well as a ring-opening reaction caused by hydrolysis [85], the sulfhydryl specificity
and stability of the maleimide group in agueous solvents can be controlled by the pH of the
reaction medium and the choice of maleimide derivative. The selective conjugation of
sulfhydryls to maleimides has been applied by linking the thiolated OX26 monoclonal
antibodies to hydroxy-polyethyleneglycol-maleimide [86] and in the attachment of cys-folate

to poly(L-lysine) [PLL] [87].

3.5 Sulfhydryl (thiol)-reactive cross-linking agents (Table 1 e)

Another class of heterobifunctional cross-linking agents widely used in conjugation chemistry
contain both an amine-reactive group, such as an NHS ester, and a sulfhydryl-reactive end,
like the 2-pyridyldithio group in N-succinimidyl 3-(2-pyridyldithio)propionate [SPDP]

[88,89]. Conjugation with these linkers follows a two-step or multi-step process, offering
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more control over the route of reaction. The NHS esters are used to form stable amide
linkages with primary amines resulting in sulfhydryl-reactive intermediates. In a second step,
these intermediates are combined with the sulfhydryl-containing molecule to form a disulfide
bond by a thiol-disulfide exchange [90]. These sulfhydryl-reactive intermediates can also be
used to create a sulfhydryl group in the molecule to be attached by reducing the disulfide
bond with reductive agents like DTT [91]; the resulting free thiol group allows for
conjugation with various sulfhydryl-reactive groups, like maleimides or iodoacetalgroups
[92]. A sulfhydryl containing RGD-peptide [92] and thiolated transferrin [93] were covalently
bound to PEI and PLL, respectively, using SPDP and DTT.

3.6 Biotin binding to avidin, streptavidin and neutravidin

Avidin and streptavidin consist of four subunits each carrying one biotin binding site in a
pocket beneath the protein surface. The multivalent nature of these four binding sites
enhances the sensitivity and selectivity for ligand interaction, favoring the use of
avidin/streptavidin-biotin systems in immunoassay. Both proteins bind biotin by a non-
covalent, biospecific interaction similar to receptor-ligand recognition with a dissociation
constant of 1.3*10™ M [94]. Biotin binds to avidin or streptavidin by its bicyclic ring, while
the valeric acid side chain is not involved. Therefore biotinylating agents posses an acylating
active group, such as an NHS ester, on the valeric side chain for binding of amine-containing
molecules, creating a stable amide bond (Table 1 f). NHS-biotin, the simplest biotinylating
agent, is insoluble in water, while the sulfo-NHS-biotin can be easily used under agueous
conditions. To enhance the accessibility of biotin to serically hindered binding sites on
streptavidin or  avidin, long-chain  derivatives, such as  N-succinimidyl-6-
(biotinamido)hexanoate [NHS-LC-biotin] and sulfo-NHS-LC-biotin, the water soluble
derivative, have been developed [95]. To enable the recovery of targeting molecules from
biotin binding, derivatives with cleavable long-chains, such as NHS-SS-biotin and sulfo-
NHS-SS-biotin, have been introduced [96]. Replication-deficient adenovirus [97], EGF and
PLL [98] and diamine polyethylene glycol [44] have been biotinylated using NHS-L C-biotin,
NHS-SS-biotin and biotin, respectively, enabling non-covalent interaction with streptavidin,

avidin or neutravidin.
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4  Biomimetic polymers designed for manufacturing

devices exceeding the dimensions of a single cell

In many cases, biomimetic polymers are not designed to interact with individual cells, but
rather with multiple cells or even whole tissues. This means that the materials are processed
into devices with large surfaces compared to the dimensions of a single cell. Applications
include the use as classical biomaterials to replace damaged or lost tissues or as cell carriersin
tissue engineering applications. It is obvious that the boundary between these applications
cannot be sharply drawn, however, as the signaling from the material surface to cells is an
important feature in both cases. In recent years, the field of tissue engineering profited
tremendously from the improvement of biomimetic materials as they allow to better control
tissue development individual cells. In this approach, many biological aspects ranging from
cell attachment to cell differentiation are involved and need to be understood and also
controlled. In the following section, we illustrate how biomimetic polymers were designed
based on already existing biomaterials.

The polymers used for this approach can be divided in two major classes based on their
physicochemical properties hydrogels, water swollen networks composed of hydrophilic
polymers [99], from solid lipophilic materials that show little water uptake and at least
initially maintain their mechanical properties when brought into an agueous environment.
Both classes exhibit certain advantages with regard to their applications. Hydrogels allow for
high diffusion rates of nutrients, drugs and oxygen [100] and can often be injected with or
without cells, allowing for a minimally invasive implantation [101]. Furthermore, they can
easily adapt to the shape of the defect site by virtue of their flow properties and eventually
harden by in situ gelation [101]. The main advantage of rigid polymers is their mechanical
stability even after implantation, something that can be achieved for hydrogels only after
cross-linking. Furthermore, these materials provide cells with a good environment for

processeses such as cell adhesion and migration [5].
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4.1 Hydrogel materials

Hydrogel polymers for tissue engineering applications range from naturally derived to
synthetic materials. Alginate, gelatin, agarose, fibrin, chitosan are examples of naturally
derived polymers, whereas poly(ethylene glycol) [PEG], oligo(poly(ethylene glycol)
fumarate) [OPF], poly(acrylic acid) [PAA] derivatives, and poly(vinyl alcohol) [PVA]
represent synthetic materials. In the following sections, we will describe a selection of
material classes that have been used extensively for the development of biomimetic polymers
by the methods described above.

4.1.1 Algnates(Table 2 a)

Alginate, a linear polysaccharide copolymer of (1-4)-linked -D-mannuronic acid and o-L-
guluronic acid, is widely used due to its low toxicity and ready availability [101]. Its main
advantage is its easy modification with peptides due to the many free carboxylic acids on the
polymer backbone and mild gelation conditions. Alginate gels can be cross-linked using
divalent cations (Ca?*, Ba®*, or Sr**) or by covalent chemical cross-linking techniques
[102,103]. A common approach to improve cell-alginate interactions is to covalently link the
integrin binding peptide sequence RGD or its derivatives to the polymer backbone. The free
carboxylic groups of the latter are activated using EDC/NHS and reacted with the terminal
NH>-group of the peptide [104,105,106]. Suzuki et a. tethered a BMP-2-derived oligopeptide

to the alginate chains to enhance its suitability for bone tissue engineering [107].

-22-



Chapter 1 Introduction

Table 2: Examples of biomimetic polymers
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Materials derived from natural hydrogel type polymers. a) Alginate-RGD; b) Chitosan-WGA.
Materials derived from synthetic hydrogel type polymers. ¢) PPF-PEG-RGD; d) PEG-RGD.

Materials derived from lipophilic polymers. €) PMMA-Insulin; f) PEG-PLA-Somatostatin

4.1.2 Chitosans( Table 2 b)

Chitosan is a linear polysaccharide of (1-4)-linked D-glucosamine and N-acetyl-D-
glucosamine. It is quite suitable as a substrate for biomimetic polymers not only because of its
structure, which is quite similar to the glycosaminoglycans found in native tissue [101], but
also because the free amino groups in the polymer backbone are easily modified. Gelation
occurs after increasing the pH of the chitosan solution [100,108] or extruding solutions into a

nonsolvent [108]. The polymer is readily modified by the covalent attachment of molecules
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with free carboxylic acids using carbodiimide chemistry. Wang et al. covalently bound wheat
germ agglutinin, a lectin molecule, to chitosan to enhance cell-biomaterial interactions by first
activating WGA using EDC and afterwards reacting these products with the amine groups of
chitosan to form stable amide linkages [109].

4.1.3 Eibrin

Another naturally derived polymer is fibrin, a polypeptide. It is naturally formed during blood
coagulation from fibrinogen, which is cleaved by thrombin and subsequently covalently
cross-linked by factor Xllla [110,111]. This natural substrate is a suitable candidate for
implantation because it is degraded by enzymes. Schense et al. modified this polymer by
incorporating the integrin binding adhesion peptides RGD and DGEA [111]. They designed
bi-domain peptides, with a factor Xllla substrate in one domain and a bioactive molecule in
the other. During fibrin-cross-linking, the peptides were incorporated in the resulting
hydrogel. Zisch et al. used the same method to bind VEGF derivatives to fibrin hydrogels
[110].

414 PEGs(Table 2d)

PEGs are very popular synthetic polymers frequently used in tissue engineering and drug
delivery applications. Although PEG derivatives provide only endgroups for chemical
modification, they are frequently used, because they are nontoxic and nonadhesive towards
proteins, resulting in suitable model systems. In order to process PEG into a hydrogel, each
end of the polymer chain must be modified with either acrylates or methacrylates, which are
sensitive to photo-cross-linking [101,112]. As an example, PEG with two terminal hydroxy!l
groups can be converted to an acrylate with acryloyl chloride [112]. To enable sufficient cell-
material interactions, like selective cell attachment, RGD-sequences have been grafted to this
rather hydrophilic polymer [113,114,115]. Mann et al. reported reduced extracellular matrix
production of cells cultured in these hydrogels [13]. They tried to overcome this shortcoming
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by additionally binding TGF-B1 on a PEG-acrylate-spacer to the polymer via a radical

reaction.

4.1.5 Poly(propylenefumarate) derived copolymerswith PEG [PEG-PPF] (Table 2 ¢)

The amphiphilic triblock copolymer derived from a low molecular weight poly(propylene
fumarate) [PPF] with two terminal PEG units represents another class of synthetic hydrogel
forming materials and holds great promise for tissue engineering and drug delivery
applications. Its agueous solutions allows for a thermo reversible gelation with final cross-
linking of the fumarate double bonds. This results in a system applicable in a minimally
invasive manner. Moreover, these PPF-based hydrogels are biodegradable, because they
contain several hydrolytically cleavable ester groups in the polymer backbone. Jo et al.
synthesized a triblock copolymer consisting of two terminal carboxymethyl PEG units and
one poly(propylene fumarate) block in the middle of the copolymer [116]. The terminal free
carboxylic groups alow for conversion to succinimidyl esters using NHS/DCC chemistry
resulting in polymers, which could be readily modified with RGD sequences. Numerous other
derivatives of fumarate-derived polymers for hydrogel formation have been developed in
recent years, such as oligo(poly(ethylene glycol) fumarate) [OPF] cross-linked with PEG-
diacrylate [117,118].

4.1.6 PAA derivatives

Although acrylic acid derived polymers are known to degrade slowly, they are frequently
used as tissue engineering scaffolds due to the easy structure modifications of the resulting
hydrogels. In addition, some derivatives such as N-isopropylacrylamides show
thermoreversible gelation. Stile et al. studied cell-material interactions on N-
isopropylacrylamide based hydrogels modified with RGD-peptides and heparin-binding
FHRRIKA-sequences [119]. Hydrogels were prepared by radical copolymerization of N-
isopropylacrylamide, acrylic acid and N,N"-methylenebisacrylamide. The free acid groups
stemming from acrylic acid were linked to diamino-PEG using EDC and N-
hydroxysulfosuccinimide. With sulfosuccinimidyl  4-(maleimidomethyl)-cyclohexane-1-

carboxylate, the free amine group of the immobilized PEG was converted to a double bond
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sensitive to attack from free thiol groups of the peptides. Thus, the integrin-binding RGD-
sequences and heparin-binding FHRRIKA-sequences were bound directly to the polymer
backbone. A different acrylic acid derivative, N-(2-hydroxypropyl)methacrylamide) [HPMA],
was atered by tethering RGD sequences or aminosugar residues, which interact with
glycosyltransferases on cell surfaces, to the hydrogel [120]. Hydrogels were synthesized by
radical copolymerization of HPMA with either RGD or glucosamine derivatives modified

with methacryloyl residues.

4.2 Lipophilic and water insoluble polymers

Lipophilic and water insoluble polymers have also been modified to form biomimetic
polymers in recent years. Degradable materials are typically chosen for tissue engineering
applications, because a gradual resorption of the material is necessary to achieve the ideal
complete replacement of the defect with living, functional tissue. Non-degradable materials
have, however, been investigated for research applications, to achieve increased
biocompatibility or enhanced tissue integration of medical implants. Many non-degradable
materials, such as polystyrene or polyacrylate, have furthermore been modified to yield
biomimetic materials. The following chapter represents a selection of materials, more of
which are described in the literature [121,122,123,124].

4.2.1 Polystyrene[PS]

Although it is not biodegradable, polystyrene provides a good model system for lipophilic
surfaces. To make use of the cell culture approved polymer, Park et al. synthesized a sugar-
bearing PS derivative with RGD grafted to the polymer backbone using carbodiimide
chemistry to investigate the changes in the behavior of hepatocytes on these modified polymer
surfaces [125]. 1to aso linked insulin to non-degradable poly(acrylic acid) chains and grafted
them to standard polystyrene films [126].
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4.2.2 Poly(methylmethacrylate) [PMMA] (Table 2 e)

PMMA can easily be modified following the hydrolysis of some methyl ester groups in a
basic environment. Peptide sequences can be bound to PMMA surfaces through subsequent
reaction of the obtained acid residues with amine groups of peptides using EDC chemistry
[127]. An alternative constitutes the tethering of the bioactive molecule to an acrylate anchor
and grafting this molecule to the PMMA backbone using UV-irradiation. Schaffner et al., for
example, used this method to covalently link insulinto PMMA surfaces [128].

4.2.3 Poly(lactic-co-alvcolic acid) [PL GA] and poly(lactic acid) [PLA]

The most frequently used materials for tissue engineering applications are PLGA [129] and
PLA [130], because of their excellent biocompatibility, their FDA approval, and the
established procedures to form rigid scaffolds for the cultivation of cells.

PLGA chains are terminated with a free carboxyl group, which can be used for modification
of the polymer. In one example of PLGA modification, a galactose derivative was bound
directly or via a PEG spacer to the acidic end of the molecule [129]. Using NHS/DCC
chemistry, an amine containing galactose derivative or PEG diamine was tethered to the
polymer. Lactobionic acid was then grafted to the remaining free amine group of PEG using
carbodiimide chemistry. As the regular PLA chain contains few reactive centers and is also
prone to hydrolysis, an alternating block copolymer of lactic acid and lysine was used to
provide free reactive amine groups in the polymer backbone [131]. RGD peptides were then

covalently attached to the resulting free amine groups using CDI as connecting molecule.

A new class of active PLA derivatives was designed by Tessmar et al. [25] (Table 2 f). To
reduce uncontrolled protein adsorption to the lipophilic PLA, a diblock copolymer with
hydrophilic PEG was synthesized, starting from PEG and D,L-lactide in the presence of
stannous 2-ethylhexanoate [132,133]. The PEG chain terminates with an amine group
presenting a possible modification site. To activate this polymer for protein attachment, the
amine group was converted to a reactive carboxylic group using L-tartaric acid or succinic
acid as a linker with standard carbodiimide chemistry. Alternatively, athiolreactive group was

introduced via B-alanin and maleic acid anhydride resulting in a thiol reactive maleinimide.
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Insulin, as an aminecontaining protein, and somatostatin, a substance with a cleavable
disulfide bridge, were shown to attach to these activated polymers. To process the active
polymers, Hacker et al. developed a new anhydrous method for scaffold fabrication to
maintain the binding activity, resulting in highly porous cell carriers, which can be easily

modified with proteins for use in tissue engineering [24].
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5 Biomimetic polymers designed for manufacturing

devices with sizes below the dimensions of a single cell

In this chapter, we will shed some light on biomimetic polymers developed especially for the
manufacture of nanoparticulate delivery systems. Biomimetic nanoparticles hold great
promise to facilitate the cellular uptake of drugs and DNA as well as for drug targeting
applications. In contrast to many of the materials used for the interactions with tissues and
multiple cells, aprominent design feature of the materials described here is that many of them
are amphiphilic or have a block copolymer structure that facilitates the manufacture of

colloidal aggregates.

Unfortunately, following intravenous administration, most particulates are rapidly removed
from the bloodstream by the reticuloendothelial system [RES], typically due to phagocytosis
by macrophages [134] in the liver and spleen, limiting the efficiency as drug delivery system.
The formation of nanoparticles with an outer hydrophilic shield consisting of poly(ethylene
glycol) [135], poloxamer [136], albumin [137], cyclodextrine [138,139] or transferrin [140]
reduces unspecific cell adhesion, minimizing the rapid clearance by the RES, providing long

circulating drug delivery systems [141,142].

EGF-antibodies, such as B4G7, growth factors like EGF or FGF, transferrin, or vitamins like
folic acid or biotin were applied as targeting agents, because of the well-known

over-expression of the corresponding cell surface receptors on tumor cells[143,144,145].

Again, a plethora of materials have been developed in recent years, which we cannot review
exhaustively, but rather only on the basis of selected examples. We will thereby distinguish
between materials that have primarily been designed for the delivery of drugs and those that
have been designed for the delivery of DNA, which also have to condensate the DNA with the
help of cationic building blocks.
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Table 3: Afew examples of polymers used for the preparation of nano-scaled materials
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a) poly(H2NPEGCA-co-HDCA) synthesized by Sella et al. [72];

b) PLL; ¢) PLL-PEG,

synthesized by Leamon et al. [79]; d) PEI; e) PEI-PEG, synthesized by Ogris et al. [136];
f) poly(HIS); g) poly(HISPEG), synthesized by Lee et al. [ 73]
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5.1 Polymersfor the preparation of nanoparticlesfor drug delivery

5.1.1 Palyacrylate-blockcopolymers

Stella et al. synthesized a poly[aminopoly(ethylene glycol)cyanoacrylate-co-hexadecyl
cyanoacrylate] [poly(H.NPEGCA-co-HDCA)] copolymer involving derivatization of the
monomers followed by polymerization. The biodegradability of the copolymer was
introduced by connecting the N-protected aminopoly(ethylene glycol) or n-hexadecanol to the
cyanoacrylate backbone. The PEG-coated nanoparticles were prepared by subsequent
precipitation. In contrast to other coupling strategies, which involve several reactive groups
accessible for conjugation, the NHS ester of folic acid was selectively attached to the terminal
amino group of the hydrophilic PEG block of the preformed poly(H.NPEGCA-coHDCA)
nanoparticles [72] (Table 3 a). Li et a. encapsulated DNA into poly(H.NPEGCA-co-
HDCA) nanoparticles using a water-oil-water solvent evaporation technique and coupled
transferrin selectively to the terminal amino group of the PEG chains by reductive amination,

establishing a potential delivery system of therapeutic genesto the target cells [146].

Pan et al. followed an elegant strategy leading to small shell cross-linked nanoparticles with
an amphiphilic core-shell morphology, a rather unique design for a biocompatible long-
circulating drug carrier system. The diblock [PAA-b-PI] was synthesized by nitroxide-
mediated radical polymerization of tert-butyl acrylate and isoprene. Micelles were further
stabalized by the intramicellar cross-linking of acrylic acid residues located within the shell
domain of PAA-b-PI nanoparticles, using a homobifunctional diamino-cross-linking agent
[147]. The remaining free carboxylate groups were activated with a water-soluble
carbodiimide and coupled selectively with the terminal amino group of a folatetagged PEG-

amine (Figure 2).
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Figure 2: Intramicellar cross-linked [poly(acrylic acid)-b-polyisoprene] nanoparticles. A
part of acrylic acid residues of PAA-b-PI micelles were activated followed by conjugation
with a diamino linker to achieve intramicellar shell cross-linking. The remaining acrylic acid
groups were coupled with the folate-PEG amine to prepare folic acid-conjugated shell cross-

linked nanoparticles. Reproduced from Pan et al. [ 147].

5.1.2 Paly(ethylene alycol)-co-poly(caprolactone) [PEG-PCL ]

Gref et a. prepared a unigue model system for the study of cell-material interactions enabling
tagging with any biotinylated ligand or even multiple ligand binding on the surface of
engineered nanoparticles. For the synthesis of the amphiphilic PEG-PCL diblock copolymer,
poly(ethylene glycol)-bis amine was conjugated to biotin by carbodiimidazole-mediated
amide synthesis directed primarily to obtain the mono-biotinylated amino-PEG derivative
[44]. The remaining amine group has been used as the initiator for the polymerization of e-
caprolactone, catalyzed by stannous octanoate, to give the biotinylated PEG-PCL-copolymer.
From this polymer, nanoparticles were formed by nanoprecipitation, in part using mixtures of
biotin-PEG-PCL and PEG-PLA. The nanoparticle suspension can be incubated in avidin
solutions and the final particles isolated by centrifugation. As a model substance, a
biotinylated lectin, WGA, has been attached to the nanoparticle surface by adding it to the

avidin-coated nanoparticle suspension. The potential use of these nanoparticles as drug
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delivery systems for oral or even intravascular administration, as proposed by Gref et al., must
still be investigated.

5.1.3 Paly(ethylene glycol)-co-poly(L -lactic acid)

Olivier et al. described the so-called immunonanoparticles consisting of a mixture of
methoxypoly(ethylene glycol)-co-poly(L-lactic acid) [MePEGPLLA] and maleimide-
poly(ethylene glycol)-co-poly(L-lactic acid) [maleimide-PEGPLLA)] tagged with monoclonal
antibodies [MAD] to the rat transferrin receptor [86]. The MAbs undergo receptor-mediated
transcytosis across the brain microvascular barrier via the endogenous blood-brain barrier
transferrin transport system, enabling drug delivery targeted specifically at the brain. The
copolymers were synthesized by ring-opening polymerization of L-lactide on the terminal
hydroxyl group of the corresponding methoxy-poly(ethylene glycol) or maleimide-
poly(ethylene glycol), catalyzed by stannous octanoate. The desired targeting peptide had
been thiolated on the primary amino group using Traut's reagent. The nanoparticles were
prepared using an emulsion/solvent evaporation technique using blends of MePEGPLLA and
maleimide-PEGPLLA. The targeting peptide was then conjugated by the formation of a stable
thioether to the PEG-shield of the prefabricated nanoparticles.

5.1.4 Poly(L -histidine)-co-poly(ethylene alycol) [Polv(His)-PEG]: Polv(ethvlene alycol)-
co-poly(L -lactic acid) —mixtures

Poly(His)-PEG is a copolymer that forms nanoparticles containing a pH-sensitive [148]
biodegradable and fusiogenic [149] poly(L-histidine) [poly(His)] inner core, shielded by an
outer PEG layer. Poly(His) has been synthesized by a base-initiated ring-opening
polymerization of protected N-carboxy anhydride [NCA] of L-histidine and has been coupled
to carboxylated PEG [73]. To achieve a selective internalization of the nanoparticles by tumor
cells, DCC and DMAP-mediated ester formation has been used to covalently bind folic acid
and aminated folic acid to the terminal hydroxyl group of the PEG blocks of the N-protected
poly(His)-PEG-copolymer and PEG-PLA, respectively. The nanoparticles were prepared
using blends of different weight ratios of PEG-PLA and poly(His)-PEG to control the pH-
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sensitivity and stability of the micelles. The nanoparticles were loaded with the anti-tumor
drug adriamycin [ADR], purified by dialysis and isolated by lyophilization (Table 2 f,
Table 3 f and Table 3 g).

5.2 Polymersfor non-viral gene delivery

Polycations spontaneously condense DNA due to the strong ionic interaction with the
negatively charge phosphorous groups of the DNA backbone, leading to the formation of

nanometer-sized particles, known as polyplexes [150].

The efficacy of the DNA complexation depends on the molecular weight and cationic charge
density of the polymer and is important for the protection of DNA in vitro and in vivo and
also for the stability of the resulting complexes [151]. Since most of these complexes enter the
cells via unspecific endocytosis [152,153], the conjugation of a hydrophilic shield on the
surface of the polyplexes reduces the competing unspecific cell adhesion in favor of the

specific receptor-mediated uptake enabled by attached targeting molecules.

It has been shown that the ligand coupling using long PEG spacers improves the accessibility
for receptor binding, leading to better cellular uptake and to reduced cytotoxic side effects
[87,150].

Unfortunately, the direct PEGylation of the cationic polymers (pre-PEGylation) leads to
derivatives with reduced DNA complexation efficacy. To overcome this problem, methods
have been established to conjugate PEG to the pre-formed polyplexes (post-PEGylation)
[154,155].

Below we will describe a few materials that have been used for DNA delivery that have been
modified to achieve better efficiency with biomimetic principles. Many of them are derived
from polycationic polymers, which were altered by the formation of block copolymers and/or
the attachment of biologically active entities to allow for better cellular uptake and also

extended bioactivity.
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52.1 Poaly(L-lysine) [PLL] derivatives

PLL itself has been widely used as non-viral vector for gene delivery, favored due to the

biodegradability of the polypeptide and accessibility within a broad molecular weight range.

