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Abstract

Due to their specificity and potency, biologicals allow entering new therapeutic application
areas. Therefore, therapeutic proteins are a very important part of the global pharmaceutical
market. A common characteristic of proteins is their short half-life which makes frequent
parenteral application necessary and consequently might decrease patient compliance. Drug
loaded depot systems are able to address this challenge.

The goal of this project was to investigate the suitability of triglyceride based extrudates (SLIs)
and vesicular phospholipid gels (VPGs) as a depot system for protein delivery for the very
hydrophobic and labile model protein interferon-B-1b (IFN-B-1b). To improve the
physicochemical properties of the protein, a side specific PEGylation technique was used. This
gives also the opportunity to investigate the influence of PEGylation on the release.
Furthermore, it gives the option to combine two principles of half-life extension: PEGylation
and a depot system. Because of the combination of a hydrophobic depot system and a
hydrophobic protein, protein-lipid interactions are likely to occur. The investigation of the
influence of protein-lipid-interactions on protein stability and the influence of these
interactions on the protein release was also part of this project.

IFN-B-1b was successfully PEGylated using a 40 kDa branched PEGaldehyde. PEGylation of IFN-
B-1b does significantly improve the solubility and also the stability of the protein. However,
the changed physicochemical properties result in a new molecule with completely different
characteristics.

SLIs were successfully prepared by mixing the protein lyophilisate and the lipids using hot-
melt extrusion. Therefore, a human serum albumin free lyophilisate was developed for IFN-[3-
1b and PEG-IFN-B-1b. For both, the native and the PEGylated protein species, a sustained
release over seven days was achieved. While the addition of a surfactant was necessary to
release native IFN-B-1b at all, a release under physiological conditions was possible for PEG-
IFN-B-1b. Also the effect of protein-lipid interactions was reduced. Even though the
preparation and short-term storage did not harm the protein stability, a drop of biological
activity was observed during the later stage of the release. This loss of activity was the result
of instabilities of both protein species in the release medium in the presence of lipids.

Due to the occurrence of strong protein-lipid interactions, a release of the native IFN-B-1b
from VPGs was not possible. PEGylation of IFN-B-1b made the investigation of VPGs as a depot
system possible. However, the release rate was very slow and incomplete. This was also due
to protein-lipid interactions, which were reduced by PEGylation but not completely avoided.
Those interactions did not only affect the release, but did also change the mechanical
properties of the VPGs by increasing their viscosity. During the release, a significant drop of
the biological activity was observed even at the first day which indicates a degeneration of the
protein during VPG preparation.

In order to get a better understanding regarding the observed protein-lipid interactions and
to find a quick and material saving tool to get information of possible effects that might
influence the release from VPGs, different tools and methods were investigated. Both IFN-f3-
1b species were compared to other more hydrophilic proteins.
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Depending on the model, the effect of interaction between some proteins and phospholipids
could even be seen macroscopically. However, other proteins needed more sensitive
methods. Therefore, a quartz crystal microbalance or a Langmuir film balance and different
models like liposomes or monolayers were used. Due to the complexity of the interactions no
consistent correlation between the methods and no prediction regarding the influence on the
release behavior was possible.
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Chapter | General Introduction

Since the approval of insulin by the Food and Drug Administration (FDA) in 1982, which was
the first genetically engineered consumer health product on the market, the number of
biotechnological products on the pharmaceutical market increased enormously. In 2013, the
top four of the best selling drugs were therapeutic proteins. Eight products of the top ten are
biopharmaceutics which generated global sales of more than 58 billion USS in 2013 [1].
According to IMS Institute for Healthcare Informatics in their 2013 report, the global
medicines market will exceed a value of one trillion U.S. dollars for the first time in 2014 [2].
Biologicals currently represent a very important part of the total global market volume with
currently 212 marketed products in the United States and European Union. This market has
been steadily rising, reaching a total cumulative sales value of $140 billion for 2013 and
biologicals are expected to further increase their share. Most of the therapeutic proteins in
the beginning aimed usually at replacing naturally occurring human proteins due to a
deficiency or abnormal activity. Another group is mainly represented by Fc fusion proteins and
monoclonal antibodies (mAB) targeting specific structures. The high specificity and potency
compared to most of the small molecules allows to enter new therapeutic application areas

(2, 3].

This specificity is due to their complex macromolecular nature. Proteins are macromolecules
consisting of forty to several hundred L-amino acids which are connected via peptide bonds.
The primary structure is determined by the sequence of the amino acids which are covalently
linked by planar peptide bonds. The general three-dimensional form is called secondary
structure and is defined by the patterns of hydrogen bonds between backbone amide and
carboxyl groups. The most common secondary structures are a-helices and B-sheets. The
specific atomic positions in three-dimensional space are considered as the tertiary structure.
Several protein molecules or polypeptide chains are able to form the quaternary structure of
a protein. Not only chemical changes can alter the biological activity of proteins, but also

changes in the mentioned steric structures [4].

Because of the large size and fragile three-dimensional structure of proteins, which must be
maintained for biological activity, the delivery of proteins is very challenging. The most
common way to administer drugs in general is the oral route because of the ease of

administration and widespread acceptance. While for small molecular drugs this route is the
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most used one, several severe problems arise when it comes to the application of proteins
and peptides. Inactivation due to the pH conditions in the stomach and enzymatic degradation
in the gastrointestinal tract reduce protein activity [5]. Even though protection of proteins
from acidic and enzymatic degradation has been successfully achieved, the low permeability
through the intestinal wall and consequently the low bioavailability present a huge challenge.
While adsorption enhancers have shown some increase in bioavailability [6], the delivery of a

reproducible dose is still very hard to achieve [5, 7].

Because of these drawbacks, protein drugs generally need to be administered parenterally.
However, frequent parenteral administration is normally required due to the often short half-
life of peptides and proteins. This results in poor patient compliance and high costs for the
health care system. To circumvent these issues strategies for half-life extension are
investigated. Looking at currently marketed products, the most common strategy is the
covalent conjugation of other molecules to the protein or peptide. This involves the
conjugation of polyethylene glycol (PEG), hydroxyethyl starch (HES), lipids or other proteins,
like human serum albumin (HSA), or parts of proteins [8] to extend the plasma half-life of the

therapeutic protein [9, 10].

Other strategies involve the sustained delivery via depot systems. Biodegradable polymers like
poly(D,L-lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA) as a basis for depot
formulations have been already successfully investigated for small molecular drugs and small
peptides. Due to their unique properties, larger molecular weight proteins behave quite
differently in such systems. Therefore, besides these polymers alternative materials like lipids

or hydrogels are under investigation [11].

1  Examples of depot-systems and PEGylation of proteins for half-Life extension

As already mentioned, most of the biologicals have to be administered via the parenteral
route to achieve the desired bioavailability and reproducibility regarding the dose. The most
common routes are intravenous, intramuscular and subcutaneous injections. Subcutaneous
injections require the minimal skills and are in general the most convenient way among the
three of them. In general, proteins are relatively fast cleared from the system by proteolytic

enzymes, rapid kidney clearance and their propensity to generate neutralizing antibodies [12].



Different approaches have been undertaken in order to increase the plasma half-life of
therapeutic proteins like the covalent attachment of polymers like PEG or HES (hydroxyethyl
starch), the fusion of the Fc subunit of immunoglobulin G (IgG) or the fusion of albumin to the
therapeutic protein. The increase of the molecular mass and the Fc receptor-mediated

recycling are currently focused when it comes to half-life extension for proteins.

IgG and albumin have a very long half-life of 2-4 weeks. The reason for this is a recycling
through the neonatal Fc receptor. Both proteins are taken up by cells through
micropinocytosis. The binding to the Fc receptor within the cell leads to a redirection to the
plasma membrane and prevents them from degradation in the endolysosomal compartment
[8]. By Fc engineering it is possible to increase the affinity of therapeutic proteins to the Fc
receptor. Marketed examples for this strategy are Avastin® (bevacizumab) and Erbitux®
(cetuximab). Fc-fusion proteins like the FDA approved Orencia® (abatercept) and Enbrel®
(etanercept) not only make use of the Fc receptor-mediated recycling, but also of the

increased molecular weight [8, 13].

The conjugation of alboumin has been done in different ways. One option is the genetic fusion
of human albumin and the therapeutic protein. An example is the fusion of albumin and
interferon-a-2b (no FDA approval) for the hepatitis C treatment. Proteins can also be fused
either to the N-terminus or C-terminus of albumin [8, 13]. Non-covalent interaction with
albumin can be achieved by lipidation. Lipidation is the covalent binding of fatty acids to
peptide side chains. This results in an increased hydrodynamic radius and a decreased renal
filtration rate. Since the lipid part is relatively small, the effect is mediated indirectly through
the non-covalent binding of the lipid moiety to circulating albumin. Approved examples of
albumin conjugated biopharmaceutics are Levemir® (insulin detemir) and the long-acting

glucagon-like peptide-1 receptor agonist Victoza® (liraglutide) [8, 14].

Other strategies are the glycosylation and the conjugation of carbohydrates. It has been
shown that glycosylation for example of the N-terminus leads to an increased half-life. An
example is the 2001 approved Aranesp® (darbepoetin alfa) which is a hyperglycosilated form
of erythropoietin (EPO). With the two additional N-glycosilation sites the half-life was
prolonged three-fold. An example for the conjugation of carbohydrates is the attachment of

the approved plasma volume expander hydroxylethyl starch (HES) [8].



1.1  PEGylation

A method to change the physicochemical characteristics of a molecule is the formation of a
derivative. To modify proteins, the covalent attachment of the polymer polyethylene glycol
(PEG) is a well-established method to achieve this. PEG has been approved by the FDA in foods,
cosmetics and pharmaceuticals. It shows little toxicity, has a simple structure and is chemically
inert. The main elimination pathway for PEG molecules under 30 kDa is the kidney. Molecules

over 20 kDa are mostly eliminated from the body in the faeces [15].

The main goals of PEGylation are improved pharmacokinetic profiles respectively a plasma
half-life extension. By PEGylation it is also possible to reduce the immunogenicity, improve

the solubility of the protein and also improve protein stability [16].

In 1977, Davis and Abouchowski investigated the effect of PEG-protein conjugates on plasma
half-life and the effect on immunogenicity. They were able to show that after conjugation of
1.9 kDa methoxypolyethylene glycol to a glutaminase-asparaginase, the plasma residence
time was increased [17]. The reduction of the original immunogenicity was achieved by

attaching 5 kDa linear PEGs to bovine serum albumin and glutaminase-asparaginase [17, 18].

These observed effects can be explained by the fact that PEGylation masks the protein surface
and the approach of antibodies respectively antigen processing cells is reduced. Due to its
hydrophilic and neutral characteristics and its low opsonization rate, PEG is also known as a
“stealth” molecule to avoid phagocytosis. Since PEGylation also increases the molecular size
of the protein, the renal ultrafiltration and the degradation by proteolytic enzymes is reduced
[10, 19]. The larger the used PEG-chain, the more pronounced are these effects. Not only the
molecular weight, but also the shape of PEG used (for example linear or branched) will lead to
changed parameters with branched PEGs extending elimination half-life more than linear

PEGs [20].

A drawback of PEGylation is the decreased biological activity of PEG-conjugates compared to
the native form of the protein in vitro. This effect can be explained by the shielding effect of
the PEG which protects the protein from environmental influences and reduces interactions.
This effect increases with larger molecular weight of the polymer and with a more branched

structure of the polymer. Branched PEGs reduce the biological activity in vitro to a larger



extend than linear ones. Also the coupling position influences the loss of biological activity

[10].

A prediction regarding the therapeutic effect can hardly be derived from the in vitro results.
The reduced activity is caused by steric hindrance and not by a conformational change of the
protein. The often observed major improved pharmacokinetics in vivo are able to more than

compensating the loss of activity resulting an equal or even increased efficacy [12].

1.2  Current Market Overview

Davis and Abouchowski used a dichloro-triazine-activated PEG derivate as a coupling agent
that reacts through an alkylation to form a secondary amine. Even though the amino groups
of the proteins are the most reactive entities, the used PEG-derivate is also able to react with
hydroxyl groups of serine, tyrosine, threonine and the secondary amine of histidine to form a
hydrolytically unstable linkage. This kind of activated PEG belongs to the first generation of
PEG as a bioconjugation polymer. Further examples of first generation PEG reagents are
monomethoxy-PEG (mPEG) and mPEG-succinimidyl carbonate [21]. The use of the first
generation of PEGs was additionally hampered by the presence of diol contaminations which
lead to dimerized polymer molecules, lack of selectivity and alterations in protein charges. A
characteristic of marketed first generation PEG conjugates is the use of linear low molecular
weight PEGs [18, 19, 22]. By using improved analytics, better separation and purification
mechanisms (removal of the PEG-diol (HO-PEG-OH)) and different chemistries (for example
the conjugation of a PEG aldehyde through a Schiff base relatively selectively to the N-
terminus of a protein), the second generation of PEGs was able to improve these issues. The
new derivatives like mPEG-propionaldehyde were able to form more stable linkages and a
more selective PEGylation leading to an increased bioactivity [12]. Other examples for second
generation PEGs with different chemistry are PEG-maleimide and PEG-vinylsulfone
(thiolreactive PEGs). Furthermore, the restriction to low molecular weight PEGs could be
avoided. Table I-I gives an overview of currently marketed PEGylated biopharmaceuticals.
Most of the PEGylated proteins are produced by random PEGylation and are in general a

mixture of monoPEGylated position isomers [19].



Table I-1 Overview of PEGylated Biopharmaceuticals on the market (as of November 2014)

FDA approval | Trade name/Generic Type of PEGylation | Protein/Peptide Company
Name
1990 Adagen®/ Pegademase Random, linear PEG-adenosine deaminase Enzon
bovine [23] PEG, 5 kDa Pharmaceuticals
multiPEG
1994 Oncaspar® [24] Random, linear PEGylated L-asparaginase Enzon
multiPEG Pharmaceuticals
2000 PEG-Intron® [25] Random,linear PEGylated interferon alpha- | Schering-
monoPEG 12 kDa 2b Plough/Enzon
Pharmaceuticals
2001 Pegasys® [26] Random, Branched | PEGylated interferon alpha- | Hoffmann-La Roche
monoPEG 40 kDa 2a
2002 Somavert® [27] linear multiPEG PEG-human growth Pfizer
5 kDa hormone mutein antagonist
2002 Neulasta® [28] Specific, linear PEGylated recombinant Amgen
monoPEG 20 kDa GCSF
2004 Macugen® [29] branched PEGylated VEGF aptamer Pfizer
monoPEG 40 kDa
2007 Mircera® [16] Random, 30 kDa Continuous erythropoietin Hoffmann-La Roche
monoPEG receptor activator
2008 Cimzia® [16] Specific, 40 kDa PEGylated fab fragment Nektar/UCB Pharma
branched
monoPEG
2010 Puricase®/ Krystexxa® Random, 10 kDa PEGylated recombinant Savient
[30] multiPEG porcine-like uricase
2014 Plegridy®/ Peginterferon | Specific, 20 kDa PEGylated interferon-f 1a Biogen Idec
B-1a[31] monoPEG

The first PEGylated biological was the 1990 FDA approved Adagen® for the treatment of
severe combined immunodeficiency disease. The activation of the PEG was achieved by the
same method Davis and Abouchowski used for their studies. The 5 kDa PEGs was
nonspecifically attached to an adenosine deaminase. Four years later Oncaspar®, a PEGylated
asparaginase, which is an antineoplastic drug used to treat acute lymphoblastic leukemia was
approved. In this case the conjugates were synthesized using a PEG succinimidyl succinate. By

the random conjugation of the linear 5 kDa PEG to nucleophilic amino acids, the serum half-

life was increased from 20 h for the native enzyme to 257 h for the PEGylated asparaginase



[15, 30]. Neulasta® (approved in 2002) is an example for a specific monoPEGylation of the N-

terminus of a granocyte colony-stimulating factor using second generation techniques [30].

While for Adagen® and Oncaspar® first generation techniques were used, all other PEGylated
pharmaceuticals use second generation PEGs. The main purpose for PEGylation of all
marketed product was the extension of the serum half-life [30, 32]. The 2012 approved
Omontys®, a PEGylated synthetic peptide which is a functional analog of erythropoietin was
voluntarily withdrawn from the market in 2013 by Affymax and Takeda when reports of

serious hypersensitivity reactions occurred [33].

Nonetheless, the success of PEGylated pharmaceuticals can be seen by the sales of PEGylated
blockbuster drugs. In 2013, PEGfilgrastim (Neulasta®) and PEGylated interferon alpha-2a
(Pegasys®) generated worldwide sales of more than one billion USS (Neulasta®: 4.4 bn [1],
Pegasys® 1.2 bn [34]). A trend of increasing importance of PEGylated drugs is visible, since the
top four selling PEGylated pharmaceuticals (Neulasta®, PEGasys®, Cimzia® and Pegintron®)

generated larger sales in 2013 than all PEGylated products combined in 2010 [2, 19].

With the 2014 approved Mvantik® (PEGylated opiod antagonist) and 2011 approved
PEGylated doxorubicin containing liposomes (Doxil/Caelyx®, 2001) there are two more non-

protein PEGylated pharmaceuticals on the market [16].

1.3 Challenges of PEGylation: Immunogenicity

One of the challenges of PEGylation is the before mentioned decrease of biological activity
after conjugation of the PEG molecule. While this issue is overcompensated by the increased
biological half-life of the conjugate in comparison with the native protein [12], other

challenges occurred regarding an increased immunogenicity induced by PEG itself [35].

It has been shown that PEGylation is able to decrease the immunogenicity of proteins [10, 12,
18, 35] and in a 2003 published review the authors even claimed that PEG lacks
immunogenicity and anti-PEG-antibodies have only be seen under extreme experimental

conditions [15].

Nowadays, several publications have mentioned that the PEG moiety itself is responsible for
the induction of anti-PEG antibodies. The formation of anti-PEG antibodies can result in

negative clinical effects like the accelerated blood clearance or might even affect the safety of



protein drugs [35]. But not only can the immune response, triggered by the PEGylated
pharmaceuticals, cause this increase in antibodies. Some reports suggest also an increased
incidence of anti-PEG antibodies in normal donors. This can be explained by the increased
usage of PEG in numerous products in the food, cosmetic and pharmaceutical industry [36].
In 1984, Richter and Akerblom found anti-PEG (IgM) antibodies in 0.2 % of healthy individuals
and in 3.3 % of untreated allergic patients [37]. In 2004, Garratty et al. reported significantly
higher values of 22-25 % [38, 39]. Even though both groups used comparable assays the results
can’t be compared directly due to the lack of reference sera and a lack of data on the validation
and specifications [35]. Moreover, in 2011, Liu et al. found PEG-specific antibodies in 15
human serum samples in a total population of 350 donors (4.3 %) using a double antigen

bridging enzyme linked immunosorbent assay (ELISA) [40].

Especially the accelerated blood clearance was observed by different research groups. It has
been shown that anti-PEG antibodies can shorten the survival of PEGylated red blood cells in
rabbits and pose a huge challenge for the potential “stealth” red blood cells in order to
produce universal group O donor red blood cells [38]. Armstrong et al. (2007) reported a rapid
clearance of PEG-asparaginase which was associated with the presence of anti-PEG antibodies
[41]. An accelerated blood clearance has been observed for PEGylated liposomes, as well [42].
In 2010, Tillmann et al. did not observe a changed response of PEG-IFN alpha 2a/2b when they
compared a group of 68 hepatitis C patients with an antibody prevalence of 44 % with groups
with an average prevalence of 7 %. They concluded that there is a high frequency of anti-PEG
antibodies in hepatitis C-infected patients and these anti-PEG antibodies do not lead to

impaired response to either of the PEG-IFNs [43].

Whether the observed PEG antibodies do have a clinical relevance and are responsible for
treatment failures or not, still needs to be investigated and current inconsistent results do not
allow a final conclusion. In addition to that, no validated assays for anti-PEG antibodies are
available and the nonspecific binding of IgG and IgM by PEGylated products also makes the

validation of the specificity of anti-PEG binding assay extremely difficult [35].

2  Depot formulations for delivery of biopharmaceuticals

Another way to decrease the injection intervals for biopharmaceuticals is the delivery of the

drug in a depot system. Depot systems provide the advantage that a system with a higher
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loading of the drug releases the therapeutic agent over a period of time within a designated
region of the body [44]. Benefits are a decrease in the dosing frequency and therefore the
increase of patient compliance. Moreover, the effect of patient compliance has less effect on
the therapeutic results of the treatment. Other benefits are decreased adverse effects
through lower peak drug concentrations and an increased pharmacological activity. Apart
from therapeutic aspects, packing an existing drug into controlled release formulations
extends its patent life as a new product. In contrast to PEGylation, no chemical change of the
drug is necessary. Therefore, the development of a new drug release system is much cheaper

than the costs of a completely new or chemically changed drug [44-46].

With PEGylation and other alternatives the pharmacokinetic of proteins can be improved.
These improvements can’t even closely match long term depots which achieve release profiles
of several weeks, months or even years. Marketed examples for such long term depot is one
the first parenteral depot formulation called Norplant® (approved in Finland 1983). It is a
subcutaneous contraceptive implant with levonorgestrel made of silicone rubber (crosslinked
polydimethylsiloxane) through which levonorgestrel diffuses and provides birth control over
five years [45, 47]. Implanon®, which was first approved for use in Indonesia in 1998, is a
single-rod, progestogen-only implant based on a polyethylene-vinyl acetate as a rate-
controlling membrane. It can be used for up to three years [48]. Both implants have the
disadvantage that after a certain time the implant has to be removed surgically. To overcome
these drawbacks and to also increase the comfort regarding the application, different
materials have been investigated which provide for example biodegradability. Besides
biodegradability other desired biological properties of controlled-release drug delivery
systems are the absence of cytotoxicity and immunogenicity. Furthermore, also the physical
properties like mechanical strength and a suitable viscosity/elasticity for application are very
important [49]. While the first parenteral depot systems belong the class of implants, there
are different other technologies under investigation to deliver molecules to our system in a

controlled way like liposomes, micro-/nanoparticles, oily solutions and suspensions [44].

Especially when depot formulations for proteins and peptides were investigated not only the
release rate or the biocompatibility of the material was in the focus but also the stability of
the therapeutic agent itself within the depot formulation and during release. Proteins pose

unique challenges that are not so common when working with small molecules [50]. During



the manufacturing, storage and delivery process proteins are able to undergo different
physical and chemical changes which often will lead to disadvantages like decreased efficacy
or increased immunogenicity [51]. In the following some information about the most
frequently used biodegradable carrier material poly(lactide-co-glycolide) (PLGA) is given and
newer alternative approaches like the use of lipids in combination with proteins and peptides

are presented.

2.1  Poly(lactide-co-glycolide)

An important representative of biodegradable polymers is PLGA. PLGA is a synthetic
copolymer consisting of monomers of lactic acid and glycolic acid which hydrolyses to glycolic
and lactic acid by an acid- or a base-catalyzed reaction. These non-toxic by-products, which
occur during degradation, are further eliminated by the normal metabolic pathways [52]. Even
though a good biocompatibility has been confirmed, unwanted side-effects especially during

injection or implantation can cause inflammation, granulation or foreign body reaction [53].

PLGA was first patented as a surgical suture in 1967 and six years later as a biodegradable drug
delivery system for sustained release [45]. Decapeptyl® was the first PLGA system which was
approved in Europe in 1986. It is an injectable and degradable micro particle based depot
containing triptorelin (gonadotropin-releasing hormone) against non-metastatic prostate
cancer [45]. Meanwhile PLGA based systems have been extensively studied as delivery
vehicles for drugs, proteins, DNA, RNA and peptides [52, 54, 55]. Its physical strength and high
biocompatibility advantages made PLGA most popular biodegradable polymer. PLGA based
formulations have been widely used in marketed products. Currently those polymer systems
are used for small molecules like risperidone (Risperdal®, Consta®), dexamethasone
(Ozurdex®) or naltrexone (Vivitrol®) but also for peptides like goserelin (Zoladex®), octreotide

(Sandostatin®) or leuprorelin (Eligard®/Enantone®) [44, 56].

2.1.1  PLGA as a material for drug delivery system for biologicals

Currently marketed products only comprise peptides and small molecules. No protein depot
system is currently on the market. The only PLGA based depot formulation comprising a
protein was Nutropin Depot® by Genentec which was approved in 1998 but withdrawn in 2004
[57]. Several studies have investigated the suitability of PLGA for protein and peptide delivery.

Some examples for the most common systems are given in the next paragraphs.
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2.1.1.1  Microparticles/Nanoparticles

The capability of PLGA particles as a drug delivery system has been widely investigated.
Regarding protein and peptide delivery, PLGA microparticles are the most studied drug
delivery systems. Different proteins have been investigated like BSA, lysozyme, interferon
alpha, insulin and many more [58]. Mundargi et al. (2008) presents a great overview of
research and developmental activities in this area outlining the chances and challenges of

PLGA and PLGA-based nano/microparticles [59].

Gu et al. prepared recombinant human nerve growth factor (rhNGF)/BSA loaded microspheres
(17 um) which were produced by a water/oil/water emulsion and solvent evaporation
technique. The particles released the protein over four weeks and rhNGF was still biologically

active [60].

Besides PLGA microparticles, also nanoparticles are investigated protein and peptide delivery.
Sanchez et al. (2003) investigated biodegradable PLGA micro- and nanoparticles as long-term
delivery vehicles for interferon alpha. Even after 30 days they were able to detect the
interferon in an in vitro experiment using an ELISA technique [61]. Insulin has also been in the
focus. By the encapsulation of insulin in PLGA nanoparticles the integrity of insulin during
formulation and delivery was maintained and the release of insulin was peakless and without

fluctuations over 72h [62].

PLGA based delivery systems for peptides have already been approved. Most of the
formulations are microparticles. In 1998, Nutropin Depot® was approved as the first PLGA
depot system containing a protein. The injectable suspension contained micronized particles
of recombinant human growth hormone (somatropin, 22 kDa) embedded in biodegradable
microspheres. The sustained release was achieved by the slow degradation of the matrix
maintaining therapeutic concentrations for up to four weeks. For comparison, a subcutaneous
somatropin injection provided therapeutic relevant concentrations for 20 h. In 2004, the
product was withdrawn from the market due to high cost and manufacturing challenges [56,
57]. Currently, there are only microparticle based PLGA systems for peptides on the market

like octreotid (Sandostatin®), octreotide (Sandostatin®) or leuprorelin (Enantone®) [44].

2.1.1.2  Implants
Implants are dosage forms that are subcutaneously applied by using surgery or a hypodermic

needle. They are designed to release drugs over an extended period of time. Approved PLGA
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based implants comprising peptides are Zoladex® and Profact®. Implants can be prepared by
different methods. The most common are extrusion techniques like hot melt extrusion, or
screw/ram extrusion. But also solvent-casting or compression molding are suitable methods

[52, 63, 64].

Zoladex® is indicated for the treatment of prostate carcinoma and was approved 1989 by the
FDA. It contains 3.6 mg of the decapeptide goserelin (a gonadotrophine-releasing hormone
agonist) per implant with a length of 12 mm and a diameter of 1 mm (matrix material:
lactide-glycolide copolymer). It is applied with a siliconized hypodermic needle every four

weeks [44, 65].

Profact depot® contains the gonadotropin-releasing hormone agonist buserelin. It is marketed
by Aventis for prostate cancer treatment. Eligard® contains leuprorelin which is formulated in

PLGA and N-methyl-2-pyrrolidon as an in-situ forming implant against prostate cancer [54].

2.1.2  Disadvantages of PLGA based systems regarding proteins and peptides

While PLGA has been successfully used as a drug delivery system for small molecules and
peptides there is no PLGA based depot formulation for proteins currently on the market. To
prepare PLGA microparticles, in general three steps have to be taken. The protein loading, the
microparticle formation and the drying. All these steps involve a number of potential
denaturation stresses for the proteins [52, 66]. During the protein loading step, usually
organic solvent to dissolve the polymer is used. Also the contact with the polymer itself can
have a negative influence on protein stability. While loading, using an emulsion technique,
proteins are exposed to large shear and cavitation stress during emulsification. The created
water/organic solvent interfaces are important disadvantages of this method and are the
reason for protein denaturation and aggregation. Also during the particle formation step,
these interfaces are present and the stirring results in shear forces. This step has less negative
influence on protein stability in comparison with the loading step. In addition to that,
removing the hydrating water shell during drying results in another stress for the protein [52,

54, 66].

Proteins do not only face challenging conditions during preparation of PLGA particles but also
during release from these matrix systems. The biodegradability of PLGA is due to degradation

of the polymers by hydrolysis of the ester bonds. This results in the formation of low molecular
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weight degradation products like glycolic and lactic acid [66, 67]. Degradation products are
trapped within the matrices and the entrapped proteins are facing to a completely altered
microenvironment. This leads to a decrease of the pH value, the increase of osmotic pressure
and the accumulation of reactive species. Especially for labile molecules like proteins, which
stability depends, amongst other, on the mentioned parameters might be negatively
influenced [66]. Apart from protein stability, an incomplete protein release from PLGA systems
was also observed [68, 69]. Interactions between the protein and the matrix material have
been identified as a reason for this observation. These interactions are often adsorption

phenomena due to hydrophobic but also electrostatic interactions [54, 55, 66, 67].

2.2 Lipids

To overcome the issues with PLGA as a matrix material, other suitable materials as a drug
delivery system were investigated. Therefore, lipids came into focus. Lipids are a group of
naturally occurring hydrophobic or amphiphilic molecules. They can be classified into 8
different categories [70]: fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol
lipids, prenol lipids, saccharolipids, and polyketides. Lipids are molecules which are not
defined by their chemical structures but by their hydrophobic nature. All of them are barely
soluble in water but provide solubility in non-polar solvents. As natural substances lipids
provide good biocompatibility [71, 72] and have widely been investigated as drug delivery
systems [73-77].