The e-amine groups in the side chain of the polyamide backbone exhibit multiple cationic
charges in an agueous environment at physiological pH. Several targeting molecules, such as
growth factors, vitamins, transferrin and carbohydrates, have been tagged to PLL by
conjugation to the primary e-amine groups. Unfortunately the majority of the delivered PLL-
DNA polyplexes remains sequestered within the endosomal-lysosomal compartment, which
dramatically reduces transfection efficiency [156,157].

Different research groups have supplemented polyplexes with endosomolytical substances,
such as adenovirus [71,79,97,158,159], chloroquine [144,160], or endosome disruptive
peptides [161,162], facilitating the release of the polyplexes from the endosome, yielding
improved gene expression. Merwin et al. conjugated the T101 antibody, which specifically
binds to the CD5 moiety exhibited on T lymphocytes, to poly(L-lysine) [PLL] using
carbodiimide chemistry. The specificity and relative amount of interaction of the
corresponding polyplexes with cells expressing the CD5 moiety was observed using the
iodinated T101 derivative [71].

B4G7, a mouse monoclonal antibody, which is uniquely internalized by EGF receptor-
mediated endocytosis, has been tagged to PLL through a stable disulfide bond by disulfide
exchange with PLL-SH and B4G7-SS-pyridine using SPDP and DTT [163]. The extent of
antibody-binding was evaluated by the binding assay using ['?°1]B4G7 and a competitive

inhibition assay.

To achieve tumor cell targeting, the NHS ester of folic acid has been covalently bound to PLL
by acylation of the primary amine functions of the polymer [157]. Transferrin, a carbohydrate
residue containing protein, has been tagged to the polymer by sodium periodate oxidation and
subsequently reductive amination [79,158] or aso by disulfide linkage [93]. The

corresponding polyplexes were formed after the conjugation of the targeting molecule.

Asiaofetuin, a natural ligand of the hepatocyte-specific asialoglycoprotein receptor and the
artifical ligand tetragalactose-peptide, have been coupled to PLL via disulfide linkages [164].
The tetragalactose has been linked to a synthetic peptide by reductive amination using sodium
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cyanoborohydride and subsequent coupling to PLL. Both vectors were used in transfection
experiments evaluating their targeting properties in direct comparison. A similar approach has
been taken by Erbacher et al., who link galactose and lactose to PLL using isothiocyanate as a
linker to prepare liver targeted non-viral vectors (Table 3 b) [81].

522 PLL-PEG-copolymers

To increase the mobility of the used targeting molecule, hydrophilic PEG can also be used as
a spacer with the cationic poly(L-lysine). In another attempt to target the folate receptor,
folate-y-cysteine was covalently bound to N-(hydroxysuccinimidyl-poly(ethylene glycol)-
maleimide [NHS-PEG-maleimide] at the maleimide end of the polymer [87]. Then
prefabricated PLL-DNA polyplexes were mixed with the folate-PEG-NHS and a folate-
tagged PEG shield was Table 3 ¢).

5.2.3 Non-Covalent Conjugatesof PLL

Another approach to actively targeting poly(L-lysine) takes advantage of the non-covalent
attachment of targeting molecules using the ionic biotin-avidin/streptavidin-interaction. This
conjugation strategy enables the attachment of any biotinylated or streptavidinylated targeting
molecule to the corresponding match, creating a “universal” vector for a variety of different
targeting sites. Here transfection experiments were performed to clarify the influence of
complex structure on transfection efficiency in vitro, while the ability of in vivo applications
still remains untested. Xu et al. attached epidermal growth factor [EGF] to PLL of varying
chain lengths by biotinylating both EGF and PLL using NHS-SS-biotin [98]. The conjugation
was then initiated by the addition of avidin, streptavidin or neutravidin followed by DNA

complexation, using mediums with low and high ion concentration.

Wagner et a. conjugated replication-deficient adenovirus both covalently and non-covalently
to PLL to assure the colocalization of the endosomolytically active adenovirus and the PLL-
DNA polyplexes in the endosomal-lysosomal compartment. The covalent linkage was

facilitated by a transglutaminase reaction [97]. To enable the non-covalent attachment,
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streptavidin has been conjugated to mercaptopropionate-linked PLL by a stable disulfide bond
using SPDP-modified streptavidin. Adenovirus has been biotinylated using NHS-LC-biotin,
facilitating the optimal accessibility of biotin for the four binding sites of streptavidin. DNA
was added to the corresponding adenovirus-PLL conjugates to form the so-called binary
complexes, leading to a non-viral vector combining both DNA complexation and
endosomolysis. To achieve active tumor targeting, transferrin-tagged PLL chains, formed via
reductive amination, were added to the binary complexes, leading to the so-called ternary

complexes.

5.2.4 Palyethylenimine [PEI] derivatives

Because of the chemical structure of the trivalent amine, PEI exists in two forms, as either a
linear or branched polyamine. By combining a high transfection efficiency and
endosomolytical properties, enabling the accelerated release of PEI-DNA-polyplexes from the
endosomal-lysosomal compartment, PEI prevails as a promising polymer for the design of
non-viral vectors[152,165].

Several different targeting molecules have been tagged to polyamines to achieve active and
specific transport of the DNA-polymer polyplexes into the cell interior.To achieve
asialoglycoprotein receptor-mediated polyplex uptake, galactose-bearing PElI has been
prepared by reductive amination and was then used for DNA complexation [78]. Similar to
this approach, Bettinger et a. conjugated tetragalactose to PEI, confirming receptor selectivity
by direct comparison to the tetraglucosylated PEI derivative [166].

Moreover, RGD peptides were also covalently bound to PEI to achieve specific cell adhesion,
enhancing the cellular uptake [92]. Here, sulfhydryl-terminated RGD-peptides were used,
facilitating the covalent attachment by disulfide bonds, formed by a SPDP-mediated disulfide
exchange (Table 3 d).
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5.2.5 Paly(ethylene glycol)-co-poly(ethyleneimine) [PEG-PEI]

Using hydrophilic diblock copolymers, atransferrin-tagged PEG-PEI has been synthesized by
coupling transferrin to PEI using sodium periodate oxidation and reductive amination with
sodium cyanoborohydride [135,167]. The polyplexes were formed with plasmid DNA and
PEGylated by adding the commercially available NHS ester of propionic acid poly(ethylene
glycol) to the polyplex suspension (post-PEGylation). In both cases, improved transfection
efficiency has been observed in in vitro and in vivo experiments, which has been attributed to
the effective shielding properties of both PEG and transferrin as well enhanced cell uptake,
due to the specific targeting by transferrin conjugation. (Table 3 e).

5.2.6 Non-Covalent Conjugates of PEI

Similarly to PLL, epidermal growth factor was also non-covalently bound to PEI. The NHS
ester of biotin-PEG was thereby linked to EGF via an amide bond leading to mono-and multi-
PEGylated EGF derivatives. Afterwards, streptavidin was attached to the PEI-DNA
polyplexes by ionic interaction and then mixed with the EGF-tagged biotin-PEG, leading to

non-covalently bound complexes joined by the biotin-streptavidin interaction [168].
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6 Examplesfor applicationsin tissue engineering

Biomimetic materials, in general, hold a great potential for specifically controlling cellular
functions and behavior, which is of tremendous importance, where the creation of new tissues
is concerned. Here we will illustrate that by giving a few examples from the field of tissue

engineering.

To demonstrate the retained bioactivity of peptide sequences tethered to fibrin hydrogels,
Schense et al. investigated the neurite outgrowth in hydrogels modified with the adhesion-
mediating sequences RGD or DGEA, which exhibit different integrin specificity, or the non-
adhesive sequence RDG [111]. Dorsal root ganglia from 8-day-old white chicken embryos
were individually embedded in the different three-dimensional hydrogels. Additionally,
soluble peptides were added to the hydrogel as a control, serving as competitive inhibitors.
After 48 hours of culture, the incorporation of RGD resulted in reduced neurite outgrowth,
whereas DGEA enhanced neurite outgrowth as expected. The use of RDG or supplemented
soluble peptides led to the same level of neurite outgrowth as in unmodified fibrin
(Figure 3).

Other hydrogels, like oligo(poly(ethylene glycol) fumarate) [OPF] derived hydrogels, were
also modified with RGD sequences to promote the specific binding of marrow stromal cells
[118]. Shin et al. investigated the influence of the polymer PEG chain length, cross-linking
density, and the preincubation of marrow stromal cells [MSCs] with soluble RGD peptides on
the extent of cell adhesion. Longer PEG chains, attached as peptide tethers, and previous
blocking of the integrin receptors on the cell surfaces led to reduced cell adhesion, whereas
the cross-linking density had no effect on the cell behavior. These results suggest that MSC
attachment on the previously non-adhesive OPF gels can be achieved by means of peptide
incorporation and an appropriate length of the peptide anchorage chain (Figure 4).
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Figure 3: The effect of tethered peptide on neurite outgrowth in fibrin gels. All tested
hydrogels were modified with covalently linked peptides. Cells were cultured with (hatched
bars) or without (solid bars) soluble peptides additonally supplemented to the culture
medium. (*) means p<0.05 compared to the unmodified hydrogel. Error bars indicate

standard deviation from the mean (n=3).Reprinted with permission from Schense et al. [111].
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Figure 4: Percent cell attachment on different OPF hydrogels. Rat marrow stromal cells
seeded on hydrogel s fabricated by crosdinking OPF with PEG diacrylate. 1.0K, 3.3K, 8.0K
represent the number average molecular weight of PEG prior to OPF synthesis. H 1X, H 3X
and H 5X, indicate a 1:1, 3:1, and 5:1 ratio of double bonds in PEG-diacrylate to those in
OPF, respectively, correlating to cross-linking density of the resulting hydrogels. Error bars
indicate standard deviation from the mean (n = 3). Reproduced from Shin et al.[118].
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The effect of various sugar-modified PLGA and PEG-PLGA diblock copolymers on
hepatocyte cell attachment was examined by Yoon et al. [129]. Hepatocytes were isolated
from 40-week-old male Sprague-Dawley rats and their attachment on different surfaces was
investigated. The results indicate that galactose enhances cell attachment better than glucose,
with only a maximum blend ratio of 1% of sugar-modified to unmodified polymer.
Introduction of PEG spacers decreased the overall amount of attached cells; longer PEG

chains resulted in even fewer adsorbed cells.

Besides the attachment of adhesion-mediating peptides, there are also applications where
bigger proteins, like growth factors, are atached to the polymer surface, leading to extended

bioactivity and distinct localization of the factor.

Suzuki et al. investigated the in vivo effect of BMP-2 derived oligopeptides on ectopic bone
formation [107]. The peptides were either covalently linked or physically mixed into an
alginate gel and 10 mg of the gel were injected in the calf muscle of Wistar rats. After 3and 8
weeks, the implanted region was removed and stained with hematoxylin and eosin or van
Kossa stain followed by microscopic observation. Implant groups with covalently linked
oligopeptides showed ogteoblast ingrowth and mineralization in the pores of alginate
hydrogels after 3 weeks (Figure 5 A) and abundant trabecular bone formation was reported
after 8 weeks of implantation. On the other hand, the control group with the non-covalently
bound BMP-2 derivative showed no mineralization after 3 weeks (Figure 5 B) and after 8
weeks the hydrogel was completely bioabsorbed.

The effect of immobilized insulin on the culture of Chinese hamster ovary [CHO] cells was
studied by Ito et a. [127]. Insulin grafted on poly(methylmethacrylate) films enhanced the
proliferation of CHO not only compared to unmodified PMMA films, but also with regardsto
the addition of the same amount of free insulin. After harvesting the cells by EDTA treatment,
new cells could be cultured on the films. Up to 4 utilizations were performed with only a
glight decrease in insulin activity, possibly due to coverage of the films with proteins secreted

from the growing cells.
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Figure 5: Photomicrographs of alginate hydrogel implants modified with a BMP-2
derivative. Von Kossa staining after three weeks of implantation in calf muscle of rats. Scale
bar 100 um. A) Implants with covalently linked peptide. Black stains indicate mineralization.

B) Implants with mixed peptide show no mineralization. Reproduced with dight modifications
from[107].
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7 Applications of nano-scaled materials

Under agueous conditions, amphiphilic copolymers self-assemble into micelles containing a
hydrophobic core surrounded by a shell composed of the hydrophilic blocks [169]. Different
methods, such as diafiltration, dialysis, nanoprecipitation or emulsion techniques, have been
used for the preparation of nanoparticles, which have been widely used as nanocontainers for

drug and plasmid DNA delivery or in immuno assays [170].

A variety of biocompatible and biodegradable polymers have been used for the preparation of
nanoparticles using folic acid as a tumor targeting unit, among them poly(H.NPEGCA-co-
HDCA) and PEG-PLA or PEG-His-copolymers. Poly(H,NPEGCA-co-HDCA) nanoparticles
were tagged with folic acid to an extent of 14-16% calculated on the total number of PEG
chains (Figure 6) [72]. The recognition efficacy of the attached folic acid by the folate
binding protein [FBP], the soluble form of the folate receptor, was demonstrated by surface
plasmon resonance analysis, enabling the real-time analysis of the molecular association. FBP
was immobilized on an activated dextran-coated gold film on the surface of a sensor and the
folic acid-tagged nanoparticles were allowed to interact with the modified surface of the
sensor, revealing even lower dissociation constants compared to free folic acid. Stella et al.
attributes the greater binding affinity of the folate-conjugated nanoparticles to the stronger
interaction with the FBP receptor clusters with the multivalent form of the ligand folic acid on
the nanoparticle surface. The corresponding nanoparticles lacking the folic acid tag, did not
associate with the immobilized FBP.

Lee et a. conjugated folic acid to the PEG shield of pH-sensitive poly(His-PEG) and PEG-
PLA blended poly(His-PEG) nanoparticles, incorporating adriamycin [73]. The application of
a mixture of polymers for the preparation of nanoparticles increased their stability against
dissociation and facilitated the controlled pH-dependent release of the antitumor agent
triggered by only slight changes in the pH, similar to those measured in the tumor interstitial
fluid. The cytotoxic effect of ADR was evaluated using folic acid-tagged nanoparticles as
well as non-targeted nanoparticles with human breast adenocarcinoma cells, confirming that
the cytotoxicity of ADR-loaded nanoparticles was dependent on the pH of the environment.
The conjugation with folic acid increased the cytotoxicity, indicating an enhanced uptake of

nanoparticles by endocytosis. This effect could even be augmented by the fusiogenic effect of
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poly(His), facilitating the endosomal release of ADR after the particle uptake by human breast
adenocarcinoma cell§ MCF-7].
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Figure 6: Preparation of poly(H,NPEGCA-co-HDCA) nanoparticles and conjugation with
folic acid. Nanoparticles with an outer amino-PEG layer were prepared by nanoprecipitation
of poly(H,NPEGCA-co-HDCA). In a second step folic acid was transformed to the
succinimidyl ester, using DCC, NHS, and conjugated to the terminal amino group of the PEG

block on the nanoparticle surface. Reproduced from [ 72].



Chapter 1 Introduction

Another approach of active targeting has been followed by Li et al.: the coupling of
transferrin, an iron-transporting serum glycoprotein, onto the surface of PEG-coated
biodegradable polycyanoacrylate nanoparticles to deliver incorporated plasmid DNA as a
therapeutic device into tumor cells [146]. The DNA was microencapsulated utilizing a double
emulsion technique with the addition of polyvinyl alcohol to prevent the relaxation of DNA
into the linear form, which exhibits less efficient gene expression [171]. The cell association
studies were performed with K562 cells, using tagged and untagged nanoparticles, revealing
an improved target cell binding. The application of free transferrin decreased the extent of
association of the transferrin-labeled nanoparticles with the cell surface, confirming the

selectivity of the receptor interaction.

Gref et a. prepared nanoparticles from biotinylated PEG-PCL-copolymer enabling the
attachment of any ligand, or even a multiple ligand coupling, by taking advantage of the
biospecific interaction of biotin and avidin [44]. The PCL-block displays the hydrophobic
core, which can be use for drug incorporation, while the flexible PEG blocks serve as spacer
for the biotin coupling, enabling maximal accessibility for the biotin-binding site beneath the
avidin surface. The nanoparticles were prepared using biotinylated PEG-PCL and PEG-PLA
blends and were obtained in a size range of 90-100 nm, which only slightly increased after the
binding of avidin. Biotinylated WGA, a model lectin, which specifically recognizes cell
surface carbohydrates, such as N-acetyl-D-glucosamine and N-acetylneuraminic acid, was
used to target anticancer drugs to colon carcinoma cells. Nanoparticles consisting of PLA,
PEG-PLA, PEG-PCL and ligand-decorated PEG-PCL were used in cell association and
cytotoxicity experiments performed on the human colon adenocarcinoma cell line Caco-2,
measuring the cell-associated radioactivity by incorporating radioactively labeled PLA into
the core of the nanoparticles. Only the WGA-tagged nanoparticles showed specific interaction
with the cell surface, leading to a 12-fold increase in cell association. The biotin labeling
enables the attachment of any biotinylated ligand by the addition of avidin, facilitating a broad
use in the design of drug delivery systems (Figure 7).
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Figure 7: Schematic representation of a core-corona nanoparticle coated with a
PEG' ‘brush’’ (distance d between two terminally attached PEG chains). Several PEG chains

carry a covalently linked biotin molecule (X ), which binds one avidin molecule (m ). Three
biotin binding sites remain available to enable the further attachment of different biotinylated
ligands, separated by a distance D, through interaction with avidin. The functionalized
nanoparticle (left) could further interact with a target cell (right) bearing two different

surface receptors at a mean distance L from one another. Reproduced from Gref et al. [44].
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8 Applicationsfor non-viral gene delivery

Gene therapy could become a promising tool for the treatment of inheritable or acquired

diseases by delivering DNA into living cells to correct genetic abnormalities [172].

Viral vectors provide high transfection efficiency and can deliver DNA into specific cell
populations. The risk of immunogenic or toxic reactions triggered by the viral components of
the vector, however, as well as viral recombination or undesired activation of potential
oncogenic sequences, restricts their application in human gene therapy [173,174,175]. Despite
a lower transfection efficiency and limited duration of the resulting gene expression, using
non-viral vectors for this purpose may be a promising strategy to overcome such difficulties
[176]. Unfortunately, most non-viral vectors provoke membranolysis or host cell
complexation, leading to a tremendous loss of viable transfected cells. To enhance the
transfection efficiency in specific cells and reduce cytotoxic effects on other tissues, targeting
molecules have been attached.

To achieve better cell specifity, Merwin et a. conjugated T101 murine monoclonal
antibodies, which bind to the CD5 moiety on the surface of T lymphocytes, covalently to PLL
[71]. Jukat cells and T lymphocytes, as CD5 positive cells, were used in a radioactive
competitive cell binding assay. To examine the specificity of receptor binding, the HUH-7
hepatocyte cell line without the CD5 moiety was used as a negative control. Sub-cellular
fractionation allowed for the detection of the polyplexes in different cell compartments,
revealing that the T101-PLL-DNA complexes were still entrapped within endocytotic
vesicles. To facilitate a sufficient release of the corresponding polyplexes from the endosome,
an adenovirus suspension was incorporated into the complexes before incubation. A sufficient
transfection efficiency, determined by luciferase expression, was only achieved by the

adenovirus-associated polyplexes,; without the endosomolytic virus no transfection occurred.

To ensure the co-localization of the adenovirus with the polyplex in the endosome, Wagner et
al. formed binary complexes by conjugating the virus to PLL using streptavidin-biotin
binding or transglutaminase reaction, followed by the DNA complexation [97]. To achieve
active targeting, ternary complexes were prepared by conjugating transferrin to PLL before

addition to the binary complexes. The transfection efficiency was determined by measuring
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the luciferase gene expression in different human and murine cell lines. Investigation of the
endosomolytical activity revealed that the ternary complexes with the transglutaminase-
conjugated adenovirus had a significantly better transfection efficiency than the complexes
together with chloroquine or adenovirus. The specificity of transferrin targeting was
confirmed on adenovirus-receptor lacking K562 cells, showing the highest transfection
efficacy of the ternary complexes and possessing both the targeting agent for the transferrin

receptor and the endosomolytical properties of the adenovirus.

Leamon et al. tagged folic acid to high molecular weight PLL using PEG spacers with
different lengths and investigated the impact on transfection of different cell lines measuring
the luciferase gene expression and 3-galactosidase expression [87]. The application of PEG
with a minimum molecular weight of 3400 has been shown to be most profitable, exhibiting a
10-fold to 74-fold enhancement of transfection efficiency in the different cell types compared
to the polyplexes without the spacer. This finding correlates well with the “individual” folate
receptor expression. Leamon et al. contributed the increased luciferase gene expression to the

improved accessibility of the folate ligand for receptor binding.

Many research groups have taken advantage of the endosomolytic properties of PEI to design
efficient non-viral vectors with enhanced transfection efficiency facilitated by the accelerated
release of the polyplexes from the endosomal-lysosomal compartment. The use of
endosomolytic agents, such as adenovirus, could be circumvented, reducing the competitive

adenovirus-receptor targeting.

Lee et a. attached biotin-tagged PEGylated EGF non-covalently to the surface of
streptavidin-coated PEI-DNA polyplexes, evaluating the effect of EGF-mono- and multi-
PEGylation, biotin-streptavidin molar ratio and streptavidin-DNA molar ratio on polyplex
stability, complex size and transfection efficiency [168]. Increasing amounts of streptavidin
were bound to the PEI-DNA polyplexes by ionic interaction [streptavidin-PEI-DNA]. The
mono-PEGylated EGF and multi-PEGylated EGF were non-covalently bound to polyplexes
with a molar ratio of DNA-streptavidin of 1:100 by biotin-streptavidin interaction using
increasing biotin-streptavidin ratios [EGF-PEG-biotin-streptavidin-PEI-DNA] (Figure 8).
The mono-PEGylated EGF conjugated to the polyplex surface formed very stable polyplexes
of a size up to 200nm, while complexes decorated with multi-PEGylated EGF exhibited
abrupt aggregation. Transfection experiments were performed on the A431 cell line, which
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over expresses EGF receptors, applying non-targeted PEI-DNA complexes, streptavidin-PEI-
DNA polyplexes and mono- and multi-PEGylated EGF-coated EGF-PEG-biotin-streptavidin-
PEI-DNA-complexes, determining the luciferase gene expression. Lee et al. revealed that the
PEGylation reduces unspecific cell adhesion, while the conjugation of EGF enhanced

receptor-mediated cell uptake, hence increasing transfection efficiency.

Mono-pegylated
Biotin-PEG-EGF

®
PEI @ @
| ©
N T PEI/DNA @
- ©
DNA

Figure 8: Schematic illustration of mono-PEGylated EGF-PEG-biotin-streptavidin-PEI-
DNA complexes. DNA was condensed with an excess of PEIl to form postively charged
polyplexes, which, in a second step, have been coated with streptavidin by ionic interaction,
yielding neutrally charged polyplexes. Finally biotin-PEG tagged EGF was conjugated to the
complexes by non-covalent attachment to streptavidin, decorating the nanoparticle surface
with a PEG-shield and the targeting agent. Reproduced from Lee et al. [ 168].

Kircheis et al. used the plasma protein transferrin to prevent unspecific interaction with
plasma compounds and erythrocytes, demonstrating that transferrin exhibited a shielding
effect on PElI 25000 even without prior PEGylation [167]. The in-vitro transfection
experiment with K562 cells exhibited a significantly higher transfection efficiency of the
transferrin-tagged polyplexes. Motivated by the successful application of the transferrin-
tagged PEI-DNA polyplexes in the in-vitro experiments, Kircheis et al. investigated the
transfection efficiency and organ distribution of transferrin-tagged and non-tagged PEI-DNA

polyplexes in an in vivo subcutaneous tumor model. PEI with molecular weights of 800,000
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and 25,000 were used for DNA complexation; the polyplexes were injected into mice and the
transfection efficiency was assayed by the luciferase gene expression. These experiments
showed that only the charge-shielded formulations of transferrin-incorporating PEI25000 and
PEG-coated Transferrin-PEIS800000-DNA polyplexes preferentially distributed in the distant
tumor, confirming the protective properties of both agents against protein adsorption,

enabling the design of long-circulating vectors for gene delivery.
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9 Conclusions and future challenges

Biomimetic polymers are used in many different applications ranging from the targeting of
single cell types for the delivery of drugs or DNA to modified biomaterials that interact with
whole tissues, like implants or prostheses. This review displayed current strategies for
biomimetic material design and hopefully gave further ideas for future developments.
Selected examples demonstrated the importance of the polymer features to better achieve the

intended goals for the biomaterial’ s main purpose.

The challenges in this field, however, are enormous and frequent, since the knowledge of the
whole biological system or even the single cell, which is the main target in all these
approaches, is still limited. We must gain a much deeper insight into the biological principles
to understand all of the phenomena that are involved in small cellular events, like, for
example, the transfer of genes by viruses or the attachment and differentiation of cells on
biocompatible surfaces. However, the biomimetic materials introduced in this paper are also
useful tools to investigate and elucidate all of these biological principles. Here especially,
variable designs allow for the detailed exploration of different signaling molecules, leading to

a much broader understanding of cellular communication.

Hopefully, some of the future developments will result in improvements of the therapy of
various diseases, which cannot be treated today, and allow for the achievement of better
healthcare.
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The number of patients in our society needing replacement of severed, missing or
malfunctioning tissue due to diseases, traumata or age, is high and ill growing. Burn
wounds, bone diseases, diabetes or liver insufficiency are examples of such suffering.
Conventional attempts of remedy like drug supplementation, mechanical devices or
xenografts are often unsatisfactory and fall short of the goal of enabling normal life. An
innovative therapy approach is Human Tissue Engineering, a discipline dedicated to the field
of regenerative medicine. To fulfill the promises raised by first successes, significant research
efforts have been designated on this area, focusing on various subjects, such as cells, scaffold

materials, culture conditions, bioactive molecules, and others.

An important milestone on the route for Tissue Engineered products, was the use of
“intelligent” materials, such as biomimetic polymers, which may themselves influence cell
adhesion and direct cell development (Chapter 1). Biomimetic substances are designed to
mimic a biological environment, insomuch eliciting cellular responses that help the material
to better perform the intended task.

A polymer with favorable characteristics with regards to its use as scaffold material for Tissue
Engineering applications is the poly(ethylene glycol)-block-poly(lactic acid) copolymer. The
poly(ethylene glycol) block is responsible for suppression of unspecific protein adsorption,
whereas the main advantages of the poly(lactic acid) block is its biodegradability. If the free
group of the poly(ethylene glycol) block provides a reactive group, the polymer is easily
processed into a biomimetic polymer, by covalent attachment of a bioactive molecule, such as
bFGF. Diblock co-polymers with different molecular weight, namely MePEG,PLA,
MePEG,PLA4, and NH,PEG,PLA4 were synthesized and characterized with the goal of
obtaining substances processable to mechanically stable scaffolds for in vivo or in vitro
experiments and first steps were undertaken towards the in vivo evaluation of these polymers
(Chapter 4).

Although PEG chains largely suppress undesired protein adsorption, the shielding of the
surface is not complete. As randomly adsorbed proteins are likely to interfere with the
targeted tissue development, knowledge on the extent of shielding is crucial. We, therefore,
investigated the amount of adsorbed protein to different polymers by processing them into
thin films and investigating their interactions with proteins using quartz crystal microbalance

techniques (Chapter 5).
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Covalent linking of molecules to polymers has the advantage of constricting their operating
range to the tethering site, thus diminishing undesired side-effects. Moreover, as diffusion of
these molecules is inhibited, prolonged reaction times might be an additional benefit.
Unfortunately, tethering might interfere with conformational changes of the molecules
structure required for its interaction with the substrate or might even affect the active center of
the molecule. Therefore, knowledge of the reaction site is crucial. Identification of the
reaction sites was attempted using insulin as model protein. Therefore, polymers were linked
to the proteins via small molecular weight tags. After removal of the polymer chains the
succinic acid tags still marked the reaction sites and the modified proteins were characterized

to identify the exact location of these tags (Chapter 6).

Chemical modification of proteins might ater the physico-chemical properties of the
molecules. For example, tethering of hydrophilic polymers, like PEG, enhances the water
solubility of the drug. But also modification of proteins by attachment of hydrophobic
substances, such as fatty acids, might improve the characteristics of these proteins. Nature
often uses fatty acids as membrane tethering moieties. Lipidized proteins are also candidates
for alternative administration routes, like the oral route, being more stable and having
enhanced adsorption properties. Unfortunately, modification of proteins might deteriorate
their biological activity. Therefore, prior to use each synthesized conjugate must be tested in a
suitable model system. Here, insulin was chosen as model protein. After attachment of fatty
acids, its biological activity was tested in an insulin dependent chondrocyte cell culture

system (Chapter 7).

-55-



Chapter 2 Goal of the Thesis

-56-



Chapter 3

Materials and Methods

-57-



Chapter 3 Materials and Methods

1 Materials

Bovine insulin and human insulin were generous donations from Aventis (Frankfurt/Main,

Germany).
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Figure 1. Chemical structure of human (a)) and bovine (b)) insulin. Amino acids carrying

primary amine groups are marked with grey circles.

Basic fibroblast growth factor [bFGF] was purchased from Kaken Pharmaceutical (Tokyo,
Japan). N-hydroxysuccinimide [NHS], N,N"-dicyclohexylcarbodiimide [DCC], ethylene
oxide, potassium bis(trimethylsilyl)amide solution and sinapic acid [SA] were purchased from
Fluka Chemie (Buchs, Switzerland) the latter in specially purified and prequalified for
MALDI Mass Spectrometry use quality. Deuterated chloroform and deuterated acetonitrile
were obtained from Deutero GmbH (Kastellaun, Germany). Ethanol and acetonitrile in ultra
gradient HPLC grade were provided by Mallinckrodt Baker (Deventer, Holland).
Trifluoroacetic acid was obtained from Riedel-de Haen (Seelze, Germany). Dichloromethane
and chloroform HPLC grade and N-methyl-2-pyrrolidone [NMP], 1 N HCI and 0.1 N HCI
were purchased from Carl Roth GmbH (Karlsruhe, Germany). Urea, bovine serum albumin,
Sn(ll)  2-ethylhexanoate,  3,6-dimethyl-1,4-dioxane-2,5-dione  [D,L-dilactide]  and
Poly(ethylene glycol)methyl ether average MW 2000 [MePEG;,] were obtained from Sigma-
Aldrich (Steinheim, Germany). Tris(hydroxymethyl)-amino methane [Tris] was provided by
Amersham Life Science (Buckinghamshire, UK). 5-aminoeosin [5-AE] and
5-((2-aminoethyl)amino) naphthalene-1-sulfonic acid, sodium salt [EDANS] were purchased
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from Molecular Probes (Gottingen, Germany). Dithiothreitol [DTT] and iodoacetamide were
obtained from Bio-Rad Laboratories GmbH (MUnchen, Germany).

Cell culture material was purchased from Corning Star (Bodenheim, Germany). Sterile
substances for use in cell culture (like penicillin, non-essential amino acids, Dulbecco's
Modified Eagle's Medium [DMEM], fetal bovine serum [FBY],
N-(2-hydroxyethyl)piperazine-N"-(2-ethanesulfonic acid) [Hepes]) were purchased from

Invitrogen (Karlsruhe, Germany).

Polished plano-plano AT-cut quartz crystals with a fundamental resonance frequency of five
megahertz and a diameter of 14 mm were purchased from KVG (Neckarbischofsheim,
Germany). Gold was obtained from Goodfellow (Bad Nauheim, Germany), and chrome was
from Bal-Tec (Balzers, Liechtenstein). Octadecyltrichlorosilane 95% was purchased from
Acros Organics (Geel, Belgium).

All other chemicals if not stated otherwise were purchased from Merck KGaA (Darmstadt,

Germany) and used as received.
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2 Methods

2.1 Synthesis and Characterization of PEG,PLA,

2.1.1 Synthessof MePEG,PLA,
For the polymerization of MePEG,PL A,y a method from literature was adopted [ 132]. Indices

in the names of the polymers always indicate the molecular weight of the respective block.
The synthesis followed the procedure described as follows: To remove residual water, the
educts (2 g of MePEG; and 20 g of D,L-dilactide) were dissolved each in 150 ml toluene. 20
ml of each solution were distilled off to remove traces of water through azeotropic distillation.
Such pretreated solutions were combined under a stream of dry nitrogen and
100 mg of 2-ethylhexanoate were added to the reaction batch. After the mixture was heated to
reflux the nitrogen was turned of and the refluxing solution stirred for about eight hours.
Subsequently the majority of the toluene was removed by means of a rotary evaporator. For
further purification the residue was dissolved three times in dichloromethane and the solvent
evaporated first under atmospheric pressure, then under reduced pressure. This procedure was
repeated twice with acetone. The resulting film was dissolved in approximately 100 ml
acetone and the polymer was precipitated in 3 | of water, cooled in an ice bath. The product
was collected by filtration and dried at room temperature using a RV5 two stage vacuum

pump from Edwards (Crawley, West Sussex, UK).

O\{\/\ /}H HiCr O 20 Sn(2-ethylhexanoate) f? $Hs
- + _ o o H
H,C O"In I :/E HSC/ \[\/\OM \H/i}ﬁo/
O O CH
3 CH, O

Scheme 1: Reaction scheme for the synthesis of MeEPEG,PLA,.

The above described synthesis protocol was modified in such, that a reduced total amount of
solvent was used for the polymerization of MePEG,PLA2, and MePEG,PLA 4. Furthermore
the quantity of atypical reaction batch was reduced. The new protocol is described as follows:
1 g MePEG; and 10 g of D,L-dilactide for MePEG,PLA,, or 20 g of D,L-dilactide for
MePEG,PLA4 were dissolved separately in 40 ml toluene each and 5 ml of toluene were
distilled off to remove traces of water. The dry solutions of MePEG and dilactide were

combined under a stream of dry nitrogen and 50 mg 2-ethylhexanoate was added to the
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reaction batch. After heating the solution to reflux, the flask was sealed. The refluxing
reaction batch was stirred for nine hours with a magnetic stirrer, after which the polymer was

collected and analyzed as described in the previous section.

For the synthesis in melt of the diblock co-polymer 0.5 g MePEG, were placed in aflask and
heated at 110 °C to remove traces of water. After evacuation and filling the flask with argon,
5 g D,L-dilactide and 25 mg 2-ethylhexanoate were added. Temperature was increased at
140 °C, the flask sealed and the reaction batch stirred for 12 h hours. The product was
dissolved in 50 ml acetone and precipitated in 2 | water cooled in an ice bath. The polymer
was collected by filtration and dried at room temperature using a RV5 two stage vacuum
pump from Edwards (Crawley, West Sussex, UK). Characterization of the polymer was
performed by SEC as described in paragraph 2.1.5.

MePEG,PLAy and PLA for QCM investigations were synthesized as described above. The

respective ratios of the different educts are shown in
Table 1.

Table 1: Respective amounts of eductsfor the synthesis of different polymers.

Polymer Educt 1 Educt 2

PLA 25 pl Ethyl (S)-(-)-lactate 15.1 g D,L-dilactide
MePEGo7sPLA1 | 2.5 g MePEG 75 33.3 g D,L-dilactide
MePEGo7sPLAgs | 0.15 g MePEGq 75 19.0 g D,L-dilactide
MePEGsPLA1 15 g MePEGs 30.0 g D,L-dilactide
MePEGsPLAgs 1.5 g MePEGs 28.5 g D,L-dilactide
MePEGsPLLA1 15 g MePEGs 30.0 g L-dilactide
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For some of the polymers the protocol had to be slightly adapted to meet the need of the
specific polymer. MePEGsPL A1 had to be precipitated in diethyl ether and MePEGsPLLA 1o

was not dissolved in acetone, but in chloroform.

2.1.2 |nvestigation of the M ePEG-PL A, Polymerization Reaction Kinetics

For the investigation of the kinetics of the MePEG,PLA2, synthesis, the polymerization

reaction was started as described in the previous paragraph.

At different time points samples were drawn by first turning on the nitrogen stream and then
removeing 1 ml from the reaction batch using a dispensable syringe with needle.
Subsequently, the solvent was evaporated first under gentle heating to 50 °C and then under
reduced pressure. The residue was weighted and chloroform added to the samples to reach a
final concentration of 20 mg substance per 2 ml CHCI3;. Samples were filtered and SEC
analyses were performed as described in paragraph 2.1.5.

2.1.3 Purification of the Polymer

Two different methods were used for purification of the reaction batch by separation into low
molecular weight and high molecular weight fraction of the polymers. Thereby, advantage

was taken of the ethanol solubility of short chain PLAS.

Firstly, the polymer was extracted at different temperatures with ethanol. Therefore, 40 ml of
ethanol were added to 1 g of polymer and the system stirred with a magnetic stirrer.
Temperature was slowly increased and 1 ml sasmplesweredrawn at T = 20 °C, 30 °C, 40 °C,
50 °C, 60 °C, 70 °C, 77 °C. The solvent was removed and the residue was dissolved in 1 ml
chloroform. Samples were filtered and analyzed by SEC as described in the following
paragraph (paragraph 2.1.5).

For the second method used 0.75 g polymer were dissolved in 1.875 ml acetone and stirred
with a magnetic stirrer at room temperature. Ethanol was added drop wise until the solution
separated in two phases, henceforth called supernatant and residue. The two phases were
collected separately and dried under reduced pressure. The substances were characterized
using SEC, NMR and modulated differential scanning calorimetry [MDSC] technigues.
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2.1.4 ZSynthesisand Activation of NH-PEGoPL Ao
Besides the many favorable properties of MePEG,PLA4 with regard to Tissue Engineering

applications this polymer has the drawback of possessing no easy accessible functional group
for the attachment of proteins. Therefore a new class of polymers was synthesized which
featured an amine group instead of a methyl group at the free end of the PEG block and had a
molecular weight of 2000 Da [NH.PEG,].

For the synthesis of NH,PEG, polymers a method described in literature was adopted [132]:
26 g of ethylene oxide were dissolved in 150 ml tetrahydrofurane [THF] cooled at -79 °C
using a methanol/dry ice bath. 24 ml of a 0.5 M potassium bis(trimethylsilyl) amide solution
in toluene were added and the reaction stirred for 36 h at room temperature. The solvent was
removed from the reaction batch by means of a rotary evaporator. For purification the crude
product was dissolved in 100 ml dichloromethane and centrifuged at 3000 rpm for 20 min.
The supernatant was concentrated to a final volume of 50 ml and the product precipitated in
four portions in 200 ml ice cooled diethyl ether. The product was immediately collected by
filtration and dried at room temperature using a RV5 two stage vacuum pump from Edwards
(Crawley, West Sussex, UK). The polymer was stored in a desiccator until further use.
Characterization of the resulting polymer by *H-NMR and SEC was performed as described
in detail elsewhere [132].
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Scheme 2: Reaction scheme of the synthesis and activation of NH,PEG,PLA.

For the synthesis of the NH,PEG,PL A4 two different protocols were used.
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Firstly, the modified method for the synthesis of MePEG,PLA 4 was followed. 1 g NH,PEG;
and 20 g D,L-dilactide were dissolved separately in 50 ml toluene each and 15 ml of toluene
were distilled off to remove traces of water. The pre-treated solutions of NH,PEG, and
dilactide were combined under a stream of dry nitrogen. 500 pl of glacial acetic acid were
added to the reaction batch, protonating the amino group of the PEG, thus preventing it to
participate in the polymerization reaction. 50 mg of 2-ethylhexanoate were added as catalyst
and the reaction batch was heated to reflux under stirring. After sealing the flask, the reaction
was continued for about nine hours. To collect the product, the solvent was removed by
means of a rotary evaporator. For further purification, the residue was twice dissolved in

dichloromethane and the solvent removed under reduced pressure.

For the second method, a larger volume of solvent was used for the polymerization reaction.
1 g NH,PEG; and 20 g D,L-dilactide were dissolved separately in 150 ml toluene each and
25 ml of toluene were distilled off to remove traces of water. After combination of the
solutions and the addition of 100 mg catalyst and 500 ul glacial acetic acid the flask was not
sealed, but a constant stream of dry nitrogen was bubbled through the reaction batch being
heated to reflux for nine hours. After cooling to room temperature, toluene was removed by

evaporation and the polymer was purified and collected as described in the previous

paragraph.

The activation of the polymer followed a procedure described in detail elsewhere [132]. In
short, tartaric acid was activated using a combination of NHS/DCC in a mixture of dry
1,4-dioxane/ethyl acetate (4:1). Disuccinimidyl tartrate was collected by extraction with
acetonitrile and removal of the solvent under reduced pressure. The reaction product was
checked by *H-NMR.

The activated linker was covalently bound to the polymer by dissolving 6 g NH,PEG,PLA 4
and 0.12 g activated linker in 100 ml acetonitrile. 33 pl of triethyl amine were added and the
reaction mixture heated to reflux for two hours. After 16 additional hours of stirring at room
temperature, the solvent was removed by evaporation and the polymer extracted with 50 ml
acetone. The polymer was collected by drop wise precipitating the acetone solution in 400 ml
ice cooled water and immediate filtration, instantly followed by vacuum drying. Until further

use, the polymer was stored in a desiccator. The product was characterized by SEC.
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2.1.5 Characterization of Polymersby SEC

To investigate the molecular weight distribution of synthesized polymers size exclusion
chromatography was used. Analyses were performed on a 10AVP HPLC system from
Shimadzu (Duisburg, Germany). For an optimal separation, a combination of a pre-column
(Phenogel 5 pum, 50 x 7.8mm) connected in a row to two identical analytical columns
(Phenogel 1000 A, 5 pm, 300 x 7.8 mm, all from Phenomenex, Torrance, CA) was used as
stationary phase. The columns were thermostated at 35 °C and chloroform was used as mobile
phase with a flow rate of 0.9 ml/min. Chromatograms were collected using a RID 10A

refractory index [RI] detector from Shimadzu (Duisburg, Germany).

For atypical analyses 20 mg polymer were dissolved in 2 ml chloroform and subsequently
filtered through a chloroform resistant filter with a pore diameter of 0.2 um (Spartan 30/A
from Schleicher & Schuell, Dassel, Germany). 50 ul of the filtered polymer solution were
injected and polymers formerly synthesized by Tel3mar et a. [25] were used as references.
Data was accumulated and analyzed using HPL C software Class VP 5.03 from Shimadzu.

2.1.6 Characterization of the Activated Polymer

To confirm the reactivity of the activated polymer, a solution of an amine group containing
dye was added to the polymer and the reaction product investigated by SEC.

5-aminoeosin was used as amine group containing dye. For sample preparation 20 mg
polymer were dissolved in 200 ul dye solution (0.836 mg dye in 500 ul dimethylsulfoxide
[DMSQ]). Pure polymer and pure dye solution were prepared as references. Immediately after
addition of the dye solution, samples were wrapped in aluminum foil and kept in the dark for
three hours at room temperature. Subsequently, 1.5 ml chloroform were added to each sample
and thereafter filtered through a chloroform resistant filter with a pore diameter of 0.2 um
(Spartan 30/A from Schleicher & Schuell, Dassel, Germany). 50 ul of the filtrate were
injected and data was accumulated and analyzed using HPLC software Class VP 5.03 from
Shimadzu.

Analyses were performed on a 10AVP HPLC system from Shimadzu (Duisburg, Germany).
For an optimal separation, a combination of a pre-column (Phenogel 5 um, 50 x 7.8 mm)
connected in a row to two identical analytical columns (Phenogel 1000 A, 5 um, 300 x

7.8 mm, al from Phenomenex, Torrance, CA) was used as stationary phase. The columns
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were tempered at 35 °C and chloroform was used as mobile phase with a flow rate of
0.9 ml/min. Chromatograms were collected using a RID 10A refractory index [RI] detector
and a SPD 10AV"*P UV detector at 523 nm, both from Shimadzu (Duisburg, Germany).

217 H-NMR Analyses

For polymer analysis 20 mg of the analyte were dissolved in 1 ml deuterated chloroform and
filtered in aNMR tube. For an analysis of the activated linker, 10 mg disuccinimidyl tartrate
were dissolved in 1 ml deuterated acetonitrile and filtered inaNMR tube.

"H-NMR spectra were recorded on an Avance 600 spectrometer from Bruker (Rheinstetten,
Germany) with TMS as internal standard.

2.1.8 MDSC Analyssof Polymers

Thermal properties of the polymers are relevant in consideration of processing these polymers
further. Therefore glass transition temperatures [TG] of the substances were determined by
modulated differential scanning calorimetry using a DSC 2920 equipped with a refrigerated

cooling system and autosampler (TA Instruments, Alzenau, Germany).

Samples were prepared by precisely weighing about 2 mg of polymer in aluminum sample
pans and sealing them using the TA Instruments sample encapsulation press. An empty sealed
pan served as reference. For measurements the following protocol was followed: first, sample
and reference were equilibrated at -40 °C for 15 min. For the amplification of the signal of the
first glass transition temperature [TG1%] and the separation of relaxation phenomena, the pans
were heated from -40 °C to 110 °C at a heating rate of 2 °C/min, using a sinusoidal
temperature modulation with a period of 60 s and a temperature amplitude of 1 °C. After
retaining the temperature at 110 °C for 5 min, the samples were cooled to -40 °C, equilibrated
for 15 min and a second heating phase was started using the same protocol. As relaxation
phenomena are less pronounced after the first heating and cooling cycle, glass transition
temperatures were determined from the reversed heat flow of the second heating [10]. The
thermograms were analyzed using the Thermal solution for NT software provided with the
MDSC system.
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2.1.9 Eabrication of Scaffoldsfor In-Vivo Testing of the Polymers

Congtructs for in-vivo applications were fabricated using a protocol adapted from Hacker et
al. [24]. The devices were composed of a mixture of 70% activated NH,PEG,PLA 4 and 30%
MePEG,PLA4 or 100% of MePEG,PLA. For scaffolds preparation the polymers were
dissolved in a methyl ethyl ketone-tetrahydrofurane-mixture. As porogens, lipid
microparticles in a size range from 100 um to 300 pm made from a 1:1 mixture of
Softisan® 154 and Witepsol® H42 (kindly provided by SASOL Germany (Witten,
Germany)) were used, stored for 1 h at -20 °C prior to use. Porogen particles were transferred
into the polymer solution and mixed for 5 min on ice. The resulting highly viscous dispersion
was then injected into cubic Teflon® molds with a cylindrical cavity of 0.8 cm in diameter
using a 10 ml polypropylene syringe. After a pre-extraction treatment step in n-hexane at 0 °C
for 90 min, the filled molds were submerged in warm n-hexane to precipitate the polymer and
extract the porogen particles concurrently in two steps: first the molds were incubated for
7.5 min at 45 °C and then for 22.5 min at 35 °C. Subsequently the molds were transferred into
an n-hexane bath at 0 °C for 5 min. The resulting porous cylindrical polymeric constructs
were vacuum-dried for 48 h, before being cut into 2 mm thick slices. They were stored in a

desiccator until further use.

2.1.10 In-vivo Evaluation of Scaffolds

For the in-vivo evaluation of scaffolds, bFGF was covalently attached to the constructs
containing activated NH,PEG,PLA4. Scaffolds fabricated from MePEG,PLA4 served as

control.

All devices were incubated in 1.5 ml PBS buffer pH 8.0 containing 50 pg bFGF for 2 h at
room temperature on a shaker. After washing the constructs in PBS pH 7.4, they were
immersed in a 1% sodium dodecyl sulfate [SDS] solution in PBS pH 7.4 and placed on a
shaker for 1 h at room temperature to remove adsorbed bFGF. The scaffolds were again
washed with PBS and subsequently implanted into the back subcutis of mice. After three
weeks three mice from each experimental group were sacrificed and the excised constructs

were prepared for the evaluation of angiogenic effects and ingrowth of fibrovascular tissue.
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Scaffolds were excised with the adjacent tissue, rinsed in PBS and fixed with 2.5%
glutaraldehyde for 15 min. Subsequently, they were treated with 10% formaldehyde in PBS
for storage. Fixed constructs were embedded in Tissue Tek and 10 pum thick sections were cut
on a cryotome and were stained with hematoxylin and eosin [H& E]. Images were taken with a

camera coupled to an inverse light microscope.
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2.2 Quartz Crystal Microbalance M ethods

2.2.1 Preparation of the Gold Electrodes

To apply the gold electrodes on the surface of the quartz a vapor deposition apparatus (BAE
250 Coating Systems, from Blazers, Liechtenstein) was used. After applying high vacuum of
10® to 10 bar a 20 nm thick chrome layer was deposited as adhesive agent and then a
100 nm thick gold layer was deposited on top of the chrome. The back side of the quartz was

=3

Figure 2: Schematic drawing and picture of a quartz with deposited gold electrodes. The

treated the same way.

dimensions of the quartz were 14 mm in diameter and 0.33 mm in thickness. The gold

electrode covered an area of 0.3 cn?.