During degradation, no acidic degradation products are formed which do not lead to a
significant pH drop or changes in osmotic pressure that might have detrimental effects on
protein stability [78]. This poses an advantage over polymeric systems especially when it
comes to labile molecules like proteins. Lipids also can provide certain advantages regarding
their release profile. In contrast to PLGA systems which have often a multi-phase release
profile (initial burst, lag phase, second burst), lipids usually provide higuchi/zero order kinetics

without a significant burst release [74, 79, 80].

The following chapters give an overview of triglyceride-based systems and will introduce the
phospholipid based system vesicular phospholipid gels (VPGs) and will discuss advantages and

challenges of these systems.
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2.2.1 Drug delivery systems based on triglycerides

2.2.1.1  Microparticles/Nanoparticles

Nanoparticles and microspheres form a wide class of delivery systems mainly studied for
parenteral administration. While solid lipid microparticles (SLM) are particles with a size in the
range of 1 um to 1000 um, solid lipid nanoparticles (SLN) range between 10-1000 nm.
Commonly used materials for lipid microparticles are fatty alcohols, fatty acid esters, waxes
and cholesterols, etc. They can be prepared by a solvent evaporation method which is similar
to the preparation of polymer microparticles (including the mentioned disadvantages
regarding protein stability). Lipids are dissolved in an organic solvent and emulsified in an
aqueous (drug containing) phase. By evaporating the organic solvent, solid drug microparticles
are obtained. Other methods to prepare solid lipid particles are e.g. spray drying, spray cooling

(“prilling”) or coazervation [81].

Several studies have already shown the suitability of SLMs for proteins and peptides like
insulin, thymocartin or somatostatin [72, 82]. Also the release over 30 days in-vivo of
gonadotropin release hormone antagonist loaded in lipid microparticles made of glycerol

monobehenate and glycerol monostearate was successfully demonstrated [83].

Solid lipid nanoparticles (SLN) have been investigated as drug delivery devices since the
beginning of the 1990s. They can be prepared by different methods like high pressure
homogenization [84], hot homogenization techniques [85], solvent emulsification techniques

or super critical fluid based techniques [86].

Several studies that investigate the suitability of SLN for peptide and protein delivery have
been published. A nice overview of therapeutically relevant peptides (e.g. calcitonin,
cyclosporine A, insulin, LHRH, somatostatin) or model proteins (BSA and lysozyme) is given in
the review by Almeida et al. [86]. More currently, Li et al. encapsulated recombinant IFN-alpha
into solid lipid nanoparticles by double emulsion solvent evaporation (w/o/w) method. The

protein was released over a 16-day period [87].

2.2.1.2  Implants
Due to their high compressibility, lipophilic materials like cholesterol, fatty acids, glycerides
and waxes can be formed to solid matrices by traditional compression or extrusion at mild

conditions. The preparation of implants via extrusion has advantages compared to the already
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mentioned methods. It lacks high temperatures or organic solvents that might compromise
protein integrity. Extrusion is also a potentially faster and more easily up-scalable production
procedure. An extruder consists at least of two main components: a transport system and a

die system which forms the material [88].

Common techniques are ram extrusion and screw extrusion. Ram extrusion is a method in
which the extruder consists of a barrel, which is pre-filled with the powder mixture, with a die
at the bottom. The barrel can be heated and cooled. By using of a piston (or ram) the material
is forced through the die at the bottom of the barrel. It is a non-continuous procedure for

which only small amounts of substance are necessary [89, 90].

When using screw extrusion, the material is transported within a stationary cylindrical barrel
with one or two rotating screws. Eventually, the lipid blend is extruded through a die at the
end of this barrel. Basically, the extrusion channel of a screw extruder can be divided into
three distinct zones: In the feed zone, the lipid blend is loaded into the extruder. In the
transition or melting zone the material is compressed and finally in the metering zone, where
the homogeneous lipid melt arrives suitable for extrusion. Single- or twin-screw extruders are
the predominantly used extruders in the industrial manufacturing of implants because of the

high extrusion rates [88].

Mohl et al. developed a tristearin-based implant system for the sustained release of interferon
a-2a (IFN-a-2a) over one month up to 90 % in its monomeric form. IFN-a-2a, which was co-
lyophilisate with hydroxypropyl-B-cyclodextrin (HP-B-CD), provided long-term stability in
these formulations. While not more than 83 % of the incorporated protein could be liberated
from tristearin implants manufactured with IFN-a-2a and trehalose as pore forming agent, a
95 % release of the initially incorporated IFN-a-2a could be liberated continuously using PEG
6000 as an excipient. Mohl further investigated the role of PEG on the protein release from
implants. The addition of PEG 6000, which is a nontoxic, hydrophilic excipient approved for
parenteral application, gave the option to control the protein liberation from the implants. In

addition to the more complete release, the burst release was reduced [91].

Herrmann et al. further investigated the influence of the excipient PEG and different
diameters on the release mechanic for different molecules. It was shown that PEG is not only
a porogen. It is able to influences the release kinetic of IFN-a-2a by a reversible precipitation

during release in PEG-containing matrices. It was shown that protein stability was not
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influenced [92]. The temporarily decreased protein solubility and the consequential
precipitation can be explained by the volume exclusion effect. PEG chains occupy the solvent
space and by sterical hindrance proteins are excluded from the solvent. So the protein is
concentrated until it is “desalted” and precipitates/crystallizes. Proteins with a larger

molecular weight seem to precipitate at lower concentrations [92-94].

Schwab et al. investigated the in vivo release properties of these implants in rabbits to
establish an in vivo—in vitro correlation. After 28 days of incubation, apart from the implant
being surrounded by fibrous tissue, no major adverse effects were observed. Serum samples
showed high IFN-a-2a contents on an almost constant level over nine days after the insertion
of the implant. Furthermore, during the first nine days, protein release in vivo is in well
accordance with the data gained by in vitro experiments. However, protein levels abruptly
wear off from day ten on. This phenomenon is most likely attributed to the antibodies

generated in rabbits against human recombinant IFN-a-2a [95].
Drug release mechanism from lipid implants are complex and depend on various factors [96]:

» type and amount of lipid

type and amount of incorporated drug

drug distribution within the implant

type and amount of potential additional excipients

mechanical properties of the release system

YV V V V

process conditions applied during the manufacturing process

A protein molecule has to traverse through several pores of the implant. It is necessary that
the pores are directly connected to each other, forming an intact channel network. In many
cases it can be described by Ficks second low of diffusion. Pure triglyceride implants neither
show an obvious water uptake nor do they show erosion [97]. To improve extrusion properties
of the lipid blend and make extrusion possible at lower temperatures, Herrmann et al. mixed
lipids with a high melting point (72 °C) with lipids with a melting range of around 37 °C [90].
Sax et al. were able to show that proteins are released basically by two mechanisms. The first
is the diffusion via water filled pores, the second is the diffusion through molten lipid [80]. By
using lipids with a high melting point and a low melting point as matrix materials, he achieved

a release of 1gG over 150 days without a lag phase or burst release. IFN-a-2a was released over
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60 days. The differences were explained by varying molecular weight of the drugs and

therefore the difference in diffusion speed [88].

2.2.2  Drug delivery systems based on phospholipids — vesicular phospholipid gels

2.2.2.1  Vesicular phospholipid gels

Vesicular phospholipid gels (VPGs) are highly concentrated, semisolid, aqueous phospholipid
dispersions where the liposomes form a three-dimensional network. They are generated by a
“forced hydration” of phospholipids in the presence of relatively low amounts of water. The
gels normally consist of 300 mg/g-600 mg/g lipids which is also the reason for their high
viscosity. The gel-like consistency is formed by numerous densely packed vesicles. This is in
contrast to other hydrogels where the gel like rheological behavior is caused by
macromolecular thickeners. The aqueous compartments are both within the cores of the
vesicles and in-between them and the amount of water of each compartment reaches about

the same magnitude [98, 99].

Compared to liposomal formulations, an advantage of VPGs is the higher encapsulation
efficiency for hydrophilic compounds. Even the fraction of drug which is not liposomally
encapsulated during the preparation process, is localized in-between the vesicles of the
phospholipid matrix and thereby is retained in the gel. Even if a leakage of the phospholipid
membrane occurs, a burst effect will not appear, since the drug stays in the gel matrix. This is

also the reason for better retention of the incorporated drug compared to liposomes [99].

VPGs can be prepared by high pressure homogenization (HPH) or a dual asymmetric centrifuge
(DAC). HPH is used for preparing VPGs of small and unique vesicle sizes. The raw lipid
dispersion which consists of a mixture of dry lipids and water is processed with a high-pressure
homogenizer. To obtain finely dispersed gels a pressure of 70 MPa with ten processing cycles
is necessary. The size distribution of the liposomes depends on different factors like the

applied pressure, the number of homogenization cycles or the lipid content [98].

DAC is known since the 1970s as a convenient technology for the rapid mixing of viscous
components. The preparation of VPGs with dual asymmetric centrifugation was first
introduced by Massing et al. [98, 100] who used a blend of hydrogenated phosphatidylcholine
(PC) and cholesterol (55:45 mole/mole). The working principle of this special centrifugation

technique is that the sample is not only rotated around a central axis at a defined speed but

17



also around a second axis in the center of the sample container. This results in two overlaying
movements of the sample material in the centrifugation vial. The centrifugal forces caused by
the main rotation pushes the sample material in an outward direction. Since the vial holder
rotates in the opposite direction with approximately one fourth of the speed of the main
rotation, the sample is pushed in the opposite direction due to the adhesion between the
sample material and the rotating vial. The rotation of the sample container around its own
axis causes an inward transport of the sample material, which is effective, if the adhesion of
the sample material on the vial material and the viscosity of the sample are high enough. The
combination of these contra rotating movements results in shear forces and thus in efficient

homogenization [98, 99].

Compared to high pressure homogenization, DAC is a fast and straight forward method which
is also suitable for small scale production like lab scale studies. In addition to that, aseptic
production is easily achieved, by using a hermetically sealed sample vial. The content of
lysophophatidylcholine generated in the sterile process conditions of DAC was lower
compared with the process of HPH plus autoclaving [99, 100]. Steam sterilization is also
considered as applicable for VPGs, since they maintain their vesicular structure. Only a small
increase of the vesicle size was observed [99]. Due to much lower shear forces in comparison
with HPH, the DAC method is more suitable for the work with labile compounds like proteins.
Massing et al. also showed that the trapping efficiency using DAC as a preparation method is

higher than using HPH (56.0 £ 3.3 % DAC vs. 36.0 = 3.2 % HPH) [98-100].

VPGs can be diluted to conventional liposomes and then used for example for parenteral
application. Examples for liposomes based on VPG having been effectively used via
intravenous administration in animal experiments are the liposomal nucleoside analog
gemcitabine [101] and the liposomal vinca alkaloid vincristine [102]. Besides, the use as an
intermediate for preparing conventional small unilamellar vesicles (SUV) dispersions, VPGs

can be also used as a depot for sustained release of drugs and for absorbability screening [99].

Grohganz et al. prepared VPGs with the decapeptide cetrorelix (LH-RH antagonist) by HPH and
tested their suitability as an implantable sustained release system, in vitro. The VPGs
contained 300-500 mg/g egg PC (Lipoid E80) and 0.5—10 mg/g cetrorelix acetate. The release
of the peptide was influenced by the lipid and drug content. The release range was from less

than 24h (0.5 cetrorelix CXA; 400 mg/g E80) to up to six weeks with a formulation containing
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8.6 mg/g cetrorelix and 280 mg/g E80. The main release mechanism was the erosion of the
phospholipid matrix following zero order or first order kinetics (depending on the composition

of the VPGs) [99, 103].

Tian investigated the release of the three proteins EPO, G-CSF and a monoclonal antibody
(mADb) from VPGs which were loaded into the VPG matrix by DAC. For the in vitro release tests
a flow-through cell with the design described by Tardi [104] was used. For EPO, a sustained
release was observed for 280 to over 400 hours with a close to zero order kinetic without
initial burst. The increase of the lipid content from 300 to 500 mg/g resulted in delayed
release. The release profile could be influenced by the lipid charge. Incorporating 20 % of
positively charged lipids (DOTAP) into VPGs resulted in a strongly accelerated release rate
while adding 10 % of negatively charged lipids (DPPA) delivered the incorporated protein in a
comparable manner to the uncharged formulation. Matrix erosion was found to be the

dominant mechanism controlling the EPO release [105, 106].

A similar result was shown for G-CSF. About 63 % of the total entrapped G-CSF was delivered
from the VPGs containing 400 mg/g lipids and 4.0 mg/g G-CSF over 408 h (17 days). In contrast
to the EPO release studies, a rather incomplete release was observed which was more
pronounced at higher protein concentrations. This observation was explained by the presence
of protein-lipid interactions [105]. The release of the mAb from VPGs was only little influenced
by the protein and lipid content. Sustained release of mAb was observed over 1000 h (42 days)
following zero-order kinetics. Again, erosion was the dominating mechanism controlling the

protein release from VPGs [105].

2.2.3  Biodegradation of lipid systems

Biodegradation and biocompatibility have been shown for phospholipid systems in different
studies and reviews [107-110]. When it comes to triglycerides, not all lipids in all formulations
do degrade in vivo respectively in a reasonable timeframe. The rate of erosion depends on the
lipid material, the size of the lipid formulation and the amount of lipases. Several publications
showed the degradation of SLN [73, 111]. The slowest degradation rate was observed using
lipids with longer fatty acid chains by Miiller et al.. Glycerolbehenate (C22 fatty acid) SLNs
were degraded slower than cetylpalmitate particles (C16 fatty acid) and the fastest
degradation has been seen for Dynasan 114 (C14 fatty acid) [84]. Olbrich et al. were able to

influence the enzymatic degradation of Dynasan 114 SLN by lipase. Degradation depends on
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the size of the particles and could be slowed down using Poloxamer 407 [85]. While it has
been shown that glyceryl trimyristate (Dynasan 114) SLN matrices are able to erode,
Vogelhuber et al. demonstrated that compressed matrix cylinders with 2 mm diameter did

not show any signs of matrix erosion in vivo [112].

Schwab also examined the lipase induced degradation of lipid based microparticles and
compressed implants. Implants show very slow degradation kinetics most probably due to the
small surface area. He stated that a complete degradation of the implants is very unlikely [78].
In contrast to these findings, Sax et al. were able to demonstrate that triglyceride matrices
based on a certain mixture of Dynasan 118 and a mixture of lauric, myristic and palmitic acid
prepared by twin-screw extrusion are biodegradable in vivo in the presence of endogen
lipases. The biodegradation process is independent from the release rate and after six months

an erosion of 75 % was detected in rabbits [113].

2.2.4  Challenges using lipid based depot systems

Lipids provide certain advantages in comparison with PLGA but also pose different challenges.
While the biocompatibility for triglycerides, phospholipids and cholesterol is generally good
[71, 72], fatty acids have been reported to lead to inflammation [78]. Besides the
biocompatibility of the system, also the stability of the incorporated protein is an issue in lipid
based systems. Even though lipids avoid huge changes of the micro environment during
degradation and release in comparison to PLGA systems (Chapter | .2.1.2), drug-lipid

interactions can result in decreased drug activity and/or adsorption effects.

Even though the manufacturing processes for lipid based systems are rather gentle, potential
stability issues might also occur during this step. The applied pressure during implant
compression or extrusion is also a possible factor for protein denaturation and aggregation
[51]. Nonetheless, during the extrusion process, a stabilization against pressure induced
denaturation can be expected. Since the protein is dispersed as solid (protein lyophilisate) in
the matrix material. It has been reported that pressure induced unfolding of proteins

decreases with the water content of the system [114].

Also changes regarding the structure of the lipid itself, like appearance of different
modifications (polymorphism) or chemical changes like the hydrolysis of phospholipids have

to be considered.
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2.2.4.1  Protein-lipid interactions and protein stability

Interaction with triglycerides have been reported in literature as a reason for protein loss or
protein degradation [72, 115, 116]. Maschke et al. reported a rise of degradation products of
insulin to 7.5 % after being incorporated in the glycerol tripalmitate microspheres for 28 days
during the release test [116]. Reithmeier et al. prepared insulin loaded particles with a melt
dispersion technique. While no aggregation was detected directly after preparation of the
particles, Reithmeier et al. observed the formation of insulin aggregates after incubating the
SLMs for 13 days in phosphate-buffered saline (PBS) at 22 °C. Also protein adsorption to the
lipid occurred. This was determined as the reason for the incomplete release of insulin [72].
Adsorption of different blood proteins to emulsified triglycerides and the ability of proteins to
interact with triglycerides have also been shown [117]. Different excipients like
hydroxypropyl-B-cyclodextrin (HP-B-CD) seem to be beneficial regarding protein stability.
Mohl et al. investigated an implant system for IFN-a-2a delivery which compromised the
protein which was co-lyophilized with HP-B-CD. HP-B-CD improved the integrity of released
IFN-a-2a and of IFN-a-2a trapped within the matrix over one month [91]. Without the addition
of HP-B-CD an increase in aggregates and oxidized IFN-a-2a species from the 10t™ day on
during the release of extrudates which were stored for three and six months was observed

[79].

Interactions with triglycerides do not necessarily result in negative effects. Interactions have
also resulted in a more active state of lysozyme after adsorption to solid lipid nanoparticles
[86]. This increase of activity was explained by the principle of interfacial activation which has
been reported for example for lipase after the immobilization on hydrophobic surfaces [118].
Adsorption of proteins to fatty acids or triglycerides have been especially investigated in food
science since proteins (for instance lactoglobulin) contribute to emulsion formation and
stability in most food products [119]. Adsorption of BSA [120], HSA [121] or calcitonin [122]

to solid lipid nanoparticles have been used as a loading technique.

Interactions with phospholipids have been intensively studied for membrane proteins. These
protein-lipid interactions play an important role in a wide variety of cellular processes like the
functioning of natural membranes [123, 124], membrane transport [125] or signal
transduction [126, 127]. It has been shown, however, that proteins without a membrane-

spanning region are also able to interact with membranes [128] which makes these
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interactions relevant for therapeutic protein, peptide drugs and drug delivery from
phospholipid systems. The interactions of several therapeutic relevant proteins and peptides
with phospholipids have been reported [128-134]. The observed interaction did lead to
positive effects like increased encapsulation efficiency of acetyl choline esterase [132] or
interleukin-2 [133]. Interactions with phospholipid have been shown to stabilize a protein
even under high temperature conditions. An example is recombinant G-CSF after membrane
insertion [128]. Also the stabilization during aerosolization of IFN-y was shown, indicating a
greater stabilizing effect correlating with the strength of interaction [134]. Apart from these
positive aspects interactions can also have a negative influence on proteins like a decreased
loading efficiency in the case of insulin [130] or the aggregation of vesicles in the case of IFN-
v [129]. The interaction of phospholipid carriers with serum proteins did lead to a change of

liposome stability, as well, and has been an issue in several studies [135-137].

2.2.4.2  Challenges regarding the structure of the lipids

Besides changes of the drug itself, also the depot system is able to undergo certain changes.
Polymorphism is the characteristic of a substance to appear in different
modifications/crystalline forms. Almost all fats and fatty acids possess the ability to form
different polymorphs. The three basic polymorphs are the a-modification, the intermediate
B’-modification and the B-modification. a, B’ and B modifications relate to the characteristic
packings of the hydrocarbon chains of the triglyceride molecules and differ in the melting
point. If a manufacturing process includes a melting or dissolution steps, a polymorphic
transformation might appear during the preparation of controlled release systems based on
lipid materials. Furthermore, polymorphic transformations can also occur during storage or
incubation/release. Therefore polymorphism has to be considered since rearrangement might
influence the release behavior and can change the appearance of the lipid formulation [82,

138].

The hydrolysis of phospholipids is one of the most determining factors for the long term
stability of liposome dispersions. They can be hydrolyzed to lyso-phospholipid with 2-
lysophospholipids as the main initial hydrolysis products. These lyso-phospholipids can be
further hydrolyzed. Phosphatidylcholine has a pH-stability optimum concerning hydrolysis at
pH 6.5. The rate of hydrolysis of phosphatidylcholine increases linearly found when moving

the pH in more acid/basic regions. Furthermore, there was a linear relationship between the
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buffer concentration and the observed rate [139]. Zhang et al. suggested based on the
Arrhenius equation, that egg PC liposomes should be formulated in a buffer with pH equal to

or greater than 4.2 in order to have a shelf-life longer than one year at 5 °C [140].

3 Background knowledge on interferons especially interferon-3-1b

An important group the cytokines are the interferons. Interferons (IFN) are a family of
naturally occurring glycoproteins that are produced by eukaryotic cells in response to viral
infection and other biological inducers. Interferons have antiviral, antiproliferative and
immunomodulating properties. They were first described as a product of influenza virus-
infected chick embryo cells, capable of inducing resistance to infection with homologous or
heterologous viruses by Isaacs and Lindenmann in 1957 [141, 142].

At least three types of human interferons, a, B and y have been distinguished based on a
number of factors, including anti-viral and antiproliferative activities. Interferons are divided
into two families: type | interferons and type Il interferons [142].

Interferons of the type | IFN family (IFN-ap-family) are pleiotropic cytokines that regulate
many different cellular functions. This group includes numerous subtypes, of which IFN-a and
IFN-B are predominant. Other members are IFN-w, IFN-T, IFN-§, IFN-k, and IFN-. Whereas the
IFN-a group is encoded by 13 genes, there is only one gene for IFN-B. All type | IFNs are
genetically and structurally very similar. The genetic code lacks introns and is located on the
short arm of chromosome 9. Furthermore, they interact with the same receptor subunits.
However, different type | IFNs are able to stimulate different antiviral, antiproliferative and
immunoregulatory responses. The type Il IFN family (or the IFN-y-family) is a single member

family with IFN-y as the sole member [142, 143].

3.1 Interferon-B

IFN-B is mainly produced in fibroblasts. Naturally IFN-B is a 166 amino acid glycoprotein. To
produce this protein, two different strategies have been used to generate recombinant IFN-3
therapeutics. One approach is the production in mammalian cells (IFN-B-1a), another one is

the expression in Escherichia coli (E. coli) bacteria (IFN-B-1b), which has the lower production

costs [144, 145]. Both, IFN-B-1a and IFN-B-1b have products on the market.
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3.2 Interferon-B-1a

IFN-B-1a (AVONEX®, Rebif®) is used in multiple sclerosis (MS) therapy and is the glycosylated
form of IFN-B. It is expressed in Chinese hamster ovary cells into which the human interferon-
B gene has been introduced. It is structurally identical to natural IFN-B in its primary sequence

and carbohydrate content with a molecular weight of approximately 22500 Dalton [146].

AVONEX® was approved in the US in 1996 and in Europe in 1997. It is produced by the Biogen
Idec Biotechnology Company. It is sold in two formulations. A solid form which comprises a
lyophilized powder in a glass vial and a liquid formulation delivered in a ready-to-use prefilled
syringe or a single-use autoinjector [145]. The lyophilisate is formulated for intramuscular
injection after reconstitution with supplied sterile water once a week. Each 1 ml of
reconstituted AVONEX® contains 30 mg of Interferon-B-1a, 15 mg HSA, 5.8 mg sodium
chloride, 5.7 mg dibasic sodium phosphate and 1.2 mg monobasic sodium phosphate, at a pH
of about 7.3. The liquid formulation is HSA-free containing 30 ug protein in acetate buffer

(11.6 mM, pH 4.8) + 150 mM arginine + 0.005 % polysorbate 20 [146-148].

Rebif®, which is co-marketed by Merck Serono and Pfizer in the US, is another IFN-B-1a drug
on the market used in multiple sclerosis therapy. Rebif® is administered subcutaneously three

times a week and was approved in Europe in 1998 and in the US in 2002 [146].

In 2014, a PEGylated IFN-B-1a (Plegridy®) from BIOGEN IDEC was approved for the treatment
of multiple sclerosis. 20 kDa methoxy-PEG-O-2-methylpropionaldehyde was attached to the
a-amino group of the N-terminus. In comparison to the native interferon-B-1a the half-life of
PEGylated interferon-B-1a is two-fold longer and the in vitro biological activity was retained
at approximately 50 % after PEGylation in an antiviral and antiproliferative assay. The
suggested dose intervals are every 2-4 weeks. Solutions of 63 pg and a 94 ug PEGylated IFN-
B-1ain 0.5 ml doses have been approved containing sodium acetate, arginine, polysorbate 20

and sodium chloride in their formulations [149, 150].

3.3 Interferon-B-1b

Interferon-B-1b (Betaferon®, Betaseron®) was the very first beta interferon product to reach
the market, as well as the first for the treatment of MS. Betaferon® was developed by Schering

AG, and was approved in 1993 and became the first therapy proven to be effective in reducing
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the frequency of clinical exacerbations, the disease severity and improving the course of
relapsing-remitting MS [151]. Today it is marketed by Bayer Pharma AG.
IFN-B-1b is a nonglycoslylated protein expressed in E. coli. Beside this difference to the natural
Interferon-B, it lacks the N-terminal methionine and has a Cys-17-Ser substitution. It has 165
AS and a molecular weight of about 18500 Dalton [152].

Betaferon® is a lyophilized powder containing 0.3 mg Interferon-B-1b and each 15 mg HSA and
mannitol as stabilizers. Before use, it has to be reconstituted with 1.2 ml of the supplied 0.54 %
NaCl solution. Betaferon® is injected subcutaneously every other day and dosage is increased
over a period of six weeks until a final dosage of 0.25 mg Betaferon is reached (1 ml of the
reconstituted solution). The serum levels rapidly decrease in a biphasic kinetic after
intravenous injection with half-live values ranging from 25 min to 4.4 h [153].

In 2008, Extavia® (marketed by Novartis), a new brand of interferon-B-1b was approved by
the European Medicines Agency. Extavia is bioidentical to Betaferon® and it is produced in the

same production facility [154].

3.3.1  Structural differences natural IFN-B and recombinant IFN-3-1b

The natural IFN-B contains three cysteine (Cys) amino acids at amino acid position 17, 31 and
141 from which two of them (31 and 141) are required to form a disulfid bond. This bond is
necessary for biological activity. The extra amino acid contributes to the instability of this
protein by participating in disulfide bond scrambling. Therefore, the extra Cys in position 17
was replaced by serine (Ser) by site-specific mutagenesis. Furthermore, there is a methionine
(Met) deletion at the N-terminus, which is a result of the method of production [152, 155,
156]. Runkel et al. reported a 10x lower activity of the IFN-B-1b in comparison with the IFN-3-
la. This was not explained by the differences in the sequence but due to the lack of

glycosylation and the decreased solubility [156].

3.3.2  Stability and solubility of IFN-B-1b in solution

Because of the fact that E. coli-derived IFN-B is not glycosylated, the already hydrophobic
protein becomes even more hydrophobic. This can be explained by hydrophobic side chains
which are located on the protein surface, close to its glycosylation site [145]. IFN-B-1b is
sparingly soluble at neutral pH (less than 0.05 mg/ml) leading to protein aggregation without
an additive. The solubility is significantly increased (about 1 mg/ml) at acidic pH values (4 and

below) or alkaline pH values (pH 10 and above). The reason that the protein is prone to
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aggregation is because of hydrophobic interactions at neutral or near-neutral pH values in the
absence of solubilizing agents. These aggregates are reversible as they render soluble again
by readdition of solubilizers like SDS or adjusting the pH value [152]. Besides aggregation, the
protein is also prone to chemical degradations like deamidation, oxidation and tends to adsorb

to surfaces [145].

3.3.3  Enhancing stability and solubility for IFN-B-1b

Lin et al. reported that IFN-B-1b can be solubilized at concentrations in the range of 1-5 mg/ml
at neutral pH in the presence of surfactants such as 0.1 % SDS or chaotropic agents such as
4 M guanidine hydrochloride. To solubilize 1 mg/ml of IFN-B-1b at pH 7.0, the required SDS
amount is about 0.66 mg/ml. Adding 1 mg/ml of the nonionic surfactant polysorbat-80, the
amount of SDS could be reduced to 0.175 mg/ml. Therefore, SDS is a more effective solubilizer
for IFN-B-1b than polysorbat-80 [152]. For running an iso electric focusing (IEF) gel on IFN-j-
1b Hershenson et al. used the nonionic surfactant polyoxyethylene-12-lauryl ether (Laureth-
12) to maintain IFN-B-1b soluble also at neutral pH values. Hershenson et al. reported that
neither Tween-20, Tween-80, Triton X-100 nor urea were able to prevent aggregates [157].
The suitability of different nonionic surfactants like Laureth-12 and Plurafac C-17 (oxyalkylated
alcohol) were evaluated at room temperature at pH values close to neutral pH by Shaked et
al. using an ultracentrifugation assay. They were also benchmarked against HSA showing the
superiority of both surfactants. A protein recovery of 86 % for Plurafac® and 93 % for Laureth-

12 was obtained while HSA achieved a recovery of 32 % [158].

Another surfactant, the zwitterionic surfactant Zwittergent 3-14 (3-(N,N-Dimethyltetradecyl-
ammonio)propanesulfonate) which belongs to the group of solfobetaines, was successfully
used for the purification of IFN-B-1b and provided solubility at neutral pH at room
temperature [159]. Basu et al. used Zwittergent 3-14 to solubilize IFN-B-1b during the

purification step during PEGylation [160].

Carrier proteins like HSA and plasma protein fraction (PPF) have also been considered suitable
for rendering the IFN-B-1b protein soluble at a concentration of 1 mg/ml under physiological
pH conditions by adding HSA in a 1:50 weight-weight-ratio. PPF which consists of 83 % HSA
and a maximum of 17 a- and B-globulines, was also able to solubilize IFN-B-1b at a similar
weight-to-weight-ratio. The solubilizing effect of HSA and PPF is due to interaction between

the hydrophobic segments of IFN-B-1b and HSA [152]. HSA in the formulation acts as a
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stabilizer and solubilizer. However, HSA has some drawbacks like the risk of blood borne
pathogens and a batch to batch variation since it usually is extracted from human plasma.
Recombinant HSA can prevent these problems but is not yet used routinely in the field of
protein formulation due to the high material costs [161]. Even though the immunogenicity of
HSA itself is low, in the presence of a second protein, and the formation of mixed aggregates
can lead to specific immunoreactions [162].