The gold electrodes were thoroughly cleaned prior to use. Therefore the disks were immersed
for three minutes in hot Piranha solution (a mixture of concentrated H,SO, and 30% H,0,
solution in a volume ratio of 3:1 at approximately 70 °C), rinsed three times with double
distilled water and dried under a stream of nitrogen. Afterwards the quartzes were cleaned for

five minutesin argon plasma.

2.2.2 Spin Coating of Quartzeswith Polymer Films

Polymers used for the preparation of films were synthesized as described in Chapter 2.1.

Polymer solutions for spin-coating were prepared in different manner depending on the
material used. Most polymers were dissolved in a concentration of 10 mg substance per 1 mli
acetone. Short chained PLAs (MePEGsPLA1 and MePEGqsPLA 1) were dissolved at a

concentration of 20 mg per 1 ml acetone, to give satisfying polymer films. As
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MePEGsPLLA is not soluble in acetone, a solution of 10 mg polymer in 1 ml chloroform

was prepared.

The quartz was glued to the surface of arotary device with the cleaned surface upwards using
a double-side adhesive strip. In doing so measures were taken to protect the gold electrode
from direct contact to the glue, as otherwise the gold would be removed from the quartz.
100 pl of polymer solution was placed in the center of the quartz and the disk accelerated to
1990 rotations per minute. After about 30 seconds of spinning the quartz was carefully
detached from the spinning device and traces of glue removed by gently wiping the back of
the disk with acetone, as well as removing the polymer from the outer end of the electrode

contacts.

2.2.3 Madifications of Quartzes

For rendering the surface of the quartz hydrophobic, octadecyltrichlorosilane was covalently
attached to the free hydroxyl groups in the surface of the crystal. On gold, this substance is

known to autopolymerize, covering the electrode with a hydrophobic film.

The reaction was performed under a nitrogen atmosphere. To remove excess water from
toluene, azeotropic distillation was performed prior to use of the solvent. Cleaned quartzes
were immersed under a stream of nitrogen in 50 ml of pre-treated toluene. To prevent
mechanical abrasion of the gold layer, each quartz disk was placed in the solution individually
suspended in a perforated Teflon pocket. 2.5 ml octadecytrichlorosilane were added under
nitrogen to the reaction batch and the solution was stirred under reflux for 24 hours. After
cooling to room temperature, the disks were rinsed two times with toluene and one time with
methanol and then immersed in methanol for two hours. If after drying the surface of the
crystals seemed dull, the quartzes were immersed in 5 ml chloroform and placed in an
ultrasonic bath for one minute. After twice rinsing with chloroform, the quartz was dried

under a stream of nitrogen.

2.2.4 Cleaning of M odified Quartzes

Modified quartzes could not be treated in the same manner as unmodified ones, as the

hydrophobic layer would have been removed under the harsh conditions of the cleaning. Prior
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to use and after each measurement modified quartzes had to undergo the following procedure:
First they were placed in an aqueous solution of 1% SDS solution in ddH,O and sonicated for
one minute. After thoroughly rinsing the crystal with double distilled water and drying under
a stream of nitrogen, the quartz was then immersed in acetone and treated with ultrasound for
one minute. After twice rinsing the crystal with fresh acetone, the quartz was finally dried

under a stream of nitrogen.

2.2.5 Contact Angle M easurements

To confirm the lipophilization reaction the wettability of quartzes was measured prior to and
after modification. The sessile drop method was performed on an OCA15 apparatus
(dataphysics, Filderstadt, Germany) and double distilled water drops with a volume of 1 pl
were used. Contact angles were measured on gold electrodes and pure quartz surface

respectively on both sides of two different quartz disks.

226 QCM Measurements
The QCM setup used isshown in Figure 3.

The experimental setup consisted of a solution reservoir placed in a water bath and heated at
37 °C. To ensure homogenous distribution of added protein solution, a magnetic stirrer was
used. From this reservoir, which contained 2 ml solution, the solvent was pumped in a cycle
using a peristaltic pump (Ismatec Reglo Digital, Ismatec Laboratoriumstechnik GmbH,
Wertheim-Mondfeld, Germany) at a flow rate of 0.46 ml/min through the fluid chamber made
of Teflon. In this fluid chamber designed in stagnation flow point geometry as show in
Figure 3 the quartz was placed exposing one side of the resonator to the agqueous solution.
Spring contacts connected the gold electrodes of the quartz disk to the oscillatory circuit. The
entire system was placed in a water-jacketed Faraday cage tempered at 37 °C. The oscillatory
circuit was supplied with a voltage of 4 V by a DC power supply (HP E3630A, Hewlett-
Packard, Palo Alto, CA, USA), and the frequency change of the resonator was recorded using
a frequency counter (HP 53181A, Hewlett-Packard, Palo Alto, CA, USA), which was

connected in turn viaRS 232 to a personal computer.
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Figure 3: Experimental setup of the QCM used in adsorption measurements consisting of
solution reservoir, peristaltic pump, flow cell (with quartz) and oscillatory circuit in a
Faraday cage, power supply, frequency counter and personal computer. A lateral section of

the flow cell displaying the flow duct and the quartz mounting is shown.

Until stated otherwise, for all experiments 0.1 M phosphate buffer adjusted to pH 8.0 and

containing 3 mg urea per 40 ml solution was used, hereafter referred to as solution.

To ensure electricity conduct across the thickness of the quartz, silver glue was placed at the
edge of the electrode contacts, and the glue was dried under a stream of nitrogen. After
assembling the fluid chamber, the resonant frequency of the 5 MHz quartz was checked and
the chamber was connected to the flow system, making sure, that no air bubbles were present
anywhere in the flow system. After equilibrating the system for about one hour, 1 ml of the
solvent was removed from the solution reservoir and 1 ml tempered protein solution (typically
1 mg bovine insulin per 1 ml solution) was added. Measurements were continued for another
hour. After the end of experiment the fluid chamber was disassembled and thoroughly cleaned
in an ultrasonic bath, first in 1% SDS solution and then in double distilled water.
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2.3 ldentification of the Reaction Sites of I nsulin

Modification of proteins with PEG to alter their physical or pharmacological characteristicsis
a frequently used technique [177]. Identification of the reaction sites is of vital importance to
better characterize PEGylated proteins for the purpose of maximally retaining their biological
activity. One approach to this goal is to mark the reaction sites by tags deriving from the
activated polymer, as PEG chains often interfere with analytical methods. The route followed
inthiswork is schematically displayed in Scheme 3.

2.3.1 Preparation of N-Succinimidyl Succinate of Polv(ethviene alvcol)-monomethyl
Ether [SS PEG]

To match the needs of our experiments the applied polymer had to show two crucial features:
an easily cleavable group in the backbone of the polymer as well as aterminal amine reactive
group. We adopted a strategy described in literature consisting of two steps [178]. Starting
from a commercially available monomethyl ether of poly(ethylene glycol), we firstly,
synthesized a succinimidyl ester of MePEG,, the SPEG, which was subsequently converted to
an amine reactive compound, the SSPEG, using standard DCC/NHS chemistry.

For the first step 10 g PEG were dissolved in 70 ml toluene and traces of water were removed
by azeotropic digtillation. 0.6 g of succinic acid anhydride were added and the reaction batch
was stirred overnight at room temperature. The solvent was removed by means of a rotary
evaporator. Twice the polymer was redissolved in dichloromethane and residual toluene was
removed by azeotropic distillation. For further purification 2 g of the product were dissolved
in 20 ml 0.1 M NaHCOs;. The agueous phase was extracted with 5 portions of 30 ml
dichlormethane. After the combined lipophilic phases were dried with NaxSO,, the mixture
was concentrated through evaporation of the solvent and the viscous solution dropped slowly
into diethyl ether cooled in an ice bath. The precipitate was collected through filtration and

dried under reduced pressure. The reaction was confirmed by *H-NM R spectroscopy.
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Scheme 3: Schematic illustration of the PEGylation and De-PEGylation reaction of insulin.

For the second step, 1.0 g SPEG and 98 mg NHS were dissolved under gentle heating in
10 ml dried dioxane. After cooling to room temperature 155 mg DCC were added and the
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mixture stirred overnight at room temperature. Insoluble dicyclohexylurea was removed by
filtration and the filtrate was concentrated under reduced pressure. Twice the polymer was
redissolved in 50 ml dichloromethane and residual dioxane was removed through azeotropic
distillation. The highly viscous residue was diluted with dichloromethane and precipitated in
400 ml ice-cooled ether. Immediately the product was filtrated and dried under reduced
pressure. The dried substance were analyzed by *H-NMR and SEC.

For *H-NMR analysis, 20 mg of the analyte were dissolved in 1 ml deuterated chloroform and
filtered in a NMR tube. *H-NMR spectra were recorded on an Avance 600 spectrometer from
Bruker (Rheinstetten, Germany) with TM S as internal standard.

2.3.2 Synthessof PEGylated Insulin

After confirming the reactivity of SSPEG, the polymer protein conjugate was synthesized. As
model protein for the PEGylation reaction human insulin was chosen, a molecule which

possesses three primary amine groups (A1-Gly, B1-Phe, B29-Lys).

The reaction followed the protocol described as follows: in 1.1 ml of a 0.1 M PO,* buffer
adjusted at pH 8 and containing 7.5 mg urea per 100 ml, 7.0 mg of insulin were dissolved. A
second solution was prepared by dissolving 90.6 mg activated PEG in 250 pl double distilled
H>0. To 1000 pl insulin solution immediately 200 ul of PEG solution were added and left to

react for 2 h a room temperature.

To monitor the reaction, at different time points 20 pl samples were drawn from the reaction
batch, and diluted by addition of 160 pl ddH,O. Instantly 20 pl 1 N HCI was added to stop the
reaction. The samples were analyzed by HPLC, GFC and MALDI-ToF as described in the
following paragraphs.

For purification of the reaction batch, 1100 ul of the solution were transferred into ultra
centrifugation devices with a cut-off of 5000 Da (Vivaspin 2, from Sartorius, Gottingen,
Germany), diluted with 900 pl ddH,O and centrifuged for 30 min a 3000 rpm using a
Megafuge 1.0 (Heraeus Sepatech, Osterode am Harz, Germany). The sample was washed by
readjusting the volume at 2 ml using 0.1 M NH4HCO; buffer pH 8 and repeating the
centrifugation procedure. Washing steps were performed four times giving 400 ul of a

concentrated sample solution.
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2.3.3 De-PEGyvlation of Insulin

The cleavage of the bondage between succinic acid and PEG was performed with
hydroxylamine under slightly basic conditions, because in this environment NH,OH will only

cleave ester bondages but not amide bondages.

For the cleavage reaction 0.25 pmol of PEGylated insulin were dissolved in 200 pl 0.1 M
NH4HCO; buffer pH 8. 800 ul of a freshly prepared 1.25 M NH>OH solution adjusted to
pH 10 were added and the solution incubated at 37 °C for 4 h.

To monitor the reaction, 50 ul samples were drawn at different time points, diluted with
100 pl ddH»0 and the reaction was stopped by immediate addition of 50 pl 1 N HCI. Samples
were analyzed by GFC and MALDI-ToF as described below.

After 4 h of incubation time, the reaction batch was transferred into ultra centrifugation
devices with a cut-off of 5000 Da (Vivaspin 2, from Sartorius, Gottingen, Germany), diluted
with 25 mM NH4HCO; buffer pH 8 and centrifuged for 30 min at 3000 rpm using a
Megafuge 1.0 (Heraeus Sepatech, Osterode am Harz, Germany). For further purification the
sample was washed twice by adjusting the sample to 2 ml with 25 mM NH4HCO; buffer pH 8
and centrifuged as recorded above. Finally the product was collected giving atotal of 210 pl.

2.3.4 Cleavage of Disulfide Bonds of Insulin and De-PEGyvlated Insulin

For the permanent cleavage of disulfide bridges, DTT was used with subsequent treatment

with iodoacetamide.

Therefore, 0.65 mg human insulin and 46 mg were dissolved in 600 pl 0.1 M Tris-buffer
pH 7.5, or to 95 pul purified de-PEGylated insulin solution, prepared as described above,
400 pl 0.125 M Tris-buffer pH 7.5 was added. To each solution, 20 pl of DTT solution
(1.66 mg DTT dissolved in 83 pl 0.1 M Tris-buffer pH 7.5) was added and the sample
incubated at 40 °C for 2 h. After cooling to room temperature, 20 pl iodoacetamide solution
(3.9 mg iodoacetamide in 60 pl 0.1 M Tris buffer pH 7.5) were added to the reaction batch

and the sample incubated in the dark for 1 h a room temperature.

-76-



Chapter 3 Materials and Methods

For HPLC analysis as described below a 50 pl sample of the insulin reaction batch was
drawn, diluted with 100 pul ddH»0 and 50 ul 1 N HCI were added. The residual reaction batch
was then transferred to a QuixSep Micro Dialyzer (Carl Roth GmbH, Karlsruhe Germany)
equipped with a dialysis membrane with a cut-off of 1.0 (ZelluTrans/ Roth V Series from Carl
Roth GmbH, Karlsruhe, Germany) and dialyzed against water for 20 hours. The obtained
product was lyophilized.

The resulting dry powder was dissolved in 200 pl 0.1 M NH4HCO; buffer pH 7.5. 200 pl
0.1 N HCI were added and the sample analyzed by HPLC analysis.

2.3.5 Enzymatic Digestion of Insulin Chains

The cleaved A and B chains of insulin, were separated and lyophilized after individual
collection. Each substance was dissolved in 30 pul 25 mM NHsHCO; buffer pH 7.8.
50 pg Endoproteinase GluC (Roche Applied Science, Penzberg, Germany) was reconstituted
in 50 pul ddH,0 according to the manufacturer protocol. 0.5 pl proteinase solution was added
to each sample and incubated at 25 °C for 18 h. The samples were lyophilized and analyzed
by MALDI-ToF.

2.3.6 SizeExcluson Chromatography [SEC] of Activated PEG

Amine reactivity of the activated polymer was assessed by reaction of the polymer with a
fluorescent dye (EDANS) and subsequent size exclusion chromatography analysis.

SEC experiments were conducted on a 10AVP HPLC system (Shimadzu, Duisburg,
Germany), which was composed of binary pump, low pressure gradient unit, autosampler,
column oven, UV detector and refractive index detector. Chloroform served as mobile phase

and was degassed prior to use by purging with helium.

Samples were prepared by dissolving 10 mg SSPEG in 150 ul dry DM SO which contained
3 mg EDANS. As control served polymer and EDANS dissolved in DM SO, respectively. All
samples were incubated in the dark under gentle shaking for four hours. 1850 pl chloroform
were added to each sample and the mixtures were filtered using solvent resistant regenerated

nitrocellulose membrane filters with a 0.2 um pore diameter (Spartan 30/A from Schleicher &

-77-



Chapter 3 Materials and Methods

Schuell, Dassel, Germany). 50 pl of the filtrate were injected and separated at a flow rate of
0.9 mi/min on a Phenogel column (50 A, 5 um 300 x 7.8 mm) with precolumn (Phenogel
5 um, 50 x 7.8 mm, all from Phenomenex, Torrance, CA) tempered to 35 °C. Spectra were
recorded on a refractive index detector and an UV detector at 335 nm. Data was accumul ated
and analyzed using HPLC software Class VP 6.05 from Shimadzu.

2.3.7 HPLC Analysis
For HPLC analysis experiments were performed on a 10AVP HPLC system (Shimadzu,

Duisburg, Germany), which was composed of degasser, binary pump, low pressure gradient

unit, autosampler, column oven, UV detector and fluorescence detector.

Table 2: Chromatographic conditions of HPLC experiments used for analysis of PEGylated

insulin.

Eluents Solvent A: 900 ml ddH»O Solvent B: 100 ml ddH,O
100 ml acetonitrile 900 ml acetonitrile
1ml TFA 1ml TFA

Gradient Omin: 10% B inA; 32min: 28%BinA,

13 min: 25% B inA; 37min: 10%BIinA;
18 min: 25% B in A; 42 min: Stop;
22 min: 28% B inA;

Flow rate 1 mi/min

Column Supelco SupelcosiiTM LC-318 with pre-column

UV-Detection 210 nm and 274 nm

Fluorescence- Aex = 274 NM; Aem = 308 NM

Detection
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For the analysis of PEGylated insulin, 50 pl of the concentrated sample solution was
separated on a RP 18 column tempered at 40 °C. Chromatograms were recorded on a
Shimadzu SPD 10AV " UV detector and a Shimadzu RF-355 fluorescence detector using the
conditions shown in Table 2. Data was accumulated and analyzed using HPL C software Class
VP 6.05 from Shimadzu.

For HPLC analysis of the cleaved insulin A chain and B chain 50 pl of the solutions prepared
as described in Chapter 2.3.4 were separated on a RP 18 column. Chromatographic

conditions used for these experiments are listed in Table 3:

Table 3: Chromatographic conditions for HPLC analysis of separated insulin chains.

Eluents Solvent A: 25 mM NH4HCO; buffer pH 7.5
Solvent B: 35 mM NH4HCO; buffer pH 7.5
containing 65 % acetonitrile

Gradient 0 min: 0% B inA; 80min: 0% BinA,;
60 min: 100% BinA; 80 min: Stop;
61 min: 0% BinA;

Flow rate 1 mli/min

Column Supelco SupelcosilTM LC-318 with pre-column

UV-Detection 210 nmand 274 nm

Fluorescence- Aex = 274 NM; Aem = 308 NM

Detection

For a better resolution of the signals ssemming from the B chain a new method (Method 2)
was established:
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Table 4: Chromatographic conditions of HPLC analysis of separated de-PEGylated insulin

chains.
Eluents Solvent A: 25 mM NH4HCO; buffer pH 7.5
Solvent B: 35 mM NH4HCO; buffer pH 7.5
containing 65 % acetonitrile

Gradient O min: 25% B inA; 50 min:100% B in A;
10 min: 25% B inA; 51 min:25% B in A;
11 min: 45% B inA; 60 min:25% B in A;
20 min: 45% B inA; 60 min: Stop;
40 min: 55% B inA;

Flow rate 1 ml/min

Column Supelco SupelcosilTM LC-318 with pre-column

UV-Detection 210 nmand 274 nm

Fluorescence- Aex = 274 NM; Aem = 308 NM

Detection

2.3.8 GEC Analysisof PEGylated and De-PEGyvlated Insulin

GFC analysis was performed using the same analytical set-up as for HPLC analysis.

Measurements were again performed on a 10AVP HPLC system (Shimadzu, Duisburg,

Germany). 50 pl sample of PEGylated or de-PEGylated insulin solution prepared as described
above were injected and analyzed using a Shodex OHpak SB-802.5HQ column with a Shodex
OHpak-SB-G precolumn (Phenomenex, Aschaffenburg, Germany) tempered at 40 °C.
Chromatograms were recorded on a Shimadzu SPD 10AV"" UV detector and a Shimadzu
RF-355 fluorescence detector using the chromatographic conditions shown in Table 5. Data

was accumulated and analyzed using HPL C software Class VP 6.05 from Shimadzu.
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As mobile phase 0.05 M Tris buffer pH 8 containing various amounts of acetonitrile (20%,

10%, 0%) was used. Best results were obtained using pure Tris buffer.

Table 5: Chromatographic conditions of GFC analysis of PEGylated insulin

Eluents 0.05 M Tris buffer pH 8

Flow rate 0.8 ml/min

Column Shodex OHpak SB-802.5HQ with pre-column
UV-Detection 210 nmand 274 nm

Fluorescence- Aex = 274 NM; Aem = 308 NM

Detection

239 MALDI-ToF Analysis

For the low resolution method, analyses were performed on a HP G2030A System (GSG
Mess- und Analysengeréte Vertriebsgesellschaft mbH, Karlsruhe, Germany) with the major
components of a HP G2025A MALDI-ToF mass spectrometer coupled to a computer with
printer. As matrix 10 mg sinapic acid were dissolved in 1 ml of a mixture of 70% acetonitrile
and 30% ddH,O. Of a thoroughly blended 3:1 sample of analyte and matrix 1 pul was placed
on the mesa and the solvents evaporated under reduced pressure. Through addition of an

average of 100 shots mass spectra were recorded in a range of 500 m/z to 15000 nvz.

For the analysis of the un-digested and digested insulin chains a high resolution method was
used. Experiments were performed on a 4700 Proteomics Analyzer (ABI, Foster City, CA)

with a-cyanno-4-hydroxy cinnamic acid as matrix.

-81-



Chapter 3 Materials and Methods

2.4 Synthesis and Characterization of Lipophilized insulin

2.4.1 Preparation of N-hvdroxysuccinimide Ester of Palmitic Acid [Pal-NHS]
The synthesis of Pal-NHS was performed following the method described in literature [179].

0.05 mol of palmitic acid and 0.05 mol of N-hydroxysuccinimide were dissolved under gentle
heating in 150 ml ethyl acetate. This solution was added to a solution of 1 mol DCC in 15 ml
ethyl acetate and stirred for 15 hours at 4 °C. Insoluble dicyclohexylurea was removed by
filtration and the filtrate was concentrated under reduced pressure. The crude product was
redissolved in ethanol and left to crystallize at 4 °C for 3 h. The colorless precipitate was
filtrated and dried under reduced pressure. The reaction was checked by
'H-NMR.

242 H-NMR Analysis

"H-NMR spectra were recorded on an Avance 300 spectrometer from Bruker (Rheinstetten,
Germany) with TMS as internal standard. For sample preparation, 20 mg of the amine
reactive palmitic acid derivative were dissolved in 1 ml deuterated chloroform and filtered in

aNMR tube. Unmodified palmitic acid measured in a second experiment served as control.

2.4.3 Preparation of Lipophilized Insulin

For the syntheses of lipophilized insulin, 10 mmol bovine insulin were dissolved in a total
volume of 35 ml N,N -dimethylformamide [DMF], added in portions of 5 ml. To enhance the
rather poor solubility of the protein, 25 ul of double distilled water containing
10 mmol NaHCO3; was subjoined. A second solution of 5.35 mg Pal-NHS in 1 ml DMF was
prepared. Combining the two solutions gave a reaction batch with a final molar ratio of
insulin to pamitic acid of 2:3. The mixture was very gently shaken overnight at room
temperature. To concentrate the reaction batch, DMF was evaporated under reduced pressure
to a final volume of 8 ml. As lyophilization of this solution could not be performed,
ultrafiltration was used instead. Therefore, 2 ml or 4 ml of the product were diluted by
addition of 13 ml or 11 ml ddH,O respectively, and centrifuged at 3000 rpm for 30 min.
Centriprep YM-3 Filter Devices from Millipore (Bedford, MA, USA) with a cut-off of
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3000 Da were employed. Washing steps with ddH,O were repeated four times and the
resulting turbid solutions were freeze-dried. The reaction was confirmed by high pressure
liquid chromatography mass spectroscopy [HPLC-MS] and matrix assisted laser desorption
ionization time of flight [MALDI-ToF].

244 HPLC of Lipophilized Insulin
HPLC experiments were conducted on a 10AVP HPLC system (Shimadzu, Duisburg,

Germany), which was composed of degasser, binary pump, low pressure gradient unit,

autosampler, column oven, UV detector and fluorescence detector.

Table 6: Chromatographic conditions of HPLC analysis of lipophilized insulin.

Eluents Solvent A: 900 ml ddH-O Solvent B: 100 ml ddH,O
100 ml acetonitrile 900 ml acetonitrile
1ml TFA 1ml TFA
Gradient O min: 20% B inA; 49 min: 20% BinA;
30 min: 100% B inA; 60 min:; Stop;

40 min: 100% B in A;

Flow rate Iml/min

Column Supelco SupelcosilTM LC-318 with pre-column
UV-Detection 210 nmand 274 nm

Fluorescence- Aex = 274 NM; Aem = 308 NM

Detection

For atypical experiment, 36 pl of the concentrated solution was diluted with ddH,O to afinal
concentration of 0.2 mg insulin per milliliter sample. 50 pl of this preparation was separated
on a RP 18 column tempered at 40 °C. Chromatograms were recorded on a Shimadzu SPD
10AV"P UV detector and a Shimadzu RF-355 fluorescence detector using the conditions
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shown in Table 6. Data was accumulated and analyzed using HPL C software Class VP 6.05

from Shimadzu.

245 HPLC-MS

For identification of the different insulin species separated by chromatography in-line HPLC -
electrospray-mass spectroscopy was used. The analytical set-up consisted of a HPLC system
including degasser, binary pump, autosampler, column oven and diode array detector (all
from Hewlett-Packard, Waldbronn, Germany) coupled to an electrospray-mass spectrometer
(ThermoQuest, San Jose, CA, USA). 20 pul of the lipo-insulin solution were injected and run
with a flow rate of 0.3 ml/min on a C18 column (Jupiter, Phenomenex, Torrance, CA).
Chromatographic conditions regarding mobile phase and gradient were the same as those
formerly described for HPLC experiments. Additionally to the diode array detector signals,
total ion current chromatograms were recorded for substance identification and analysis. Mass

measurements were performed in arange of 500 to 2200 masses per charge [M/Z].