Another approach to increase the stability and solubility of IFN-B-1b is the chemical
modification by PEGylation. Basu et al. PEGylated IFN-B-1b with different PEG sizes and were
able to increase the stability and solubility of IFN-B-1b after conjugation of a 40 kDa PEG
molecule [160].

Also surface adsorption is an issue of IFN-B. In the market product (Betaferon®), this issue is
addressed with the addition of a 50 times excess of HSA. Hawe et al. successfully mitigated
adsorption in a HSA-free formulation using pH values below 5, a low ionic strength and the

addition of polysorbate [163]
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Chapter Il Objective of the thesis

Previous works of Sax [88], Schwab [164], Herrmann [90], Mohl [165] and Tian [106] were able
to successfully show the suitability of vesicular phospholipid gels (VPGs) and solid lipid
implants (SLIs) for protein delivery. The aim of this thesis was to test the suitability of VPGs

and SLIs for a hydrophobic and very labile protein.

Due to the lack of glycosylation as a result of the production method, IFN-B-1b has a very
hydrophobic character and matches the requirements of a hydrophobic model protein. The
native IFN-B-1b is prone to aggregation, oxidation and deamidation. On the one hand these
properties make the formulation development a big challenge but on the other hand it is more
likely to show even small influences regarding protein stability compared to a much more
stable protein. In the market product the solubility and stability of IFN-B-1b is improved by
HSA. Since the presence of HSA has several disadvantages, the aim is the development of a

HSA free depot system.

In addition to that, the physicochemical characteristics and also the immunogenicity of IFN-3-
1b will be improved by using a side specific PEGylation technique. Moreover, PEGylation
increases the serum half-life of proteins and provides a lower dose frequency [166]. In my
studies | want to examine the release of the hydrophobic IFN-beta-1b from a lipid matrix and
from VPGs on the one hand and to compare it to the PEGylated IFN-B-1b which provides better
properties regarding solubility and stability on the other hand [160]. This gives the opportunity
to investigate the influence of PEGylation on the release rate and does also give the option to

combine two principles of half-life extension: PEGylation and a depot system.

This project also investigates the influence of protein-lipid-interactions on protein stability and
the influence of these interactions on the protein release. Protein-lipid interactions are likely
to occur when working with a hydrophobic depot system and a hydrophobic protein. This
poses another interesting challenge but also an opportunity to use these interactions as a way
to positively influence the release rate and maybe even the stability of the protein. Different
models like liposomes and monolayers and different methods like quartz crystal microbalance
or a Langmuir film balance are investigated to characterize and quantify these interactions.

Furthermore, the influence of PEGylation on these interactions is investigated.
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Chapter Il Development of a lipid based depot formulation for

Interferon--1b

1 Introduction

Usually, IFN-B-1b is formulated with a high excess of human serum albumin (HSA). The market
product is a lyophilized powder containing 0.3 mg IFN-B-1b and each 15 mg HSA and mannitol
as stabilizers. Interferon-B-1b is used in multiple sclerosis therapy. Currently it has to be
applied by parenteral s.c. injection every other day. The aim of the project is to create a depot
formulation which increases the injection intervals and delivers a therapeutically relevant
dose (250 pg every other day) over a time frame of at least seven days. HSA increases the
protein stability and solubility but has also negative aspects (see Chapter | 3.3.3) [167]. To
avoid these problems, the goal is a depot formulation which is HSA-free. To circumvent the
before mentioned disadvantages of PLGA (see Chapter|2.1.2), lipids in form of fatty acids and

phospholipids were investigated.

Lipids are natural substances that provide very good biocompatibility and biodegradability
[113]. Furthermore, lipid systems can easily be prepared by extrusion, lacking the use of
organic solvent. The benefit of lipid extrudates as a sustained release system for proteins has
been successfully shown by Schulze et al. [168] and Sax et al. [80]. Extrudates are prepared by
extruding a mixture of triglycerides, lyophilized protein and excipients. Extrusion in general is
a fast and easily up-scalable technique using relatively low temperatures. It has been shown
for different proteins (i.e. Interferon-a, lysozyme, 1gG-1) that extrudates from twin screw
extruders provide sustained protein release over a period up to 150 days [168]. The release
kinetics can be influenced using excipients like pore-forming agents, precipitation agents like
PEG or by type and amount of the lipid [80, 97, 168]. The rod-shaped extrudates can be
produced with various diameters ranging from 0.5 to 2 mm. This size offers the possibility to

administer the extrudates with a hollow needle or a trocar.

In this chapter a lipid based depot formulation for the IFN-B-1b is investigated and it is tested
whether a sustained release of this hydrophobic protein from vesicular phospholipid gels and
solid lipid implants is possible. The hydrophobicity and instability especially in the absence of

HSA, however, poses an interesting challenge in formulation development.
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2 Materials and Methods

2.1 Materials

Interferon-B-1b raw material in aqueous acetate buffer at pH 5-6 with a protein concentration

of about 2 mg/ml containing 0.1 % SDS and EDTA was kindly provided by Bayer Pharma AG.

The triglycerides Dynasan 118 (glycerol tristearin), Dynasan 112 (glycerol trilaurin, melting
point: 45.0 °C) and H12 (mixture of triglycerides consisting of lauric (71 %), myristic (26.8 %)
and palmitic acid (2.0 %), melting point: 37.9 °C) [88] were kindly gifted by CREMER OLEO
GmbH & Co. KG (Witten, Germany). The composition of the lipids is shown in table (Table IlI-1).
Polyethylene glycol 6000 P (PEG 6000) was donated from Clariant (Gendorf, Germany).

Table llI-I The following table shows an overview of the fatty acids composition and the melting points.
The range of the melting points is taken from Sax [88]

stearic acid palmitic acid myristic acid lauric acid Melting point
C18 C16 C14 C12
Dynasan 118 100 % - - - 71°C
(D118)
H12 - 71 % 27 % 2% 38°C
Dynasan 118 - - - 100 % 45 °C
(D112)

Phospholipids E8O (for a detailed composition of E80 see Table IV-1) were kindly provided by
Lipoid GmbH, Ludwigshafen (Germany).

Polysorbate 20, SDS, trehalose and all other materials were purchased from Sigma-Aldrich

(Steinheim, Germany) or VWR Prolabo (Leuven, Belgium) and were of analytical grade.

2.2  Methods

2.2.1  Purification of Interferon-B-1b

Interferon-B-1b raw material was desalted using an AKTA purifier (GE Healthcare) and a
XK50/30 column packed with Sephadex G25 medium and 1.5 mM NaOH as eluent at a flow
rate of 8 ml/min. The protein was detected by UV at 280 nm. The pH value of the protein

fraction was adjusted to pH 3 right after elution. The removal of SDS below a limit of
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0.000025 % was confirmed by using a Corona® CAD® which was kindly provided temporarily
by Thermo Fisher Scientific GmbH, Germany, using a RP-HPLC method. All tests were

conducted with the desalted and purified protein except it is stated otherwise.

2.2.2  Size exclusion high performance chromatography (SE-HPLC)

SE-HPLC was used to analyze the formation of soluble aggregates of IFN-B-1b. SEC analytic was
conducted on a Dionex Ultimate 3000 (Dionex, Germany). The flow rate was 0.7 mL/min and
100 pl of each sample were injected onto a TSK-Gel G3000PWXL 30 cm x 7.8 mm ID and
detected with UV-detection at 280 nm. Protein concentrations were determined with an IFN-
B-1b calibration curve. The running buffer was composed of 175 mM sodium phosphate and
0.1 % SDS with a pH adjusted to 6.8. Protein concentrations were determined by UV
absorbance using a Nanodrop 2000 (Thermo Scientific, Germany) at 280 nm, with an IFN-B-1b

extinction coefficient of 1.7 ml/mg*cm.

Since the addition of SDS is likely to veil some aggregates (especially those that are
reversible in the presence of SDS), different approaches have been conducted to avoid SDS.
A short list of different running buffers that were tested as an alternative to the SDS
containing buffer is given below (Table IlI-l). Salt concentrations were kept relatively low,
since otherwise the protein would have been salted out. Since none of the alternative

running buffers resulted in reproducible results, 0.1 % SDS had to be added, eventually.

Table IlI-1l Different SEC running buffers for tested for IFN-B-1b in order to avoid SDS

Running buffer Result

2.5 mM Acetate, 18.3 mM NaCl, | Strong adsorption of IFN beta to the column, no reproducible peak areas,

pH 3.3 no improvement after multiple injections in order to saturate the column

0.2 M Arginin, pH 3.3 Strong adsorption of IFN beta to the column, no reproducible peak areas,

no improvement after saturation of the column

0.2 M Arginin, pH 7.4 Minor adsorption of IFN beta to the column, very broad peak + several

additional unidentifiable peaks

0.2 M Arginin, pH 11.0 Minor adsorption of IFN beta to the column, very broad peak + several

additional unidentifiable peaks

PBS-buffer, pH 6.8 + Only minor adsorption to the column, after 3-4 injections, the column

0.1% SDS was saturated and reproducible peaks were obtained
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2.2.3  Reversed phase high performance liquid chromatography (RP-HPLC)

RP-HPLC was used for quantification and to determine conjugate purity and oxidation levels.
RP-HPLC was performed using a Jupiter C4 column with 300 A, 5 pm, 250*4.6 mm.
(Phenomenex, Aschaffenburg, Germany), which was kept at 30 °C for the analytics. Running
buffers were 0.1 % TFA in 10 % acetonitrile (buffer A) and 0.1 % TFA in 100 % acetonitrile (ACN)
(buffer B). The samples were analyzed using a 0-42 % gradient over 15 minutes and a 42-55 %
gradient over 30 min at 0.8 mL/min of buffer B. Protein was detected by UV-detection at
280 nm and fluorescence using an excitation wavelength of 278 nm and an emission

wavelength of 355 nm.

2.2.4  Sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE analysis was used to detect aggregates and was performed under non-reducing
conditions using NuPAGE® 10 % Bis-Tris Gel (NOVEX high performance pre-cast gels,
Invitrogen, Karlsruhe, Germany) and NUPAGE® MES SDS running buffer (Invitrogen, Karlsruhe,
Germany) on an XCell Il Mini cell system (Novex, San Diego, CA, USA). Samples were denatured
for 20 min at 95 °C and 20 pul of the solution were loaded to each well. Band identification was
done with a Mark 12™ unstained standard (Life Technologies GmbH, Darmstadt, Germany).
Electrophoresis was performed at a consistent current of 0.04 A. gels were stained with

SilverXPress® Silver Staining Kit (Invitrogen, Karlsruhe, Germany)

2.2.5  Karl-Fischer-titration

Coloumetric Karl-Fischer titration using the Aqua 40.00 titrator with a headspace module
(Analytik Jena AG, Halle, Germany) was used to determine the residual moisture. The content
of a complete vial (7.15 mg lyophilisate) was heated to 80 °C. The evaporated water was

transferred into the titration solution and the amount of H,0 was determined.

2.2.6  Dynamic light scattering (DLS)

DLS measurements were conducted on a Zetasizer Nano (Malvern, Herrenberg, Germany) to
characterize protein molecules and particles in the range from 1 to 1500 nm. It is operating
with a noninvasive backscatter technique and a 4 mW He-Ne-Laser at 633 nm at a constant
temperature of 25 °C. Before measurement, all samples were filtered using a 0.2 um Whatman

PVDF filter (GE Healthcare, UK).
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The size distribution by intensity and volume was calculated from the correlation function

using the multiple narrow mode of the Dispersion Technology Software from Malvern.

2.2.7 Light obscuration

Particles were determined using a PAMAS SVSS-35 particle counter (PAMAS-Partikelmess- und
Analysesysteme GmbH, Rutesheim, Germany) equipped with an HCB-LD-25/25 sensor. Each
measurement consisted of two subruns with a volume of 0.3 ml. The rinsing volume of the
sample before measurement was 0.5 ml. Before each measurement the system was rinsed
with HPW until the total particle count was less than 50 particles in total and no particle was

larger than 10 um. Data was collected by PAMAS PMA software.

2.2.8 Microscopic studies

Microscopic studies for investigation of the structure of the VPGs were conducted using a
Keyence VHX-500f digital microscope (Keyence, Neu-Isenburg, Germany) equipped with a VH-
Z100R objective (magnification 100x - 1000x).

2.2.9 Laser diffraction

Particle distribution by intensity was measured using a Horiba LA-950 (Retsch, Haan,
Germany) equipped with two laser light sources at 650 and 405 nm and 23 wide angle
detectors. The sample was diluted in highly purified water (HPW) in a low volume cuvette LA-
950. The refractive index of the sample was 1.44 (liposomes) and 1.33 for water. Data was

collected using the LA-950 software.

2.2.10 Fourier transform infrared spectroscopy (FTIR)

For determination of the secondary structure, FITR measurements with Tensor 27 (Bruker
Optics, Ettlingen, Germany) and an Aquaspec-Cell were performed. Spectra were recorded
from 4000 to 850 cm™ wavenumbers in transmission mode at 20 °C. The average of three
measurements was taken. After analysis, the particular buffer spectrum was subtracted from
the protein spectrum. The spectra were further processed by an off-set correction, forming
the second derivative and vector normalization. For a better comparison of the spectra a min-
max-normalization was conducted as a final step. Data collection and analysis was done by

using Opus software 6.5.
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2.2.10.1 Analysis of the protein/phospholipid precipitate after the VPG extraction attempts

50 mg of protein-loaded VPGs were dispersed in 950 pl organic solvent. The dispersion was
centrifuged for 20 min at 20000x g. To wash the precipitates, they were resuspended in 400 pl
of the corresponding solvent, vortexed and an additional centrifugation step was applied after
waiting for 30 min with the above mentioned conditions. The filtrate was discharged and the
precipitates were dried in a desiccator for four days until a constant mass was achieved. After
that, the precipitates were investigated with a Tensor 27 spectrometer with the Hyperion
microscope including an ATR objective (20x) (Bruker Optik GmbH, Ettlingen, Germany). After
measuring the background the CaF,-crystal was placed on the dried precipitate. As a
comparison, pure Lipoid E80 was analyzed in the same manner. Data collection and analysis

was done by using Opus software 6.5.

2.2.11 Lyophilisation
Lyophilisation was conducted using an Epsilon 2-6 D freeze-drier from Christ (Osterrode,

Germany). Samples were equilibrated at 6 °C for 1h before the cycle started.
Two different freeze-drying cycles were used:

1. Samples were frozen using a ramp of 0.45 °C/min to -50 °C. Primary drying was
conducted after 2 h. The pressure in the chamber was decreased to 0.045 mbar and
the shelf-temperature set to -15 °C. Primary drying was carried out for 20 h. For
secondary drying, a shelf-temperature of 40 °C (10 h) was used with a ramp of
0.5 °C/min. The vials were closed under N, atmosphere at a pressure of 800 mbar

2. Same conditions as above but a lower shelf temperature (-25 °C) during primary drying
was used. An increase of the time of the primary drying step (from 20 h to 30 h) was

used.

2.2.12 Preparation of solid lipid extrudates

The preparation of lipid extrudates was done according to Schulze et al (2009) [168]. Lipids
with a low melting point like H12 (mixture of triglycerides consisting of lauric, myristic and
palmitic acid, melting point: 37 °C) or Dynasan 112 (glycerol trilaurin, melting point: 45.0 °C)
and lipids with a high melting point (D118) were used in a ratio of 30:70. The lyophilized

protein was admixed to the mixture of the lipids in an agate mortar until a uniform powder
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mixture was achieved. Before extrusion, the mixture was homogenized using a sieve with a

mesh size of 0.3 um.

Extrudates were prepared using a twin—-screw extruder (Haake MiniLab Micro Rheology
Compounder). Extrusion temperature was set to 41 °C (H12 as low melting point lipid) which
is slightly above the melting maximum of the low melting point lipid (37 °C). Extrusion of rod-
shaped implants was performed through a 1.9 mm outlet. When extruding Dynasan 112, an

extrusion temperature of 45 °C was used.

The extrudates were cut into 2.5 cm long pieces with an average weight of 80.2 + 0.7 mg.

2.2.13 Preparation of vesicular phospholipid gels (VPGs)

VPGs were prepared using a dual asymmetric centrifuge (SpeedMixer™ DAC 150 FVZ, Hauschild
GmbH & Co KG, Hamm, Germany) according to Tian et al. [105]. Interferon-B-1b was
incorporated by direct loading. Protein containing buffer was added to the designated amount
of phospholipids in a 25 ml cylindrical container (PP, Duerrmann GmbH, Hohenlinden,
Germany). A rotation speed of 3500 rpm was used over 30 min in 2 min steps with

intermediate cooling of the sample container in ice water.

2.2.14 Extraction of protein from lipid implants

Extrudates were ground in an agate mortar which was cooled on dry ice and incubated in
20 mM glycine buffer pH 2 with 0.2 % SDS and heated to 50 °C for 5 min in a Thermomixer
Comfort (Eppendorf, Germany) at 100 rpm. The samples were centrifuged and the protein
amount of the supernatants was quantified by RP-HPLC. Protein recovery after extraction was
around 60 %. Extraction efficiency could not be improved by using other buffers (glycine buffer
pH 2 without SDS, PBS buffer pH 7.4 + 0.1 % SDS and 0.1 M NaOH pH 11) or temperatures
(45 °C, 50 °C, 60 °C).

2.2.15 Determination of IFN-B-1b solubility in buffers

The stock solution of IFN-B-1b was diluted to 250 pg/ml with the corresponding surfactant
containing buffer. 0.5 ml of the dilution was placed in 1.5 ml safe lock reaction tubes. Samples
were stored for either 30 min at room temperature, 24 hat 37 °Cor 48 h at 37 °C. To determine
the still solubilized protein, the samples were centrifuged at 20000x g for 30 minutes after the

incubation time and the protein recovery of the supernatant was analyzed using RP-HPLC and
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a fluorescence detector. A dilution of 250 pg/ml of IFN-B-1b (20 mM glycine buffer) of the
stock solution was analyzed without the centrifugation step with RP-HPLC and was used as a

reference and was set to 100 %.

2.2.16 In-vitro release tests

Release tests were conducted in 2.0 mL safe lock reaction tubes (Eppendorf AG, Germany) in
1.9 ml of PBS buffer pH 7.4 + 0.1 % SDS. Sampling was conducted after 24 h over seven days.
Samples were drawn by a complete exchange of the incubation medium. Before quantification
by RP-HPLC, the supernatant of the samples were centrifuged with a Sigma 4K15 centrifuge
(Sigma, Osterode am Harz, Germany) for 20 minutes at 20000x g. For quantification, the use
of RP-HPLC and a fluorescence detector was necessary. A fluorescence detector is able to
detect smaller amounts in comparison with an UV-detector. Lipid residues were present even
after centrifugation and resulted in a UV/fluorescence signal. RP-HPLC has the advantage that
by knowing the retention time and peak shape of the protein peak, the area under the curve

of the protein peak can be selectively integrated and calculated.

2.2.17 Determination of biological activity using a luciferase IFN reporter gene assay

Biological activity of interferon-B-1b was determined by using the iLite™alphabeta Human
Type | Interferon Activity Detection Kit (Biomonitor Ltd., Ireland) according to the “Instructions
For Use” Rev. 6. It is a gene reporter cell assay in which the binding of IFN to its receptor starts
a cascade of signal transduction events. This cascade induces the luciferase gene under the
transcriptional control of an interferon sensitive response element producing the luciferase
enzyme in a dose dependent manner. A substrate is added and consequently oxidized by the
luciferase resulting in bioluminescence which is determined [169]. Every sample was
measured in duplicates. An interferon-B-1b standard with 900 IU/ml provided by Biomonitor
was used to determine the activity. After the release from the depot system, the released
fractions were stored at 6-8 °C until they were used for measurement. Protein concentrations
were determined one day before the assay to avoid protein loss during storage. Before
analysis, all protein samples were diluted to the same concentration (5.0 ng/ml) before using
it for the test in order to compare the biological activity independent of the released protein

amount. The biological activity of the stock solution of the same concentration was set 100 %.
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In short: Samples in duplicates were diluted in a 96 well plate with highly purified water and
assay diluent to a theoretical activity of 100 IU according to the protein amount quantified
with RP-HPLC and a theoretical activity of 3x107 IU/mg, as reported in literature [152, 156,
160]. The IFN-B standard was diluted to activities of 10, 25, 50, 75, 100, 150 and 200 IU for the
calibration curve. Cell suspension was given to each well using a multichannel micro-pipette
with sterile tips under sterile environment. Samples were incubated at 37 °C in 5 % CO; for
7 h. Afterincubation, the reconstituted lysis substrate was added using a multichannel pipette.
After 2 min, the luminescence was measured in white 96 well plates on a luminometer for 10 s

(Centro LB 960 instrument, Berthold, Bad Wildbad, Germany).

Activity was calculated by plotting the IFN activity of the standard curve (log scale) against the
relative light units (RLU) (linear scale). The obtained linear function was used to calculate the

activity of the samples indicated by the mean RLU.

3 Results of preliminary tests with VPGs and IFN-3-1b

After the desalting step, IFN-B-1b is already in solution and can be directly used for VPG
preparation. The development of a lyophilisate as an intermediate, like it is necessary for the

solid lipid implants, is not required.

Since the solubility of the IFN-B-1b in the desired concentration (1 mg/ml) is only provided at
pH values below pH 4, first tests were conducted in 20 mM pH 3 glycine buffer to provide
sufficient protein solubility. Possible hydrolysis of phospholipids that would lead to changes
during long term storage [139] were accepted. The addition of surfactants like SDS to increase
the solubility of IFN-B-1b in less acidic pH value would have rendered the system much more
complex. SDS can also solubilize the liposomes making the depot system useless, due to the
destruction of the vesicular structure [170]. Therefore, the addition of SDS was not considered

further.

3.1  Extraction of the incorporated protein from VPGs

350 mg Lipoid E80 was added to a 650 pl 20 mM pH 3 glycine protein buffer with a final protein
concentration in the formulation of 1 mg/g gel. The mixture was processed as described in

chapter 2.2.13 until a macroscopically homogeneous semi solid gel was achieved.
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After the successful incorporation of the protein, the next step was the investigation of
extraction methods like the redispersion of the gel and solubilizing the vesicles with organic
solvent [105]. Gentle vortexing of the protein loaded VPGs for two minutes in a ten-fold excess
of water or glycine buffer at pH 3 resulted in a very turbid dispersion. Filtration of the
dispersion was barely possible since the filters were blocked even after a small volume.
However, redispersed placebo VPGs of the same concentration were filterable. Centrifugation
of the VPGs dispersion resulted in a relatively clear supernatant and a rather large precipitate.
The precipitates of the placebo VPGs were much smaller. Quantification by RP-HPLC resulted
in a protein recovery of about 15 % in the supernatant indicating that the majority of the

protein is within the precipitate.

According to Tian et al. [106] extraction of EPO from VPGs was successfully achieved with a
protein recovery of about 85 % by using chloroform. Using this method for IFN-B-1b loaded
VPGs, a very high turbidity of the chloroform phase was observed, even though the dissolution

of the protein and Lipoid E80 in chloroform alone resulted in two clear solutions.

In general, water is immiscible in chloroform and a clear phase separation is visible. As
amphiphilic molecules, phospholipids are able to emulsify the water in the chloroform
resulting in a very turbid emulsion. Even after centrifugation at 20000x g for 20 min and
filtration through 0.2 um PVDF filters, a turbidity was still visible. Moreover, the protein
recovery determined by analyzing the supernatant by RP-HPLC was less than 20 % of the
theoretical protein amount of the VPG. Therefore, several other extraction methods with
different solvents were tested as shown in Table llI-lll. To determine IFN solubility in organic
solvent and protein solution were mixed in a ratio of 9:1 to a final protein concentration of

250 pg/ml.

Table -1l Solubility of 5 % (m/m) Lipoid E8O, 20 % (m/m) placebo VPGs and IFN loaded VPGs in
different solvents determined by visual inspection.

solvent Lipoid E80 | IFN-B-1b placebo VPG | IFN-VPGs
acetonitrile 100 % not soluble soluble not soluble not soluble
acetonitrile/methanol | soluble soluble soluble not soluble
(50/50)

methanol 100 % soluble soluble soluble not soluble
chloroform soluble soluble not soluble not soluble
tetrahydrofuran soluble soluble soluble not soluble
ethanol soluble soluble soluble not soluble
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Even though several solvents were able to dissolve the placebo VPGs, all of them failed
dissolving the protein loaded VPGs. Dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) were also tested but failed already dissolving the pure phospholipid. The
acetonitrile/methanol (50/50), tetrahydrofuran and ethanol samples also showed a visible
turbidity after centrifugation. Therefore, the samples were additionally filtrated through
0.2 um PVDF filters. Even after filtration, the turbidity was present which indicates the
presence of colloidal particles. The addition of methanol resulted in a less turbid sample but
little white flakes appeared. To avoid solubility limitations the amount of organic solvent was
increased to an IFN-VPG/solvent-ratio of 1:19. In none of the cases the protein loaded VPGs
could be dissolved and the observed decrease in turbidity was mainly due to the dilution

effect.

To analyze the composition of the non-solubilized component and the flakes, the resulting
precipitate after centrifugation was further investigated. Figure 1ll-1 shows the presence of
the protein characteristic amid-I-band and amid-ll-band between 1500 cm™ and 1700 cm
(marked area) [171] in the spectra of the precipitate. These are missing in the IR-spectra of
the pure Lipoid E80 sample. Also peaks of E80 are visible in the spectrum of the precipitate
like between 2600 and 3000 cm™ or around 1100 cm?. This shows that the particles causing

the turbidity and resulting in a precipitate after centrifugation, consist of lipid and protein.

According to literature, the addition of chlorofom or DMF dissolves the liposomes and sets the
encapsulated protein free [105]. In our case, the protein amount in the supernatant after the
addition of the organic solvents was very low, indicating that the majority of the protein did
either form phospholipid induced protein-protein-aggregates (the protein alone did not show
signs of aggregation or reduced recovery in the organic solvent) or phospholipid-protein-
aggregates. Vortexing the precipitate in fresh solvent, was not able to dissolve the precipitate,

even though protein and lipid alone are soluble in the tested solvents.

With FTIR spectroscopy the secondary structure of proteins can be analyzed and possible
structural changes point out protein instabilities [171]. An attempt to investigate the
secondary structure in order to get more information of potential aggregation of the protein
did not give proper results. Due to difficulties in background subtraction, which were also
reported by Tian et al. [105], the secondary structure of the protein could not be determined

in a reproducable manner. Similar problems have been reported in the work of Herrmann who
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tried to investigate the secondary structure of IFN alpha embedded in solid lipid extrudates

[90].

A

T T T T T T T T T T T
Z000 Za00 2600 Zg00 Zz00 pinnln} 1200 AG00 1400 1z00 1000 aoo £

Figure 1lI-1 Exemplary unmodified FTIR spectra of pure Lipoid E80 (A) and the precipitate (B) after the
extraction attempt of protein loaded VPGs with acetonitrile/methanol, using a Tensor 27 spectrometer
with the Hyperion microscope. Characteristic protein bands of the amid-I-band and amid-Il-band
between 1500 cm™ and 1700 cm™ are marked.

3.2 Investigation of size distribution after protein loading

The properties of the VPGs had to be characterized regarding their vesicle size and size

distribution after protein incorporation.

Interestingly, the microscopic examination of the gels revealed rather large differences in size
distribution and vesicle size between the placebo formulation (Figure 1lI-2 A) and the
formulation containing 1 mg/g IFN-B-1b (Figure 1lI-2 B). The vesicle size distribution of the
placebo formulation was very heterogeneous. Besides very small vesicles, several vesicles
even in the two digit micrometer range exceeding even 25 um in size. The vesicles of the
protein loaded VPGs were much smaller and much more equally distributed. Furthermore, the
amount of very small vesicles which could not be resolved under the microscopic conditions
used, did increase. Also a change in viscosity of the gels was observed, which is discussed in

more details in Chapter V 3.1.
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Figure 1lI-2 microscopic pictures at a magnification of 400x of placebo VPGs (A) and VPGs containing
1 mg/qg IFN-B-1b (B)

To analyze the size distribution, dynamic light scattering (DLS) and laser diffraction was used.
Due to the rather large vesicle size and heterogeneity of the vesicles, DLS was no suitable
method to investigate the vesicle distribution. No reproducible results were obtained. One of
the reasons was the observed sedimentation of the larger particles. To analyze larger particles,
laser diffraction was used with a magnetic stir bar in a low volume cuvette LA-950 to avoid
sedimentation. The results, shown in Figure IlI-3, confirmed the microscopic observations of
changes in vesicle size distribution. Placebo VPGs showed a larger particle distribution and
median particle size was higher (10.69 £ 0.78 um) in comparison with the protein loaded VPGs
(8.03 £ 0.47 um). Such a behavior was not reported in the work of Tian when encapsulating
EPO, G-CSF and IgG [105, 106] or by other authors working with small molecules like 5-
fluorouracil [172], vincristine [102] or cytarabin [173]. Besides the difficulties that appeared
during the extraction, the incorporation of IFN-B-1b results also in a structural change of the
VPGs. Also the changed gel structure and viscosity indicates the presence of protein-lipid

interactions.
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Figure 11I-3 vesicle distribution determined with laser diffraction after redispersion of placebo VPGs
(orange line) and 1mg/qg IFN-B-1b loaded VPGs (brown line) with water (average of 3 measurements)

3.3  Conclusion

The preparation of IFN-B-1b loaded VPGs with a DAC can be simply achieved and is a straight
forward technique especially when already working with a protein solution. Unexpected
difficulties appeared during protein extraction resulting in a low protein recovery of below
20 %. In addition to that, the incorporation of IFN-B-1b resulted in a changed vesicle size
distribution that was visible using a microscope and also confirmed by laser diffraction. Protein
containing VPGs had a more homogenous size distribution and a smaller mean particle size
than the placebo VPGs. Especially the observation made during the extraction attempts in
combination with the changes of vesicle size, points strongly towards protein-lipid-
interactions. In this case, however, the interactions were so strong that even the use of

different organic solvents was not sufficient to completely dissolve the lipids and the proteins.