246 MALDI-ToF of Lipophilized Insulin

MALDI-ToF experiments were performed on a HP G2030A System (GSG Mess- und
Analysengeréte Vertriebsgesellschaft mbH, Karlsruhe, Germany) with the major components
of a HP G2025A MALDI-ToF mass spectrometer coupled to a computer with printer. As
matrix 10 mg of sinapic acid were dissolved in 1 ml of a mixture of 70% acetonitrile and 30%
ddH,0. Of a thoroughly blended 1:1 sample of analyte and matrix 1 pl was placed on the
mesa and the solvents evaporated under reduced pressure. Through addition of an average of

100 shots, mass spectra were recorded in a range of 500 m/z to 15000 mv/z.

2.4.7 Biological Activity of Lipo-Insulin

Activity of the synthesized lipo-insulin was assessed in a cell culture proliferation system
established by Kellner et al. [180]. Bovine chondrocytes, both primary and after the first
passage, were used for this assay.
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In short: primary chondrocytes were gained from the knee joints of six to twelve weeks old
calves. Cells were used directly after isolation, or after 2-dimensional expansion, and were
seeded at a concentration of 3300 cells'cm? in 12-well-plates. As cell culture medium DMEM
supplemented with 50 U/ml penicillin, 50 ug/ml streptomycin, 10% FBS, 1% ascorbic acid,
1.15% proline, 1% Hepes buffer and 1% non-essential amino acids were used, with addition
of insulin and lipophilized insulin in IGF buffer (100 mg bovine serum albumin were
dissolved in 100 ml ddH,0 with 60 pl acetic acid), corresponding to Table 7. Cell culture
medium was exchanged every two days and new insulin or lipophilized insulin was
supplemented. Harvesting of cells was performed after eight days of growth. Therefore, cells
were washed with 1 ml PBS and trypsinized in 1 ml 0.25% trypsin solution. After transfer to
150 ml electrolyte solution counting occurred using a Coulter Multisizer 11 Coulter Counter

(Beckman Coulter, Krefeld, Germany).

Table 7: Experimental set-up of culture conditions of chondrocytes with supplements
dissolved in IGF buffer.

Group CCM | GF-Buffer Supplement

Insulin 0.1 2mi 100 pl 0.2 ug
Insulin 1 2mi 100 pl 2.0ug
Insulin 10 2mi 100 pl 20.0 ug
Insulin 50 2ml 100 pl 100.0 pg
Lipophilized Insulin 0.1 2ml 100 pl 0.2 ug
Lipophilized Insulin 1 2ml 100 pl 2.1 ug
Lipophilized Insulin 10 2ml 100 pl 21.2 ug
Lipophilized Insulin 50 2ml 100 pl 106.2 pg
Control (pure solvent) 2ml 100 pl Oug
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The experimental set-up consisted of nine groups with miscellaneous supplements comprising
four different concentrations of insulin and lipophilized insulin, respectively (Table 7). For
calculation of the required amount of lipophilized insulin, it was assumed that each insulin
molecule was covalently bound to 1.5 palmitic acid chains increasing the molecular weight of
lipophilized insulin to 6090 g/mol. The calculated amount of pure insulin was kept equal in
each corresponding group of insulin and lipophilized insulin. Experiments were conducted in

duplicate with n = 5 for each group.

In a second experimental set-up, insulin was dissolved in IGF buffer and lipophilized insulin

was dissolved in an organic solvent, N-methy-2-pyrrolidone (Table 8).

Cellsisolated like recorded above, were seeded in 12-well-plates at a density of 3300 cells per
cm’. The required amount of protein dissolved in 10 pl NMP or 100 pl IGF buffer
respectively, was added to each group and aliquots of | GF-buffer or NMP were added in order
that both solvents were present in each well. To investigate the effects of the solvents on cell
proliferation two complementary groups were investigated: one were only the solvents were

supplemented and an other were only CCM was used.

Table 8: Experimental set-up of culture conditions of chondrocytes with lipophilized insulin

dissolved in an organic solvent

Group CCM NMP |GF-Buffer | Supplement

Insulin 1 3ml 10 pl 100 pl 0.2 ug
Insulin 10 3ml 10 pl 100 pl 2.0 ug
Insulin 50 3ml 10 pl 100 pl 20.0 ug
Lipophilized Insulin 1 3ml 10 pl 100 pl 100.0 pg
Lipophilized Insulin 10 3ml 10 pl 100 pl 0.2 ug
Lipophilized Insulin 50 3ml 10 pl 100 pl 2.1 ug
Solvent 3ml 10 pl 100 pl 21.2 ug
Control 3ml Ol Ol Oug
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Cell culture medium was exchanged every two days and new insulin or lipophilized insulin
was supplemented. Harvesting of cells was performed after 14 days of growth. Therefore,
cells were washed with 1 ml PBS and trypsinized in 1 ml 0.25% trypsin solution. After
transfer to 150 ml electrolyte solution counting occurred using a Coulter Multisizer |1 Coulter

Counter (Beckman Coulter, Krefeld, Germany).
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1 Introduction

Tissue Engineering is an emerging, interdisciplinary biotechnology area where medicine, cell
and molecular biology, materials science and engineering intermingle, with the goal of
generating constructs to replace or repair missing, severed or malfunctioning tissue. This
discipline is based on three mgjor pillars: cells, bioactive molecules and scaffold materials.
The interplay of them or individual use might lead to the development of a construct with the
designated qualities. Cells, preferentially autologous ones, are the material to create the
desired tissue. Either already differentiated cells of the desired phenotype [181] or pluripotent
stem cells [182] might be used. Limitation often lies in the difficult availability of the desired
cells, being not at al or in scarce quantity obtainable. Secondly, among other factors bioactive
molecules such as vitamins, drugs, growth factors or fragments thereof influence the further
development of harvested cells. They can either initiate cell proliferation [183,184], leading to
fast expansion of the original small collective, or they are able to trigger the internal signaling
cascades which result in differentiation of progenitor cells to fully developed mature tissue
[185,186]. Another fundamental feature is their ability to influence cell/material interactions
to various effects, amongst others enhancing or oppressing adhesion of particular cells to a
material [187]. Finally, biomaterials themselves can influence cell adhesion and development
depending on their physical properties. A plethora of different biomaterials each with its own
advantage to recommend them have been used, ranging from mechanically stable metal rods
(such as titanium) [188], to hydrogel materials with favorable diffusion properties (such as
alginates) [189], to biodegradable materials (such as poly(glycolic acid)) [190].

A frequently chosen polymer for Tissue Engineering applications is poly(lactic acid) [PLA].
Having been used for over 30 years as resorbable sutures and fixation devices, PLA has
already been FDA approved for in vivo human use in several forms and formulations and
profound knowledge on the properties of the material has been obtained [191]. In addition to
the requested major feature of biocompatibility, the advantages of synthetic polymers: high
purity, convenient processing and good mechanical properties, gained this polymer popularity
for use as scaffold material [192]. A substantial prerequisite is its biodegradability, which
occurs through hydrolysis, therefore showing little inter-individual variation, and its
degradation product, lactic acid, already is present in natural metabolic pathways [193]. Many
properties of the resulting polymer (e.g. degradation rate, crystallinity, and melting point)
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depend on molecular weight and conformation of the monomers, giving the organic chemist a
potent tool for taylor-made polymers. Also, due to its stability PLA is amenable to a wide
variety of processing procedures (like melt spinning into fabrics [194], spin-casting of films
[195], or production of bulk porous scaffolds [196]) resulting in devices, easily modeled in
the desired shape, and which are good substrates for cell adhesion and proliferation. However,
for in vivo use only selected proteins and therewith determined cells of a favored phenotype
are wanted to adhere to these devices. Unfortunately the polymer shows no specificity at this
vital point. To overcome this disadvantage, di-block copolymers composed of a poly(lactic
acid) block with the advantages mentioned above, and a Methyl-poly(ethylene glycol) [PEG]
block (Scheme 1 a.) were synthesized. Hydrophilic PEG chains attached to a surface are
known to prevent or a least diminish protein adsorption [197].

a.
O
R = OCH
HO (@) O 3
\\)J\O/H\yﬁﬁ ~ o 7Ok R = NH
- 2
© f

~— -

PLA PEG Terminal group
b.
I, —— — I —
PLA Spacer
PEG Mediator

Scheme 1: Structures of polymers synthesized by Tef3mar et al.
a) Chemical structure of the polymer. b) Structure of the activated polymer with attached

mediator molecule.

Replacing the terminal group at the free end of the PEG-block with a reactive amino group,
new polymers were created which can be activated to react with bioactive molecules such as
growth factors, vitamins or drugs, resulting in biomimetic polymers with ameliorated
properties with regard to their application as Tissue Engineering scaffolds (Scheme 1 b.)
[132]. Thus, not only adhesion, but moreover further development of the cells can be directed
very pointedly, giving rise to the hope of creating superior scaffolds for Tissue Engineering

pUrpose.
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A method is described in literature to process these polymers into scaffolds for in vitro and in
vivo cell experiments [24]. Therefore polymers of different compositions were needed
(MePEG,PLA, MePEG,PLAs and NH.PEG,PLA4). In the synthesis of diblock
copolymers often the problem of nonuniform molecular weight distribution of the resulting
polymers is encountered, which makes processing difficult. In this work it was tried to
establish procedures to synthesize each of the aforementioned polymers in desired quality
(regarding molecular weight distribution and processing properties) and new insights were

gained on the reaction kinetics of the polymerization.
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2 Resultsand Discussion

2.1 Reaction Kinetics of the MePEG,PL A,y Synthesis

For the synthesis of the MePEGPLA polymer a method described in literature was adopted.
Polymerization followed a catalytic ring-opening pathway with toluene as solvent, the free
hydroxyl group of MePEG 2000 as initiator, D,L-lactic acid cyclic dimer as chain expander
and stannous 2-ethyl-hexanoate as catalyst [141]. However, the result of the polymerization
fell short of the goal, as the desired molecular weight could not be obtained by far and

manufacture of mechanically stable scaffolds could not be achieved.
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Figure 1: Refractive index detector chromatograms of SEC analysis of two different
MePEG,PLA,. a) Newly synthesi zed polymer. b) Standard polymer with a nominal molecular
weight of 22 kDa.

Figure 1 clearly displays the differences between the newly synthesized polymer and a
standard polymer obtained in a previous polymerization with a nominal molecular weight of
22 kDa. The newly synthesized polymer has a broader molecular weight distribution
compared to the standard polymer, and the fraction of polymers with lower molecular weight,

which are eluted at higher retention times, is much greater. This leads to the following
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conclusions: either not the entire amount of the dilactide did react with the MePEG chains, so
that resulting polymers were significantly shorter as expected or some co-initiator was present

in the reaction batch, starting off new chains.

On our quest for gaining intelligence on the subject, we first checked the educts for integrity.
'H-NMR analysis showed no changes in the structure of the substances and even buying new

batches of material did not show the desired effect of prolonged polymer chains.

Hoping to gain knowledge on the kinetics of the polymerization reaction by monitoring the
lengthening of the polymer chains over time, a reaction batch was synthesized and samples
were drawn at various time points during the polymerization and analyzed by SEC
(Figure 2).
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Figure 2: Kinetic of the polymerization of MePEG,PLA,,. Chromatograms recorded by the
refractive index detector. Samples taken from the crude reaction batch after various reaction

time points, labeled accordingly, and after purification of the polymer (end).

Directly after the combination of the MePEG solution and the PLA solution (Figure 2,
0 min) the signal generated by MePEG can be observed at about 22 min and the higher and
much sharper peak originating from eluted dilactide is detected at about 25 min. The
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following signal pattern is attributed to the injection process, as it is present even if pure
chloroform is analyzed. After one hour of polymerization (Figure 2, 1 h) a significant
increase in molecular weight can be observed as the signal generated by the polymer is
detected much earlier between 16 min and 18 min. Surprisingly, this signal shows a very clear
bimodal distribution, which becomes less pronounced with increasing reaction time, finally
merging to avery broad signal, with two culminations detectable. Besides, the formation of a
new peak neighboring the injection pattern, a about 26 min could be observed. Asthis signal
is not present in the chromatogram of the purified polymer, this substance could be either
volatile or water soluble. One of these requirements, the water solubility, is met by the linear
form of the lactic acid dimer, a very small molecule. Thus, the new peak might be assigned to
this substance, which might be caused by traces of water still present in the reaction batch.
Water or the open form of the lactic acid dimer might also act as initiators for new chains,
which would then in consequence be 2 kDa shorter, than the MePEG originated ones. But the
difference in molecular weight between the two peaks of the polymer signal is of more than
this value. Besides, after one hour no new chains are generated, whereas the intensity of the
signal attributed to the open form of the lactic acid, still increased. So, no satisfactory
explanation for the bimodal distribution of the polymer signal could be found.

Examining the alteration over time of the detected polymer signal, the second peak seems to
loose much of his prominence with increasing reaction times. Therefore, in another
experiment the reaction time for the polymerization was increased to 24 h, hoping that with

longer reaction times the overall molecular weight might be shifted to higher values.

I
26

14 16 18 20 22 24
Time (min) Time (min)

Figure 3: Investigation of the polymerization reaction of MePEG,PLAy in the first hour (a.)
and up to 24 h (b.). Chromatograms were recorded by the refractive index detector. Samples
were taken after various reaction time points, labeled accordingly and after purification of

the polymer (end).
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Investigation of the first hour of the polymerization revealed that bimodal distribution of the
polymer signal can already be detected at 15 min and after 30 min the split of the signal is
quite pronounced (Figure 3, a.). However, longer reaction times resulted in a considerable
decrease of the low molecular weight fraction of the polymer (Figure 3, b.), causing the split
almost to wear away. Extrapolating this observation led to the assumption that a still
considerable longer polymerization time might result in a monomodal distribution of the

molecular weight of the polymer.

2.2 Purification of the synthesized polymer with ethanol

To gain more information on the nature of the substances leading to the bimodal molecular
weight distribution of the polymer and hopefully to establish a method for the separation of
the low and high molecular weight fractions of the polymer another approach was tested. In

contrast to high molecular weight PLA low molecular PLA is soluble in ethanol.
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Figure 4: SEC chromatograms detected by the RI detector of samples collected during
extraction of the polymer with ethanol.

a: Original polymer; b: Ethanol fraction collected at 20 °C; c: Ethanol fraction collected at
70 °C; d: Ethanol fraction collected at 77 °C
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In a first attempt the polymer was extracted with ethanol at different temperatures, the
supernatant was collected and volatiles were removed from the samples, which were

subsequently analyzed by SEC (Figure 4).

Starting at 20 °C every 10 °C samples were collected. During the fist steps of the experiment
no polymer could be detected in the ethanol fraction. Between heating from 50 °C to 60 °C
the solvent became turbid, but still no peak could be observed in the corresponding
chromatogram. The analysis of the sample drawn at 70 °C hints at traces of a low molecular
weight polymer being eluted at about 17 min and in the chromatogram of the sample last
collected at 77 °C polymer is clearly detected at about 17 min, which correlates well with the

low molecular weight fraction of the original polymer.

A method was found to remove some of the low molecular weight fraction of the polymer.
However, this method is not quite satisfying. As the substance was applied as a solid some of

the smaller chains might be enclosed in polymer particles thus escaping extraction.

Hence, in another experiment a solution of the polymer in acetone was prepared and ethanol
added until the solution separated in two phases. The supernatant, which contained more
solvent and less polymer, and the residue, which was highly viscous, were collected
separately and analyzed by SEC (Figure 5).
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Figure 5: Rl chromatograms of the substances collected in the phases generated by adding
ethanol to an acetone solution of the polymer.

a: Original polymer; b: Residue; ¢: Supernatant
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Chromatograms displayed in Figure 5 clearly show that a separation of the substances
leading to the bimodal distribution of the molecular weight of the polymer could be achieved
in parts. The residue is enriched with long chain polymers compared to the mass distribution
of the original polymer. In contrast, the supernatant contains mainly a portion of the small
molecular weight fraction. To learn more about the composition of the different samples they

were analyzed by *H-NMR techniques.
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Figure 6: *H-NMR spectrum of MePEG,PLAy collected in CDCl; with TMS as internal
standard.

'H-NMR spectra of the various polymer samples showed all a similar signal pattern
(Figure 6), differing only in the intensity of the signals. The signal stemming from the
methyl group of the MePEG (H,) could be detected at 3.38 ppm and the methylene repetitive
unit of the MePEG (Hp) caused adistinct signal at 3.64 ppm. The triplet observed at 1.56 ppm
originated from the methyl group of the PLA (H;) and the multi-peaked signal at 5.17 ppm

was attributed to the proton at the optically active center of the lactic acid monomer (Hy).
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Table 1: Integrals of the *H-NMR signals corresponding to the protons of MePEG,PLA.
The signal of the terminal methyl group of the MePEG was used as standard and set at 3.00.

Proton Original Polymer Residue Supernatant
Ha 3.00 3.00 3.00
Hp 167.22 161.74 172.83
Hc 758.59 957.32 533.43
Hg 243.85 307.26 134.44

For comparison of the integrals calculated from the protons corresponding to the different
polymers, the signals originating from H, were used as standard and the integrals set at 3.00
for each polymer (Table 1). As expected no remarkable differences in the ratios of H,to Hy,
the MePEG protons, could be seen for the different polymers (original polymer, residue,
supernatant). Calculating the molecular weight of the MePEG chain by dividing the values of
the Hy, proton signals by four, the number of protons of the monomer, and multiplying the
resulting value by 44, the molecular weight of a monomer, values between 1.8 kDa and
1.9 kDa are obtained, which are in good agreement with the theoretical value of 2.0 kDa. In
contrast, the signals ssemming from H. and Hg, which are protons attributed to the PLA chain,
differ very distinctly in their ratio to the PEG protons. The molecular weights of the PLA
chains can be calculated by multiplying the value of the Hyg signal by 72, the molecular weight
of a PLA monomer, or by first dividing the value of the H. signal by three and subsequent
multiplication by 72. This results in molecular weights of 18 kDa for the original polymer,
22 kDato 23 kDafor the residue and 10 kDato 13 kDa for the supernatant. So, the separation

of the low and high molecular weight chains could be confirmed by a second method.
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Figure 7: Thermograms of ethanol treated polymers (original polymer, supernatant residue)
obtained by modulated DSC measurements for determination of the glass transtion of the

polymers.

To confirm NMR and SEC results the polymers were analyzed by MDSC (Figure 7). For
calculation of the glass transition, the reversing heat flows of the second heating were used.
Having a higher molecular weight, the residue shows a distinctly higher glass transition
temperature compared to the low molecular weight polymers of the supernatant. Glass
transition of the original polymer is settled between these two values, which correlate to the

length of the polymer chains.

Considering the results of SEC, DSC and especially NMR analysis, the conclusion can be
drawn that low and high molecular weight fractions differ only in the length of the PLA chain
and not in their composition. Therefore, the assumption that the shorter fraction might be

started by a different initiator can no longer be sustained.
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2.3 Meéelt Synthesis of MePEG,PL A%

Although a method was found to separate the low and high molecular weight fraction of a
synthesized polymer with bimodal molecular weight distribution, this is an additional time
consuming and cumbersome step in the work-up of the polymer. Therefore it was tried to
modify the parameters of the synthesis such as to directly result in a narrow molecular weight

distribution of the polymer.

In literature the synthesis of PLA is not only described in solution but also in melt. Following
this method some of the parameters which might influence the outcome of the polymerization
can be circumvent. In the process, the effect of the solvent itself on the reaction, and also the
influence of different concentrations of the reactants depending on the amount of solvent

used, which might also play arole in the polymerization process, would be avoided.

Therefore, the synthesis of a MePEG,PLA, was performed in melt under an Argon
atmosphere at 140 °C, and the resulting polymer was purified and analyzed by SEC
(Figure 8, b).

24 Polymerization in Solvent with the Modified Methods of
M ePEGsz Ax and M ePEGsz A

Although polymerization in melt yielded substances with the targeted molecular weight, the
conditions used in this method are quite harsh (synthesis in vacuum a 140 °C). If the
synthesis of MePEG,PLA, is performed in solution, not only the thermal load on the

polymers is reduced, but also the handling of the reaction is much facilitated.

Knowing that longer reaction times at polymerization in solution, where the volume of the
solvent usually decreases due to evaporation of part of the solvent, led to polymers with
increased chain length, the influence of solvent volume on the product was investigated.
Therefore a new reaction batch was synthesized using a substantially smaller amount of
solvent volume. After eight hours of polymerization the crude product was purified, collected
and analyzed by SEC (Figure 8, a).
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Figure 8: SEC chromatograms of differently synthesized MePEG,PLA, polymers collected
using an RI detector.
a: Polymer synthesized using a small amount of solvent; b: Polymer synthesized in melt;

c: Reference polymer

Comparing the chromatograms recorded while analyzing polymers synthesized with no or few
solvent no difference can be detected with regard to final molecular weight of the products.
Moreover, the mass of the resulting polymers do not differ substantially from those of the
polymer used as reference. Therefore, the conclusion can be drawn that using the established
method for the synthesis of MePEG,PL A, polymers with the aspired molecular weight are
fabricated.

In another experiment the synthesis of MePEG,PL A4 was performed. As this molecule with
amolecular weight of 42 kDa results in more viscous solutions, the volume of the solvent had
to be gslightly increased. The product was purified collected and analyzed by SEC.
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Figure 9: SEC chromatograms of MePEG,PLA4, polymers collected using an RI detector.
a: Polymer used asreference; b: Polymer synthesized with a small volume of solvent

InFigure 9 it can clearly be seen, that the newly synthesized polymer had also a monomodal
molecular weight distribution. Thus, it was confirmed, that the new method reliably yielded

polymers with the desired molecular weight.

2.5 Synthesisof NH,PEG,PLA

For the synthesis of biomimetic PEGPLAs it is imperative to use a bifunctional PEG chain as
initiator, thus after polymerization the free end of the hydrophilic chain might react with a
modulator molecule. Tef3mar et a. used a PEG with a terminal hydroxyl group and an amine
group at the other end of the polymer chain [132]. To prevent the reaction of the nucleophilic
amine group with the dilactide, glacial acetic acid was added to the reaction batch protonating

the amine.

The synthesis of a NH,PEG,PLA 4 was attempted following the newly established protocol.
After eight hours of polymerization, the product was not a highly viscous solution, but a
rather crystalline residue which smelled strongly of acetic acid. Analyzing the product by
SEC revealed that the resulting polymer had a very low molecular weight of approximately
2000 to 5000 Da. Assuming that incomplete polymerization was due to the presence of acetic
acid in the reaction batch, a new method was tried for the synthesis of NH;PEG,PLA 4.

Starting from a larger volume of solvent compared to the previous experiment, a constant
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stream of nitrogen removed volatile components from the reaction batch, such as acetic acid
and also toluene. After reaching the targeted amount of solvent, the nitrogen stream was
stopped and the reaction continued. The resulting polymer was purified, collected and
analyzed by SEC (Figure 10).
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Figure 10: SEC chromatogram of NH,PEG,PLA4, collected using a RI detector.

The chromatogram of the synthesized NH,PEG,PLA 4o shows a very clear bimodal molecular
weight distribution, which might be the result of a too large solvent volume used. Yet even
the dtarting material, a sdf synthesized NH,PEG, shows a broader molecular weight
distribution, compared to commercially available MePEG, a characteristic which will be
passed on to the product.

However, scaffolds manufactured from this material showed a satisfying mechanical stability,
enabling them for in vitro and in vivo cell experiments.

2.6 Activation of NH,PEG,PL A4

To enable NH,PEG,PLA 4 to react with proteins, first a linker, activated tartaric acid, was
bound covalently to the terminal free amine group of the polymer. Prior to binding to the
polymer the activation of the linker was checked by *H-NMR (Figure 11).
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Figure 11: *H-NMR spectrum of activated tartaric acid recorded in deuterated acetonitrile.

The signals of free and bound NHS can be detected in the resulting *H-NMR at different ppm
(free NHS: 2.58 ppm, bound NHS 2.80 ppm), confirming the activation of tartaric acid.
Moreover, integrating the signals ssemming from the protons of tartaric acid (Hy, at 5.07 ppm
and H¢ at 4.49 ppm) and bound NHS (H,), ratios of HaHp:H: = 4:1:1 were obtained, which
correspond with the theoretical ratios.

To confirm the reactivity of the resulting activated polymer, a dye containing an amino group.
5-aminoeosin was bound to the polymer and the product subsequently analyzed by SEC
(Figure 12).
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Figure 12: SEC chromatograms of the activated polymer after reaction with 5-aminoeosin.
a)UV-detector at 523nm. 1. Polymer; 2. Dye 3. Polymer + Dye (reacted for 3h);
b)RI-detector. 1. Polymer; 2: Polymer + Dye (reacted for 3h)

The intensities of the RI-detector signals were similar, proving that corresponding amounts of
polymer were present in each sample. Regarding the UV-detector chromatograms, only the
sample where dye and polymer were present showed adsorption, confirming the reactivity of

the activated polymer

2.7 InVivo Evaluation of PEG,PLA,

For evaluation of the synthesized polymers for in vivo Tissue Engineering applications, the
polymers were processed into highly porous scaffolds using an anhydrous porogen leaching
technique established by Hacker et al. [24]. bFGF was used as model protein, a growth factor
frequently employed in cell culture, with well known angiogenesis inducing properties. As
control group for the immobilized growth factor on the activated polymer served a group with
only adsorbed protein. Scaffolds were implanted into the back subcutis of mice and excised
after three weeks.

In Figure 13 the effects of covalently bound bFGF are demonstrated. In the exemplarily
shown section of the construct of activated polymers numerous capillaries can be seen.
Besides the ingrowth of connective tissue is substantially pronounced, compared to the

inactive polymer.
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b)

Figure 13: H&E histology of scaffolds (magnification 100x) excised three weeks after
implantation.

a) Scaffold of the activated polymer to which bFGF was covalently bound. b) Control
scaffold of MePEG,PLA4 with adsorbed bFGF. Black arrows mark capillaries within the
construct. Scale bar: 100 pum.
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3 Summary

Information was gained on the progress of the PEGPLA polymerization. Although not all of
the mechanisms involved in this synthesis could be elucidated, a method was established for
the synthesis of MePEG,PL A2y, MePEG,PLA 4 and aso for the synthesis of NH,PEG,PL A 4.
The polymers were processed into scaffolds and evaluated in an in vivo experiment and

proved their superiority compared to standard used material.

Thus, the manufacture of this very promising candidate for Tissue Engineering applications

was significantly optimized.
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1 Introduction

The interaction of proteins with solid surfaces is a fundamental phenomenon with
implications for nanotechnology, biomaterials and biotechnological processes. In nano-
technology, protein-surface interactions are pivota for the assembly of interfacial constructs
[198]. In the biomaterials field, protein adsorption is the first step towards the integration of
the implanted device or material with tissue [199], as cells depend on specific proteins for
anchorage and extracellular instructions [200]. Even though cell attachment and spreading
may occur without serum proteins, this is a nonphysiological interface [199], which can
impair cell activity and contribute to cell death [201]. As protein-surface interactions are
highly dependent on the individual properties of the analyzed system, they must be assessed
separately for each individual setup. A great variety of methods has been established on the
route to elucidating adsorption behaviour of proteins. They range from optical methods,
which involve fluorescence or chemiluminescence labelling of proteins, to radiolabelling of
the proteins, both purely quantitative methods. Solid-state NMR [202] and attenuated total
reflection FTIR [ATR-FTIR] spectroscopy [203] may be used to detect changes in the protein
structure, whereas atomic force microscope [AFM] based methodology provides information
on the magnitude and nature of protein adhesion forces [204]. However most of these
methods are expensive, use hazardous materials and require laborious preparations and long
analysis times. The quartz crystal microbalance [QCM] is a simple, cost effective, high-
resolution mass sensing technique, [205] which provides real-time analysis while being a non-

invasive analytical method.

Here the impact of the PEG content on the surface properties of PEGPLAy films was
investigated with regard to its influence on protein adsorption. This is of significance as PEG
chains are used to shield PLA derived devices (microparticles, scaffolds for Tissue

Engineering applications) from unspecific protein adsorption.

The basis of the QCM is the converse piezoelectric effect, which occurs in crystals without a
centre of symmetry: application of a voltage across these crystals causes a corresponding
mechanical strain [206]. Sandwiching these crystals, such as quartz, between two electrodes
connected to aternating current results in a mechanical oscillation of a standing shear wave
across the crystal disk [205]. The direction of oscillation depends on the angle of cut of the
crystal with respect to its crystallographic axes [207]. The mode most sensitive to mass
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change is the thickness shear mode [TSM] which is characteristic for AT- or BT-cut crystals
(Figure 1). AT-cut crystals, cut at +35° 10" angle from the z-axis, show stable resonant
frequencies over a wide range of temperatures and therefore are used for the majority of
piezoelectric work in analytical chemistry [208]. These crystals can either be part of an
oscillatory circuit, or alternating voltages at various frequencies are applied across the crystal
by an external instrument, the latter method being to date fewer used [209]. There are two
general classes of piezoelectric devices. bulk acoustic wave [BAW], also known as QCM or
TMS, and surface acoustic wave [SAW], where both electrodes are placed on the same side of
the crystal [210]. Although SAW devices are more mass sensitive than BAW devices, in
practice they exhibit various problems like attenuation of the acoustic waves [211] and
therefore BAW devices are more frequently used, due to their robust nature, availability and

affordable electronics.

Z-ax1s

Figure 1: AT-cut of a quartz crystal. A quartz plate is cut with an angle of 35° 10" with
respect to the optical z-axisfrom the mother quartz. Reproduced from[207].

The vibration of the quartz is described by the amplitude of the oscillation, corresponding to
the energy initially imported, and the resonant frequency, determined by physical

characteristics of the crystal. Fractional changes in thickness of the quartz in consequence of

-111-



Chapter 5 Investigation of Protein Adsorption on MePEG,PLA,

mass adsorption result in fractional changes in frequency. This dependency can be described
by the empirically developed equation of Sauerbrey [212]:

_ —2fiAm

AF="20—"

where AF = measured frequency shift in Hz, f, is the fundamental resonant frequency in Hz,

—CAmM

Am = mass change in g, A = piezoelectrically active areain cn?, Lq = shear modulus of quartz
and pq = density of quartz. Mogt of this parameters can be summarized to C = mass sensitivity
constant, characteristic for a certain quartz. The piezoelectrically active area of QCM is the
area between the electrodes, where sensitivity is highest in the centre and decreases
monotonically in a Gaussian-like manner towards the periphery [206]. The Sauerbrey
equation can only be applied for the deposition of uniformly distributed, rigid masses in gas
phase deposition. Although many attempts were made to find an equation applicable to
solution phase sensing (e.g. Kanazawa and Gordon [213,214], or Bruckstein and Shay [215]),
no overall answer was found. To date it is agreed that changes in frequency of a quartz with
only one electrode in contact with the liquid can be the result of one or a combination of
following reasons [205]: 1) a pure elastic mass adsorption to the quartz, or b) a pure liquid
viscosity-density change in the solution adjacent to the electrode, or ¢) a dissipation of energy
due to binding of an inelastic mass. For evaluation of the viscoelastic character of adsorbed
masses quartz crystal microbalance-dissipation [QCM-D] measurements might be used [216].
If no great change in viscosity or density of the liquid phase is expected and the bound massis
elagtic, after calibration the QCM might be used as a very sensitive and precise analytical tool.

By coating the surface of the electrodes with various materials, the properties of these applied
substances might be investigated. Some methods of thin film formation are: vapour deposition
(metals), self assembled monolayers fabrication (SH-terminated substances) or spin-casting of
films (polymers). After functionalization with materials that interact selectively with a target
substance, biosensors are engineered that might elucidate kinetics and extend of binding

between two substances.

So, besides being a fundamental tool in analytical electrochemistry, the future of the QCM

lies in applications in the area of chemical sensors or biosensors and drug discovery.
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In this work an attempt was made to elucidate the binding extent between proteins and
poly(lactic acid)-co-poly(ethylene glycol) polymers, with varying molecular weight and molar

composition of each block.

2 Resultsand Discussion

2.1 Preparation of Quartzes

For the analysis of materials using the QCM it is necessary to coat the quartz disk with athin
layer of this substance. Many methods are known for thin film formation, but for polymers
the method of choice is the spin-coating procedure, as it reproducibly allows for the formation

of very thin, homogenous films without time consuming preparations.

The films thus obtained were thinner than 1 um (measured with a micrometer screw) and
appeared to have a smooth surface apart from a narrow ring in the periphery of the quartz, but

since it isdigtinctly remote from the gold electrode, thisis negligible.

Immersing spin-coated quartzes in phosphate buffer revealed the hydrophobicity of the
polymer coated surface, and after about five minutes the films started to detach from the
surface of the quartz, starting in the rim regions. For materials not firmly attached to the
guartz it is impossible to be investigated by QCM as the oscillation of the crystal is not
transferred to the analyte. The necessity was concluded to render the surface of the quartz

hydrophobic and so to achieve increased adhesive forces between crystal and polymer film.

Before and after transformation of the quartzes their contact angle towards water was

measured (Figure 2).
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Figure 2: Contact angle of water measured on quartz and gold electrode before and after
lipophilization with octadecyltrichlorosilane. Investigation of two different quartzes with
n=4

It can clearly be seen, that the physical properties of the quartz changed from hydrophilic
before treatment (no contact angle towards water detectable) to quite hydrophobic (contact
angle towards water of about 100 °).

When modified quartzes were coated with a polymer film and immersed in water, no
detachment of the film could be observed after 24 h of incubation.

2.2 QCM experiments

To investigate the adsorption properties of the modified gold electrode towards bovine
insulin, in a first experiment 200 pg of insulin were added to the solution reservoir and the
frequency shift upon time of the oscillatory system was recorded. After the frequency had
reached a constant value, the protein concentration in the system was increased by adding a

new amount of insulin.
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Figure 3: a) Time resolved resonant frequency shift of a modified 5 MHz quartz disk upon
addition of bovine insulin. 200 pl of a solution of 1 mg bovine insulin in 1ml solvent were
added at different time points marked by arrows (t; = 0.162 h, t;, = 1.584 h, t3 = 2.662 h,
t, = 3.623 h). Prior to addition 200 ul solvent were removed from the solution reservoir.
Measurements were performed in 0.1 M PO,>, 1.25 M urea, pH 8. b) Resonant frequency
shift upon washing of the system with 1% SDS solution.

In Figure 3, a it can clearly be seen, that upon the addition of the first portion of insulin,
which led to a final concentration of 100 pg insulin per ml solvent, the frequency of the
oscillatory system decreased slowly but steadily. The addition of the second amount of
protein (190 ug/ml final concentration) also led to distinctly lower frequency values, although
a constant value was much faster reached. Third addition of insulin led to a slight decrease in
frequency whereas forth addition of protein had no further effect. This led to the conclusion
that higher amounts of insulin might result in faster reaching frequency constancy and the
surfaces of the electrodes can only bind a certain amount of insulin as increasing the
concentration of the protein did not cause a further drop in frequency. For further experiments

afinal concentration of 500 pg insulin per millilitre solvent was used.

To confirm that adsorption of the protein to the surface of the quartz was due only to adhesive
forces, awashing step was performed after the end of the adhesion experiment. Therefore 1%
SDS solution was pumped for about 1.5 h through the system, while monitoring the resonant
frequency shift of the quartz disk. Figure 3, b shows an initially pronounced increase of the
resonant frequency which might be due to the detachment of adsorbed insulin from the

electrodes. The frequency value finally reached after washing, differs dlightly from the
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starting frequency, and might be attributed to the different compositions of the solvents used

for adsorption and washing experiment.

2.3 Insulin on Gold and PLA

Having established the experimental setup, the adsorption of 1 mg insulin on modified gold

electrodes was monitored over time (Figure 4).
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Figure 4: Time resolved resonant frequency shift of a modified 5 MHz quartz disk upon
addition of bovine insulin (c = 500 pg/ml). Measurements were performed in 0.1 M PO,>,

1.25 M urea, pH 8 withn= 3.

After addition of protein to the system, resonant frequency of the quartz decreases steadily
until reaching a final value of about 440 Hz. However the adsorption of insulin started very
slowly, the slope of graph first being shallow, but increasing upon time, indicating that

adsorbed insulin facilitates the adhesion of new proteins.
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Figure 5: Time resolved resonant frequency shift of a modified 5 MHz quartz disk coated
with a thin film of PLA upon addition of bovine insulin (c = 500 pg/ml). Measurements were

performed in 0.1 M PO,>, 1.25 M urea, pH 8 withn = 3.

Compared to the graph of insulin adsorption on gold the adhesion of protein on ploy(lactic
acid) films follows roughly the same pattern though some differences can be spotted
(Figure 5). After a short lag time a decrease in frequency shift can be observed. Although the
decrease is steeper compared to adsorption on gold the values finally reached are slightly
higher (-380 Hz for PLA compared to -440 Hz for gold) and the minimal value is faster
reached. Also standard deviation from the mean values are slightly lower indicating a more
uniformly composed surface compared to the pure gold electrode, giving proof of the high

quality of the prepared films.

2.4 Insulin on MePEG,PLA,

If films of MePEGPLA, polymers are prepared, the different blocks will align themselves in
such manner, that the hydrophilic PEG chains will protrude outwards shielding the
hydrophobic surface [195]. In consequence films containing PEG should show lower protein

adsorption and a lesser drop in frequency.

For adsorption studies MePEG,PLA, in different compositions were used: MePEGy 7sPL Ags,
MePEGo 75PLA 10, MEPEGsPLAgs, MEPEGsPLA 1.
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Figure 6: Time resolved resonant frequency shift of a modified 5 MHz quartz disk coated
with a thin film of MePEGy7sPLAgs upon addition of bovine insulin (¢ = 500 pg/ml).
Measurements were performed in 0.1 M PO,%, 1.25 M urea, pH 8 with n = 3.
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Figure 7: Time resolved resonant frequency shift of a modified 5 MHz quartz disk coated
with a thin film of MePEGy7sPLA10 upon addition of bovine insulin (¢ = 500 pg/ml).
Measurements were performed in 0.1 M PO,%, 1.25 M urea, pH 8 withn = 3.
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In contrary to our expectations, films containing short chain PEGs of 750 Da molecular
weight (Figure 6, Figure 7) show a greater drop in frequency than PLA films (430 Hz and
610 Hz compared to 380 Hz), indicating a more pronounced protein adsorption. An
explanation for this untypical behaviour might be that short PEG chains favor the wetting of
the otherwise water-repellent surface enabling an amplified contact of hydrophobic protein
and PLA chains [195], without being able to act as a protein adsorption shield, due to their
short operating range. Another explanation might be that PEG chains on the surface prevent a
firm binding of the protein molecules to the surface, due to serical hindrance and the inelastic
bound mass causes a pronounced decrease in frequency [205]. These theories are both
consistent with the finding that higher fractions of PEG cause a more distinct drop in

frequency.

Long chain PEGs of 5000 Da molecular weights show a completely different adsorption
pattern (Figure 8, Figure 9).
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Figure 8: Time resolved resonant frequency shift of a modified 5 MHz quartz disk coated
with a thin film of MePEGsPLAgs upon addition of bovine insulin (c = 500 pg/ml).
Measurements were performed in 0.1 M PO,%, 1.25 M urea, pH 8 withn = 3.
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Figure 9: Time resolved resonant frequency shift of a modified 5 MHz quartz disk coated
with a thin film of MePEGsPLAy, upon addition of bovine insulin (c = 500 pg/mi).
Measurements were performed in 0.1 M PO,%, 1.25 M urea, pH 8 with n = 3.

It can clearly be seen, that the final reached value of oscillation frequency after adsorption of
insulin to these films is distinctly higher compared to the value reached on PLA, indicating a
shielding of the surface against protein adsorption. On MePEGsPLAgs a minimal value of
-300 Hz is reached, which is slightly higher than the value reached on PLA (-380 Hz). On
MePEGsPLA 1, a final value of -180 Hz is reached after insulin adsorption, due to increased
PEG content and therewith better shielding efficiency. However favorable the high PEG
content is with regard to oppressed protein adsorption, another characteristic influenced by the
PEG amount is its low glass transition temperature, which influences the mechanical stability
of aresulting film. If a quartz disk coated with this polymer is vigorously shaken in water at
37 °C, the film will dissolve from the surface. However, as the resonant freguencies
determined after adsorption measurements on these films were constant in three different
analyzes, the final values reached were not equal to those on gold and the film on the
electrodes looked macroscopically intact after measurements, the conclusion was drawn, that
the film remained intact during analysis and adsorption was indeed performed on the polymer
and not the electrode.
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In another experiment a polymer synthesized out of the optically active L-lactic acid was
used, the MePEGsPLLA 0. Many characteristic of this polymer, like crystallinity or solubility,
differ from those of the optically inactive derivative MePEGsPLA 1.
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Figure 10: Time resolved resonant frequency shift of a modified 5 MHz quartz disk coated
with a thin film of MePEGsPLLAyy upon addition of bovine insulin (¢ = 500 pg/mi).
Measurements were performed in 0.1 M PO,%, 1.25 M urea, pH 8 withn = 3.

Figure 10 displays the adsorption behavior of insulin towards this polymer. Comparing the
resulting graph to one obtained investigating protein adsorption to MePEGsPLA 1o, no definite
drop in frequency can be detected and therefore it can be assumed that no insulin at all or to a
much lesser extend binds to the surface of this polymer. As MePEGsPLLA; o shows a higher
degree in crystallinity compared to the optically inactive form, water-uptake and swelling
occur much retarded [217]. In the glassy state the interactions between polymer and protein
are less pronounced than in the swollen state, resulting in reduced adsorption of protein to

non-swollen polymers,

All former experiments were performed in 0.1 M PO,%, 1.25 M urea, at a pH of eight. Under
these basic conditions insulin has rather lipophilic properties, one effect being its reluctance to
dissolve in agueous media. To investigate the behavior of insulin in its protonated therefore

hydrophilic form, in a control experiment 0.1 N HCI was used as solvent (Figure 11).
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Figure 11: Time resolved resonant frequency shift of a modified 5 MHz quartz disk coated
with a thin film of PLA upon addition of bovine insulin (c = 500 pg/ml). Measurements were

performed in 0.1 N HCI withn = 3.

In measurements performed in 0.1 N HCI amino functions of insulin would be protonated
resulting in a charged molecule, which would be reluctant to adhere to a lipophilic surface, as
for example the PLA film, but might rather remain dissolved in the hydrophilic solvent. This
assumption is confirmed by the graph shown in Figure 11, where no drop in frequency can
be detected.

The resonant frequency shifts detected over time in the aforementioned adsorption
experiments differ very drastically in their magnitude compared with values found in
literature of about 100 Hz. To clarify which component of the system (polymer, protein or
measurement parameters) are the cause for the detected changes in frequencies, as a control a
new protein, bovine serum albumin, was analyzed for its adsorption behavior on PLA in the
solvent used for former experiments and in phosphate buffer saline, pH 7.4, a solvent

frequently used for QCM measurements (Figure 12).
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Figure 12: Exemplarily shown time resolved resonant frequency shift of a modified 5 MHz
guartz disk coated with a thin film of PLA upon addition of bovine serum albumin
(c = 500 pg/ml). In a) measurements were performed in 0.1 M PO,*, 1.25 M urea, pH 8. The

arrow indicates addition of protein. In b) measurements were performed in PBS, pH 7.4.

The drop in frequencies in both experiments ranges in the magnitude of 30 Hz, proving that
the pronounced shift in resonant frequency in former measurements can be attributed to
insulin.,

Insulin itself is a rather small protein with a molecular weight of about. 5.8 kDa. Bovine
serum albumin has a molecular weight of about 66 kDa, but being a rather polar molecule it
might attach to a minor extent to the lipophilic surface. But even fibrinogen, which is known
as a rather “sticky” molecule and has a molecular weight of 340 kDa does not show such a

pronounced frequency shift, albeit measured on other surfaces.

Two possible explanations for the untypical behavior of insulin might be offered: either
insulin might form aggregates consisting of several molecules, or the drop in frequency might

not be due only to mass deposition, but also depend on other factors.

During some analyzes, a dlight turbidity of the reservoir solution could be detected,
supposedly caused by insulin aggregates. Under the used conditions (shear stress, basic
environment) insulin is known to form aggregates. However, through gentle mixing the
solution with a pipette, the detected turbidity disappeared, and whether or not turbidity was

present during analyzes, the final reached oscillatory frequencies were in the same range.

The uptake of water in films can also lead to very substantial frequency changes, but swelling
of films can be excluded as reason for resulting adsorption patterns, because frequency
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decrease could always be linked to the addition of insulin, irrespective of the time needed for
stabilization of the resonant frequency, which ranged between one hour and half an hour.

Therefore the conclusion can be drawn, that the frequency decrease can not only be attributed
to mass deposition, but other factors, like for example viscosity-density changes at the film-

liquid interface, have addition effects.
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3 Summary

A procedure was established to investigate the adsorption of insulin to MePEG,PLA,
derivatives consisting of blocks of PEG and PLA with varying molecular weights. The
surface of the quartzes had to be modified in order to provide adequate adhesion of the
polymer film. Short PEG chains seem to facilitate the adsorption of the protein by enhancing
the wettability of the polymer surface, whereas longer PEG chains show the expected protein

repellent effect.

Further analyses have to elucidate the influence of different parameters, like temperature,

shear stress and concentration, on the extent of insulin adsorption.
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1 Introduction

As described in the previous chapter PEG, as a hydrophilic and uncharged polymer, is known
to resist unspecific protein adsorption [218], making surfaces to which it is attached equally
inert to protein adsorption. This favorable characteristic is mainly based on its
physicochemical properties, most prominent among them the effects of the unique balance of
hydrophobicity/hydrophilicity and the readiness to occupy a large volume in an agueous
environment [177]. The well-documented relative physiological inertness and acceptable

toxicological profile are two more features to recommend PEG for in vivo applications[219].

Since in the 1970s, PEG was attached to various molecules for enhancing the therapeutic and
biotechnological potential of peptides, proteins and drugs [220]. The goa was to modify
many of the substances features whilst maintaining the main biological functions of the
original molecule. PEGylation of proteins and peptides modifies the solubility of the original
substance both in organic and agueous media by conveying the physical properties of the
polymer to the conjugate [177,221]. A second benefit enjoyed by modified proteins is the
prolonged serum half-lives, which is due to molecular mass increase and consequential
reduced renal ultrafiltration [222], reduction of the degradation rate by proteolytic enzymes
[221] and prevention of the approach of antibodies and antigen possessing cells, leading also
to reduced immunogenicity of the original substance [223]. Linear PEG chains have been
observed to stabilize the unfolded state of proteins by intermingling with the polypeptide
chains [224]. In afew cases, passive tumor targeting of the protein-polymer conjugates could

be detected, a phenomenon known as enhanced permeation and retention [226].

Numerous strategies targeting various moieties have been devised leading to PEG-protein
conjugates. Most frequently used is amino group coupling. Either a-amines found at the N-
terminus of proteins or e-amines from lysine side chains are alkylated or acylated with
activated PEG polymers [177]. Arginine [226], carboxyl group [177] or hydroxyl group [227]
modification is rarely used due to harsh reaction conditions or lacking selectivity, whereas
cysteine residue coupling is highly selective, but few proteins possess thiols suitable for the
covalent linking of PEG [22§].

To retain the biological activity of a protein, its active site must be protected from

PEGylation. Targeting the polysaccharides of glycoproteins is an elegant method to
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circumvent this problem [229]. Other approaches involve the use of specific enzymes[230] or

active-site protecting agents during the coupling reaction [177].

Characterization of protein-polymer conjugates is of vital importance, as the synthesis leads to
a population of products which may have different biological properties. MALDI-ToF and
GPC, although made cumbersome by the polydispersity of the polymer [228], still give an
idea of the number of PEG chains attached, but identification of the PEGylation sites often
proofs more difficult. While Edman degradation will easily identify the exact location of the
PEG chains linked to small peptides, this approach is difficult if not impossible to follow with
larger conjugates. Enzymatic digestion of these molecules and subsequent analysis of the
smaller fragments is often hampered by sterical hindrance of the bound polymer [177].
Therefore new PEG derivatives were engineered with improved properties regarding reaction
site identification, such as PEG-hiotin which avails the well-characterized biotin-avidin
interaction [231], or PEGs linked to unnatural peptides through an easy cleavable group,
which upon removal of the PEG chain |leave the peptide tags on the protein backbone [232].

In this work, succinic acid was used as tag, linked to the PEG chain by means of an ester
function, which is easily cleavable under mild basic conditions. After removal of the PEG
chains, the resulting product was investigated for reactive sites, now marked by attached

succinic acid.
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2 Resultsand Discussion

2.1 Synthesis of aminereactive polymer

To commercially available MePEG, succinic acid was covalently linked through an easily
cleavable ester group, followed by activation of the free end of the succinic acid. The first

step of the reaction was checked by *H-NMR (Figure 1).
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Figure 1: *H-NMR spectrum of MePEG, processed with succinic acid anhydride. Protons
relevant for identification are marked with arrows. Spectra were taken in CDCl; with TMS as

internal standard.