The next challenging question for release tests would be the investigation of a suitable release
medium. Since the solubility of the molecule in the release medium is essential, the only
possibilities to render IFN-B-1b soluble are using an acidic pH value or adding surfactants to
increase protein solubility at neutral pH. Working in an acidic environment, however, will
affect the significance of the in-vitro release negatively regarding the in vivo correlation. On
the other hand it has a negative impact on protein stability (deamidation of asparagine and
glutamine or oxidation of methionine) [4] and on the phospholipid stability due to acidic

hydrolysis of the phospholipids [140]. Therefore, release tests in a neural pH range are
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favorable. Adding surfactants to render IFN-B-1b soluble at neutral pH has an impact on the

gel/liposome structure [170] and is therefore no reasonable option, as well.

The only option to further investigate VPGs as a potential depot formulation for IFN-B-1b
requires an increase of the solubility especially in the neutral pH range and a decrease of
protein-lipid interactions. The first aspect can be addressed by changing the physicochemical
properties of the protein by creating a protein-polymer conjugate. PEGylation of IFN-B-1b will
most likely also change the protein-lipid interactions. Therefore, the focus was on solid lipid
implants as a depot formulation for IFN-B-1b, until a PEGylated version of the protein was

synthesized.

4  Solid Lipid implants

The encounter of challenges regarding the development of a VPG-based depot formulation
shifted the priorities to solid lipid implants (SLI) as a depot formulation. SLIs based on
triglycerides have been successfully tested as suitable depot systems for proteins by Mohl
[165], Herrmann [90], Schwab [164] and Sax [88]. The release kinetics can be influenced using
excipients like pore-forming agents, precipitation agents like polyethylene glycol or by the
type and amount of the lipid. PEG can be used as a porogen but also as a precipitation agent.
PEG leads to a reversible precipitation of the protein resulting in a decreased release rate in

the beginning and also to a more complete release [92].

To investigate the release of IFN-B-1b from SLlIs, the extrudates have to be prepared by mixing
the lyophilized protein with the matrix material. Therefore, the development of a stable
human serum albumin free lyophilisate of IFN-B-1b as an intermediate is necessary. Due to its
challenging solubility, a suitable release medium has to be used that provides sufficient
protein solubility under physiological conditions and does not dissolve the matrix material

itself.

4.1 Development of a HSA-free interferon-3 lyophilisate

Lyophilisation or freeze-drying is the most common technique to prepare solid protein

pharmaceuticals. Nonetheless, during lyophilisation different freezing and drying stresses are

generated that might negatively affect protein stability. HSA is able to protect the protein from

freezing (cryoprotectant) and from dehydration (lyoprotectant) [174]. Since a HSA-free
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formulation should be developed, alternative compounds like the disaccharides trehalose or
sucrose needed to be used. To avoid surface denaturation of the proteins at the ice-water
interfaces, surfactants like polysorbate (PS) can be used. By reducing the surface tension of
the protein solution they reduce the driving force of protein adsorption and/or aggregation

[167].

Hence, different formulations were tested comprising different sugars, varying protein/sugar
ratios and the addition of polysorbate 20. The approximate composition of the formulation
was adopted from literature [163, 175-177] and modified with the goal of a protein:excipient
ratio of 1:6.7 (13 %) within the lyophilisate. This limitation is due to the desire to incorporate
a therapeutic relevant dose of IFN-B-1b for ten days within one extrudates. On the other hand
there is a limit of approximately 10 % lyophilisate in the final lipid blend of the extrudates,
which should not be exceeded. Increasing content of lyophilisate/soluble material above 10 %

will increase the release rate of the protein [88].

According to literature, low ionic strength and a low pH value is beneficial regarding stability
and solubility of IFN-B-1b in a HSA free formulation. Also glycine buffer was reported to have
a positive influence on protein stability [175, 176]. Besides trehalose and sucrose also
mannitol was selected as it is used in the market product. Mannitol easily crystallizes, which
is a disadvantage, as it is a potential source for the destabilization of some proteins during

lyophilisation [167]. Table IlI-IV gives an overview of the tested formulations:

Table IlI-1V Composition of the tested formulations for HSA-free IFN-B-1b lyophilisation

formul | IFN-B-1b | glycine sucrose | mannitol trehalose | PS 20 pH | protein- | cycle

ation [mg/ml] | [mg/ml] | [mg/ml] content

1 1.440 0.246 1.095 4.379 - - 30 | 20% 1

2 1.440 0.246 - 5.005 - - 30 | 22% 1

3 1.440 0.246 - - 5.005 - 30 | 22% 1

4 1.000 0.769 - - 5.922 - 30 | 13% 2
1.000 0.769 - - 5.922 0.005 % 3.0 | 13% 2

6 1.000 0.769 - - 5.921 0.020 % 30 | 13% 2

Preliminary tests were conducted with buffer the composition of formulation 1-3 (Table llI-IV)
starting with a slightly higher pH value (pH 3.8 instead of pH 3.0) to avoid possible negative

influences going along with low pH values. These can be chemical changes of the protein like
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deamidation or oxidation [4] promotion of browning of the cake due to the Maillard reaction.
The used pH of 3.8 is close to the maximum solubility of the used protein concentration
(around pH 4). Reconstitution was rather slow and all formulations showed an increase of
turbidity. Even after a waiting time of several minutes, a turbidity was still visible. This can be
explained by the increase of pH of the formulations of 0.1 to 0.25 units after reconstitution
due to the lack of buffering capacity of glycine in this pH range. The pH increase is most likely
the reason for the precipitation of the protein. The turbidity of the samples was reversible and
could be decreased by adjusting the pH value to pH 3 (data not shown). Despite of the risk of
potential negative effects, it has been shown that a low pH value is beneficial regarding the
formation of aggregates and the solubility of IFN-B-1b [178]. Therefore, pH 3.0 was used in

further tests.

4.1.1  Results of the first freeze-drying cycles

In order to get a first insight regarding protein stability after the freeze drying cycle 1 for
formulation 1-3 (Table IlI-1V), SEC was used for soluble particles and light obscuration for sub-
visible particles. To analyze the secondary structure, FTIR was used. Residual moisture was

determined by coloumetric Karl-Fischer titration.

4.1.1.1 Optical appearance of the cake

After the lyophilisation process, reconstitution of formulation 1-3 was quickly achieved
without any visible increase in turbidity. However, visual appearance of the lyophilisates was
not homogeneous and especially formulation 1 and 2 did show a certain degree of collapse
(Figure I1I-4 (A)). A collapse does not only change the “elegance” of the cake which wouldn’t
matter anyways since the lyophilisate intended to be used as an intermediate for extrudates
preparation but might also have influence on rehydration speed or protein stability [167, 179].
Even though in literature the suitability of collapse drying of proteins has been shown by
Schersch et al. [179] and Bosch et al. [180], the degree of collapse varied between the samples.
To rule out to an uncertainty factor right at the beginning, and since a fluffy cake is easier to
mix with the lipid blend, the intention was to alter the freeze-drying cycle to more

conservative parameters during primary drying, which is described in Chapter Ill 4.1.2.
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Figure 1lI-4 Visual inspection of the lyophilisates after using freeze-drying cycle 1 (top row (A)) and a
representative selection of the cake of formulations 4-6 using freeze-drying cycle 2 (B). For the exact
composition see Table IlI-1V.

4.1.1.2  Protein stability: Secondary structure

IR-spectroscopy is a well-established method for the analysis of secondary structure of
polypeptides and proteins to determine protein stability. Peptide groups give up to nine
characteristic bands in the IR-spectrum. The major bands of the protein infrared spectrum are
the amide | and amide Il bands. While the amide | band (between a wavenumber of 1600 and
1700 cm™) is mainly associated with the C=0 stretching vibration and is directly related to the
backbone conformation, the amide Il band (about 1550 cm™) results from the N-H bending
vibration and from the C-N stretching vibration. The shape of the amide | band of globular
proteins is the most sensitive spectral region for the protein secondary structure. Within the
amide | band, the area around 1640-1660 cm™is assigned to a-helical structures of the protein
while the area around 1620-1630 cm™ represents B-sheet structures [181, 182]. Regarding
secondary structure, no major differences were detected between the three tested

formulations (Figure IlII-5).
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Figure IlI-5 Vector-normalized second derivative of the FTIR spectrum of 1.0 mg/ml native Interferon in
20 mM glycine buffer pH 3.0 (reference) in comparison with the spectra of formulation 1-3 after
lyophilisation and reconstitution

All lyophilized samples showed similar spectra. Slight differences can be seen comparing the
band around 1654 cm™ in comparison with the reference protein solution. The slight shift
might indicate heterogeneity of intramolecular a-helix structures between the reference
sample and the lyophilized samples. Formulation 3 showed also a slight increase in intensity
around 1621 cm™ which indicates an increase of intramolecular B-sheet structures of the
protein. According to literature, an increase of intermolecular B-sheet can be attributed to

aggregated protein [181].

4.1.1.3  Protein stability: particle formation and aggregation

Already the interferon-p-1b raw material (data not shown) and the desalted IFN-B-1b
contained monomers (band between 14.4 and 21.5 kDa), dimers (36 kDa) and trimers (approx.
55 kDa) that were confirmed by SDS-PAGE (Figure IlI-6 A) and also by SE-HPLC (Figure I1I-6 B).
SEC analysis (Figure Il1-6 B) and SDS-PAGE (Figure 111-6 A) indicated no considerable increase
of soluble aggregates after lyophilisation. Also the protein recovery of all samples was
between 95-103 % (data not shown). It should be considered that the addition of 0.1 % SDS in

the running buffer, which is mandatory to perform SEC runs, is likely to veil some aggregates.
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Figure 1lI-6 SDS-PAGE results of IFN-B-1b starting material before lyophilisation and after reconstitution
of the IFN-B formulation 1-3 using freezing cycle 1 (A); aggregation levles of the liquid formulation
before (t0), after lyophilisation determined by SE-HPLC (B); comparison of the intensity weighted
harmonic mean size (z-avarage) and their corresponding polydispersity index (PDI) using DLS of IFN-B-
1b before lyophilisation (reference) and formulation 1-3 after reconstitution (C).

DLS measurements (Figure Ill-6 C) did not show any major deviation between formulation 1
and 2 from the reference while formulation 3 showed a slightly increased z-average indicating
the presence of larger particles. In contrast to DLS measurements, SEC analysis did not show
an increase in soluble aggregates for formulation 3. Either the larger particles, which were
detected by DLS, got stuck in the SEC column frit or SDS which was used in the SEC running
buffer did partially dissolve soluble aggregates and were therefore were not detected in SEC
measurements. The second scenario is more likely, since the pore size of the column frit is
0.1 um and only quite large particles are held back. The presence of these relatively large
particles would most likely result in a larger increase of the z-average and PDI as observed in
these measurements.
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4.1.2  Freeze-drying cycle Il: Optimization of the formulation and freeze-drying cycle

To improve the collapse of the cake (Chapter Il 4.1.1.1) and to achieve more reproducible
results, the parameters of the freeze-drying cycle were slightly adjusted. Besides using more
conservative parameters during primary drying (reduction from -15 °C to -25 °C) the duration

of the primary drying step was also increased from 20 to 30 h for the freeze-drying cycle 2.

Even though SEC- and SDS-PAGE-analysis did not show an increase of aggregates after
lyophilisation, a small trend regarding aggregation can be seen in the FTIR-spectrum and in
DLS analysis especially in formulation 3. Furthermore, all tested formulations showed a small
deviation in the FTIR-spectrum around 1654 cm™ in comparison with the reference protein
solution. Therefore, the protein:sugar-ratio was increased, and additionally the influence of
polysorbate 20 on the basis of the trehalose formulation (formulation 2) on protein stability
(composition of formulation 4-6 see Table llI-IV) was investigated. Furthermore, the freeze-

drying cycle was slightly modified (Chapter 11l 2.2.11).

4.1.2.1  Optical appearance of the cake and residual moisture

After lyophilisation with freeze-drying cycle 2, the visual inspection of the cakes of the new
formulations (formulation 4-6) did improve significantly and also a good reproducibility of the
cake appearance over the total shelf was achieved (Figure 1ll-4 B). Reconstitution of all

lyophilisates was fast and without visible turbidity.

By the prolongation of the primary drying step the lower temperature during primary drying
was more than compensated. Using the cycle 2, the residual moisture could be decreased
(Table 111-V). The glass transition temperature respectively the melting temperature of the

lyophilisate was also determined using differential scanning calorimetry.

Table IlI-V Residual moisture of the lyophilisates determined by Karl-Fischer direct injection method
with methanol

formulation (used polyol) residual moisture | freeze-drying glass transition temperature (Tg)/
cycle melting temperature (Tm)

1 (mannitol) 1.60 % £0.75 1 138.0°C+1.83 (Tm)

2 (trehalose) 1.24 % +0.07 1 89.3°C+1.41 (Tg)

3 (sucrose) 0.99 % +0.06 1 39.0°C £ 0.99 (Tg)

4 (trehalose) 0.79 % £0.22 2 88.1°C+1.37 (Tg)

5 (trehalose) 0.82 % +0.15 2 89.7 °C + 1.69(Tg)

6 (trehalose) 0.73 % +0.08 2 88.4°C + 1.55 (Tg)
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4.1.2.2  Analysis of protein stability: particle formation

Particle formation and aggregation was monitored using SDS-PAGE and SE-HPLC. The
lyophilized samples were additionally stored at 50 °C for 24 h. On the one hand this should
allow to better detect potential differences and on the other hand it should simulate the

thermal stress during the extrusion process.
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Figure IlI-7 Results from SDS-PAGE analysis (non-reducing conditions) of the IFN-B reference material
and after reconstitution of the IFN-B formulation 4, 5 and 6 using freeze-drying cycle 2 against a Mark
12™ unstained standard (A); the amount of soluble aggregates of the liquid formulation before
lyophilisation (t0), after lyophilisation and reconstitution (after lyophilisation) and after storing the
lyophilisates for 24 h at 50 °C (thermal stress) (B)

The dimer content of the bulk material after the desalting step was around 6-7 % according to
SE-HPLC. These dimers were visible on SDS-PAGE (36 kDa) besides the monomers which are
represented by the band between 14.4 and 21.5 kDa. The lighter band over the monomer
band is most likely due to overloading the gel with protein. After reconstitution of the
lyophilisates, no differences were observed between the trehalose based formulation 4 (no

PS 20), 5 (0.005 % PS 20), and 6 (0.020 % PS 20).

To quantify the dimer content of the samples, SE-HPLC was used. These results confirmed the
findings by SDS-PAGE. No increase of the amount of soluble aggregates could be observed.
The protein recovery was between 97-102 % without showing a positive influence of
polysorbate 20. Even after incubating the samples for 24 h at 50 °C no increased formation of
soluble aggregates were detected. DLS measurements confirmed the SEC-results and showed

neither an increase of the z-average nor of the PDI (data not shown).
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4.1.2.3  Analysis of protein stability: Secondary structure and oxidation

To investigate changes regarding the secondary structure of the protein, FTIR measurements
were used. The a-helical structures are represented by the peak at 1653 cm™* while the peak
at 1622 cm™ can be assigned to B-sheet structures. Neither the lyophilisation process nor the
heat exposure of the lyophilisate did have any major influence on protein secondary structure.
In comparison with the IR-spectra of formulation 1-3 (Figure 1lI-5) no heterogeneity of
intramolecular a-helix structures comparing the samples before and after lyophilisation was
observed for formulation 4-6. Also the deviation at 1622 cm™ between the samples before
and after lyophilisation is smaller compared to formulation 1-3. This indicates a greater
stability regarding the secondary structure and therefore also of protein stability. Comparing

the samples among each other, no clear stabilizing effect due to polysorbate was observed.
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Figure 11I-8 Vector-normalized second derivative of the FTIR spectrum of the liquid formulation 4 (A), 5
(B) and 6 (C) before lyophilisation (t0), after lyophilisation and reconstitution (t1) and after storing the
lyophilisates for 24h at 50 °C (thermal stress) (D) shows the oxidation levels of a protein reference

solution after the desalting step (reference) and of formulation 4, 5 and 6 after lyophilisation and
reconstitution

Since IFN-B-1b is also prone to chemical changes like oxidation the oxidation levels were

analyzed using an RP-HPLC method (Figure 11I-8 D). The starting material after the desalting
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step had an oxidation level of 2.1 %. No major increase or a trend even after the thermal stress

regarding oxidation was visible.

4.1.3  Conclusion

As already stated in literature [163], the formulation pH is very important for IFN-B-1b, when
developing a HSA free formulation. A pH of 3.8 resulted in a slow reconstitution speed of the
lyophilisates and protein aggregation occurred because of the observed pH shift resulting in a
decrease in protein solubility. Lowering the formulation pH value to pH 3 improved the

reconstitution speed and no turbidity was visible after reconstitution.

The visual appearance of the lyophilisates and its reproducibility was improved using a slightly
modified freeze-drying cycle by reducing the temperature during primary drying. The increase
of the primary drying time resulted in a decrease of the residual moisture below 1 % in all

tested samples which is beneficial regarding storage stability.

Formulation 1-3 showed slight deviations of the IR-spectra in comparison with the reference
solution of the protein. By increasing the protein:sugar-ratio (from 1:5to 1:7.7) and modifying
the freeze-drying cycle the secondary structure before and after lyophilisation was

maintained.

Since formulation 4 without any polysorbate was already performing relatively well, no clear
positive effect on protein stability of polysorbate 20 was observed in the tested formulation 5
and 6. Therefore, the formulation without polysorbate was considered suitable as an

intermediate and is further used in the preparation of the implants.
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4.2  Preparation of extrudates

Extrudates were prepared with a twin-screw-extruder according to Herrmann [90, 168] and
Sax [88]. The implants were based on a mixture of tri- and monoglycerides composed of a high
melting lipid, Dynasan 118 (glycerol tristearin, melting point: 72.0 °C), and the low melting
point lipids Dynasan 112 (glycerol trilaurin, melting point: 45.0 °C) or H12 (mixture of

triglycerides consisting of lauric, myristic and palmitic acid, melting point: 37.9 °C).

The used Haake MiniLab Micro Rheology Compounder is designed for small amounts.
Nonetheless, approximately 5 g of a lipid blend is necessary to achieve a sufficient amount of
useable extrudates since the “dead volume” is approximately 2.2 g of lipid. Furthermore, the
first 10 cm of the strand were discarded because of different density and a less homogeneous
appearance of the extrudates in comparison with the later parts [88]. To reduce the wastage
of IFN-B-1b during extrusion the suitability of feeding two different blends directly after each
other was tested. The first one includes the protein lyophilisate, the second one is a pure lipid

blend which was used to push the protein containing material out of the extruder.

To investigate the degree of mixing between these two blends, a test was conducted by
feeding 2.5 g placebo lipids and 2.5 g of lipids containing methylene blue. The mixing zone is
relatively small and the two blends are clearly separated. Since also the reproducibility was
reliable (33 + 2 cm), it was considered as a suitable method to reduce the protein usage during
extrusion (Figure 111-9 C). In the next extrusion processes, 2.5 g of the lipid blend including the
lyophilisate was fed into the extruder. Directly after the last parts of the protein containing
blend vanished in the extruder, the placebo blend was added. After discarding the first 10 cm
of the strand only the parts between 10 and 25 cm were used to provide a sufficient difference

and buffer area.

53



: R T VS TR ‘ -wmlt:r“‘\“‘,'\""‘m‘:\‘““"T‘WF'T

E

-

Figure 11I-9 Haake MiniLab Micro Rheology Compounder with funnel for feeding the lipid blend. Arrow
marks the 1.9 mm outlet (A); view of the twin screws within the extrusion channel after opening the lid
(B); part of the extrudates prepared with 2.5 g placebo lipids and 2.5 g placebo lipids including
methylene blue with the mixing zone of the two blends. Arrow marks the 33 cm mark (C); protein loaded
extrudates prepared with twin-screw extrusion before and after cutting them in 2.5 cm rods (D), setup
for the release test: 2.5 cm extrudates in 1.9 ml release medium in a safe lock reaction tubes (E)

The extrudates were cut into 2.5 cm pieces with an average weight of 80.2 + 0.7 mg resulting

in a theoretical protein amount of 1000 + 87 ug per extrudate (Figure 111-9 D).

4.2.1  Protein stability in the extrudates

By using a mixture of lipids with a high melting point and lipids with a low melting point, no
high temperatures are necessary for the extrusion process which is beneficial regarding
protein stability. Nonetheless protein instabilities do not only occur during the preparation
step but also during release and storage. Aggregation of insulin in SLMs after 13 days [72] or

the increase of degradation products [116] have been reported for example for insulin
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incorporated in solid lipid microparticles. Therefore, the protein stability after manufacturing

and after short term storage was investigated.

Protein loaded extrudates (30:70 H12:D118) were prepared and stored over two weeks at
different temperatures (2-8 °C, 25 °C and 40 °C). Interferon-B-1b is known to easily aggregate
and oxidize [152]. Therefore, these two parameters were investigated by SE-HPLC and RP-

HPLC. Before analysis, the protein was extracted from the implants (see Chapter 11 2.2.14).
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Figure 1lI-10 Formation of aggregates was determined by SE-HPLC after extraction of IFN-B-1b from
lipid extrudates (A) Oxidation was determined by RP-HPLC after extraction of the protein from lipid
extrudates (B). The reference symbolizes the values for extracted protein right after preparation of the
protein loaded extrudates

The protein extraction from freshly prepared implants (reference) resulted in 4.14 % + 0.48 %
soluble aggregates (Figure IlI-10 A). No major differences could be observed in comparison
with the protein solution (soluble aggregates 4.03 + 0.08 %). Neither the extrusion nor the
extraction processes seem to have a major influence on the formation of aggregates.
Regarding storage time, at all temperatures a small trend towards higher aggregation levels
was observed comparing samples after seven days and 14 days of storage. Also an increase of
storage temperature slightly promotes the formation of aggregates. As already mentioned, an
increase of aggregates (3 %) has also been reported for insulin after being incorporated in lipid
micro particles for 13 days at 22 °C [72]. Mohl et al. observed an increase in aggregated and
oxidized IFN-a-2a species from the 10t day during the release from extrudates which were
stored for three and six months. The degradation could be reduced by the addition of HP-[3-

CD as a stabilizer to the lyophilisate [79].

Freshly prepared implants from which the protein was extracted showed an oxidation level of
2.22 + 0.06 % (Figure 111-10 B). The oxidation level of the purified protein solution was already

2.02 + 0.09 % and therefore not significantly changed by the preparation process or the
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extraction process. Neither the storage time nor the storage temperatures seem to have a

major influence on protein oxidation.

Since no major protein degradation during short term storage at elevated temperatures was

detected, the next step was the execution of a first in vitro release test.

4.3 Release buffer

To successfully release a molecule from a depot form, the solubility in the release medium is
crucial. To avoid solubility of the molecule being the driving factor influencing the release
kinetic, drug concentration in the release medium does not exceed 10-20 % of its solubility
(sink condition) [183]. Usually, PBS-buffer pH 7-7.4 is used as a release medium since the
osmolarity and ion concentration match those in the human body [77, 88, 90, 165, 184]. Due
to its hydrophobicity, IFN-B-1b can only be solubilized at neutral pH values in a range of 1-
5 mg/ml in the presence of surfactants such as 0.1 % of the anionic surfactant SDS (Chapter |

3.3.2 and Chapter | 3.3.3)

As the release test is conducted at a physiological temperature (37 °C) the solubility and
stability in solution is a very important factor since protein instabilities like aggregation usually
increase with elevated temperatures [51]. Other options include using a pH value of the
release medium above pH 10 or at low pH values. It is reported that IFN-B-1b is relatively
stable in a low ionic strength solution at pH 2 even at 37 °C (loss of 20 % of its antiviral activity
after 10 days). The addition of the physiological amount of 0.15 M NaCl resulted in a loss of
antiviral activity of 80 % after 10 days and an increase of oligomers were observed. These
oligomers were monomerized and reactivated by the addition of 1 % SDS [185]. The addition
of a surfactant is necessary to retain the activity of IFN-B-1b in the presence of physiological
amounts of salts even at low pH values that generally favor the stability and solubility of IFN-
B-1b. To be as close to physiological conditions as possible, as many physiological conditions

(salt concentration, temperature, pH value) as possible were combined.

4.3.1  Protein solubility

After a literature screening several promising surfactants in different concentrations were
tested under the specific release conditions (37 °C, physiological salt concentration, pH of 7.4)
regarding their potential to solubilize IFN-B-1b (Figure 11I-11). The solubility was determined

by the assessment of the protein recovery in the supernatant of the samples after different
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time points after centrifugation. Protein quantification was done by RP-HPLC and a

fluorescence detector. The method is described in Chapter Il 2.2.15.
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Figure I1I-11 Comparison of the solubility of 250 ug/ml of IFN-B-1b in PBS buffer pH 7.4 in the
presence of different amounts of surfactants and different combination of surfactants. t0 represents
the condition 30 min after the preparation of the protein solutions at room temperature. The samples
were additionally stored at 37 °C for 24 h and 48 h. All samples were centrifuged for 20 min at
20000x g before quantification by RP-HPLC.

As expected, the solubility of IFN-B-1b in PBS-buffer is very low. An increase of turbidity was
immediately visible when adding the purified protein to the PBS-buffer pH 7.4. The addition

of 0.1 % SDS is necessary to solubilize the protein under the investigated conditions.

The combination of 0.05 % Zwittergent and 0.01 % SDS resulted in an increased solubilization
of the protein matching almost the 0.1 % SDS samples. It seems that some kind of synergistic
effects are playing a role when combining low concentrations of SDS with Zwittergent. The
same was observed after the addition of 0.01 % SDS to 0.15% Laureth-12. Improved solubility

by the combination of different surfactants has also been reported by Shaked et al. [158].

The combination of 0.15 % of Laureth-12 and 0.01 % SDS was performing well at room

temperature but a reduced protein recovery was observed during storage at 37 °C (protein
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recovery of 85 % after 48 h). Reducing the protein concentration from 250 pug/ml over
100 pg/ml to 50 pg/ml resulted also in an absolute and relative increase in protein recovery
from 85 % for 250 ug/ml over 94 % for 100 pg/ml to 98 % of the 50 ug/ml sample (data not
shown). Since release tests are conducted with a complete buffer exchange, high protein
concentrations in the release medium (apart from an undesirable high burst release during
the first days) should not exceed concentrations of 50-100 pg/ml, which made this surfactant

combination a possible option.

Therefore, 0.1 % SDS, the combination of 0.15 % of Laureth-12 + 0.01 % SDS, 0.05 %
Zwittergent and 0.01 % SDS were the most promising surfactants regarding protein

solubilization and were further investigated.

4.3.2  Extrudate integrity

Since surfactants are also able to solubilize lipids [186, 187], the solubilization of the
extrudates in potential release media was investigated by determining the mass loss of the
extrudates after incubation. Placebo extrudates were prepared with a trehalose content of
10 % and a lipid ratio of 70:30 (D118:H12 respectively D118:D112). The mass loss was

determined gravimetrically after incubation at 37 °C for three and seven days (Figure I1I-12).

Both, the H12 based extrudates and the D112 based extrudates showed a loss of mass after
three and seven days in PBS buffer without any additives (Figure 111-12 A and B) and without
an increase of visible turbidity (Figure IlI-12 C and D). This can be explained by the dissolution
of the water soluble component trehalose. Pure lipid based extrudates did not show a loss of
mass or signs of erosion at all (data not shown). The appearance of the surface, investigated
with a reflected light microscope, showed no difference before and after incubation, apart

from the shiny appearance (H12: Figure 11I-13 A and B, D112: Figure Ill-14 A and B).
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Figure 1ll-12 Loss of mass of placebo extrudates with H12 as low melting point lipid (A) or D112 as a
low melting point lipid (B) after incubating them in PBS buffer pH 7.4 + addition of different
surfactants for 3 days (3d) and 7 days (7d). The extrudates were prepared with a trehalose content of
10 % and a lipid ratio of 70:30 (D118:H12 respectively D118:D112). (C) Pictures of extrudates based
on H12 after incubation in the corresponding buffers after 7 days (from left to right PBS, + SDS 0.1 %,
+SDS 0.01 %, + SDS 0.01 %/0.05 % Zwittergent, + 0.05 % Zwittergent, + SDS

0.01 %/0.01 % Zwittergent, + Laureth 0.15 %/SDS 0.01 %). (D) Pictures of extrudates based on D112
after incubation in the corresponding buffers after 7 days (same order as (C)).