In addition to the signal at 3.37 ppm which originates from the terminal methoxy group of the
PEG and the very pronounced signal at 3.65 ppm which can be attributed to the ethylene
groups of the PEG chain, new signals can be detected. The triplet at 4.22 ppm can be assigned
to the methylene group adjacent to the newly formed ester group. The two signals at 2.52 ppm

and 2.60 ppm stem from covalently bound succinic acid, free succinic acid and succinic
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anhydride causing signals at other ppm values (2.50 ppm and 3.01 ppm, respectively).
Integrating the signals relevant for substance identification and setting the value of the
integral of the methoxy group at 3.00 (the number of protons), a value of 1.98 for the integral
of Hp is obtained. This result is in good agreement with the theoretical value, confirming the

reaction of MePEG and succinic anhydride.

Trying to confirm the next step of the reaction, the activation of the free end of the succinic
acid also by *H-NMR proofed difficult, as the protons of bound NHS caused the appearance
of a new signal between the signals of succinic acid, making integration of the respective

signals difficult.

Therefore the reactivity of the polymer was rather confirmed using SEC. For sample
preparation, an amine containing fluorescent dye, EDANS, was bound to the polymer and the
product subsequently analyzed by SEC. As control served pure polymer and pure dye

incubated under the same conditions as the reaction batch.
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Figure 2: SEC chromatograms of the activated polymer after incubation with an amine
containing dye, EDANS. Data collected at 335 nmwith an UV-detector.
a: polymer; b: EDANS c: polymer + EDANS
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In Figure 2 it can clearly be seen, that only the sample containing both activated polymer
and dye shows a significant adsorption at about 9 min of elution time. As expected the pure
polymer and the pure dye samples show no adsorption, the latter being due to the fact, that

EDANS is a polar molecule, which does not dissolve in chloroform, used as mobile phase.

2.2 Binding of Activated PEG to Insulin

Having confirmed the reactivity of the polymer, PEG-protein conjugates were synthesized,
choosing human insulin as model compound Human insulin possesses three amino groups,
which all can participate in the reaction, the two a-amino groups at the N-terminus of the A-
chain (A1-Gly) and B-chain (B1-Phe) and the e-amino group of lysine (B29-Lys). PEG was
used in a 15-fold molar excess compared to insulin. The reaction was monitored by HPLC,
GFC and MALDI-ToF.
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Figure 3: Investigation of the kinetic of the coupling reaction of activated PEG and insulin.
Samples were drawn at different time points, labeled accordingly, and investigated by RP-
HPLC. Chromatograms were recorded using a fluorescence detector at Ae=274 nm and
Jem=308 nm.
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The HPLC chromatograms reveal that insulin causes initially a very strong signal at about
25 min (Figure 3). Thissignal clearly decreases after 10 min due to the coupling of insulin to
PEG. The signal diminishes further with proceeding reaction until it disappears completely
after 2 h. Thus, the conclusion can be drawn, that after 2 h of reaction time, no native insulin

is still present in the reaction batch.

To confirm this conclusion, the product was analyzed by aqueous GFC (Figure 4).
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Figure 4. GFC chromatograms of the educts and the product of the PEGylation reaction.
Data was recorded at 274 nm using an UV-detector. 0.05 M Tris-buffer, pH 8 with 20%

acetonitrile was used as mobile phase.

Analyzing the educts of the coupling reaction and the product obtained after 2 h of processing
by GFC, it can clearly be seen, that insulin has been modified in the course of the reaction.
Native insulin is detected at about 9.5 min, whereas in the product sample this signal shiftsto
lower retention time, which signifies an increase in the molecular weight of the substance.
The signal detected later on in the product sample at 11.5 min ought to be attributed to
unreacted PEG.
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Using these analysis conditions, the differences in retention times between native insulin and
PEGylated insulin are rather insignificant, making a clear differentiation between the two
protein species difficult. Therefore, the influence of the acetonitrile content in the mobile
phase was investigated for its effect on protein elution, to develop a method with a more

pronounced difference in the retention time of insulin and PEGylated insulin.
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Figure 5: Influence of acetonitrile on the retention time of insulin and PEGylated insulin.
GFC chromatograms recorded with a fluorescence detector. Mobile phase consisted of
0.05 M Tris-buffer, pH 8 and varying amounts of acetonitrile: a) 20%, b) 10%, c) 0%.

With 20% acetonitrile as mobile phase the signals of insulin and PEGylated insulin are both
very distinct and sharp, but retention times for the two samples are very similar (Figure 5).
Decreasing the acetonitrile content up to 10%, the retention time of insulin slightly increases
and the signal broadens. At 0% acetonitrile the difference in retention times between the two
samples is very pronounced, but the shape of the insulin signals is rather diffuse. This might
be due to adsorption effects of the protein to the column material. PEGylated insulin,
protected by the PEG chains shows no such diffuse signals.

Resulting in a good separation of insulin and PEGylated insulin, for all following analyzes the
method with no acetonitrile in the mobile phase was used for GFC.
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The coupling of PEG to insulin was investigated by a third method, MALDI-ToF (Figure 6).
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Figure 6: MALDI-ToF spectra of insulin (a)), activated PEG (b)), and PEGylated insulin
prior to (c)) and after purification (d)).

Investigating the sample containing native insulin, beside the expected signal at 5.8 kDa a
second signal can be detected at about 12 kDa, which may be assigned to the insulin dimers
[233]. Activated PEG samples result in a multi-spiked signal at about 2 kDa in consequence
of polymer polydispersity, and less pronounced signals at about 4 kDa, due to conjugation of
two polymer chains. Analyzing the product of the coupling reaction, the intensity of the
protein and protein polymer conjugates is low compared to the unreacted polymer signal and
MALDI measurements are difficult. Purifying the product by ultrafiltration definitely
facilitates subsequent measurements and signal intensity shifts in favor of protein and protein
conjugates detection. Insulin with one or two PEG chains attached can now clearly be
identified, the signals of the protein conjugates made broad, as the polydispersity of PEG is

reflected into the molecular weight distribution of the product.

The influence of purification on the quality of analysis measurements can also be detected in
GFC chromatograms (Figure 7). In chromatograms recorded with an UV detector both
insulin and PEG cause very pronounced signals. Prior to purification, the signal stemming

from the polymer dwarfs the protein derived signal, making detection difficult. After
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purification, the intensities of the two signals are in the same range. Chromatograms recorded
with the fluorescence detector are not affected by the presence of PEG.
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Figure 7: SEC chromatograms of PEGylated insulin prior to (b)) and after (a)) purification.

Oxy- and thioester are susceptible to cleavage by basic or neutral hydroxylamine solutions,
whereas amide linkages are stable under these conditions. Therefore it should be possible to
cleave the linkage between PEG and succinic acid (an ester), whereas the bond between
succinic acid and the protein remains untouched (an amine). After removal of the PEG chains,
succinic acid will still mark the reactive site, and subsequent analysis is much facilitated, as a
conseguence of the absence of the bulky PEG.
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Figure 8: GFC (1.) and MALDI-ToF (2.) analyses of human insulin treated at 37 °C for O

min (a)) or 4 h (b)) respectively in 1 M NH,OH solution. No influence of the processing on
insulin can be detected.

To determine the cleavage conditions where the protein is stressed minimally while the

removal of PEG is performed, parameters such as incubation temperature (25 °C and 37 °C),
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incubation time (1 h to 24 h) and pH of the solution (pH 8 and pH 10) were investigated.
Having found the optimal conditions, pure insulin was treated according to these conditions
and subsequently analyzed by GFC and MALDI.

After incubating insulin for 4 h with 1 M NH,OH solution pH 8 and subsequent analysis of
the protein, no modification of the protein can be detected, compared with the result of the
analysis of the sample drawn at 0O min of reaction time. The second signal detected in the GFC
chromatograms derives from insulin dimers, which are known to form under basic conditions.

MALDI spectra show no ateration of the molecular weight of insulin.

In consequence, PEGylated insulin was treated with the newly established method. Samples
were drawn at different time points and subsequently analyzed by SEC.
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Figure 9: GFC analysis of PEGylated insulin treated with 1 M hydroxylamine solution.
Chromatograms were recorded with a fluorescence detector. Samples were drawn after
different time points labeled accordingly and analyzed using 0.05 M Tris buffer pH 8 as

mobile phase.
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GFC analysis reveals that treatment of PEGylated insulin with hydroxylamine favors the
appearance of a new signal. The corresponding substance is eluted at 13.5 min retention time,
indicating a lower molecular weight compared to the protein conjugate. The signal of the
original substance diminishes over time, but it does not disappear completely, albeit a slight
shift in retention time can be detected at later time points. This leads to the conclusion that at
over time a different substance is detected, which has a retention time very similar to that of
PEGylated insulin. The cleavage of PEGylated insulin with hydroxylamine should result in
insulin with different numbers of succinic acid attached. Succinic acid has a molecular weight
of 100 Da, a mass deviation which would not account for the pronounced difference in
retention time of the two detected signals. But considering differences in conformation and
adsorption behavior caused by binding of the linker, the new signal might still be attributed to

insulin modified with succinic acid.

To support this assumption, MALDI-ToF analyses of these samples were performed
(Figure 10).
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Figure 10: MALDI-ToF analysis of PEGylated insulin treated with 1 M hydroxylamine

solution. Samples were drawn at different time points labeled accordingly.

At 0 min incubation time of PEGylated insulin with hydroxylamine substances with masses

corresponding to those of insulin with one, two or three PEG chains attached, respectively,
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can be detected. In samples drawn after 30 min, the PEG signal at about 2 kDa is very
pronounced and a new signal at about 6 kDa, which might be attributed to insulin succinic
acid compounds, is detected, whereas the signals of triple and double PEGylated insulin are
substantially diminished. After 2 h of incubation time PEG protein conjugates can no longer

be detected in the corresponding sample. Thus the cleavage of PEG from insulin was verified.

After subsequent purification of the protein, the two chains of insulin were separated by
cleavage of the disulfide bridges of the molecule and the result investigated by HPLC. As
removal of PEG should result in protein chains comprising succinic acids and therewith free
acidic groups, this would hopefully lead to better resolution of single and double modified

protein chains in a basic environment.

Firstly, pure human insulin was separated in A chain and B chain and the product analyzed by
HPLC (Figure 11).
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Figure 11: HPLC chromatograms of insulin prior to (a)) and after (b)) cleavage of the
disulfide bonds. Chromatograms were recorded with a fluorescence detector and NH,HCO3

buffer-acetonitrile was used as mobile phase.
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Analyses revealed that the cleavage of disulfide bonds was successfully completed and good
separation of A and B chain could be achieved. With HPLC-MS the first signal at 27 min was
identified as deriving from the A chain, whereas the later signals at 40 min could be attributed
to the B chain.

As the cleavage of disulfide bonds was successfully accomplished with native insulin, in the
next step de-PEGylated insulin was treated accordingly. HPL C analysis revealed the cleavage
of disulfide bonds, but separation of the different protein species was unsatisfactory
(Figure 12). Therefore a new method was established (Method 2) for better separation of
differently substituted chains (Figure 13).
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Figure 12: HPLC chromatograms of PEGylated insulin after cleavage of the disulfide bonds.
Chromatograms were recorded with a fluorescence detector and NH4HCO; buffer-

acetonitrile was used as mobile phase.
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Figure 13: HPLC chromatograms of PEGylated insulin after cleavage of the disulfide bonds
analyzed according to Method 2 as described in Chapter 3. Chromatograms were recorded
with an UV detector at 274 nm and NH4HCO; buffer-acetonitrile was used as mobile phase.

The separated signals were collected individually and analyzed by MALDI-ToF. As
differently charged ions could be detected in the resulting spectra (+H*, +Na’, +K*, +NH4"),
the signal with the highest intensity was used as basis for calculation. Results are displayed in
Table 1.
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Table 1: Elution time and molecular weight as determined by MALDI-ToF analysis of

substances obtained after cleavage of the disulfide bonds of de-PEGylated insulin.

Number | Elution time (min) Mass (Da) Substance
1. 9.6 2733 A chain + succinic acid + Na’
2. 121 2611 A chain + K*
3. 210 3743 B chain + (2 x succinic acid) + H*
4, 23.0 3758 B chain + (2 x succinic acid) + NH4"
5. 24.6 3725 B chain + (2 x succinic acid) — H,O
6. 26.5 3643 B chain + succinic acid + H*
7. 29.0 3658 B chain + succinic acid + NH4"
8. 31.8 3658 B chain + succinic acid + NH4"
9. 34.4 3542 B chain + H*

According to literature cleavage of insulin disulfide bonds and subsequent treatment with
iodoacetamide results in an A chain with a mass of 2611.09 Da and a B chain with
3542.73 Da, respectively. These values were used as basis for identification of the analyzed

molecules.

To get more knowledge on the ratio between single, double and unmodified proteins, the
signals detected in HPLC chromatograms were integrated. Comparing the relative areas
calculated for A chain derived signals, aratio of 56.7% modified A chain compared to 43.3%
native A chain was obtained. Integrating B chain derived signals, only 17.7% of unmodified
B chain could be detected compared to 59.6% B chain with one succinic acid attached
(6.: 18.9%; 7.: 14.8; 8.: 15.9%) and 32.7% double modified B chain (3.: 3.5%; 4.: 19.2%;
5.: 10%). These results clearly show that the reactivity of the primary amino groups present
on the B chain towards activated PEG is notably higher (only 17.7% unmodified B chain)
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compared to that of the primary amino group present on the A chain (43.3% unmodified A

chain). However, still the question remains, which of the B chains amino groups is more

reactive.
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Scheme 1. Schematic illustration of the enzymatic digestion of the A and B chain of human

insulin using GluC. Dashed lines indicate cleavage sites. Cysteine residues are modified

using iodoacetamide. Amino acids possibly bearing succinic acid residues are marked with

circles.

To investigate the respective reactivity of the individually amino groups more closely,

enzymatic digestion of the collected protein fractions was performed. As enzyme
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Endoproteinase Gluc-C was used, a serine protease which cleaves peptide bonds terminally at

glutamic acid (Scheme 1).

Enzymatic cleavage of the A chain should result in three peptide fragments: fragment one
ranging from Al to A4 with 417.2 Da of molecular weight, fragment two ranging from A5 to
A17 with 1661.7 Da and fragment three ranging from A18 to A21 with 570 Da of molecular
weight. Furthermore, the first fragment may additionally carry a succinic acid tag. Analyzing
the samples containing the enzymatic digest of fraction 1. and 2., collected as stated in
Table 1, only the fragment with 1661.7 Da molecular weight could be detected (Figure 14).
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Figure 14: MALDI-ToF spectrum of the enzymatic digestion of fraction 1.. The sodium salt
of undigested A chain modified with succinic acid (2733.1 Da) and fragment 2 of the A chain
(1661.7 Da) can be detected.

Modified or unmodified fragment one which might carry the succinic acid tag could not be
detected in either fraction. The low molecular weight of the molecule of 417.2 Da or

517.2 Da, respectively might thwart detection.

Enzymatic cleavage of the B chain should also result in three peptide fragments: fragment one
ranging from B1 to B13 with 1537.7 Da, fragment two ranging from B14 to B21 with
924.4 Da and fragment three ranging from B22 to B30 with 1116.6 Da of molecular weight.

Fragment 1 and 3 from the B chain may carry succinic acid tags.
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Fractions 3., 4., and 5. collected using HPLC analysis, which contained double modified B
chains of insulin, were also enzymatically digested. Subsequent MALDI-ToF measurements
detected signals with masses corresponding to those of fragment 1 with succinic acid attached
(1639.7 Da) and fragment 3 with succinic acid tag (1216.6 Da). Besides a signal
corresponding to 2122 Da was detected, which may be attributed to a peptide fragment
ranging from B14 to B30 with a succcinic acid tag and an eliminated water molecule. The
signal attributed to fragment 2 was either of very low intensity, or not detectable at all. Traces
of fragment 3 without succinic acid tag could also be detected (Figure 15).
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Figure 15: MALDI-ToF spectrum of the enzymatic digestion of fraction 3.. Undigested B
chain modified with two succinic acids (3742.7 Da) , fragment 1 modified with succinic acid
(1639.7 Da), fragment 3 modified with succinic acid (1216.6 Da) and a peptide sequence
composed of fragment 2 and fragment 3 with succinic acid attached and eliminated water

(2122.0 Da) can be detected.

Infraction 6., 7., and 8., preliminary MALDI-ToF analysis revealed single modified B chains.
After enzymatic digestion, modified fragment 1 could be detected in all of these samples,
albeit in fraction 8 traces of unmodified fragment 1 were present. Fragment 3 was detected
with and without succinic acid attached and non-cleaved fragment 2 and 3 (again with and

without succinic acid tag) were also present in the samples (Figure 16).
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Figure 16: MALDI-ToF spectrum of the enzymatic digestion of fraction 6.. Undigested B
chain modified with one succinic acid (3642.7 Da) , fragment 1 modified with succinic acid
(1639.7 Da), the ammonium salt of fragment 3 modified with succinic acid (1231.6 Da) or the
pure fragment 3 (1116.6 Da) and a peptide sequence composed of fragment 2 and fragment 3
with or without succinic acid attached and eliminated water (2122.0 Da or 2022.0 Da,

respectively) can be detected.

In fraction 9., unmodified fragment 1 and 3 of the B chain of insulin and non-cleaved

fragment two and three could be detected after enzymatic digestion (Figure 17).
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Figure 17: MALDI-ToF spectrum of the enzymatic digestion of fraction 9.. Undigested B
chain (3542.7 Da) , fragment 1 (1539.7 Da), fragment 3 (1111.6 Da) and a peptide sequence
composed of fragment 2 and fragment 3 (2022.0 Da) can be detected.

With these results it is not possible to calculate exact ratios of modified to unmodified
fragment one or fragment three of the B chain, respectively, as in the enzymatic digest of each
fraction 6., 7., and 8. both fragments, one and three, carrying succinic acid tags can be
detected together. However, of unmodified fragment 1, only traces could be detected and the
intensity of the signal attributed to modified fragment 3 is distinctly lower compared to the
signal of fragment three carrying no succinic acid tag. Therefore, the conclusion can be
drawn, that the terminal amino group of the B chain shows a greater reactivity towards

activated PEG than the e-amino group of B29.
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3 Summary

A method was developed to identify the reaction sites of insulin by attaching PEG chains to
the protein and subsequently removing them under mild conditions, while leaving tags
attached to the reaction sites. By cleavage of the A and B chain, subsequent HPLC analysis
and MALDI-ToF identification it was possible to calculate the amount of single, double or
unmodified chains, respectively. Although no separation between the conformational isomers
of single modified B chains could be achieved, this method still describes a mild and easy

way for identification of reaction sites of proteins.
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1 Introduction

Since its discovery and introduction into clinical practice in the 1920s, the insulin molecule
was subject to vast and exhaustive research work. Being the substance to treat Insulin
Dependent Diabetes Mellitus [IDDM], a disease with growing incidence in the population due
to hereditary and environmental factors, not only production and purification, but also
pharmaceutical formulations and methods of delivery of this protein were of paramount
concern. Two different strategies can be followed to battle IDDM. Cell-based insulin
replacement would be the most favorable route as transplantation of pancreatic islet might
allow for a better regulation of insulin delivery to diabetic patients. Unfortunately, although
some important breakthroughs have been achieved in this field [234] this method is still far
from going public. The second strategy implies exogenous administration to patients of the
dire needed lacking hormone. Genetically engineered insulin analogs with modified time-
action profile, such as short-acting insulin analogs, e.g. Insulin Asp(B10) or Insulin Lispro, or
long-acting insulin analogs, e.g. NovoSol Basal or HOE901, present a powerful tool to
achieve improved glucose control [235], but they still leave the formidable task of delivering
these remedies to patients. Being a protein, the conventional route to insulin administration is
via subcutaneous injection. The main drawback of this cumbersome method is the need of
multiple daily injections leading to pain and inflammatory risk. So a plethora of controlled
drug delivery systems has been developed, ranging from simple infusion pumps, to feed back
signal regulated controlled release devices [236,237,238]. Moreover, aternative routes of
insulin administration such as nasal [239], pulmonal [240], buccal [241], peroral [239,242]
rectal [243,244], have been thoroughly investigated. The most familiar, easy and patient
friendly of all routes of application would be the oral route. The major challenges
encountered on this way are protection of insulin during its passage through the denaturating
environment of the stomach and enhancement of absorption from the small intestine.
Protection can easily be provided by coating with a pH responsive polymer. But for a rather
polar, large molecule like insulin with an isoelectric point at pH 5.5, it is quite difficult to
cross the relative impermeable mucosal membrane. To facilitate absorption following oral
administration bioadhesive polymers, which might increase the time of drug retention in the
target area, or penetration enhancers, which might fluidize lipid membranes, have been used
[242]. Another straightforward approach would be to lipophilize the protein by covalently

attaching long chain fatty acids to the molecule. Thus, membrane crossing of the resulting
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product is substantially facilitated. A second benefit is the increased stability of the protein.
Linkage of palmitic acid, a C16 fatty acid, to insulin might be a step towards an oral
application form of this protein [245].

Modification of proteins by attachment of saturated fatty acids is not unheard of in nature.
Myristoylation or palmitoylation can often be found related to membrane associated proteins,
pointing at their role as membrane tethering moieties [246]. Myristyl is usually attached via a
stable amide linkage to the protein in question [247], whereas palmitoylation, which occurs

posttranslational, gives oxy- or thioester functions [248]

In this work the modification of insulin with palmitic acid is described using standard
DCC/NHS chemistry and its subsequent characterization by HPLC and MALDI-ToF. First
steps were undertaken to investigate the bioactivity of the product in a cell based proliferation

assay.
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2 Resultsand Discussion

2.1 Preparation of N-hydroxysuccinimide Ester of Palmitic Acid
[Pal-NH S|

The first step towards lipophilized insulin implies the activation of palmitic acid. Possessing
only a terminal carboxylic group, fatty acids are not able to react with amines without
catalyst. A mild and specific activation of the acid can be performed with DCC and NHS,
resulting in the succinimidyl ester, a highly amine reactive substance, which can also be
isolated and stored until further use (Scheme 1).

Hb H,b H’
/\/\/\/\/\/\/l\/ﬁ\ l i 0?47 d
DECINHS e~~~
oOH — > (o}
i i t tooe
Ha HC H a H Cc
Scheme 1: Reaction scheme of the activation of palmitic acid. Carbon atoms bearing the
protons relevant for NMR identification are marked with arrows.

The conversion of palmitic acid to its activated, amino reactive form was checked by
'H-NMR spectroscopy. Typical signals for unreacted palmitic acid are the triplet at 0.88 ppm
generated by the terminal methyl group (H, in Scheme 1), the five peaked signal at
1.62 ppm originating from the methylene group in 3 position (Hy) and the triplet at 2.35 ppm
stemming from the methylene group adjacent to the carboxylic function (H). If the NHS ester
of the fatty acid is engineered, the quintet at 1.62 ppm shifts to 1.75 ppm (H"p) and the triplet
at 2.35 ppm to 2.60 ppm (H"¢). Additionally, a new signal at 2.84 ppm can be detected
resulting from the protons of the succinimide group (H'4). Figure 1 shows *H-NMR spectra
of palmitic acid, the educt, and the product obtained after re-crystallization from ethanol. All
postulated signals can be identified and the shift of signals between native and activated form

can clearly be seen, proving that the activation was successful.
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Figure 1: *H-NMR spectra of palmitic acid (upper graph) and the NHS-ester of palmitic acid
(lower graph) recorded in CDCl; with TMS as internal standard.

Furthermore, knowledge on the purity of the reaction product was gained by calculating the
integrals of the signals pointed out above. In Table 1 the theoretical and calculated values are
listed. Comparison between corresponding integrals shows that the product could be
synthesized in good purity.

Table 1. Comparison between theoretical and experimentally acquired values of the
integrated *H-NMR signals typical for Pal-NHS. The integral of the signal generated by the

H’. protons was used as reference and set at 2.000.

Signal H g H . H Ha
Theoretical values 4.000 2.000 2.000 3.000
NMR integrals 4.000 2.000 2.014 3.027

2.2 Synthesisand Characterization of Lipophilized I nsulin

Three major limitations are encountered on the way to lipidized proteins: the incompatibility
in reaction media of the two compounds [249], the insolubility of the product in water [250]
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and the often reduced biological activity of the protein-lipid complex [251]. Nonetheless, high
transport across biological membranes [252], high stability [253] and long plasma half-lives
[254] are the advantages, which justify the effort exerted in this research field. Numerous
examples may be cited to support these assumptions. Insulin chemically modified with
palmitic acid showed enhanced adsorption from the large intestine [245], whereas lipidized
salmon calcitonin exhibited not only enhanced oral bioavailability, but also improved

pharmacokinetic and pharmacodynamic [254] behaviors.

For the synthesis of lipophilized insulin different ratios of the amine reactive acid in relation
to the protein amount were used, to engineer insulin with various amounts of lipid attached.
Bovine insulin possesses three primary amine groups (A1-Gly, B1-Phe and B29-Lys) all
accessible for reactions with the activated palmitic acid. In the first attempt, we settled for
equimolar amounts between the amine groups of protein and the fatty acids, i.e. a molar ratio

of one mol of insulin to three mol of palmitic acid.

Analyzing the resulting product with RP-HPLC, only one dominant peak could be detected.
Further investigations with HPLC-MS revealed that this peak was generated by a substance
having a mass of 1613.7 Th or 2150.9 Th respectively (Figure 2). Assuming that the first
species is the fourfold charged ion and the latter the threefold charged ion, a total molecular
weight of 6450.8 Da or 6449.7 Da respectively can be calculated. This molecular weight isin
good agreement with the numeral molecular weight of triple palmitoylated insulin of 6448
Da Thus, we identified the main signal of our reaction batch as corresponding to insulin to

which three palmitic acid chains were covalently attached.

Minor peaks were eluted at about 30 min and were identified as originating from insulin with
two pamitic acid chains attached. Different retention times might be attributed to variable
structures of the conformational isomers, depending on which two of the possible three amine

groups participated in the reaction.
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Figure 2: HPLC-MS spectra of lipophilized insulin synthesized with a ratio of one mol
insulin to three mol palmitic acid. a) UV spectra recorded at 274 nm. b) Mass spectrum of

the substances eluted at retention times between 35.9 min and 39.7 min.

HPLC-MS results could be confirmed by MALDI-ToF spectra, where once again the main
peak showed a mass corresponding to triple palmitoylated insulin (Figure 3).
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Figure 3: MALDI-ToF spectrum of lipophilized insulin synthesized with a ratio of one mol

insulin to three mol palmitic acid. The main peak is generated by triple palmitoylated insulin.
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Triple palmitoylated insulin is a substance with very poor solubility in agueous media
Unfortunately, for most applications solubility in water is a very treasured feature. Thus, we
decided to reduce the amount of palmitic acid in the reaction batch in order to synthesize the
whole range of possible derivatives (simple, double, and triple palmitoylated insulin). Using a
ratio of 1mol insulin to 1.5 mol palmitic acid we met this goal and a mixture of various
derivatives of insulin could be synthesized. The reaction batch was once again separated by
HPLC (Figure 4) and the derivatives identified by HPLC-MS.

50000
40000
2 30000
20000

10000

A

o

5 10 15 20 25 30 35 40 45 50 55 60
Time (min)
Figure 4. HPLC chromatogram of lipophilized insulin synthesized with a ratio of 1.0 mol

insulin to 1.5 mol palmitic acid. UV-spectrum recorded at 274 nm.

For calculation of the theoretical molecular weight of the products we used a value of
approximately 5733 Da for bovine insulin found in literature. Mass spectra showed fourfold
and threefold charged ions, from which we used the latter for mass calculation of the detected
molecules (Table 2). As theoretical and nominal values are in good correspondence, we
identified the substance eluting at approximately 10 min as being native insulin, the two
signals detected between 18 min and 22 min with similar masses, as originating from insulin
with one palmitic chain attached, the peaks eluting at 28 min and 30 min as corresponding to
double palmitoylated insulin, and the signal eluted last a approximately 38 min was attributed
to triple palmitoylated insulin. Differences in elution times of substances with the same
molecular weight were once again attributed to conformational differences of these

molecules, depending on which amine group reacted with the palmitic acid.
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Table 2: Retention time and mass per charge of different insulin - palmitic acid- derivatives
separated by HPLC-MS. Molecular weights were calculated from triple charged ions. For

theoretical MW cal culations the mass of bovine insulin was assumed as being 5733 Da.

Retentiontime (s) M/z | MWnomina (D@) | MWiheoretical (Da) Substance
9.95-10.06 1912.8 5735 5733 Insulin
18.50-18.96 1991.9 5973 5971 Insulin + 1Fatty acid
20.98-21.35 1992.2 5974 5971 Insulin + 1Fatty acid
28.35-28.91 2071.9 6213 6210 Insulin + 2Fatty acids
29.90-30.22 20714 6211 6210 Insulin + 2Fatty acids
37.90-38.53 2151.2 6451 6448 Insulin + 3Fatty acids

MALDI-ToF analysis confirmed the presence of all four insulin derivatives in the reaction
batch (Figure 5).
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Figure 5: MALDI-ToF spectrum of lipophilized insulin synthesized with a ratio of 1.0 mol
insulin to 1.5 mol palmitic acid. Native insulin and insulin with one, two or three palmitic

acid chains attached covalently could be detected.
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2.3 Processing of Lipophilized I nsulin

A frequently encountered restriction in the lipidization of proteins is the need of finding a
reaction media, where both, the polypeptide and the lipid are soluble. In the magjority of cases
the two components are incompatible in agueous media, necessitating the use of solubility
enhancers or the design of complex systems, such as reversed micelles [249]. In another
approach, organic solvents like DMF or DM SO might be chosen. Although good solvents for
most proteins and lipids, this organic solvents are hampered by relatively high boiling points,
making removal from the reaction batch difficult, and by their toxicity (LD50 oral, rat is
2800 mg/kg for DMF).

The reaction between insulin and palmitic acid was carried out in DMF, which had to be
removed completely prior to further use of the protein. One approach to the solution of this
problem is to use preparative HPLC with the additional benefit of being able to separate and
to collect different insulin species fur further study. The HPLC method described above gives
good resolution of the different substances, but the proteins elute over a long period of time,
making the method time consuming and non-economic. Therefore, we varied some of the
chromatographic parameters employed for analysis, on our search for a method as compact as
possible, giving in the same time good resolution of insulin derivatives. Increasing the initial
amount of acetonitrile as far as 40% did not result in a significant shorter retention time for
triple palmitoylated insulin (Figure 6). However native insulin was eluted very fast and
detected together with the injection peak. By shortening the first step of the gradient, the time
until the percentage of mobile phase B was increased to 100 per cent, from 30 min to 10 min,
we were able to significantly decrease the run time to atotal value of 20 min, at the same time

distinctly separating all significant peaks (Figure 6).
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Figure 6: Influence of acetonitrile on HPLC chromatograms of lipophilized insulin
synthesized with a ratio of 1.0 mol insulin to 1.5 mol palmitic acid. a) 20% initial amount of
acetonitrile. b) 40% initial amount of acetonitrile. ¢) 40% initial amount of acetonitrile and
first step of the gradient reduced to 10min.

Deciding to use the substance mixture and not the individual substances in the bioactivity
assay, the goal was to remove the organic solvent from the reaction batch. As freeze-drying of
the product did not succeed, the method of choice was ultrafiltration, a fast and easy method
to separate substances with different molecular weights. To monitor the separation, the filtrate
was checked by HPLC for residual insulin. The supernatant was freeze-dried to obtain a
substance with improved shelf live and the product analyzed by HPLC. The investigation of
the filtrate by MALDI-ToF or HPLC revealed that no insulin was lost during the filtration
process, as it could not be detected in this phase by either method. In both chromatograms in
Figure 7, taken pre and post filtration and freeze-drying, the same signal pattern can be
observed, clearly indicating that filtration and subsequent freeze drying have no significant

effect on the original composition of our product.
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Figure 7: HPLC chromatogram of lipophilized insulin synthesized with a ratio of 1.0 mol
insulin to 1.5 mol palmitic acid. a) Chromatogram of the reaction batch taken after reduction

of DMF. b) Chromatogram of the purified and freeze-dried product.

For further experiments, freeze dried insulin was used synthesized with a molar ratio of 1 mol

insulin to 1.5 mol palmitic acid [lipo-insulin 1.5].

2.4 Bioassay of Lipophilized Insulin

Insulin is aprotein frequently used in cell culture due to its well known ability to enhance cell
proliferation and differentiation. To prove the biological activity of modified insulin we
investigated the influence of insulin and lipo-insulin 1.5 on the proliferation of bovine

chondrocytes.

Hence, four different concentrations of each protein were added to the cell culture, while
molar amounts of insulin and lipophilized insulin were kept equal in corresponding groups.
Proteins were supplied as solutions in IGF-buffer. While native insulin dissolved in a short
period of time, lipo-insulin 1.5 gave a turbid solution. As control, only 1GF-buffer was
supplied to one cell group. After cultivation for eight days and subsequent harvest, cells were
counted and the obtained numbers served as proliferation markers. Resulting cell numbers are
shown in Figure 8.
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Figure 8: Effects of insulin and lipo-insulin 1.5 on cell numbers after eight days of
cultivation. Four different protein concentrations of each protein were evaluated. In the
insulin group figures represent ng/ml of the protein. Molar amounts of supplemented insulin
and lipophilized insulin were equal in corresponding groups. n = 5 with error bars

representing the standard deviations from the mean.

As expected, insulin shows a concentration dependent positive effect on the proliferation of
bovine chondrocytes. Especially in groups with higher amounts of insulin (10 ng/ml and
50 ng/ml) adistinct increase in cell number compared to the control group can be observed. In
contradt, lipophilized insulin shows a somewhat incoherent tendency. Lower lipo-insulin 1.5
concentrations (Lipo-Insulin 1.0) hint at enhancement of proliferation. But higher lipophilized
insulin concentrations show a definite decrease in cell number. This effect might be due to the
presence of undissolved substance in cell culture wells. Directly after addition of the protein
we could observe with 100-fold magnification small fragments of lipophilized insulin, which
were ill present after two days of cultivation. Endocytosis of such particles might lead to
over-stimulation and death of the cells, as it has already been shown, that at high
concentrations insulin shows not an antiapoptotic, but a toxic effect on cells [255]. Higher

amounts of lipophilized insulin were also associated with a higher decrease in cell numbers.
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Thus, the necessity was concluded to completely dissolve the lipophilized insulin before

application to cells.

In a first approach solubility enhancers were tested for their ability to promote protein
solubility: Pluronic F68, Tween 80, PEG 400. But even in concentrations as high as
10% (m/V), which are far from typically employed values, these surface-active agents fell
short of the goal. Hence a decision was made in favor of biocompatible organic solvents. We
settled for N-methyl-2-pyrrolidone a solvent applicated in other cell culture models in
concentrations as high as 10% [256].
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Figure 9: Effects of insulin and lipo-insulin 1.5 on cell numbers after fourteen days of
cultivation in the presence of the proteins. Three different protein concentrations were
evaluated. In the insulin group figures represent ng/ml of the protein and molar amounts of
insulin and lipophilized insulin were equal in corresponding groups. As control served groups
supplemented with both solvents [ Ctr.] or with no additional supplements[No solvent]. n= 6

with error bars representing the standard deviations from the mean.

In the following experiment insulin was dissolved in | GF-buffer, whereas lipophilized insulin
was dissolved in the organic solvent. Nonetheless, each group was supplemented with both

solvents and three different concentrations of the proteins were investigated. As control
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served groups supplemented with both solvents or without solvents. Cells were cultured for
eight or fourteen days and counted after harvest. Exemplarily, relative cell numbers counted
after fourteen days of cultivation and serving as marker for cell growth are shown in

Figure 9.

This graph shows very clearly that N-methyl-2-pyrrolidon interferes with cell proliferation.
Even though, absolute cell numbers dlightly increased in each well compared to initially
seeded cell numbers, neither insulin nor lipophilized insulin showed under these conditions a

positive effect on cell proliferation.

Having identified the organic solvent as the reason for diminished cell growth, measures were
undertaken to reduce the total amount of solvent used, hoping that lower concentrations
would be tolerated better. 2 mg of lipophilized insulin could be dissolved in as little as 10 pl
of N-methyl-2-pyrrolidon. Unfortunately, the substance precipitated upon insertion into the

cell culture medium leading to the problems mentioned above.

The problem of reduced solubility, encountered here on the way to bioactivity testing, often
occurs with lipophilized proteins. Not only solubility in water might be a problem of protein-
fatty acid complexes, but also their bioactivity can be diminished compared to the original
protein. The question of reduced biocavailability must be assessed separately for each
processed protein, asit is often caused by deteriorated receptor binding ability, either through
sterical hindrance or removal of essentially needed functional groups, which depend on the
modification site. Moreover, fundamental features like hydrophilicity or conformation might
be changed.

Insulin binds to the insulin receptor [IR] and to a much lesser extent to the insulin-like growth
factor [IGF] receptor. The insulin receptor is a member of the Type Il tyrosine kinase receptor
family consisting of two extracellular a-subunits and two transmembrane B-subunits with
intrinsic tyrosine kinase activity. In contrast to most growth factor receptors, IR is dimeric
even if not activated. Upon binding of insulin, the tyrosine kinase activity is increased and a
high affinity pocket for e.g. SH2 domains containing proteins is formed. Among other adaptor
proteins, IR substrate 1 or 2 are needed for activation of downstream cascades. The regulatory
effects thereof affected fall into two categories. metabolic effects of short or long duration on
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the uptake, transport, intermediary metabolism and storage of small food molecules, and
mitogenic effects realized at gene level (Scheme 2).
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Scheme 2: Theinsulin-signaling system affects numerous intracellular processes. The small
circles attached to the intracellular portion of the insulin receptor and the insulin receptor

substrate 1 [IRS-1] represent some site of phosphorylation. Reproduced from [ 255] .

Although some of the mechanisms of insulin action are elucidated, e.g. the ras-raf cascade
activation, or the phosphatidylinositol-3-kinase activation, some key points still elude
clarification, also due to the complex interactions of the different cascades. So, much research

work isdone in this field.

It has been postulated that the major determinant for mitogenic activity after insulin receptor
activation isthe retarded rate of dissociation of the ligand from the receptor, be it the IR or the
|GF receptor. If chemically modified insulin by attachment of palmitic acid might or might
not show such a delayed dissociation has to be revealed by further studies.
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3 Summary

Following the instructions by Lapidot et a. the synthesis of various derivatives of insulin
covalently attached to fatty acids succeeded. The product was characterized by HPLC and
HPLC-MS, and a method for using MALDI-ToF techniques was established. A method for
the purification of the reaction batch was developed. Moreover, first steps towards the
investigation of biological activity of the proteins in a cell culture model were undertaken,

handicapped by the poor solubility in water of the substance.

Further research work will be needed to establish a working model, either by isolating the
different compounds and assessing them separately, or by finding an over-all solvent for

lipophilized insulin, which does not interfere with the test system.

Then much needed knowledge can be gained.
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The field of Tissue Engineering has been subject to substantial research work in recent years.
Although many important breakthroughs have been achieved, the goa of producing
constructs to repair missing, severed or malfunctioning tissues in the needed quantities is till
far from being reached. Therefore the struggle continues in various areas, such as synthesis
and characterization of scaffold materials for enhanced cell growth, or investigation of the

impact of modified bioactive molecules on the development of cells.

In this work (Chapter 4) the synthesis of MePEG,PLA and MePEG,PLA, was
investigated more closely. These polymers are often used in Tissue Engineering applications,
as they are biocompatible, biodegradable and easily modeled into scaffolds. It could be
shown, that the use of a large volume of solvent for the polymerization reaction, resultsin the
formation of two fractions of polymers, which differ only in the length of the PLA chain, but
make further processing of the polymers difficult. If the volume of solvent for the synthesisis
reduced, the resulting polymers show a monomodal molecular weight distribution with the
targeted average molecular weight. These polymers can be processed into mechanically stable
devices for in-vivo and in-vitro experiments. As the aforementioned polymers posses no
functional group, making a conversion into a biomimetic material difficult, a second class of
polymers was investigated. The amine group on NH,PEG,PLA4 can easily be activated to
react with bioactive molecules, resulting in biomimetic polymers. For the synthesis of
NH.PEG,PLA initially a large volume of solvent has to be used, which is removed over
time through a stream of nitrogen, concomitantly removing acetic acid. After activation, these
polymers were blended with MePEG,PLA 4 and could be processed into mechanically stable
scaffolds, to which bFGF was bound as model protein. In the following in-vivo experiments,
biomimetic scaffolds proved their superiority compared to the control, as increased tissue

ingrowth and vascularization of the constructs could be detected.

In another study the impact of the PEG content on the surface properties of MePEGPLA,
films was investigated (Chapter 5) using the quartz crystal microbalance. The surface of the
guartz disks had to be modified using octadecyltrichlorosilane to provide adequate adhesion
of the polymer films. To investigate protein adsorption behavior, insulin was chosen as model
protein. On films containing PEGs chains, lower protein adsorption could be detected
compared to pure PLA chains, confirming the shielding of the surface. If the diblock-
copolymer consisted of short PLA chains (10 Da) the effect was more pronounced compared
to longer PLA chains (95 Da). Films containing short chain PEGs (0.75 Da) showed a higher
degree of protein adsorption compared to PLA films. This paradox effect might result from
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enhanced wetting of the films due to the hydrophilic PEG chains, whereas the protective
characteristics no longer have any effects, given the shortness of the chains. A second reason
might be the inelastic binding of proteins because of sterical hindrance on account of PEG

chains present on the surface, which may cause a decrease in resonant frequency.

By covalently linking PEG chains to proteins, the favorable characteristics of the polymer
may be transferred to the resulting conjugate. Going one step further, covalent linking of
proteins to scaffolds would provide the advantage of limited operating range and prolonged
reaction times compared to proteins administered in solution, as these proteins might not
leave their tethering site. To get more information on the resulting conjugate, knowledge of
the reaction sites is of utter importance (Chapter 6). Binding of PEG chains to succinic acid
resulted in an easily cleavable ester group. After activation of the free end of the succinic acid
the polymer was bound to insulin, chosen as model protein, via a more stable amid linkage.
Removal of the polymer under mild basic conditions with hydroxylamine, resulted in
polymers with succinic acid tags still marking the reaction sites. After cleavage of disulfide
bonds and HPLC separation coupled to MALDI-ToF analysis, it could be shown, that the
amino group of the A chain is less reactive, compared to those of the B chain. Subsequent
enzymatic digestion and MALDI-ToF analysis of the fractions obtained by HPLC analysis
confirmed the presence of tags, although no information could be obtained on the individual
reactivity of each of the two amino groups on the B chain. Still, the developed method

provides a mild and easy way for the identification of the reaction sites of proteins.

A different attempt on the modification of proteins was to bind fatty acids to the protein
backbone, a reaction which often occurs on vivo. Besides possibly increasing their biological
activity, proteins thus modified might be successfully chosen for alternative administration
routes, e.g. the oral route. As described in Chapter 7, a method was found to synthesize and
purify lipidized bovine insulin and the product characterized by HPLC and MALDI-ToF. The
biological activity of the modified protein was assessed in an insulin dependent cell culture
model. Due to its poor solubility in water, the necessary concentrations of protein could not
be reached in agueos media, and application of a suspension to the culture medium resulted in
cell death. The use of N-methylpyrrolidone as solvent aso had a negative effect on cell
growth. Further research work will be needed to find a solvent for lipidized insulin, which

does not interfere with the test system.
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Some important results could be achieved: 1. development of a method for the synthesis of
biomimetic polymers of the general structure of PEGPLA, with superior characteristics with
regard to Tissue Engineering applications; 2. the general practicability of QCM techniques for
the investigation of protein adsorption to these polymers could be shown; 3. determination of
reaction sites of a model protein, insulin, towards activated PEG could be performed; 4. first
attempts were undertaken to investigate the biological activity of lipophilized insulin in an
insulin dependent cell culture model. But still substantial research work has to be done to
elucidate all mechanisms implied in these analysis and to transfer established procedures to
other systems.
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1 Abbreviations

'H-NMR proton nuclear magnetic resonance spectroscopy

5-AE 5-aminoeosin

ADR adriamycin

AFM atomic force microscopy

ASGPr asialoglycoprotein receptor

ATR-FTIR attenuated total reflection Fourier spectroscopy

BAW bulk acoustic waves

BMP bone morphogenic protein

CCM cell culture medium

CDCl; deuterated chloroform

CHO Chinese hamster ovary

DCC dicyclohexyl carbodiimide

ddH,0O double distilled water

D,L-dilactide 3,6-dimethyl-1,4-dioxane-2,5-dione

DMAP 4-dimethylaminopyridine

DMEM Dulbecco s Modified Eagle' s Medium

DMF N,N’-dimethylformamide

DMSO dimethylsulfoxide

DTT dithiothreitol

EDANS 5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid, Na-salt

EDC 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride

ECM extra cellular matrix

EGF epidermal growth factor

FBS fetal bovine serum

FBP folate binding protein
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Abbreviations

(b)FGF
GFC

H&E
Hepes
HPLC
HPLC-MS
HPMA
IDDM
|GF-I

IR

Lipo-insulin 1.5

MAD
MALDI-ToF
MePEG;

MePEG,PLA,

MCF-7
(rYMSC
MDSC
NCA
NH2-PEG
NHS

NHS-LC-biotin

NHS-PEG-maleimide

NMP

OPF

PAA

(basic) fibroblast growth factor

gel permeation chromatography

hematoxylin and eosin
N-(2-hydroxyethyl)piperazine-N"-(2-ethanesulfonic acid)
high pressure liquid chromatography

high pressure liquid chromatography mass spectroscopy
N-(2-hydroxypropyl)methacrylamide)

insulin dependent diabetes mellitus

insulin like growth factor |

infrared

lipophilized insulin synthesized in a molar ratio of insulin to
fatty acid of 1to 1.5

monoclonal antibodies

matrix assisted laser desorption ionization tome of flight
poly(ethylene glycol)-monomethyl ether with 2 kDa MW
poly(ethylene glycol)-monomethyl ether poly(D,L lactic acid)

or: a-Hydro-m-methoxy-poly(oxy-1-oxopropane-2,1-diyl-
block-oxyethylene)

human breast adenocarcinoma cell line

(rat) marrow stromal cells

modulated differential scanning calorimetry

N-carboxy anhydride

poly(ethylene glycol)-monoamine

N-hydroxysuccinimide
N-succinimidyl-6-(biotinamido)hexanoate
N-(hydroxysuccinimidyl-poly(ethylene glycol)-maleimide
N-methyl pyrrolidone

oligo(poly(ethylene glycol) fumarate)

poly(acrylic acid)
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PAA-b-PI copolymer poly(acrylic acid)-b-polyisoprene
PAL-NHS N-hydroxysuccinimide Ester of Palmitic Acid

PBS phosphate buffered saline

PEG poly(ethylene glycol)

PEG-PCL poly(ethylene glycol)-co-poly(caprolactone)
PEG-PEI poly(ethylene glycol)-co-poly(ethyleneimine)
PEG-PPF poly(ethylene glycol)-co-poly(propylene fumarate)
PEI poly(ethyleneimine)

PMMA poly(methylmethacrylate)

PLGA poly(lactic-co-glycolic acid)

PLA poly(lactic acid)

PLL poly(L-lysine)

Poly(H.NPEGCA-co-HDCA) poly[aminopoly(ethylene  glycol)cyanoacrylate-co-hexadecyl

Poly-His

Poly(His)-PEG

PS
PVA
QCM
RES
RGD

RI

SAW
SDS
SEC

SPDP

cyanoacrylate]
poly(L-histidine)

poly(L-histidine)-co-poly(ethylene glycol)
polystyrene

poly(vinyl alcohol)

guartz crystal microbalance
reticuloendothelial system
peptide sequence Arg-Gly-Asp
refractive index

succinic acid

surface acoustic waves

sodium dodecyl sulfate

size exclusion chromatography

N-succinimidyl 3-(2-pyridyldithio)propionate
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SPEG succinic acid monoester of poly(ethylene glycol)-monomethyl
ether

SSPEG N-succinimidyl succinate of poly(ethylene glycol)-

Streptavidin-PEI-DNA
Sulfo-NHS

TGF-a

TG1®

THF

T™MS

Tris

TSM

uv

VEGF

WGA

monomethyl ether
streptavidin covalently linked to PEI-DNA polyplexes

N-hydroxysulfosuccinimide

transforming growth factor-a

glass transition temperature a first heating cycle
tetrahydrofurane

tetramethylsilane

Tris(hydroxymethyl)-amino methane

thickness shear mode

ultraviolet

vascular endothelial growth factor

wheat germ agglutinin
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