The presence of SDS in the buffer resulted in an increased weight loss of H12 based extrudates
and increase in turbidity of the buffer (Figure 111-12 A and C). Both effects can be decreased by
reducing the SDS amount to 0.01 %. The dissolution of the surface of the extrudate by SDS
was confirmed by an increased surface roughness (Figure IlI-13 D). Zwittergent alone or in
combination with other surfactants had relative large detrimental effects on the integrity of
H12 based extrudates. Both, the turbidity of the medium and the loss of mass was increased
in samples containing Zwittergent (Figure 111-12 A and C). The combination of 0.15 % Laureth-
12 und 0.01 % SDS just had little influence on weight loss (-5.7 %) of the H12 samples
compared to extrudates incubated in PBS-buffer (-4.8 %). Furthermore, no increase of
turbidity was visible and the optical appearance after incubation was only slightly changed

(Figure 111-13 C).
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Figure Ill-13 Pictures of the (H12) extrudates after incubation in different buffers at 37 °C for 7 days
were taken using a stereo microscope at 100x magnification Before incubation in PBS buffer pH 7.4
(A) and after incubation (B) in PBS buffer pH 7.4 + 0.01 % SDS/0.15 % Laureth-12 (C) in PBS buffer pH
7.4+ 0.1 % SDS (D) (picture A was mirrored for better comparison), the scale bar represents 250 um

Extrudates based on D112 which were incubated in buffer containing surfactants showed an
increased weight loss (Figure IlI-12 B). Apart from the appearance of a visible turbidity of the
samples incubated in the combination of 0.01 % SDS/ 0.05 % Zwittergent, weight loss and the
turbidity of all other samples were rather similar (Figure 11I-12 B and D). Also the influence on
the extrudate surface was less pronounced in comparison with the samples based on H12

(Figure 111-14 A and C).
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Figure Ill-14 Pictures of the (H12) extrudates after incubation in different buffers at 37 °C for 7 days
were taken using a stereo microscope at 100x magnification Before incubation in PBS buffer pH 7.4
(A) and after incubation (B) in PBS buffer pH 7.4 + 0.01 % SDS/0.15 % Laureth-12 (C) in PBS buffer pH
7.4+ 0.1 % SDS (D) (picture C and D were mirrored for a better comparison), the scale bar represents
250 um

Buffers that provide a good protein solubility also have a larger negative influence on
extrudate integrity. The most promising buffer regarding protein solubility and extrudate
stability is PBS buffer pH 7.4 + 0.01 % SDS + 0.15 % Laureth-12. Even though the addition of
0.1 % SDS had a larger impact on the weight loss of the extrudate it does very well in stabilizing

the protein. Therefore, these buffers were further investigated in the release test.

4.4  Release studies

After investigating different surfactants regarding their ability to stabilize the protein in
solution and their effect on extrudate integrity, the execution of a release test was possible.
The most promising surfactant according to the previous tests is the combination of 0.01 %
SDS + 0.15 % Laureth-12 in PBS buffer pH 7.4. It provided relatively good protein solubility
even at elevated temperatures and it had only little effect on the extrudate integrity.
Nonetheless, to complete the picture and to provide more information of the influence of the
IFN-B-1b solubility on the release kinetics different buffers were tested. By using different

excipients like PEG 6000 and trehalose, the possibility of influencing the release was
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investigated. PEG 6000 performs as a porogen but also as a precipitation agent while trehalose
as a water soluble molecule acts only as a porogen. Also the influence of the type of low
melting point lipids was investigated (D112 and H12). The ratio between low melting and high
melting lipid (D118) was always 3:7. The following lipid compositions were tested (Figure
[1I-15). The extrudates were cut into 2.5 cm pieces with an average weight of 80.2 + 0.7 mg

resulting in a theoretical protein amount of 1000 pg per extrudate.
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Figure IlI-15 Overview of the composition of the extruded lipid blends with and without additional
excipients for protein release. The protein content of the lyophilisate (formulation 4 (see Table IlI-1V)
was 13 % respectively 1.27 % in the final formulation. After cutting the extrudates in 2.5 cm rods, the
theoretical amount of protein per extrudate 1000 ug.

4.4.1  Comparing the effects of different buffers on protein release

Release tests were conducted as described in Chapter Il 2.2.16. In short: lipid extrudates were
cut in 2.5 cm rods with a theoretical protein amount of 1000 ug per extrudate. They were
incubated in PBS buffer with or without solubilizing agent at 37 °C. The release tests were
conducted over 7-10 days with sampling points at day 1, 2, 3, 4, 7 and 10. Quantification was
done by using RP-HPLC and a fluorescence detector. The use of RP-HPLC and a fluorescence
detector was necessary, since even after centrifugation turbidity due to solubilized lipids was
visible. These lipid particles respectively the emulsified lipids did show a UV-scattering signal

and also a fluorescence signal. By knowing the retention time and peak shape of the protein
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peak, the area under the curve of the protein peak could be selectively integrated and

calculated.
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Figure IlI-16 Cumulative release of IFN-B-1b from lipid extrudates (H12/D118 in a ratio of 30/70)
containing 1 mgqg protein at 37 °C in PBS buffer pH 7.4 (n=5)
(v-axis has a different scaling from 0-6 % and a break between 6 % and 7 %)

Release tests in PBS buffer pH 7.4, in PBS buffer + 12.5 mg HSA or in PBS buffer + 0.15 %
Laureth-12 led to a marginal release of the IFN-B-1b. In PBS buffer without additives, only
traces of IFN-beta-1b were detected after 24 h. During further release, basically no further
protein release was observed. HSA helps to slightly improve the solubility of IFN-B-1b and did
result in a very slow release. After 48 h, no further protein was released. These results were
expected for PBS buffer pH 7.4 and PBS buffer + 12.5 mg HSA because of the low solubility of
the protein in these buffers (see Chapter Ill 4.3.1). Among the above mentioned additives,
Laureth-12 provided the best solubility for IFN-B-1b according to studies done before (Figure
[1I-11). So, a faster and more complete release was expected compared to PBS buffer + 12.5 mg
HSA according to the solubility data (Figure 111-11). Between four and seven days of incubation
only traces of the protein were detected. This result is indicating that besides the solubility,
other factors for example the interactions between the protein and the matrix might play a

role for the slow release rate.
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PBS buffer pH 7.4 with 0.15 % Laureth-12 + 0.01 % SDS was regarded as the most suitable
buffer regarding protein solubility and the influence on extrudate integrity (Figure 11-11 and
Figure 111-12). Surprisingly, also in this buffer, the release rates were very low and not much
higher compared to buffers witch provided a much lower solubility of IFN-B-1b. After 24 h,
2.3 % of the incorporated protein (23 ug) was released (Figure 11I-16). The release rate after
the 24 h mark slowed significantly down resulting in a total release of 3.8 % of the protein. In
contrast to the before mentioned buffers, it is very unlikely that a too low solubility is
exclusively responsible for the observed release rate because even an increased volume from

1.9 ml to 6 ml did not result in an increased protein release.

In PBS buffer + 0.1 % SDS and in glycine buffer pH 2, a significant increase in the release rate
was observed (Figure IlI-16). In contrast to the SDS medium, no turbidity increase was
observed during the release in glycine buffer (Figure IlI-17). The release rate in the SDS buffer
is a bit faster which can be explained by the increased wettability and the observed surface
erosion which resulted in a weight loss and increased turbidity of the release fraction. After
96 h, the release in both buffers reached almost a plateau at around 63 % of the incorporated

protein being released. After additional three days, the total release was around 69 %.

Since lipid implants in the mentioned buffers do not or barely show erosion, the lack of pore
forming agents might also be a reason for the incomplete and slow drug release. This has been
determined by Vogelhuber et al. and Koennings et al. for the release of pyranine from glyceryl
trimyristate matrices and interleukin-18 from lipid implants made by compression,
respectively [184, 188]. The lack of pore forming agent as the major reason for the
extraordinarily slow release in the before mentioned buffers can be ruled out when looking at
the results of the release rates in PBS buffer + 0.1 % SDS and in glycine buffer pH 2. Interactions
like adsorption phenomena due to hydrophobic but also by electrostatic interactions have also
been reported to result in incomplete releases in polymeric systems [54, 55, 66, 67]. The
different charge of the protein due to the low pH value in glycine buffer pH 2 or the presence
of the anionic surfactant SDS influence those kind of interactions with the matrix. This might

explain the much faster release in these media.

64



Figure Ill-17 Pictures of the release fractions after 48h of lipid implants incubated in PBS buffer pH 7.4,
glycine buffer pH 2.0 and PBS buffer pH 7.4 + 0.1 % SDS (from left to right)

Since protein-lipid-interactions are very likely to cause the unexpected slow release rate in
PBS buffer pH 7.4 with 0.15 % Laureth-12 + 0.01 % SDS, further tests were conducted to

investigate this phenomenon.

4.4.1.1 Investigation of the slow and incomplete release

The previous results suggest protein-lipid interactions as a main cause the slow protein release
from implants in PBS buffer pH 7.4 with 0.15 % Laureth-12 + 0.01 % SDS. First, the stability of
IFN-B-1b in solution in the presence of lipids was investigated. Placebo implants were
prepared and cut into 1 cm pieces. Five of these pieces were put into a 2.0 mL safe lock
reaction tube and 0.75 ml of a 250 pg/ml IFN-B-1b solution was added to the placebo
extrudates. The samples were incubated for up to seven days at 37 °C and the protein recovery

was determined by RP-HPLC (Figure 111-18).
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Figure IlI-18 Recovery of IFN-B-1b after incubation of 250 ug/ml protein solution in PBS-buffer pH 7.4 +
0.01 % SDS + 0.15 % Laureth-12 (A) and in PBS-buffer pH 7.4 + 0.1 % SDS (B) with lipid and without lipid
(“buffer”) placebo extrudates present
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The recovery in PBS-buffer pH 7.4 + 0.01 % SDS + 0.15 % Laureth-12 decreased over time
during incubation (Figure 111-18 A). This was expected and had already been shown in previous
experiments, in which the surfactant combination was not able to reduce protein-lipid
interactions to provide sufficient solubility in this protein concentration (Chapter IIl 4.3.1).
Interestingly, the samples containing the lipids showed a much greater protein loss than the
samples incubated merely in the buffer. While after seven days incubation in buffer, a
recovery of 57.4 % was achieved. In the presence of lipids, the protein loss is almost 2-times
higher (recovery of 26.1 %). Also for all other time frames the protein loss with lipids was
higher in comparison with the protein incubated in buffer. In 0.1 % SDS containing PBS buffer
without lipids, a recovery of 95.5 % was achieved after seven days at 37 °C. In the presence of
lipids, the recovery decreased to 52.6 %. The larger SDS amount seems to be necessary to
stabilize the protein in the presence of lipids but does not completely prevent these
interactions between the protein and the lipids which still result in a protein loss. Especially
after a longer incubation time, (more than four days) the stability in solution even in the
presence of 0.1% SDS is not warranted. No such behavior was observed by Mohl when
investigating the influence of tristearin in PBS buffer without SDS on IFN-a-2a integrity and

solubility [165].

IFN-B-1b is known to adsorb to surfaces which can be reduced by the addition of surfactants
[177, 189]. It is possible that adsorption to the lipid surface itself is a reason for the protein
loss. Another possibility is that the interaction between lipids and buffer promotes protein
aggregation, resulting in the precipitation of the protein. Soluble aggregates are only slightly
increased (from 5.2 % to 7.1 % after seven days as shown in Chapter Il 4.4.3, Figure 111-24).
Attempts to analyze and quantify protein that is adsorbed to the lipid surfaces with FTIR, front
face fluorescence or desorption tests were not successful due to the lack of sensitivity of these
methods. If adsorption of IFN-B-1b to the lipid surface is the only reason for the observed
protein loss, the adsorbed amount should be high enough to be detected with the mentioned
methods. Therefore, protein precipitation is likely to be also an important mechanism for the

observed protein loss.

After showing the extremely slow and incomplete protein release in PBS-buffer pH 7.4 +
0.01 % SDS + 0.15 % Laureth-12, the question comes up whether IFN-B-1b is still in the

extrudate or did aggregate and precipitate after release. Because we were only able to extract
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approximately 60 % of the protein from freshly prepared extrudates, the developed method
is only suitable to relatively compare the results after extraction. Extrudates in PBS-buffer
pH7.4+0.01%SDS +0.15 % Laureth-12 released 3.8 % of the incorporated protein after seven
days (Figure 111-16). By the extraction process further 50 % of the incorporated protein was
recovered. Extrudates incubated in PBS buffer + 0.1 % SDS released 69.0 % of the incorporated
protein after seven days (Figure 11-16) (extraction recovered further 12 %). Even though a
trend was visible, the used extraction method is not suitable to give appropriate information
regarding the remaining of the protein. Therefore, the same extrudate was incubated for two
days in PBS-buffer pH 7.4 + 0.01 % SDS + 0.15 % Laureth-12 and subsequently transferred into
PBS buffer + 0.1 % SDS (Figure 111-19).
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Figure 1lI-19 Protein loaded extrudates (H12/D118 in a ratio of 30/70) were incubated in PBS-buffer pH
7.4+0.01 % SDS + 0.15 % Laureth-12 (buffer exchange sample) for 48 h. After that the extrudates were
placed in PBS-buffer pH 7.4 + 0.1 % SDS. As a comparison, the result from the release in PBS-buffer pH
7.4+ 0.1 % SDS are included with adjusted x- and y-axis

The release after the buffer exchange increases significantly. Even though the overall released
amount is a little bit lower (60 £ 10 % vs. 69 + 13 %), the release curves of extrudates incubated
in PBS buffer + 0.1 % SDS matches each other relatively well. It is clearly shown that the

majority of the protein is still in the extrudate and not released and precipitated.
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The protein solubility in PBS-buffer pH 7.4 + 0.01 % SDS + 0.15 % Laureth-12 even in the
presence of lipids is higher than the released amount suggests. Obviously, 0.01 % SDS + 0.15 %

Laureth-12 are not able to displace the protein from the lipid surface.

Still, the release also in PBS buffer + 0.1 % SDS is rather incomplete. Therefore, different

excipients were tested to improve the release regarding release kinetic and completeness.

4.4.2  Influence of excipients
For further tests, only buffers which provided sufficient solubility also in the presence of the

lipids were used.

PEG 6000 as a release modifier was successfully tested for IFN-a-2a by Herrmann et al. [92].
On the one hand it acts as a precipitation agent because it reversibly precipitates the protein
and influences the release kinetics. On the other hand, it acts as a pore forming agent due to
its water solubility. When these hydrophilic molecules are dissolved, they leave a porous
matrix with more interconnected pore networks behind. Through this more pronounced
network the release medium can diffuse faster in the matrix, dissolve the protein which can
consequently diffuse faster out of the matrix. Due to the greater number of pores, also the
probability that protein is embedded in an area of the extrudate, which is not connected to
the porous network is decreased. Therefore, also the incomplete release should be addressed

with pore formers, which has already been shown in literature [90, 165].

To determine the suitability of PEG 6000 as a release modifier for IFN-B-1b, the solubility of
IFN in PEG 6000 solutions (PBS buffer pH 7.4 + 0.1 % SDS) with different PEG 6000
concentrations ranging from 5 %-30 % were tested (Figure 11I-20). At a PEG-concentration of
20 % the protein recovery dropped beyond the detection limit. This was accompanied by a
visible turbidity. However, the turbidity was reversible when diluting the sample with PBS
buffer pH 7.4 + 0.1 % SDS. Therefore, PEG 6000 seems to be a suitable precipitation agent and
release modifier for IFN-beta-1b in this buffer. No precipitation of IFN-B-1b in the presence of

PEG 6000 was observed in 10 mM glycine buffer pH 2 (Figure 111-20).
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Figure 11I-20 IFN-B-1b recovery in PBS buffer pH 7.4 + 0.1 % SDS with different concentrations of
PEG6000 determined with UV-spectroscopy

As already shown in Figure lll-16, a sustained release in glycine buffer (pH 2) and PBS buffer
(pH 7.4) with the addition of SDS is possible for four days. However, the release was
incomplete ending at about 69 % of the incorporated protein. Therefore, trehalose, as a pure
pore forming agent, and PEG 6000 with its particular properties were tested. While the pure
pore forming agent should result in a faster and more complete release, PEG 6000 should slow
the release down in the beginning. Due to their pore forming properties, both should lead to

a more complete release as it has already been shown by Herrmann et al. [90].

Figure llI-21 shows the influence of the excipients on the release from H12 based implants in
in PBS-buffer pH 7.4 + 0. 1 % SDS and 10 mM glycine buffer pH 2. In PBS-buffer pH 7.4 + 0.1 %
SDS, all implants resulted in a total protein release between 69 % and 85 % of their loading
dose (Figure 11I-21 A). Extrudates without excipients released 25.4 % of the protein load within
the first 24h. The release rate wears off after four days resulting in a total release of 69.0 %
after seven days. As expected the implants containing trehalose (10 %) as a porogen show an
increased release rate in the first three days in comparison to the implants without excipients
(H12) and with PEG 6000 as an excipient (+10 % PEG). After 24h, 36.0 % of the protein was
released. The higher total release in comparison with the implants without excipients can be
explained by a more pronounced porous network due to the presence of more water soluble

components. PEG-containing implants show a more sustained release in comparison to the
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implants without excipients due to in-situ precipitation of the protein within PEG-containing

lipid implant.
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Figure 111-21 protein loaded lipid extrudates prepared with a mixture of H12/D118 in a ratio of 30/70

were incubated in PBS-buffer pH 7.4 + 0. 1 % SDS (A) and in 10 mM glycine buffer pH 2 (B) at 37 °C.

Total amount of IFN-B-1b per extrudate was 1 mg. H12 samples consisted of lyophilisate and the lipids.

The influence of 10 % PEG and 10 % trehalose was also tested (n=>5)

After three days the amount of IFN-B-1b released from PEG and trehalose containing samples
approximates each other. This leads to the conclusion that after three days, only the pore
forming properties of PEG 6000 still have an influence on release kinetics. Even though the
total released protein amount was slightly increased by the excipients (from 70 % to 85 %), a
complete release was still not achieved. This was also observed by Herrmann et al. when
working with extrudates of the same diameter used in this study [90]. The protein recovery
after extraction from the implants after release did not completely explain the whereabouts
of the non-released protein. From all samples approximately 5-10 % of the residual protein
could be recovered. This can be explained by the incomplete extraction process. Additionally,
a part of the protein is lost due to the instability of the protein in solution in the presence of

lipids (Figure 111-18).

A release test in glycine buffer pH 2 showed no major differences between extrudates
containing PEG 6000 and trehalose as an excipient (Figure IlI-21 B). The more sustained release
of the PEG 6000 extrudates was not observed due to the lacking precipitation effect at pH 2.
The release rate in pH 2 medium was a little bit higher after 48 h compared to PBS-buffer
pH 7.4 + 0. 1 % SDS and did wear off after the third day. The extrudates containing no
excipients provided the slowest but also the most incomplete release. This can be explained
by the lack of pore forming agent which leads to more protein being trapped within pores
parts of the extrudate which are not connected to the pore network.
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Extrudates prepared with D112 as a low melting point lipid showed a slightly different release
behavior (Figure 111-22) in comparison to extrudates containing H12 as a low melting point lipid

(Figure 111-21).
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Figure 1lI-22 protein loaded lipid extrudates prepared with a mixture D112/D118 in a ratio of 30/70
were incubated in PBS-buffer pH 7.4 + 0. 1 % SDS (A) and 10 mM glycine buffer pH 2 (B) at 37 °C. Total
amount of IFN-B-1b per extrudate was 1 mg. D112 samples consisted of lyophilisate and the lipids
respectively 10 % PEG (n=>5)

With the exception of D112 sample without excipients in PBS buffer pH 7.4 + 0.1 % SDS, all
other extrudates showed a relatively complete release after seven days (around 90 %). This
more complete release compared to H12 based implants can be explained by a different
matrix structure between D112 and H12 based implants. While H12 based implants were
extruded 4 °C above the melting temperature (41 °C extrusion temperature, 37 ° C melting
point) of the low melting point lipid, D112 based extrudates were extruded exactly at the
melting point of the low melting point lipid (45 °C). By working with a temperature exactly at
the melting point, an incomplete melting of D112 is likely to happen resulting in a higher
degree of heterogenicity and more pores. In comparison to the preparation by compression,
implants made by extrusion usually provide a denser structure with a low amount of pores
and void spaces due to the melting of the low melting point lipid [90]. The more homogeneous
matrix of implants made by hot melt extrusion results in a slower release compared to
implants made by compression [88]. Again, the effect of PEG 6000 as a precipitation agent and
pore forming agent is visible in PBS buffer while it leads to an accelerated release in pH 2
medium due to the pore forming characteristics. The PEG-containing implant in PBS buffer +
0.01 % SDS achieved a relatively constant release rate over seven days with a protein release
between 100 pg and 150 pg per day which would be close to the therapeutic dose of 250 pg

every second day. In the presence of PEG, the release rate is a bit slower and more constant.
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The finally released amount from D112 based extrudates without PEG was 74 %, while the
addition of 10 % PEG resulted in 94 % release. In glycine buffer pH 2, the pore forming
properties of PEG had no major influence on the completeness of the release. Both, extrudates
with the excipient PEG 6000 and without any excipient released 92-95 % of the incorporated
IFN-B-1b.

The accelerated release rates of D112 based implants in comparison with H12 based
extrudates observed by Sax [88] were not observed. The faster release was explained by Sax
by a separation process between molten PEG and molten low melting point lipid. To avoid
this, our extrudates were extruded at 45°C (in contrast to 49 °C by Sax) which is below the
melting temperature of PEG (46-48 °C). A phase separation is not likely to happen under this

condition and no signs of a separation were observed.

Comparing the influence of PEG to previous results found in literature, it clearly shows that
the effect observed in these studies is significantly smaller in comparison to Herrmann [90,
92] or Sax [88]. Herrmann released IFN-a-2a from extrudates made by compression which
were composed of a 10 % IFN-a/HP-B-CD co-lyophilisate, 10 % PEG 6000 and 80 % of a
H12/D118 (20/80) lipid blend. 10 % of the protein was released within 24 h followed by a lag
phase until day 16. After that, an approximate linear release until day 53 was achieved.
Thereby, approximately 60 % of the protein was released in the end [90]. Sax et al. released a
monoclonal 1gG1 antibody over 150 days in a linear manner from twin screw extrudates
including 10 % PEG. Without the precipitation properties, a release over 22 days was achieved
[88]. The most probable explanation for the different influence of PEG on the release rate is
the dependency of protein precipitation on the used protein and buffers. Both, IFN-a-2a [90]
and the mentioned monoclonal IgG1 [88] were almost completely precipitated at 10 % PEG
concentration. In contrast, IFN-B-1b was still soluble at 15 % PEG concentrations and
precipitated at 20% (Figure 111-20). The degree of precipitation at the same PEG concentration
is less pronounced for IFN-B-1b, resulting in a faster release. A slower release of lysozyme due
to PEG was not observed by Hermann et al.,, which also lacked a precipitation effect.
63.9 mg/mL of lysozyme were still soluble at 20 % PEG 6000 [90]. Both, Herrmann and Sax
showed that protein precipitation is the main reason for the sustained release over several
months. Therefore, the different precipitation properties of the proteins are a likely

explanation for the faster release of IFN-B-1b even in the presence of the precipitation agent
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PEG in comparison with IFN-a-2a and IgG1. Furthermore, one has to keep in mind that the

release of IFN-B-1b was only possible in the presence of 0.1 % SDS.

4.4.3  Biological activity after release
After being able to release IFN-B-1b in a sustained manner over seven days, the biological
activity was investigated using an iLite™alphabeta Human Type | Interferon Activity Detection

Kit.
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Figure 11l-23 Biological activity of IFN-B-1b (normalized to the same concentration for each time point)
after release from H12/D118 (30/70) extrudates without any excipients determined by the iLite™
alphabeta Human Type | Interferon Activity Detection Kit

During the first two days the biological activity of IFN-B-1b released in PBS-buffer pH 7.4 +
0.1% SDS was retained (Figure 111-23). After three days the biological activity dropped ending
at around 40 % of the activity after seven days. Because no major loss of activity was observed
in the first two days, neither the manufacturing process nor the lyophilisation seem to have a
significant influence on protein activity and confirms the previously conducted analytics.
When the manufacturing process caused protein instability, a loss of activity would be

observed from day one on.

Therefore, an effect during or after the release is likely to cause the observed loss in activity.
To evaluate the reason for this loss in activity a protein solution was incubated in PBS buffer
pH 7.4 + 0.1 % SDS with and without placebo extrudates present and the activity was

determined. Furthermore the formation of aggregates and oxidation levels were tested.
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As shown in Chapter Ill 4.4.1.1 the recovery of IFN-B-1b in 0.1 % SDS containing PBS buffer
was rather good over seven days at 37 °C. Protein loss was observed in the presence of lipids
even after three days (Figure 111-18). Also during incubation in PBS buffer + 0.1% SDS the
biological activity did not change apart from a small temporarily decrease on day 4 (Figure
[1I-24 A). The increase again at day seven indicates that the obtained level is likely to be an
outlier. IFN-B-1b maintained the biological activity over seven days at 37 °C in PBS buffer +
0.1 % SDS without any major loss in biological activity. In the presence of lipids the biological

activity was maintained for three days before it dropped on day four and seven.

This is in quite well accordance to the loss in activity during the release (Figure I1I-23). Even
though the buffer exchange was conducted every 24 h at the first 4 days and at day 7, the time
of the protein in solution can be longer than the sample interval. Protein is already solubilized
in the buffer filled pores within the extrudate and has to diffuse out before it reaches the
exchangeable release medium. This might turn the observed instability in solution during

longer incubation times in the presence of lipids into a relevant factor.

Oxidation levels of the incubated samples were analyzed with RP-HPLC. The oxidation level of
IFN-B-1b incubated in PBS-buffer + 0.1 % SDS at 37 °C remained constant over seven days.
Adding lipids increased the oxidation level of the IFN-beta-1b from 3.5 % to 6.4 % even after
24h. After seven days, the oxidation level reached 34 %. When adding lipids, the oxidation

increased after the first day and continued to increase until the seventh day.
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Figure Ill-24 biological activity of IFN-B-1b determined by the iLite™alphabeta Human Type | Interferon
Activity Detection Kit (n=2) (A), oxidation levels determined with RP-HPLC (B), soluble aggregates
determined by SE-HPLC (C) after incubation of 250 mg/ml protein solution in PBS buffer pH 7.4 + 0.1%
SDS at 37 °C with and without placebo lipids present (n=3) with the corresponding RP chromatogram

(D)

A representative chromatogram is shown in Figure 11I-24 D. The very high oxidation levels of
IFN-beta-1b after three, four and seven days are mainly due to the loss of non-oxidized
protein. This can be seen by the significant decrease of the main peak area in the RP
chromatogram after seven days of incubation in the presence of lipids (brown curve). In
contrast, the area representing the oxidized protein increases, representing a relatively high
share of the total area under the curve. If the amount of oxidized protein is correlated to the
total amount of the starting material, the relative mass of oxidized protein increased from
3.5+ 0.1% (t0) to 14.6 % + 0.3 (day 7) while the non-oxidized protein decreased from 96.5 %
to 36.9 %. The protein loss will be further discussed in Chapter IV 3.3.1. No increase in

oxidation was reported by Mohl [165] and Herrmann for IFN-a [90] nor by Sax for lysozyme or

a monoclonal antibody [88].
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Soluble aggregates were determined by SE-HPLC. IFN-B-1b did not show any major changes
when incubated in PBS buffer + 0.1% SDS in aggregation levels. Adding lipids increased the
amount of soluble aggregates of the nIFN after day 4 (Figure 111-24 C). After day four, also the
amount of trimers increased from 1.1 %/4.1 % (trimer/dimer-content) in the starting material
to 1.9 %/7.0 % at day 7 (data not shown). A clear correlation between the formation of soluble
aggregates and loss of activity was not observed. It seems that the oxidation is the main factor

for the loss of activity.

5  Summary and Conclusion

In this chapter the suitability of vesicular phospholipid gels (VPGs) and SLIs as a depot
formulation for the native IFN-B-1b were investigated. The preparation of VPGs is a fast and
straight forward process when a liquid protein formulation is already available. After the
incorporation of IFN-B-1b into VPGs, the extraction was neither possible in aqueous solutions
nor in organic solvents. The lack of protein in the supernatant and the presence of lipids and
proteins in the precipitate, make protein-lipid interactions a very likely reason for this very
low protein recovery. VPGs seem to be no suitable depot formulation for the native IFN-B-1b.
In order to further investigate VPGs as a depot formulation changing the physicochemical

properties by PEGylation seems a suitable step and will be investigated in the next chapter.

As a second depot system, SLIs were investigated. In order to prepare protein loaded SLls, the
development of a lyophilized formulation of the protein was necessary. A HSA free
formulation and a lyophilisation process were established which provided protein stability.
The protein-excipient-ration was suitable to prepare extrudates with a therapeutic dose for
ten days at a content of 10 % lyophilisate in the extrudate. Because of the unique
physicochemical properties of the protein, the suitability of different surfactants was
investigated on the subject of protein solubility in PBS buffer pH 7.4 at 37 °C. Furthermore,
the influence on extrudate integrity of different surfactants was investigated. Most
surfactants which provided sufficient protein solubility at these conditions did also affect the
extrudate integrity to a larger extend. The occurrence of protein-lipid interactions, which led
to a reduced stability of the protein in solution required the use of 0.1 % of SDS in the release
medium. The surfactants did effect extrudate integrity but provided at least sufficient protein

solubility in the presence of lipids.
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Release rates from SLIs in PBS buffer + 0.1 % SDS could be influenced by using pore forming
agents, the release modifier PEG and different low melting lipids. Also the huge impact of the
release medium which drastically changed the release rates and the influence of the excipients
was shown. Finally, a sustained release in the before mentioned buffer was achieved over
seven days. But a loss of biological activity was observed during the release. The instability of
the protein in the release medium in the presence of lipids are a major issue. In addition to
the loss in activity in the presence of lipids, an increase of oxidized protein was observed as

well as an increase of soluble aggregates.

While VPGs are no suitable depot system for IFN beta-1b, SLIs provide the option for a
sustained release of the protein when adjusting the release medium by, for example, the
addition of a surfactant. /In vivo, serum constituents might take over the role of the in vitro
used excipient, making a release possible. Although a release in vitro was possible, the
observed degradation of IFN beta-1b in the release medium in the presence of lipids is a
serious issue. To avoid solubility and stability problems of IFN beta-1b, the physicochemical
properties of the protein must be improved. For both, VPGs and SLlIs, PEGylation is expected

to be a suitable approach to solve these issues.
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Chapter IV Development of a depot formulation for the PEGylated
interferon-B-1b

Problems encountered in Chapter lll should be circumvented by PEGylation. Due to the steric
hindrance and changed physicochemical properties, PEGylation is able to decrease
interactions between proteins and other molecules [15, 16, 22]. Even though the primary
reasons for PEGylation were improved, physicochemical properties of the protein like
solubility and stability even another effect of PEGylation, the increase of the serum half-life,
came in handy [166]. Another benefit of PEGylated proteins is the reduced immunogenicity

especially by the attachment of larger and branched PEGs [20].

The combination of PEGylated proteins or peptides and a depot formulation has been already
studied for polymeric depot systems. The adsorption and the protein loss of bovine pancreatic
ribonuclease A by adsorption to polylactid-co-glycolid (PLGA) materials was significantly
reduced by PEGylation. Therefore, PEG-ribonuclease showed a more complete protein release
from PLG including higher mean intrinsic activity values [190]. By PEGylation of IFN-a-2a (2
and 5 kDa PEG), the aggregation levels during microencapsulation were decreased and the
released protein amount was increased (native IFN (nIFN) 16 % after three weeks in
comparison to 72 % for the 2 kDa PEG-IFN). Nonetheless, the PEG IFN microparticles showed
a high burst release of 35 % after 1 h [191]. Hinds et al. investigated the influence of PEGylation
(5 kDa linear PEG) on insulin release from PLGA microparticles. A very low burst release and
increased stability during manufacture and release were detected [192]. An increased protein
stability during encapsulation in PLGA microspheres was also observed for lysozyme after

PEGylation [193].

Vyas et al. investigated the release from native and PEGylated (5000 kDa mPEG) IFN-a-2a from
multivesicular liposomes prepared by double emulsification. While they showed an increased
stability in solution for the PEGylated protein in organic solvents and during vortexing, they
didn’t test the stability or activity after release. They observed differences in the encapsulation
efficiency (75 % for the native IFN-a and 65 % for the PEG-IFN-a), a large burst release and a
much faster release and a more complete release of the nIFN-a (90 % in seven days with a
burst release of 35 % in 1 h) in comparison with the PEG-IFN-a. The authors suggested that
the different burst releases were due to an uneven distribution of proteins in the vicinity of

the surface of the vesicles [194].
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1 Materials and Methods

1.1 Materials

Interferon-B-1b raw material in aqueous acetate buffer at pH 5-6 with a protein concentration
of about 2 mg/ml containing 0.1 % SDS and EDTA was kindly provided by Bayer Pharma AG
and desalted as already described in Chapter Il 2.2.1.

The mono-acid triglycerides Dynasan 118 low melting point lipid H12 were kindly gifted by
CREMER OLEO GmbH & Co. KG (Witten, Germany). Details can be found in Chapter Ill 2.1.

Phospholipids E80 and S100 were kindly provided by Lipoid GmbH, (Ludwigshafen, Germany).
All other materials were purchased from Sigma-Aldrich (Steinheim, Germany) or VWR Prolabo

(Leuven, Belgium) and were of analytical grade.

Table IV-1 Main differences in phospholipid content and ratio between Lipoid E80 and S100

E80 S100
origin egsg soy
phosphatidylcholine 80—-85% >97 %
phosphatidylethanolamine 7-10% <0.2%
lysophosphatidylcholine 1-2% <02%
sphingomyelin 2-3% -

In phosphatidylcholine, the phosphate group of the phospholipid is esterified to choline while
in phosphatidylethanolamine the phosphate group is esterified to ethanolamine.
Lysophosphatidylcholine is derived from phosphatidylcholines where one of the fatty acid
groups is removed by partial hydrolysis. For the chemical structure of the components of the

phospholipids see Figure IV-1.
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Figure IV-1 Chemical structure of phosphatidylcholine (A), phosphatidylethanolamine (B) and
sphingomyelin (C) (R = choline or ethanolamine)

1.2 Methods

1.2.1  N-terminal PEGylation of IFN-B-1b and purification of the product

0.8 mg/ml of IFN-B-1b was reacted with Y-shaped PEG propionaldehyde, MW 40000 (Jenkem
Technology Co., Ltd, USA) or linear PEG aldehyde (a-Methoxy-w-(3-oxopropoxy),
polyoxyethylene), MW 10000 (SUNBRIGHT ME-100AL from NOF EUROPE, Belgium) with a ten-
fold molar excess in 100 mM sodium acetate buffer (pH 5.2) with 15 mM sodium
cyanoborhydride. To maintain protein solubility 0.15 % of Laureth-12 (Pall Corporation,
Germany) was added. PEGylation was conducted for 20 h at 25 °C. The PEGylation reaction
was stopped by dialyzing for 16 h against 20 mM sodium acetate pH 3.3 using a Spectra/Por
Dialysis Membrane with a 6-8000 kDa cutoff.

1.2.1.1  Purification of the synthesis products

After dialysis, the products were purified using an Akta purifier (GE Healthcare, Germany) and
loaded onto a XK 26/30 column packed with SP Sepharose High Performance medium (GE
Healthcare, Germany) with a 25 mM Tris-HCl running buffer pH 7.0. The PEG-IFN-B-1b was
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eluted with 25 mM Tris-HCl pH 7.0 containing 1 M NaCl at 2 mL/min usinga 0—12.5 % gradient
over 40 min. To retain the solubility of the native IFN-B-1b, 0.15% Laureth-12 was added to

the running buffer and to the elution buffer.

Only fractions containing over 98 % of PEG-IFN-B-1b, determined by RP-HPLC, were used. To
improve the yield, the other fractions were pooled and purified once again over cationic

exchange chromatography.

To remove the surfactant Laureth-12, a buffer exchange was done using dialysis (Spectra/Por
Dialysis Membrane with a 6-8000 kDa cutoff) and Vivaspins 20 ml 10,000 MWCO (Sartorius,
Germany). Purified 40 kDa PEG-IFN-B-1b samples were analyzed using RP-HPLC and a Corona
Charged Aerosol Detector (Dionex, Germany) regarding residues of the surfactant. This
detector is able to detect analytes with or without a chromophor by generating a charged
aerosol which is detected by an electrometer. In short, the eluent is nebulized and dried which
generates analyte particles. The particle size is in direct proportion of analyte concentration.
These particles are directed to a chamber where they collide with positively charged gas ions
(in this case nitrogen). The positive charges are transferred to the particles. The larger the
particles, the more positive charge is accepted. Before entering the electrometer where the
charge of the particles is measured, free ions are removed by an ion trap. By using a calibration
curve, the residues of the surfactant Laureth-12 in the purified sample was determined at
around 0.0075 %. This is a 20 times reduction in comparison with the original amount of

Laureth-12 in the formulation.

1.2.2  Size exclusion chromatography + multi-angle static light scattering (SEC-MALS)
Characterization of the conjugates was performed on an AF2000 Focus (Postnova Analytics,
Germany) with a miniDAWn Tristar MALS detector (Wyatt Technology, Germany) and an PN
3150 RI-detector (Postnova Analytics, Germany). 50 pg of protein conjugate were injected on
a TSK-Gel G3000PWXL 30cm x 7.8 mm SEC column (TOSOH Bioscience GmbH, Germany). The
running buffer was composed of 175 mM sodium phosphate with a pH adjusted to 6.8. The
protein was detected by an UV-VIS Detector (Shimadzu, Germany) at 280 nm. The extinction

coefficient used was 1.7 mL/mg*cm.

Calculation of the molar mass was done by using Astra software version 5.0 (Wyatt

Technology, Germany) using the template “Wyatt protein conjugate application”.

81



1.2.3  Size exclusion high performance liquid chromatography (SE-HPLC)

SE-HPLC was used to analyze the formation of soluble aggregates of IFN-B-1b. SEC analytic was
conducted on a Dionex Ultimate 3000 (Dionex, Germany). The flow rate was 0.5 mL/min and
100 pl of each sample were injected onto a TSK-Gel G4000SW 60 cm x 7.5 mm ID and detected
with UV-detection at 280 nm. Protein concentrations were determined by UV absorbance
using a Nanodrop 2000 (Thermo Scientific, Germany) at 280 nm, with an IFN-B-1b extinction

coefficient of 1.7 mL/mg*cm.

1.2.4  Reversed phase high pressure liquid chromatography (RP-HPLC)

RP-HPLC was used for quantification, determination of the conjugate purity and oxidation
levels. RP-HPLC was performed using a Jupiter C4 column with 300 A 5 um 250*4.6 mm
(Phenomenex, Aschaffenburg, Germany), which was kept at 30 °C for the analytics. The
samples were analyzed using buffer A (0.1 % TFA in 10 % acetonitrile) and buffer B (0.1 % TFA
in acetonitrile). A 0-46 % gradient over 13 minutes and a 46-52.5 % gradient over 25 min at
0.9 ml/min of buffer B was applied. Protein was detected by UV-detection at 280 nm and
fluorescence using an excitation wavelength of 278 nm and an emission wavelength of
355 nm. An elution gradient was applied, using 10 % acetonitrile (ACN) with 0.1 %
trifluoroacetic acid (TFA) and 100 % acetonitrile with 0.1 % trifluoroacetic acid (TFA) as

eluents.

1.2.5 Viscosity measurement
The viscosity of VPGs was studied by a rotational viscometer with a cone/plate measurement
system (Physica MCR 100, Anton Paar, Ostfildern, Germany). Approximately 1 g of the VPGs

were placed on the tempered plate (25 °C) and the shear rate was set to 10-100 s™.

1.2.6 In-vitro release tests

1.2.6.1  Solid lipid implants

SLIs were prepared according to Chapter Ill 2.2.12. Release tests were conducted in 2.0 mL
safe lock reaction tubes (Eppendorf AG, Germany) in 1.9 ml of the mentioned release buffer.
Samples were drawn by a complete exchange of the incubation medium. Before quantification
by RP-HPLC, the supernatants of the samples were centrifuged with a Sigma 4K15 centrifuge
(Sigma, Osterode am Harz, Germany) at 20000x g for 20 min. The use of RP-HPLC and a

fluorescence detector was necessary, since even after centrifugation turbidity was visible and
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these lipid particles respectively the emulsified lipids did show an UV-scattering signal and
also a fluorescence signal. By knowing the retention time and peak shape of the protein peak,

the area under the curve of the protein peak could selectively be integrated and calculated.

1.2.6.2  Vesicular phospholipid gels (VPGs)

VPGs were prepared according to Chapter Il 2.2.13. 1 g of the VPGs was exactly weighed into
the donor compartment of Teflon® flow through cells based on the design of Tardi [104]
(Figure IV-2 A). The flow through cells were closed, connected to silica tubings and placed in a
37 ° C water bath (Figure IV-2 B). PBS buffer pH 7.4 was used as release medium and was

pumped with a speed of 0.4 ml/h through the cells with a multi-syringe pump. The release

fractions were collected in 50 ml falcon tubes.

Figure IV-2 (A) Picture of the Teflon® flow through cells with the donor compartment on the left side (B)
release setup including the syringe pump, water bath and collection tubes

Quantification of the release protein was done by RP-HPLC using an UV-detector and a
fluorescence detector. Prior to measurement, 3 ml ethanol was added to 1 ml of the sample

in order to dissolve the liposomes.

1.2.7  Extraction of protein from lipid implants
PEG-IFN-B-1b was extracted according to Chapter Il 2.2.14.

1.2.8  Extraction of PEG-IFN from VPGs
The VPGs were redispersed in highly purified water (1:10 w/w) and vortexed for 30 s. After
that the dispersion was added to ethanol in a ratio of 1:4 (dispersion:ethanol). In contrast to

the VPGs prepared with native IFN-B-1b a clear solution was for obtained for PEG-IFN-B-1b.
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The protein recovery was determined using RP-HPLC and a protein recovery of 98.4 + 2.6 %

was achieved.

1.2.9 Biological activity using a luciferase IFN reporter gene assay
Biological activity was determined by using the iLite™alphabeta Human Type | Interferon

Activity Detection Kit (Biomonitor Ltd., Ireland) according to Chapter Il 2.2.17.

For determination of the biological activity after release the released fractions were stored at

6-8 °C until they were used for measurement.

1.2.10 Turbidity measurements
Turbidity after release was determined using a Nephla turbidity photometer (Dr. Lange GmbH,
Germany). It works by 90 ° light scattering at a wavelength of 860 nm. 2 ml of the sample was

used for measurement. Results are displayed as formazine normalized units (FNU).

1.2.11 Investigation of the protein loss during the release from flow through cells

A 50 pg/ml PEG-IFN-B-1b in 50 mM phosphate buffer pH 7 was pumped through the tubings
and flow through-cells which were incubated at 37 °C for six days. To determine the influence
of the system alone, empty flow through cells were used. To investigate the influence of the
system in the presence of phospholipids regarding protein loss, cells were loaded with 1 g

450 mg/g placebo VPGs based each on E80 and $100.

2 Results of the PEGylation of IFN-B-1b

Several options for the PEGylation of proteins are available. Due to the disadvantages
regarding first generation PEGs (Chapter | 1.2), a PEG—propionaldehyde (second generation of
PEG) was used, which was conjugated to the protein by reductive amination. In the first
reaction step the aldehyde is covalently linked to a nucleophilic amino group on the protein,
forming a Schiffs-base linkage. This linkage is not stable regarding hydrolysis. By the addition
of sodium borohydride the hydrolysable imine is reduced to a hydrolytic stable secondary

amide [12] (see Figure IV-3).
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Figure IV-3 schematic depiction of the chemical reaction of PEG—propionaldehyde (mPEG-CHO) with
the amino group of a protein (H.N-protein) over an imine which is reduced with sodium
cyanoborohydride (NaBHsCN) to a secondary amide.

Within a protein, there are several suitable nucleophilic amino groups that are able to react
with the aldehyde of the PEG. Examples are the N-terminal amino group or the side chain
amino group of lysine which is one of the most prevalent amino acids in proteins. By using
acidic conditions around pH 5, the aldehyde is largely selective for the N-terminus even though
a conjugation to other amino groups cannot be completely avoided. This can be explained
because of the difference in pKa values between the a-amino group of the N-terminus which
has a lower pKa compared to the pKa of the e-amino group of lysine residues. This results in
an increased nucleophilicity of the amino acid residue, and therefore in an increase of

specificity [12, 195].

2.1  Method development

The aim was the preparation of a 10 kDa and 40 kDa monoPEGylated IFN-B-1b species via
reductive amination to investigate the effect of different PEG conjugates. To achieve a largely
site specific PEGylation of the N-terminus a pH value of 5.2 was selected. To solubilize IFN-[3-
1b at this pH value, the addition of a solubilizing agent was necessary. Basu et al. used
Zwittergent 3-14 to solubilize a 0.8 mg/ml protein solution at pH 5.2 during their synthesis
[160]. Even though using two different purities of Zwittergent 3-14 (T7763 Sigma = 99 % and
40772 Fluka 2 98.0 % both obtained by Sigma-Aldrich, Germany), only a very small fraction of
the PEGylated protein was obtained according to SDS-PAGE and most of the native protein
precipitated (data not shown). Furthermore, a complete solubilization of nIFN-B-1b in the

aspired concentration was not possible by using the same conditions described by Basu et al.

Since the target was purifying the products after conjugation with ion exchange
chromatography (IEX), a nonionic or zwitterionic surfactant is necessary in order not to
interfere with this method. In contrast to Zwittergent, 0.15 % of the nonionic Laureth-12 was

able to solubilize 0.8 mg/ml nIFN-B-1b at pH 5.2 at room temperature. Because not all native
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protein is PEGylated and nIFN-B-1b is still present, the addition of a Laureth-12 during IEX is

necessary to avoid protein precipitation during the purification step.

IEX is a purification or analytical method aimed to separate molecules based on charge by
binding cations to the negatively charged stationary phase (cation exchange chromatography)
or vice versa (anion exchange chromatography). According to Hershenson et al. the isoelectric
point of IFN-B-1b is 9.7 [157]. Therefore, the protein has a positive net charge at pH values
below 9.7 which makes the use of cation exchange chromatography under these pH values a
suitable method. The protein with a positive net charge is retained by binding to the negatively
charged stationary phase while uncharged molecules like sodium cyanoborohydride or free
PEG molecules will pass through. In a second step a salt gradient is applied. By increasing the
salt concentration the Na* ion will compete with the bound protein for the negative functional
group. If there are different kind of molecules bound to the column material, the molecules
with the weakest ionic interactions start to elute from the column first. In this case we take
advantage of the shielding effect of PEG. By shielding the charge of the protein,
monoPEGylated proteins elute at lower salt concentrations as the unmodified protein.
Multiple PEGylated proteins which exhibit an even greater shielding effect, will even elute

before the monoPEGylated proteins.

To establish the synthesis conditions, a first challenge was to find parameters of the
conjugation process to improve the yield without having an exact method to quantify the
products, yet. As a first semi-quantitative analysis to improve the yield, SDS-PAGE was used.
Simultaneously, the focus was on the development of a faster method with a higher
throughput using IEX as a quantification method (Figure IV-4 and Table IV-Il). Since a complete
separation was relatively hard to achieve by IEX (Figure IV-4) the suitability of a RP-HPLC
method was investigated. By slightly modifying the already existing RP-HPLC method for the
native IFN-B-1b, it was possible to separate the different PEGylated protein species (Figure
IV-6 B). In the beginning, only SDS-PAGE and I|EX-chromatography was available for
guantification, giving only approximated protein amounts. During the first conjugation
attempts, preliminary tests showed a lower specificity of the 10 kDa PEG molecule on the one
hand. On the other, the yield was higher compared to the 40 kDa PEG molecule. This effect
can be explained by the smaller molecule size of the 10 kDa PEG and therefore its higher

mobility. The reaction of the 40 kDa PEGaldehyde had exact the opposite characteristics. To
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improve the PEGylation specificity for the 10 kDa PEG, different pH values between pH 4 and
pH 5.2 were tested. The reaction yield decreased slightly but there was no significant
difference in the amount of byproducts (di-/tri-PEGylated IFN) according to SDS-PAGE (data

not shown).

Different protein:polymer-ratios, temperatures and incubation times were tested (Table IV-II).
The biggest influence on the yield was seen by the increase of the temperature and the
protein:polymer-ratio. A further attempt to increase the yield of the 40 kDa PEG was to
partially unfold the protein with urea/guanidine to influence the accessibility of the N-
terminus [196]. Both agents showed a clear concentration dependency of the unfolding of
nlFN-B-1b which was determined by FTIR (secondary structure) and fluorescence
spectroscopy (tertiary structure) (data not shown). Unfortunately, a precipitation of nIFN-B-
1b during the syntheses in the presence of urea and guanidine occurred which made these
approaches not suitable. All further synthesis were conducted at 25 °C for a protein:polymer-
ratio of 1:10.

Table IV-II Influence of different parameters on the syntheses yield for the conjugation of 10 kDa and

40 kDa PEG to IFN-B-1b. Quantification was done by UV-measurement using the purified fraction with
an AKTA purifier and IEX-chromatography.

protein : polymer
polymer ) temperature incubation time yield [%]
ratio

10 kDa 1:2.5 4°C 16 h 6.2%
10 kDa 1:2.5 4°C 40 h 10.8 %
10 kDa 1:10 4°C 16 h 25.6%
10 kDa 1:10 20°C 16 h 35.8%
10 kDa 1:10 25°C 20h 78.3 %
40 kDa 1:2.5 4°C 16 h 1,2 %
40 kDa 1:2.5 4°C 40 h 2,2%
40 kDa 1:10 4°C 16 h 9.9%
40 kDa 1:10 20°C 16 h 32.8%
40 kDa 1:10 25°C 20h 51.2%

To start with the development of the purification process, first tests were done investigating
the effect of different pH values regarding elution of the nIFN-B-1b. The aim was obtaining a
sharp peak without fronting and tailing that gives the possibility to separate the nIFN-B-1b
from the PEGylated species. Therefore, a sepharose high performance strong cation exchange
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column (HiTrap SP HP, 1 ml) was used. As running buffer A 20 mM phosphate buffer + 0.15 %
Laureth-12 and as running buffer B 20 mM phosphate buffer 1 M NaCl + 0.15 % Laureth-12
were used (Figure IV-4). As expected, by increasing the pH value of the running buffers the
beginning of the elution was moved towards shorter retention times. The lower the pH of the
running buffer, the more positively charged is the protein which leads to stronger interactions
with the column. Unfortunately, no sharp peak was obtained for neither pH value (Figure IV-4),

which leads to difficulties obtaining pure fractions.
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Figure IV-4 cation exchange chromatograms of nIFN-B-1b showing the effect of different pH values of
the running buffers. Running buffer A was a 20 mM phosphate buffer + 0.15 % Laureth-12 and running
buffer B a 20 mM phosphate buffer 1 M NaCl + 0.15 % Laureth-12. The gradient is depicted in the “ratio
of running buffer B” curve while the conductivity of the eluent is depicted in the “conductivity” graph
(used column: HiTrap SP HP, 1 ml)

Also the change of the buffer substance (phosphate buffer to acetate buffer) had little effect
on the shape of the eluting “peak” and a separation between the PEGylated protein and the
native protein was barely achieved. Tests with citrate buffer did neither improve the
separation nor the peak shape. Also the change of the gradient (linear, steps) using different
slopes did not have the necessary positive influence (data not shown). Using a phosphate
buffer at pH 11.5 and an anion exchange column (HiTrap Q HP) did also not improve the

separation or the peak shape (data not shown).
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Only after using a Tris-HCl buffer (25 mM, pH 7), the nIFN-B-1b was eluted in a sharp peak.
The new running buffer did effectively improve the “tailing” and “fronting” (Figure IV-5). By
further optimizing the flow rate (too fast flow rate resulted in an insufficient separation) and
the slope of the gradient, the peak shape and the tailing was additionally improved (Figure
IV-6 and Figure IV-7).
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Figure IV-5 cation exchange chromatograms of native IFN-B-1b using phosphate buffer pH 7 and Tris-
HClI pH 7 (used column: HiTrap SP HP, 1 ml)

Regarding the purification of the 10 kDa PEG-IFN synthesis, optimization of the IEX method
did improve the purity of 10 kDa monoPEGylated IFN-B-1b but a separation between
monoPEGylated and multiple-PEGylated species was not achieved. Both, RP-HPLC and SDS-
PAGE confirmed the incomplete separation of the products (Figure IV-6). In fraction 7 only
PEGylated proteins are present. Multiple PEGylated IFN-B-1b species represent here the
majority of the molecules. In fraction 16 tri-PEGylated protein was completely removed and
the amount of di- and monoPEGylated proteins were predominant. A very small fraction of

nIFN was still present (< 5 %).

The removal of nIFN was most widely achieved with a residue of nIFN lower than 5 % in a
purified fraction, but a separation of mono- and diPEGylated proteins was not possible under
the used gradient and running buffers. To improve the separation between the 10 kDa mono-

and multiple-PEGylated species a two-step purification process was tested. The first step was
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the removal of the native IFN by IEX with a strong cation exchanger (HiTrap HP SP Column, GE
Healthcare). The IEX step was followed by a second step using a Hiprep Sephacryl S-200 SEC
column to separate the monoPEGylated protein from multiple-PEGylated species. Since the
multiple PEGylated species eluted in a shoulder before the monoPEGylated protein, using SEC

did not improve the separation.
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Figure IV-6 IEX chromatogram of the purification of the 10 kDa synthesis (UV signal blue line,
conductivity brown line, percentage B green line) collected in different fractions (red numbers) and
analyzed with SDS-PAGE (A); fraction 16 analyzed with RP-HPLC comparing the chromatogram of nIFN-
B with the synthesis before purification (B)

IEX was also carried out with a column from a different manufacturer (YMC BioProSP30, YMC)
and with a column of a higher quality (Mono S HR, GE Healthcare) which contains smaller
porous beads (10 um) in comparison with the HiTrap HP SP Column (30 um). No significant
improvement was achieved in both cases (data not shown). The slope of the gradient was
already very flat. A further decrease of the slope only resulted in broader peaks. The presence
of Laureth-12 was identified as one reason for the difficulties that were encountered during
the separation process. Laureth-12 reduced the interaction with the column, providing less

opportunities to modify the separation. In a test conducted at a later date, 40 kDa PEG-IFN
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was eluted in Laureth-12 free Tris-buffer at a concentration of 30 % NaCl. In the presence of

Laureth-12, however, the elution started at 8 % concentration of running buffer B.

The attachment of 10 kDa PEG to the protein influences the physicochemical characteristics
less than the attachment of the larger 40 kDa PEG. This can be seen in the much higher
increase of the molecular weight in SDS-PAGE. Also the higher hydrophilicity after the
conjugation of the 40 kDa PEG molecule can be seen in RP-HPLC. Almost a baseline separation
between the native protein and the mono-PEGylated type was achieved for the 40 kDa
conjugate (Figure IV-7). Consequently, the focus was on the 40 kDa PEG-IFN, since also in
literature, the conjugation of 40 kDa PEG was necessary to significantly improve the
physicochemical properties of IFN-B-1b [160]. Figure V-7 A shows the IEX chromatogram of

the purification process of the 40 kDa synthesis and the analyzed fractions with SDS-PAGE.

mau |

A

nlFN
syntheses before purification
mAU| — fraction 11

i 7 250
o | . e 1o Lol w | s 377 B

\‘“ IO -

150

100 -

50 -

16 18 20 22

time [min]

Figure IV-7 IEX Chromatogram of the purification of the 40 kDa synthesis (UV signal blue line,
conductivity brown line, percentage B green line) collected in different fractions (red numbers) and
analyzed with SDS-PAGE (A); fraction 11 analyzed with RP-HPLC comparing the chromatogram of nlFN-
B with the synthesis before purification (B)

Multiple-PEGylated species (Fraction 4 and 5) could for the most part successfully be
separated from the mono-PEGylated species (Fraction 11) and from the native protein

containing fractions (Fraction 12+). Only the first half of the main peak of the IEX
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chromatogram contained mono-PEGylated species with a content of nIFN of less than 1 % and
multiple-PEGylated species less than 5 % according to RP-HPLC. Since additional columns
(Hiprep Sephacryl S-200 SEC, YMC BioProSP30-IEX, Mono S HR) did not significantly improve
the separation, the process was scaled up from using a 1 ml HiTrap HP SP Column to a XK
26/30 column (780 ml) packed with SP Sepharose High Performance medium (GE Healthcare,
Germany). To increase the yield, fractions containing larger amounts of mono-PEGylated
protein and multi-PEGylated respectively native protein were pooled and purified again using
the same IEX method. This resulted in an increase of the multi-PEGylated species up to 10 %
but the yield of the mono-PEGylated protein was increased from under 10 % to 25-30 % after
purification. The yield is based on the used protein amount before synthesis (approx. 50 %

PEGylated species due to the incomplete synthesis of the 40 kDa PEG-IFN).

2.2 Characterization of 40 kDa PEG-IFN-B-1b

2.2.1 Determination of the molecular weight of the product

To confirm the monoPEGylation of the purified fraction, the molecular weight was determined
by SEC-MALS (Figure IV-8). The residues of di-PEGylated IFN species were separated from the
monoPEGylated species using a SEC 3000SWXL column.

The measured molecular mass of the monoPEGylated protein was 59.6 kDa with a
polydispersity of 0.6 %. The molecular weight of the polymer alone could successfully be
determined at 40.1 kDa with a polydispersity of 1 % which matches exactly the polydispersity
of the certificate of analysis of the PEG. The molecular mass of the protein was measured at
18.5 kDa. Though, it was not possible to calculate the molecular weight of the diPEGylated
peak with this method. This is probably due to the fact that the diPEGylated peak consists of
a mixture of different species of larger molecules (multiple PEGylated [IFN-B-1b,

monoPEGylated IFN-B-1b aggregates).
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Figure IV-8 Detail of the chromatogram of SEC-MALS analysis to determine the mass of the
monoPEGylated species of the 40 kDa PEG-IFN (total mass) the molar mass of the conjugate (modifier
mass) and of the protein (protein mass).

Furthermore, the molecular weight was determined by SE-HPLC using a 3000SWXL column
comparing the retention times with a gel filtration standard by Bio Rad. The size of the PEG-
IFN-B-1b was also determined by SDS-PAGE analytics using a Mark 12™ unstained standard.
The big difference in size between SE-HPLC and the calculated mass can be explained by the
fact that SEC does not measure the mass of the analyte but its hydrodynamic volume. PEG
increases the hydrodynamic volume which is significantly increased by branched PEG
molecules [20, 197]. Since the electrophoretic mobility is also depending on the hydrodynamic

radius, the calculated molecular weight of the product differs also in SDS-PAGE [197].

2.2.2  Secondary structure of PEG-IFN

FTIR measurements were conducted to determine the influence of PEGylation on the
secondary structure of the protein. According to literature, no changes of the secondary
structure are expected [160]. The peak at 1654 cm™ of the native IFN derives from a-helical
structures. The peak at 1622 cm™ can be assigned to B-sheet structures. The PEG-IFN sample
shows a decrease in the intensity of the peak in the area of 1622 cm™ in comparison to nIFN.
This decrease in intensity points to a decrease of B-sheet structures for the PEG-IFN. It is
known from literature, that an increased intensity in the B-sheet region can be attributed to
intermolecular B-sheets within aggregated protein [198]. The native IFN-B-1b is prone to
aggregation, which can be reduced by PEGylation [160] and this could be a reason for the
decreased intensity of the B-sheet band. Also the adsorption of the protein to the surface of
the measuring cell can result in an elevated intensity at 1622 cm™ at pH 3.0. This has also been
observed by Hawe et al. for a hydrophobic cytokine comparing the spectra obtained with a
flow through cell with the spectra obtained from the ATR cell [177]. Since PEGylation should

decrease these interactions due to changed physical properties and steric hindering, this
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might also be a reason for the altered spectra in the B-sheet region. To exclude that
remainders of the detergent have an influence on the B-sheets, the secondary structure of the
nIFN was analyzed in the presence of 0.15 % Laureth-12 (a 20 times higher concentration than
in the PEG-IFN sample). The presence of 0.15 % Laureth-12 in a 1 mg/ml nIFN-B-1b solution
did only result in a minor decrease of the intensity in the 1622 cm™ region. The much larger
decrease that was seen for PEG-IFN can, most likely, not be attributed to residues of the

surfactant alone.
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Figure IV-9 vector-normalized second derivative of the FTIR spectrum of 1.0 mg/ml Interferon/40 kDa
PEG-Interferon in 20 mM acetate at pH 3.0

2.2.3  Biological activity

To test whether the observed structural differences have an influence on the biological
activity, the iLite™ alphabeta Human Type | Interferon Activity Detection Kit was used.
Interferon-B-1b is reported to have a biological activity of 2x10” U/mg according to antiviral
assays [156, 160]. The activity could be determined at 2.15x10’ U/mg for the native protein
and at 1.39x107 U/mg for the PEG-IFN-B-1b by extrapolating the linear equations. According
to Basu et al. the N-terminal 40kDa monoPEG-IFN exhibit an anti-viral activity of 25 % per
protein retained in the purified conjugates relative to nFN-B-1b [160]. In this case the purified
monoPEGylated conjugates still maintained a relative activity of 64 % in comparison with the

nIFN-B-1b. A possible explanation for the difference can be the totally different activity assays.
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While in literature the inhibition of the cytopathic effect was measured by using an antiviral
assay, in this case a gene-reporter assay was used that measures the interaction between IFN
with the receptor (and therefore inducing luciferase gene and producing luciferase). The
calibration curve of the IFN-B-1b standard and also the calibration curve made from different
concentrations of PEG-IFN-B-1b and nIFN-B-1b had a correlation coefficient between 0.89 and
0.99. This shows the suitability of the assay to determine the biological activity in the used

activity range.
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Figure IV-10 Biological activity directly after PEGylation (t0) and after storage in 20 mM glycine buffer,
pH 3 determined by iLite™ alphabeta Human Type | Interferon Activity Detection Kit (n=2)

The multiple PEGylated fraction, which is a mixture of monoPEGylated, diPEGylated and
triPEGylated species, showed an expected reduction of the biological activity in comparison

with the monoPEGylated species.

2.2.4  Protein stability and storage stability in solution

One major reason for the PEGylation of IFN-B-1b are the improved physicochemical properties
which should increase the solubility and stability in solution and especially at neutral pH
values. To investigate the influence of PEGylation on storage stability in glycine buffer pH 3,
nlFN-B-1b, the mono PEGylated fraction and the multiple PEGylated fraction were stored in
20 mM glycine buffer pH 3 at 6-8 °C for three months (Figure IV-10). While nIFN-B-1b lost 35 %
of its initial activity after three months, both, the monoPEGylated species and the multi-
PEGylated species showed just a minor reduction of biological activity after storage. The larger

loss of activity of the nIFN-B-1b can be explained by an increase of aggregates (from 5.2 + 0.5
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% to 17.3 + 1.5 %) and also of oxidized proteins (2.3 + 0.2 % to 6.9 + 0.4 %) (data not shown).
No major increase in oxidation or aggregation levels were observed for both PEGylated

species.

To investigate the influence of PEGylation on the solubility at neutral pH values, 40 kDa PEG-
IFN in PBS buffer pH 7.4 + 0.01 % SDS + 0.15 % Laureth-12 and in PBS buffer pH 7.4 without

any additives were tested and compared to the nIFN (Figure 1V-11).
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Figure IV-11 protein recovery by RP-HPLC after incubating 790 ug/ml 40kDa PEG-IFN (equates the same
molar amount of 250 ug/ml nlFN) and 250 ug/ml nlFN at 37 °C in PBS buffer pH 7.4 + 0.01 % SDS +
0.15 % Laureth-12 and in PBS buffer pH 7.4 without any additives

The solubility in PBS buffer pH 7.4 + 0.01 % SDS + 0.15 % Laureth-12 was improved and the
stability of 40 kDa PEG-IFN was granted for three days at 37 °C. After seven days, a loss of
protein (11.1 £ 3.1 %) was observed. In comparison with nIFN the protein loss was significantly
reduced by PEGylation. In PBS buffer pH 7.4 without any additives a solubilization of nIFN was
not possible. In contrast, 790 pg/ml PEG-IFN-B-1b, which equates a molar amount of 250 ug
of nIFN-B-1b, could be solubilized and even after incubation at 37 °C for three days a protein
recovery of 98.7 + 0.9 % was achieved. After seven days protein loss (24.3 + 2.7 %) was
observed. Nonetheless, the stability of nIFN-B-1b was significantly increased by PEGylation. It
was able to solubilize PEG-IFN-B-1b in a reasonable concentration in PBS buffer pH 7.4 without
the need for surfactants and it was finally possible to work with a biological active species of

IFN-B-1b in at neutral pH in a surfactant free environment.
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3  Release from solid lipid implants

3.1 Development of HSA-free PEG-IFN lyophilisate

In this chapter the option to combine two different depot principles was investigated:
PEGylation of IFN-B-1b and the incorporation in a depot system. PEGylation increases the
plasma half-life of IFN-B-1b from 1-2 h to around 7-18 h (depending on the PEGylation site and
PEG size [160, 195]. This makes the delivery of PEG-IFN-B-1b via a depot formulation quite
interesting, in order to increase the half-life even further. For the preparation of the
extrudates the development of a stable HSA-free PEG-IFN-B-1b lyophilisate as an intermediate

is necessary.

As mentioned in Chapter Ill 1, a protein:sugar-ratio of 1:6.7 for the native protein is needed
for a therapeutic dose. Since monoPEGylation with 40 kDa PEG increases the mass of the
native protein by 216 %, the protein-conjugate:sugar-ratio has to be decreased to at least
1:2.4. This ratio maintains the same molar amount of protein in the same mass of lyophilisate

compared to the lyophilisate of the native protein.

During freezing of PEG alone and also of PEG which is covalently bound to proteins, the
polymer tends to crystallize and is able to have an influence on protein stability [199].
Bhatnagar et al. were able to modify and even inhibit the crystallization of free PEG by using
additives like high sucrose to PEG ratios. The addition of sucrose, however, did not influence
the crystallization of covalently attached PEG. The crystallization of a 40 kDa PEG covalently
attached to a human growth hormone did not influence the protein stability during freeze
drying. However, the authors mentioned a negative influence during storage [200]. Also other
authors sounded a note of caution regarding the lyophilisation of PEGylated proteins. By
PEGylation the proteins surface characteristics changes and therefore also the interaction
between the stabilizing excipients and the protein vary [201]. But also protective effects of

PEG (8 kDa) co-lyophilized with lactate dehydrogenase have been shown [202].

Therefore, different formulations of PEG-IFN were tested (Table IV-1ll). Formulation 2 and 3
match the above mentioned requirements containing a therapeutic sufficient amount of
protein to act as a suitable intermediate for extrudate preparation. Formulation 1 and 4 were
used as a comparison to investigate the influence of different protein-excipient-ratios.

Formulation 1 has the exact same molar protein:sugar-ratio as the trehalose formulation for
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the nIFN-B-1b, which was used for extrudate preparation. Formulation 4 tests the influence of

a higher amount of excipients.

Table IV-1ll Overview of the tested 40kDa PEG-IFN-beta lyophilisate formulations

formulation PEG-IFN Glycine trehalose total mass protein:sugar-
[mg/ml] [mg/ml] [mg/ml] [mg/ml] ratio

1 1.00 0.77 5.92 7.69 1:7.7

2 3.16 / / 3.16 /

3 3.16 0.52 4.01 7.69 1:14

4 1.00 0.77 16.00 17.77 1:16

3.1.1  Residual moisture

The same lyophilisation cycle as for the nIFN formulation was used for the lyophilisation of the
PEG-IFN-B-1b samples (see Chapter Ill 2.2.11). To see if the lyophilisation process is also
suitable for the PEG-IFN, the residual moisture was analyzed by Karl-Fischer-titration. All
lyophilized formulations had a water content < 1 % indicating efficient drying (Table IV-1V).
Mosharraf et al. observed a decrease of the residual moisture when PEG was incorporated
into the lyophilisate using a recombinant growth hormone antagonist [203]. This effect was
even more pronounced when the PEG (5x 6 kDa) was covalently bound to the protein. It was
suggested that the ability of the protein to bind water is changed by PEGylation. In our studies,
a tendency to decreased residual moisture of the formulation containing the PEGylated

protein was observed (Table IV-IV).

Table IV-1V Residual moisture after lyophilisation determined by Karl-Fischer titration

formulation residual moisture
nIFN 0.005 % PS20 0.79% +£0.22
nlFN 0.02 % PS20 0.82% +0.15
nlFN 0% PS20 0.73 % £ 0.08
PEG-IFN formulation 1 0.46 % + 0.06
PEG-IFN formulation 2 0.52% +£0.10
PEG-IFN formulation 3 0.56 % +0.09
PEG-IFN formulation 4 0.65 % +0.03
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3.1.2  Protein stability: particle formation, aggregation and oxidation

3.1.2.1  Soluble aggregates by SE-HPLC

To test for soluble aggregates SE-HPLC was carried out on a Tosoh G4000SW column. As
described in chapter 0.2.1, the purified monoPEGylated stock solution had a purity of 90-95 %

determined with RP-HPLC. The remainders of multi-PEGylated proteins are represented by a

peak eluting before the main peak (Figure IV-12 B).
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Figure IV-12 Soluble aggregates determined by SE-HPLC using a Tosoh G4000SW column
(A); exemplary section of the UV signal of the 40 kDa PEG-IFN peak on a Tosoh G4000SW column (B)

Multiple PEGylated IFN species, aggregated monoPEGylated IFN-B-1b molecules and
monoPEGylated nIFN-B-1b aggregates may also contribute to the increase of the area of the
peak eluting in front of the main peak (Figure IV-12 B). Therefore, in the starting material, the
peak occupies an area of 9.71 + 1.09 % related to the total peak area (Figure IV-12 A). The
formation of soluble aggregates will increase the peak eluting in front of the main peak. Apart
from formulation 2 directly after lyophilisation and formulation 1 and 4 after two weeks
storage at 40 °C, which showed a slight increase in aggregation levels, no big differences were
observed between the other formulations regarding the formation of soluble aggregates.
Interestingly, the amount of soluble aggregates was also not increased in formulation 2 which
only contains the protein without any excipient. PEG-nIFN-B-1b is rather stable even without
excipients according to SEC. This explains the lack of larger stabilizing effect of different
protein:sugar-ratios. The protein recovery after lyophilisation was in the range of 93-101 %

with no major differences between the formulations (data not shown).
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3.1.2.2  Oxidation levels determined by RP-HPLC

It is known that PEG is able to auto oxidize by forming peroxides and formaldehydes. These
products can affect the stability of oxidation sensitive proteins especially under elevated
temperatures and storage [204]. Therefore, also oxidation was tested using RP-HPLC (Table
IV-V). No effect after lyophilisation and storage of the lyophilisate for two weeks at 40 °C was
detected. Since the oxidation was determined with RP-HPLC, multi-PEGylated species, which
also represent more hydrophilic species, are also eluting before the monoPEGylated protein
peak at the same retention time (Figure IV-7 B). Therefore, the peak does not merely

represent the amount of oxidized protein but also the multi-PEGylated species.

3.1.2.3  Particle formation by light obscuration and DLS measurements

To determine particles > 1 um, light obscuration was used. All formulations showed a relatively
low amount of particles after lyophilisation (< 1000 particles/ml). 1 mg/ml native IFN-B-1b
without additives, which was used as a negative control, showed a much higher particle count
with around 7900 particles/ml and again provided evidence for the stabilizing effect of

PEGylation.

Table IV-V particles > 1 um determined by light obscuration and oxidation levels determined by RP-
HPLC reference formulation before lyophilisation possess 206 + 57 particles and an “oxidation” level of
7.14+23%

particles > 1 um determined by light “oxidation” levels determined by RP-

obscuration (particle count) HPLC

formulation after lyophilisation 40 °C, 2 weeks after 40 °C, 2 weeks

storage lyophilisation storage

formulation 1

769 + 386 411133 7.34£0.12% 7.22£0.23%

formulation 2 572428 353166 7.21£0.22% 7.3540.29%

formulation 3 556 + 297 317 + 121 7.24£015%  7.19%0.14%

formulation 4 293 £ 170 345 + 181 7.29+0.24 % 7.31£0.27 %
1 mg/mlnlFN in

7896 + 386 11901 + 3052 7.24+2.18% 7.28+0.21%

20 mM glycine pH 3

Investigation of particle formation in a particle range from 1 nm to 1 um with dynamic light
scattering (Figure IV-13) did not show a major change in particle distribution after
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lyophilisation and also after storage for two weeks at 40 °C. Only formulation 2, which contains
PEG-IFN without excipients, shows a slight deviation after lyophilisation and storage.
Comparing the influence of lyophilisation on PEG-IFN-B-1b without excipients and the nIFN-f3-

1b without excipients, a huge difference in size distribution was observed (Figure IV-13

formulation 2).
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Figure IV-13 comparison of the different PEG-IFN formulation for freeze drying according by dynamic

light scattering before lyophilisation, after lyophilisation and reconstitution and after storage of the
lyophilisate at 40 °C for 2 weeks.

3.1.2.4  Determination of the secondary structure by FTIR
Only the FTIR-spectra of formulations containing a sufficient protein amount for the release

studies (formulation 2 and 3) were investigated (Figure IV-14).
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Figure IV-14 Investigation of the influence on the secondary structure after lyophilisation of PEG-IFN-B-
1b and storage of the lyophilisate by using FTIR spectroscopy. (A) shows the IR spectra of formulation
3 before and after lyophilisation and reconstitution and after storage of the lyophilisate for 2 weeks at
40 °C (B) shows the IR spectra of formulation 2 (PEG-IFN without any excipients)

No major deviation in the IR spectra was observed for formulation 3 (3.16 mg/ml PEG-IFN-B-
1b, protein:sugar-ratio of1:1.4), after lyophilisation and reconstitution. Even storing the
lyophilisate for two weeks at 40 °C did not change the secondary structure (Figure 1V-14 A).
Lyophilisation of PEG-IFN-B-1b without any trehalose as an excipient, did lead to a slight
change of the secondary structure (Figure IV-14 B). A small shift of the 1653 cm™ band was
observed after storing the lyophilisate for two weeks at 40 °C. This shift indicates
heterogeneity of intramolecular a-helix structures comparing the secondary structure of

samples before and after lyophilisation with the samples after storage.

After all, formulation 3 seems to be a suitable intermediate for extrudate preparation since it
contains the appropriate amount of PEGylated IFN-B-1b and did not show protein instabilities

during lyophilisation and short term storage.

3.1.2.5 Influence of surfactant residues on protein stability during freeze drying

To test, whether PEGylation alone can be accounted for the stabilization of IFN-B-1b during
freeze drying even without excipients, the effect of Laureth-12 on particle formation was
tested (Table IV-VI). 0.0075 % Laureth-12 represents the determined residue in the PEGylated
fraction and was therefore chosen as the starting concentration (0.1.2.1.1). Additionally, a
concentration of 0.15 % of Laureth-12 was investigated, to test the influence of a much higher

amount of the surfactant.

102



Table IV-VI Comparison of the influence of Laureth-12 on particle formation of a 1 mg/ml nlFN-B-1b
solution in 20 mM glycine buffer pH 3.0

formulation SE-HPLC light obscuration | dynamic light scattering
[soluble aggregates] | [particles count] [z-average/PDlI]

nIFN 1 mg/ml in glycine buffer pH 3 9.3+09% 7896 * 386 152.10 £ 50.26/0,491 + 0.148

+0.0075 % Laureth-12 79+13% 5078 + 495 30.41 +14.14/0.410 £ 0.154

+0.15 % Laureth-12 59+12% 483 +192 13.81+0.81/0,351 £ 0.035

A 1 mg/ml nIFN-B-1b solution in 20 mM glycine buffer pH 3.0 with 0.15% of Laureth-12 showed
significantly lower particle counts and a much smaller change in size distribution by intensity
(DLS) than the formulation without the surfactants. Also a concentration of 0.0075 % Laureth-
12 resulted in a stabilizing effect, even though to a lesser degree. PEG-IFN-B-1b without
excipients outperformed the nIFN-B-1b + 0.0075 % Laureth-12 regarding particle formation.
Since there still were residues of the surfactant in the formulations containing PEG-IFN-B-1b,
the positive results and the stabilizing effect of PEG-IFN-B-1b even without excipients can not
only be attributed to the PEGylation of the protein alone. Otherwise, the presence of 0.0075 %
Laureth-12 did also not explain the higher degree of stabilization that was observed for PEG-
IFN-B-1b, since 0.0075 % of Laureth-12 did still result in an increase of soluble aggregates and
particles of the nIFN-B-1b. Influences of both effects, PEGylation and the presence of Laureth-

12, are likely.

3.2 Release studies from solid lipid implants

By increasing the hydrophilicity of IFN-B-1b by PEGylation, the solubility of the protein was
also successfully increased. After being able to solubilize 40 kDa PEG-IFN-B-1b in PBS buffer
pH 7.4 without any additives the release of the PEGylated protein without surfactants in the
release medium was investigated. Also PBS buffer pH 7.4 + 0.01 % SDS + 0.15 % Laureth-12,
which resulted in a very slow and incomplete release due to protein-lipid interaction of the

native IFN-B-1b was tested to test the influence of PEGylation these interactions.

Lipid extrudates were prepared according to Schulze et al. [168] by extruding a mixture of
triglycerides, lyophilized protein and excipients. The lipid blend consisted of a low melting
point lipid H12 (melting point: 37 °C) and a high melting lipid (D118; melting point 73 °C) in a
ratio of 30:70 with a lyophilisate content of 9.74 %. The extrudates have a content of 3.16 mg
of PEG-IFN-B-1b which equals the molar amount of 1 mg nIFN-B-1b.
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Figure IV-15 Comparison of PEG-IFN loaded extrudate (3.16 mg PEGylated protein/extrudate) with nIFN
loaded extrudates (1 mg protein/extrudate) in PBS buffer pH 7.4 without any additives (A) and PBS
buffer pH 7.4 + 0.01 % SDS + 0.15 % Laureth-12 (B) and PBS buffer pH 7.4 + 0.1 % SDS (reduced amount
of PEG-IFN with a PEG-IFN:nIFN-ratio of 20:80 per extrudate) (C). Formation of fissures after incubation
in PBS buffer pH 7.4 (D), PBS buffer pH 7.4 + 0.01 % SDS + 0.15 % Laureth-12 (E) and PBS buffer pH 7.4
+ 0.1 % SDS (F) after 48 h of incubation of PEG-IFN loaded extrudates. nIFN-B loaded extrudate after
incubation in PBS buffer pH 7.4 + 0.1 % SDS for 48 h (G) (n=5)

While it was not possible to release the nIFN-B-1b in PBS buffer without any additives or even
in PBS buffer pH 7.4 + 0.01 % SDS + 0.15 % Laureth-12, the release of PEG-IFN-B-1b in these
buffers was possible (Figure IV-15 A and B). In PBS buffer, PEG-IFN-B-1b was released in a
relative linear manner over seven days without a burst. Between seven and ten days the
release slowed significantly down resulting in a total release of 72.5 + 14.0 %. In PBS buffer
containing the surfactant combination, the release was more incomplete in comparison with

the release in PBS buffer without additives.

In PBS buffer + 0.1 % SDS, 69.1 + 12.8 % of the nIFN-B-1b was released over seven days. PEG-
IFN was released faster and slightly in a more complete manner than the unmodified protein.
After ten days 81.3 £ 7.7 % of the PEGylated protein was released. The mass of water soluble

components within the extrudate is exactly the same in nIFN and PEG-IFN loaded extrudates.
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Therefore, also the amount of pores should be comparable and the different release profiles

can mainly be attributed to the different properties of the proteins.

Surprisingly, most extrudates loaded with PEG-IFN showed fissures after 12-48 h. These
fissures increased slightly during further incubation. The fissures were slightly more
pronounced in SDS containing buffers (Figure IV-15 D, E and F) in comparison with extrudates
incubated in PBS buffer without additives. Extrudates loaded with nIFN-B did not show any
fissures after 48 h (Figure IV-15 G) or during the complete release. It is known from literature
that pure PEG particles and PEG containing polystyrene particles are able to swell in phosphate
buffer by the interaction of free ethylene oxide units of PEG with the solvent [205]. These
ethylene oxide units are consequently solvated [206]. This might be an explanation for the
occurrence of cracks within the PEG-IFN loaded extrudates. The cracks could be avoided by
decreasing the amount of PEGylated protein (PEG-IFN:nIFN-ratio of 20:80). The reason that
the formation of fissures was especially seen in samples incubated in surfactant containing
buffers, can probably explained be by the decreased surface tension of the buffers containing
surfactants. This leads to a faster diffusion in the pores of the buffer and therefore the faster

swelling.

The influence of the cracks on the release rate was further investigated by reducing the
sampling intervals for 24 hto 12 h. After 12 h incubation the samples were intact and no visible
cracks on the surface were observed. After 12 h only 5.12 % of the protein was released.
Between 12 and 24 h, the formation of cracks was observed and the released protein
increased significantly during this time frame and added up to an amount of 30 % + 4.7 %.
When reducing the amount of PEGylated protein (PEG-IFN:nIFN-ratio of 20:80 per extrudate)
no fissures appeared. The release in SDS containing medium was significantly slower especially

in the first 48 h in which the formation of cracks generally occurred.

The influence of protein size on release kinetics was investigated regarding the released
amount of each protein species from extrudates prepared with a PEG-IFN:nIFN-ratio of 20:80.
The ratio of released PEG-IFN to the released nIFN stayed constant (19.4 + 2.1 % to
81.6 + 3.1 %) during the complete release indicating no major influences of protein size on

release kinetics in this case (Figure 1V-15 C).

Concerning the incomplete release, extraction of the protein from the implants after release

according to Chapter 1ll.1.2.7 was not able to give a complete image regarding the
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whereabouts of the non-released protein. One reason is the incomplete extraction process
and another reason is the instability of nIFN and PEG-IFN in solution especially in the presence

of lipids (more detailed discussion see Chapter Il 4.4).

Table IV-VII Determination of the amounts of non-released protein after incubation by extracting the
protein from the implants after release

Sample Released Protein Extraction of the | Total protein
[%] implants after release [%] | recovery [%]

nlFN PBS + SDS 0.1 % 69.1+12.8% 16.3+54% 85.4+139%

PEG-IFN PBS 72.5+14.0 %. 75+23% 80.0+14.2 %

PEG-IFN PBS +SDS 0.01 % + 0.15 % Laureth-12 59.7+7.6 % 193+7.1% 79.0+10.4 %

PEG-IFN PBS +SDS 0.1 % 81.3+7.7% 82%+4.4% 89.5+89%

3.3 Biological activity after release

To investigate the biological activity of PEG-IFN-B-1b after release, the iLite™alphabeta Human
Type | Interferon Activity Detection Kit was used. The activity of the released PEG-IFN in PBS
buffer + 0.1 % SDS dropped from approximately 92 % to 31 % over four days and stayed on
the same level until the 7™ day (Figure IV-16). Since the activity after 24 h and 48 h are close
to 100 %, neither the lyophilisation process nor the extrudate preparation seem to have a
larger influence on the biological activity of the PEGylated protein. The same was already

observed for the native protein (Chapter Il 4.4.3)

The activity of the PEG-IFN in PBS buffer without any additives dropped already to a level of
approximately 61 % on the first day. On the second day, it further decreased to stay on a
similar activity level until day 7. The difference between PBS buffer and PBS buffer + 0.1 % SDS
makes a stabilizing influence of SDS likely (Figure IV-16).
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Figure IV-16 Biological activity of PEG-IFN-B-1b (n=2) after release in PBS buffer pH 7.4 and PBS buffer
pH 7.4 + 0.1% SDS determined by the iLite™alphabeta Human Type | Interferon Activity Detection Kit

Until day four the sampling was done every 24 h. Protein already dissolved within the pores
of the matrix will stay in solution over a much longer time until it diffuses out from the matrix
into the release medium. Therefore, the stability in solution over a longer time frame might
be anissue. Furthermore, after the samples were drawn, each sample was stored in its release
medium at 6-8 °C until the end of the release after seven days. After that the activity was

measured. This makes the influence of the release medium even more important.

3.3.1 Investigation of the reason for the decrease in protein activity

In Figure IV-17 A and B, the stability of PEG-IFN-B-1b in PBS buffer pH 7.4 +0.01 % SDS + 0.15 %
Laureth-12 in the presence of lipids and the effect of multiple PEGylation was tested. As
expected, the multiple PEGylated fraction provided better stability in solution in both buffers.
Because of the increased stability of multiple-PEGylated IFN-B-1b, the protein part and not
the PEG molecule of the monoPEGylated IFN-B-1b plays the major role regarding the observed

protein loss.
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Figure IV-17 Protein recovery after incubation of 250 ug/ml monoPEG-IFN-B-1b, multiPEG-IFN-B-1b and
nlFN-B-1b solution PBS buffer pH 7.4 + 0.01% SDS + 0.15% Laureth-12 at 37 °C in buffer (A) and with
lipids present (B) (n=3); the stability in solution of nIFN-B in PBS buffer with 0.1% SDS, PEG-IFN-B in PBS
buffer with 0.1% SDS and PEG-IFN-B in PBS buffer incubated without lipids 37 °C (n=3) (C); with lipids
present (n=3) (D), biological activity determined by the iLite™alphabeta Human Type | Interferon
Activity Detection Kit of nIFN-B in PBS buffer with 0.1% SDS, PEG-IFN- in PBS buffer with 0.1% SDS and
PEG-IFN-B in PBS buffer without lipids 37 °C (n=2) (E) and with lipids 37 °C (n=2) (F)

The samples containing no lipids did not show any significant protein loss during the first four
days of incubation (Figure IV-17 C and D). While the PEG-IFN samples show a small decrease
after the 7t day (in SDS containing medium as well as in pure PBS buffer), the nIFN-B-1b

samples did not show major protein loss over the whole time frame. Braude et al.
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demonstrated an improved stabilization of mouse interferons by SDS due to unfolding the
molecule into an reversible conformation [207]. Because of the shielding effect of PEG, the
accessibility and therefore the interaction between SDS and the protein are likely changed
which might explain the observation. The interaction of 0.1 % SDS with IFN-B-1b seems to
stabilize the protein to a larger degree than the conjugation of PEG. The addition of placebo
extrudates promotes the protein loss in all samples even after the second day of incubation
(Figure IV-17 D). The presence of SDS does influence the protein-lipid interactions of PEG-IFN-

B-1b in a positive way.

To investigate the influence of the buffer alone on the biological activity, the proteins were
incubated in the release media (Figure IV-17 E). PEG-IFN-B and also the nIFN-B-1b showed no
major loss in biological activity during the incubation in PBS buffer with 0.1 % SDS present.
Incubating PEG-IFN in PBS buffer without SDS resulted in a loss in activity at day seven. Even
though the solubility was generally provided in PBS buffer, the protein stability seems to
suffer. When SDS is present, the buffer itself and incubation at 37 °C do not have any major
influences on protein activity of both, nIFN-B-1b and PEG-IFN-B-1b. When incubating the same
protein solutions with placebo extrudates, even after the first day of incubation a loss of
biological activity was observed for PEG-IFN in PBS buffer without SDS (Figure IV-17 F). The
presence of lipids does negatively influence PEG-IFN-B-1b stability even in the presence of
0.1 % SDS. This explains also the loss of activity of PEG-IFN-B-1b during the release from solid
lipid implants.

To investigate the reason for the decrease of biological activity soluble aggregates (Figure

IV-18) and the oxidation levels (Figure 1V-19) was determined.
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Figure IV-18 Soluble aggregates determined by SE-HPLC after incubation in PBS buffer pH 7.4 (A) and
PBS buffer pH 7.4 + 0.1% SDS (B) with and without placebo extrudates present (n=3)
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In PBS buffer, an increase in soluble aggregates of PEG-IFN-B-1b was detected with and
without lipids being present. The high amount of “aggregates” is due to the fact that the peak
eluting before the main peak which represents higher molecular weight species consists of
multiple PEGylated species and aggregates. The formation of aggregates is slightly more
pronounced in the presence of lipids in comparison with the pure buffer (Figure IV-18 A). In
PBS buffer pH 7.4 + 0.1% SDS a slight trend towards the formation of soluble aggregates is
visible with increased incubation time. Also the presence of placebo extrudates slightly
promotes the formation of aggregates (Figure IV-18 B). The formation of soluble aggregates
does not explain the huge decrease in biological activity. Another reason for the low amounts

of soluble aggregates might be the presence of 0.1 % SDS in the running buffer.

Since oxidation of the native IFN-B-1b was increased during the incubation with lipids,
oxidation was also investigated for the PEG-IFN-1b (Figure IV-19). The reason for the initially
increased starting “oxidation” levels in comparison with the nIFN can be explained by the
presence of multi-PEGylated species. These more hydrophilic species elute before the
monoPEGylated protein peak. Apart from oxidized protein (which is also more hydrophilic)

multi-PEGylated species do also contribute to this “oxidized” protein peak.

In PBS buffer without placebo extrudates present, the ratio of hydrophilic species increased
over time (Figure IV-19 A). This can mainly be attributed to the fact that the amount of
monoPEGylated protein was decreasing, while the absolute amount of oxidized/multiple-
PEGylated protein did not show any major changes (Figure IV-19 A and B). The presence of
lipids increased this trend even more, resulting in a higher ratio of hydrophilic species. Since
the activity assays were related to the actually determined protein amount, the protein loss

cannot be accounted for the decrease in biological activity.

In PBS buffer pH 7.4 + 0.1% SDS without lipids, the level of hydrophilic species did not change.
The biggest difference was seen in the presence of lipids. While the peak shape and retention
time in the pure buffer did not change fundamentally, in the presence of lipids the observed
shoulder converted into an “individual” peak at day 3 (Figure IV-19 D). Because of the
additional peak, and further decrease of the monoPEGylated protein peak, the amount of
hydrophilic species increases clearly at day three. Furthermore, the retention time of the
monoPEGylated protein and of the peak of the hydrophilic species shifted in the direction of

shorter retention times indicating the formation of more hydrophilic species. While
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oxidation/formation of hydrophilic species were observed for both nIFN-B-1b and PEG-IFN-3-
1b, no increase in oxidation was reported by Mohl [165] and Herrmann for IFN-a-2a [90] nor

by Sax for lysozyme or mAb [88].

The different shapes of the PEG-IFN-B-1b peaks in PBS buffer (Figure IV-19 B) and PBS buffer
containing SDS (Figure 1V-19 D) can be explained by the negative influence of SDS on the
separation efficiency by RP-HPLC. Bosserhoff et al. investigated the separation of bovine
serum albumin fragments and a mixture of synthetic peptides by RP-HPLC and observed that
even traces of SDS can reduce separation efficiency significantly [208]. A decreased separation
efficiency in the presents of SDS was also shown for ribonuclease, insulin, lysozyme, myoglobin
and ovalbumin. The authors stated that peptide separations are seriously affected by the
presence of surfactant [209]. Therefore, a direct comparison of the oxidation levels of proteins
in the two buffers is not reasonable and only a comparison of different time points within one

buffer is viable.

Even though, PEGylation was able to improve the solubility and stability of nIFN-B-1b, it was

not able to completely avoid the detrimental effects of the lipids on protein stability.
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Figure IV-19 Amount of soluble aggregates after incubation of a 250 ug/ml PEG-IFN-B-1b solution in
PBS buffer with and without lipids present (n=3) (A) with the corresponding RP chromatogram (B);
oxidation levels after incubation of a 250 ug/ml IFN-B-1b solution in PBS buffer + 0.1 % SDS with and
without lipids present (n=3) (C) with the corresponding RP chromatogram (D)

3.4 Investigation of the reason of protein oxidation

To further investigate which component is the main source for the observed protein oxidation
and protein loss, an individual analysis of the different lipid blends was conducted.
Furthermore, the influence of another hydrophobic surface was investigated by using paraffin
wax. To get an idea of the origin of oxidation, the antioxidant methionine was tested. To
approach, whether metal catalyzed oxidation plays an important role, the influence of EDTA
was investigated. Since oxidation by RP-HPLC of PEG-IFN is more difficult to determine due to
the presence of multiple PEGylated species which result in a peak in the region where the

oxidized protein is expected, nIFN-B-1b was used for this investigation (Figure IV-20).
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Figure 1V-20 Comparison of the protein recovery (A) and the oxidation levels (B) after incubating
250 ug/ml nlFN-B-1b in PBS buffer pH 7.4 + 0.1 % SDS with placebo extrudates prepared of H12/D118
(30/70), H12 extrudates, D118 extrudates and paraffin precipitates at 37 °C. The H12/D118 extrudates
were also tested with the addition of 2 mM EDTA and 10 mM methionine to the buffer.

As expected and already observed in previous tests (see Chapter Il 4.3.1), during the
incubation of nIFN-B-1b with placebo extrudates the protein recovery decreases over time,
while the amount of hydrophilic species increases. Taking a closer look on H12 and D118
individually, oxidation levels were barely influenced during incubation with H12 extrudates
while the incubation with D118 extrudates resulted in an increase. In contrast, the protein
recovery was decreased in both cases. Protein recovery of the individual components was
slightly higher compared to the 30:70 mixture. The incubation with paraffin wax did not result
in an increase in oxidation levels or a decrease in protein recovery. It seems that an unspecific
interaction with a hydrophobic surface is not primarily responsible for the protein loss and

protein oxidation.

Free methionine acts as a free radical or oxygen scavenger. By the addition of 10 mM
methionine to the buffer, oxidation levels were significantly decreased whereas protein
recovery did not show any major increase. A decrease in protein recovery and the increase in
oxidation level do not necessarily have a causal connection. There was no positive effect of

EDTA visible. Therefore, metal catalyzed oxidation can be excluded.

Generally, oxidation of proteins induced by lipids is already described in literature. During lipid
peroxidation, unsaturated lipids can form lipid radicals or lipid peroxides that are able to react
with proteins and play important roles in several diseases [210]. Lipid peroxidation is often
catalyzed by iron compounds and it was shown that emulsions of oxidized unsaturated fatty

acids inhibit certain enzymes [211].
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In these studies, the used triglycerides are all saturated and are not prone to oxidation.
Dynasan 118 is a glyceryl tristearate and H12 consists of three saturated triglycerides
comprising palmitic, myristic and lauric acid. Even though at elevated temperature (154 °C
under oxygen flow) an oxidation of saturated fatty acids and their corresponding esters is
possible an influence of the chain length (C12-C18) was not observed [212]. Therefore, the
difference on protein oxidation between the two lipids cannot be explained by a theoretical
preferred autoxidation of stearic acid. Furthermore, there is no evidence in literature that

suggests an increased protein oxidation using stearic triglycerides.

Neither hydrophobic surfaces per se, nor H12 alone pose a problem regarding the oxidation
of the protein. Only the presence of D118 resulted in an increase in oxidation levels which
could be prevented by the addition of methionine but not EDTA. The most likely explanation

is the presence of impurities in the used D118.
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4 Release Studies from VPGs

The preparation of protein loaded VPGs, to be used as a depot system, is rather simple and
straight forward since only the protein solution and the phospholipids are mixed together and
processed with a dual asymmetric centrifuge. The result is a highly concentrated, semisolid,
aqueous phospholipid dispersion. The gel-like consistency is formed by the numerous densely
packed vesicles. Incorporation of native IFN-B-1b in the phosphatidylcholine containing VPGs
resulted in protein-lipid interactions that were expressed by a change in the vesicle size and
also by the inability to extract the protein from the VPGs (Chapter 1l 3.1). Especially the second
issue hampered the development of a depot formulation. After preparing the first PEG-IFN-B-
1b loaded VPGs based on 350 mg/g Lipoid E80 (Figure IV-21 B), the extraction from those
freshly prepared VPGs was successfully tested and a protein recovery of 97.4 + 3.4 % was

achieved.

In contrast to solid lipid implants, erosion seems to be the predominant release mechanism
from VPGs [102, 104, 106, 172]. Therefore, the release tests were conducted in flow through
cells made of Teflon®. The VPGs were accurately weighed into the donor compartment of the
cells and the acceptor compartment is placed on top without a filter in-between, in order to
not interfere with the erosion. Thus, the buffer is able to flow over the gel and eroded
liposomes can be drained from the cells without anything holding them back and therefore
influencing the release of the protein. Protein release was quantified using by RP-HPLC and a
fluorescence detector being able to quantify even very small amounts of protein.
Furthermore, the placebo VPG solution gave a rather large fluorescence signal. Since the
phospholipids had a different retention time compared to the protein signal, a quantification

in the presence of phospholipids was possible.
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Figure IV-21 Picture of the flow through cell with the donor compartment on the left and the acceptor
compartment on the right comprising the sockets for inflow and outflow of the buffer (A) freshly
prepared PEG-IFN loaded VPGs in a 2 ml safe lock tube (B) and the setup for the release test including
a syringe pump, a water bath tempered at 37 °C including the flow through cells connected by silicone
tubings and falcon tubes to collect the medium before analyses (C).

4.1  Effect of protein incorporation on the gel properties of the VPGs

After incorporation of nIFN-B-1b and PEG-IFN-B-1b into the VPGs, an increase in the viscosity
of the gels was observed depending on the amount of proteins, the type of protein and also
the formulation pH value. VPGs do not obey Newton’s law of fluid flow and show a plastic flow

with and without proteins incorporated (Figure IV-22 A). After the addition of proteins, the
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gels show a rheopectic behavior which can be seen due to the appearance of a hysteresis loop

and by the increased shear stress in the down curve of the rheogram (Figure IV-22 A).
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Figure 1V-22 Rheogram of placebo VPGs (350 mg/qg E80, acetate buffer pH 4) and 1 mg/g gel of nIFN
respectively 3.16 mg/qg gel PEG-IFN-B containing VPGs (A); viscosity of 350 mg/qg E8O VPGs depending
on protein concentration (per gram gel, acetate buffer pH 4) (B); viscosity of 350 mg/g S100 VPGs
depending on protein concentration (per gram gel, acetate buffer pH 4) (C), viscosity of 350 mg/qg S100
respectively E80 VPGs depending on PEG-IFN-B-1b concentration (per gram gel, phosphate buffer pH
7) (D) For a better comparison, the labeling of the x-axis of B, C, D was not changed for the PEG-IFN-B-
1b concentrations which represent the corresponding molar amount. The actual concentration of PEG-
IFN-B-1b was 31, 158, 316, 948, 1896, 3160, 6320 ug/g.

Even relatively small amounts of proteins are able to increase the viscosity of both, E80 and
S100 based gels. In most cases, 100 pg of protein per gram gel (0.01 %) or even less are
sufficient to drastically change the viscosity of the VPGs (Figure IV-22 B, Cand D). Even smaller
protein amounts seem to have an influence on VPG properties. nlFN-B-1b increases gel
viscosity of E80/acetate buffer based VPGs slightly more (259 % vs. 174 %) at a protein load of
1 mg/g nIFN-B-1b compared to the same molar amount of PEG-IFN-1b (3.16 mg/g) (Figure
IV-22 B). A similar result can be seen when using S100 based VPGs formulated in acetate buffer
pH 4 (Figure IV-22 C). Comparing the viscosity of E80 and S100 based VPGs in acetate buffer
after protein addition, the viscosity increase of S100 based gels is lower compared to ES80

based gels.
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When changing the buffer from 50 mM acetate buffer pH 4 to 50 mM phosphate buffer pH 7,
gel viscosity clearly increases after the incorporation of PEG-IFN-f in S100 based VPGs. Again,
less than a molar amount which equates 100 ug of the native protein seems to be enough to
significantly influence gel viscosity. A further increase of the protein amount does not seem
to have a major influence. Surprisingly, after incorporation of PEG-IFN-B in E80 based VPGs,
the viscosity did not increase and did stay on a similar level independent of the protein amount
incorporated. Interactions of PEG-IFN-B-1b with VPGs formulated in phosphate buffer pH 7

seem to be less compared to the protein formulated in acetate buffer pH 4.

Also a change of the buffer alone without proteins present influenced the viscosity of the
VPGs. 350 mg/g E80 VPGs formulated in 50 mM acetate buffer pH 4 (0.615 + 0.059 Pa*s) had
a higher viscosity compared to VPGs formulated in 50 mM phosphate buffer pH 7
(0.431 + 0.072 Pa*s). The effect of buffer on gel viscosities was also reported by Tian et al.
[105]. The influence of the buffer and the type of lipid on gel viscosity can be explained by a
different degree of interaction due to a changed surface charge and charge density of the
protein but also by different charged phospholipids. A more detailed discussion can be found

in Chapter V 3.1.

In contrast to EPO [106] or a monoclonal antibody [105], the incorporation of nIFN-$ and PEG-
IFN-B did influence the viscosity of the VPGs. Grohganz et al. observed a change in viscosity
after incorporation of the gonadotropin-releasing hormone antagonist cetrorelix in ES80 based
VPGs [103]. Tian et al. reported an increase of gel strength but no change in viscosity after the
incorporation of G-CSF [105]. Both, Grohganz and Tian made protein-lipid interactions

responsible for this observation without doing further studies in this direction.

4.2  Release tests from VPGs

Release tests were performed according to Chapter IV 1.2.6.2. After the PEGylation of IFN-B-
1b, not only the extraction was possible but also a release of the protein from VPGs in PBS
buffer pH 7.4 due to the increased solubility (Figure 1V-23 A). Tests with surfactants in the
release medium were not conducted because they can solubilize the liposomes and influence

the erosion behavior negatively [170].
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4.2.1 Influence of lipid type and content
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Figure IV-23 release of 40 kDa PEG-IFN-B-1b (3.16 mg/g) from VPGs investigating the influence of
different lipid concentrations and lipid types. All release tests were conducted in flow through cells
using PBS buffer pH 7.4 as a release medium (n=1)

(A) different amounts of E80 formulated in acetate buffer pH 4

(B) different amounts of E80 formulated in phosphate buffer pH 7

released protein amount after 72h versus the viscosity at a shear rate of 42 1/s

(C) VPGs prepared with 1 mg/qg PEG-IFN in acetate buffer with different ESO concentrations

(D) VPGs prepared with 1 mg/g PEG-IFN in acetate buffer with different S100 concentrations

VPGs prepared with 350 mg/g E80 and a PEG-IFN-B1b content of 3.16 mg/g gel (equating the
molar amount of 1 mg of nIFN-B-1b) formulated in 50 mM acetate buffer pH 4 resulted in a
very slow and constant release (Figure 1V-23 A). Since the released protein amount was far
away from a therapeutic relevant dosage of the native protein (250 ug every other day) and
close to the limit of quantification, the release rate should be increased by reducing the lipid
content. Tian et al. showed a good correlation regarding the release rate and lipid content
[105]. In the case of this study, the release speed could slightly be increased by decreasing the
lipid content to 250 mg/g. A further decrease of the lipid content from 250 mg/g to 235 mg/g
Lipoid E80 resulted in huge increase of the release rate which was even faster using 200 mg/g

VPGs. The reason for this jump in release rate is that the 200 and 235 mg/g lipid containing
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VPGs were basically washed out of the flow through cell which resulted in highly turbid
samples in the first 48 h. Already during VPG preparation, the low viscosity of the gels was
easily visible to the naked eye. The 235 mg/g gels exhibit a viscosity of 0.33 Pa*s, while
250 mg/g gels had a much higher viscosity (1.24 Pa*s). Viscosity is the internal friction within
a system which is determined by how for example molecules within a system interact with
each other. The resulting low stiffness of the gel which increases erosion/washing out effects

of the lipid matrix and the incorporated protein, leads to the observed artefacts.

Interestingly, there is only a difference of 15 mg of lipid per gram gel (increase of 6 %) that
results in a gel viscous and stiff enough (increase of viscosity of 276 %) to remain in the flow
through cell and a gel which is washed out from the cell within basically in 48 h. It seems there
is a certain threshold regarding lipid content necessary to provide sufficient gel stiffness and
viscosity in order to be suitable for a sustained release system. The dependency of the release
rate on the gel stiffness, respectively the amount of lipid content for this formulation, can be
seen in Figure IV-23 C. These findings are in accordance with the results from literature
whereas such low lipid concentration that lead to the above mentioned “washing out” were

not tested [103, 105, 106].

Because there was barely space varying lipid E80 concentrations, the soy derived phospholipid
S$100 was investigated. The viscosity of S100 placebo gels were already lower in comparison
with gels with the same lipid content based on E80. 350 mg/g S100 based VPGs in acetate
buffer pH 4 had a viscosity of 0.44 + 0.04 Pa*s, while 350 mg/g E80 in acetate buffer pH 4 had
a viscosity of 0.59 + 0.05 Pa*s at a shear rate of 42 1/s. Therefore, higher lipid concentrations
were necessary to achieve a similar release profile compared to the 350 mg/g E80 gels (Figure
IV-23 B). By using S100 based VPGs, there was a slightly larger range to increase the release
rate by varying the lipid content. But with none of the tested formulations a sustained, linear
and complete erosion controlled release like it was shown for EPO [106] or small molecules
[103, 104, 173] was achieved. The release was rather incomplete and release rates in all cases
did wear off during incubation reaching a plateau after 200 h (8.3 days). Also in this case, the
release rate did correlate with the lipid ratio. Lower lipid concentrations resulted in a faster

release (Figure IV-23 B).

When changing only the lipid concentration (same buffer, same protein concentration), a

correlation between viscosity and protein release was visible (Figure IV-23 C and D). Also the

120



sudden decrease in viscosity when going below a certain lipid concentration threshold is
visible. This viscosity decrease is accompanied by an increase of the release rate. Both lipid
types show a similar behavior. Whereas S100 based gels release more protein with a higher
viscosity than E80 based gels. 350 mg/g S100 based VPGs with a viscosity of 0.64 Pa*s released
20.4% of the incorporated protein, while E80 based VPGs with a viscosity of 0.64 Pa*s released
only 5.8 %.

Neither with E80 nor with S100 based VPGs, an erosion controlled release like it was described
in literature was achieved. The majority of the gel was still in the flow through cell after the in
vitro experiments were stopped and the surface of the gel was slightly swollen (Figure IV-27
D). Furthermore, the turbidity of the released fraction was analyzed. According to Tian et al.,
who did observe an erosion controlled release, the turbidity of the release fraction reflects
well the erosion of the matrix [105]. Apart from the samples that were washed out from the
cells, in our studies no real correlation between increased turbidity of the release fraction and
released protein was observed (data not shown). In addition to that, the turbidity values we
observed were much lower on average compared to Tian et al. In our case, erosion is not the

only mechanism for protein release.

4.2.2  Comparing the influence of different protein amounts
By varying the lipid content or lipid type, the release rate could not be modified to match the
expectations of a linear and complete protein release. Therefore the effect of a higher protein

loading was tested (Figure IV-24).
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Figure IV-24 Release of 40kDa PEG-IFN-B8-1b formulated in acetate buffer pH 4 from VPGs investigating
the influence of different protein concentrations. All release tests were conducted in flow through cells
using PBS buffer pH 7.4 as a release medium (A) (n=1); released protein amount after 72h versus the
viscosity at a shear rate of 42 1/s (B) (n=1)

When the release mechanism is based on erosion, an increase of the drug load should not
change the relative released amount but will only increase the absolute released protein
amount. Interestingly, after doubling the protein load of the samples, not only the absolute
amount of released protein was increased but also the relative amount (Figure IV-24 A). This
was the case for both, E80 and S100 based formulations. According to this data, a purely
erosion controlled release of PEG-IFN-B is not likely. In addition to that, an erosion controlled
release would not result in the observed release curves. The release rate was wearing off after
the first sampling points which would not be expected in a purely erosion controlled release
kinetic. Furthermore, the majority of the gel was still in the flow-through cell. This kind of
course is described in a matrix-controlled diffusion kinetic which is common for the release
from semi-solid formulation (square-root-of-time law by Higuchi) [213]. Otherwise, the
Higuchi equation describes the diffusion from a nondegradable matrix. Since the presence of
lipids in the release fraction was observed, the Higuchi equation does also not seem to be

suitable to describe the kinetic. A combination of different kinetics is likely.

Tian et al. also showed that the increase of drug load does influence the release rate
depending on the protein type. Doubling of the G-CSF content within E80 based VPGs leads to
a significantly reduced release rate. This reduction of the release rate was accompanied by an
increase in gel strength. Viscosity was not affected [105]. Grohganz observed a similar
behavior when increasing the cetrorelix loading of the VPGs [103]. Both authors discussed
drug-drug or drug-lipid interactions as a reason for these observations. In contrast, the

increase of PEG-IFN-B loading resulted in a faster release. Nonetheless, the total released
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protein amount was still rather incomplete and the majority of the gel was still in the flow

through cell.

When increasing the protein load of the VPGs, no correlation between viscosity and release
rate was visible (Figure IV-24 B). Even though the viscosity of the S100 400 mg/g 6.32 mg/g of
PEG-IFN-B-1b acetate buffer sample is higher in comparison to the E80 350 mg/g 6.32 mg/g
of PEG-IFN-B-1b acetate buffer (1.57 vs. 1.24 Pa*s) the released amount after 72 h was almost
doubled (29 % vs. 16 %). This indicates that gel viscosity respectively the stiffness of the gel is
not the main parameter influencing protein release and interactions between the protein and

the VPG matrix are most likely responsible for this observation.

4.2.3  Comparing the influence of different formulation buffers

To investigate the influence of the formulation buffer, PEG-IFN-B-1b loaded VPGs based on

E80 and S100 were prepared using 50 mM acetate buffer pH 4 and 50 mM phosphate buffer
pH 7 (Figure IV-25).
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Figure IV-25 Release of 6.32 mg 40 kDa PEG-IFN-B-1b formulated in phosphate buffer from VPGs and
acetate buffer pH 4. All release tests were conducted in flow through cells using PBS buffer pH 7.4 as

a release medium (A) (n=1); released protein amount after 72h versus the viscosity at a shear rate of
42 1/s (B) (n=1)

The release of PEG-IFN-B-1b from E80 based formulations was rather independent of the
formulation pH and formulation buffer. A change of the formulation buffer from 50 mM
acetate buffer pH 4 to 50 mM phosphate buffer pH 7 did only result in minor changes of the
release rate. However, the release from S100 VPGs was drastically influenced by modifying
the formulation buffer. When changing the formulation buffer from acetate pH 4 to

phosphate pH 7, the release rate was significantly reduced. After 72 h, approximately 28 % of
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the drug load was released from pH 4 formulated VPGs while 15 % of drug load was release
form VPGs formulated at pH 7 in the same time frame. As mentioned in Chapter IV 4.1, a
change of the pH does also change the charge of the phospholipids which influences the

properties of the lipids and therefore the way the proteins interact with the lipids.

Again, no clear correlation between viscosity and protein release was observed when
changing the formulation buffer (Figure IV-25 B). Changing the formulation buffer from
acetate buffer to 50 mM phosphate pH 7.0, the viscosity of the 350 mg/g E80 VPGs
formulation was lowered from 1.6 Pa*s to 0.6 Pa*s while a 350 mg/g S100 VPGs showed a
small increase in viscosity (from 1.2 to 1.4 Pa*s). Besides viscosity, also the release rate from
S$100 based VPGs was drastically influenced by the formulation buffer. Changing the buffer of
S$100 placebo VPGs from acetate to phosphate buffer did not change the viscosity in such a
manner (0.44 + 0.04 Pa*s in acetate buffer compared to 0.83 + 0.08 Pa*s in phosphate buffer)
like when proteins were present (0.64 Pa*s in acetate buffer compared to 1.4 Pa*s in
phosphate buffer). Therefore, the different formulation buffers did most likely change the
interaction between the protein and the lipid matrix, as well, resulting in an altered viscosity
of the gel. Effects of different formulation buffers on gel stiffness were already observed by
Tian et al. comparing the gel strength of G-CSF containing VPGs prepared with 10 mM acetate
buffer pH 3.5 with EPO formulated in 20 mM PBS buffer pH 7.2 [105].

4.2.4  Release rate of PEG-IFN alpha-2a
To investigate the release behavior of another PEGylated cytokine, the 40 kDa conjugate of

IFN-a-2a was used as a reference protein (Figure IV-26).
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Figure IV-26 Release of 5.90 mg 40kDa PEG-IFN-a-2a formulated in phosphate buffer from VPGs and
acetate buffer pH 4. All release tests were conducted in flow through cells using PBS buffer pH 7.4 as a
release medium (A) (n=1); released protein amount after 72 h versus the viscosity at a shear rate of
42 1/s (n=1) (B)

The release of PEG-IFN-a-2a is faster and more complete compared to PEG-IFN-B-1b (Figure
IV-26 A and Figure IV-24 A). But also for this protein, no linear and erosion controlled release
was observed. Since native IFN-a-2a did also show an incomplete release, the influence of the
PEG-part is not the decisive factor (data not shown). Incorporation of PEG-IFN-a-2a in VPGs
does not have a major influence on the viscosity of the VPGs. Again, a change of the gel
viscosity does not seem to be a good indicator for an incomplete, non-linear release.
Nonetheless, by changing the lipid type, lipid amount and the formulation buffer, the release

rate could be increased.

When comparing the release rate of different PEG-IFN-a-2a and PEG-IFN-B-1b formulations
(Figure IV-26 A) and correlating this released amount against the viscosity (Figure IV-26 B),
there is absolutely no correlation regarding gel stiffness/viscosity and release rate. It seems
complex interaction of the lipid type, lipid amount, formulation buffer/pH, protein load and
protein type is responsible for a change in the release rate and does not necessarily have an

influence on gel viscosity.

4.3  Investigation of the incomplete release

Regarding the results found in literature, VPGs provided different release kinetics. While some
studies showed relatively complete, erosion controlled, linear releases of different molecules

like EPO or cytarabine [104, 106, 173] or kinetics resembling rather the square-root-of-time
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law by Higuchi [103, 172], other studies showed incomplete release for proteins [105] or small

molecules [103]. This was explained by potential drug-drug or drug-lipid-interactions.

Tian et al. showed a relatively linear release of EPO loaded E80 based VPGs formulated in
phosphate buffer. Within 14 days, approximately 50-80 % of the protein was released in a
rather constant manner, depending on the lipid concentration. Incomplete release was
explained by unspecific adsorption to the release system. Using 20 % positively charged lipids,
an even more incomplete release was observed. The charged lipids resulted in a release rate
of 65 % after seven days with no significant release afterwards. The release rates of the
proteins correlated well with the release rates of the lipids indicating erosion controlled
release [106]. Also the release of G-CSF was incomplete (around 50 % for the 4 mg formulation
and around 15 % for the 8.4 mg formulation after 16 days) using 450 mg/g E80 VPGs. The
reason for the incomplete release was explained by the instability of the protein in the release
medium and the slower release rate which was observed after doubling the G-CSF amount

within VPGs by an increase of gel strength (viscosity was not influenced) [105].

Apart from the artefacts, where the gel was washed out from the cells, all other formulations
did show an incomplete release profile, with the majority of the gel still present in the flow-
through cell. To investigate the whereabouts of the non-released protein, the remaining gel
was removed from the flow through cells and the protein was extracted from the gel. The
results can be seen in Figure IV-27 C. Most of the protein was still in in the gel that remained
in the flow through cell after the release. Combining the released protein amount and the
amount extracted from the remaining VPGs resulted in a protein recovery between 70-90 %.
The still missing protein can be explained by unspecific adsorption to the flow-through cells
and the tubings which was also reported by Tian et al. [105]. Figure IV-27 A shows a protein
loss due to adsorption to the system even in the empty cells. In all cases protein loss was
observed. In cells with VPGs present, the loss was increased compared to the empty cells.
Another reason for the protein loss is the decrease in extraction efficiency over time when
incubating protein loaded VPGs at 37 °C (Figure IV-27 B). A reason might be an instability of
the protein due to aggregation within the VPG. Due to the presence of phospholipids, HP-SEC
analysis after extraction returned very broad peaks and was not suitable to determine protein
aggregates. Unspecific adsorption within the flow through cell unit and a slight decrease in

extraction efficiency are most likely the main reasons for the observed protein loss.
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Figure IV-27 Total loss of protein after pumping a 50 ug/ml PEG-IFN-B-1b solution for six days through
an empty flow through cell, a flow through cell containing 400 mg/qg E80 placebo VPGs and 400 mg/qg
5100 placebo VPGs. All cells were incubated at 37 °C during the whole test (A); investigation of the
recovery of PEG-IFN-B-1b after extracting the protein from 350 mg/g E80/S100 VPGs. The protein
loaded VPGs were stored at 37 °C (B); released amount of protein after 14 days and extraction of the
protein from the remaining VPG within the flow through cell for 350 mg/g lipid formulation loaded with

6.32 mg of PEG-IFN-B in acetate respectively phosphate buffer (C); picture of a flow though cell after
release for 14 days after opening (D)

4.4

Biological activity after release

In the presence of the phospholipids, only very broad peaks were obtained in HP-SEC analytics.

This made the determination of soluble aggregates with this method impossible. Therefore,

the biological activity was tested after release with iLite™alphabeta Human Type | Interferon

Activity Detection Kit. The tests were conducted for both 350 mg/g E80 and S100 PEG-IFN-B-

1b formulations formulated in phosphate buffer.
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Figure IV-28 Biological activity after release from 350 mg/q lipid (ES8O and S100) formulation loaded
with 6.32 mg of PEG-IFN-B in phosphate buffer (A); biological activity of a 290 ug/ml PEG-IFN-B solution
in PBS buffer with 5 mg/ml placebo liposomes (E8O respectively S100) after incubation at 37 °C for 48
h (B) (n=2)

For both used lipids the biological activity was drastically reduced even at the first day. This
points to protein instability already during the manufacturing process. In order to investigate
whether the pure presence of lipids in the release medium and/or protein-lipid interactions
themselves result in the activity loss, the protein was incubated with liposomes. Placebo
liposomes were prepared of E80 and S100 and incubated with a protein solution at 37 °C for
48 h (Figure 1V-28). No major change in biological activity levels were observed indicating that
the protein loss indeed occurred during manufacturing of the VPGs. According to Tian et al.,

protein integrity was not negatively influenced for EPO according to SE-HPLC and RP-HPLC
[105].
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4.5 Summary and conclusion

The aim of this chapter was the improvement of the physicochemical characteristics of the
native IFN-B-1b by PEGylation and the development of a lipid based depot system for PEG-
IFN-B-1b.

The PEGylation of nIFN-B-1b was successfully achieved via reductive amination using a 40 kDa
PEG-aldehyde. A monoPEGylated 40 kDa species could be isolated and successfully separated
from unmodified protein and multiPEGylated protein with a monoPEGylated protein content
of up to 95 %. Despite of differences in the B-sheet-region in the FTIR-spectrum in comparison
with the native protein, 64 % of the biological activity was maintained after PEGylation.
Furthermore, the hydrophobicity of nIFN-B-1b could be decreased by PEGylation and
sufficient solubility at pH 7 was finally achieved. According to the biological activity assay
stability in PBS buffer pH 7.4 at 37 °C was maintained for four days with a decrease of activity
at day seven. Stability in solution in the presence of lipids was increased in comparison with
the native protein. However, the negative influence of lipids on protein stability in the buffer

was not completely eliminated and a loss of activity was observed during incubation.

For PEG-IFN-B-1b a lyophilisate as a suitable intermediate for extrudate preparation was
successfully developed. A sustained release from triglyceride based PEG-IFN-B-1b loaded
extrudates was achieved both, in SDS containing release medium and in release medium
without SDS. The latter provided a relatively linear release over seven days. During release,
the formation of fissures in PEG-IFN loaded extrudates partially was observed, leading to
extrudates being cracked open in the worst case. These fissures did also influence the release
rate. By reducing the amount of PEG-IFN, the cracks could be avoided. This indicates, that PEG-
IFN itself is the major reason for the observed phenomenon. The biological activity decreased
during the release. While lyophilisation and extrudate preparation did not have a negative
influence, the activity loss can be attributed to the instability of the protein in the buffer in
the presence of lipids. The presence of one lipid type (D118) led to an increase in oxidized
protein. Generally, solid lipid implants seem a suitable depot system for PEG-IFN-B-1b, even

though the influence of different lipids on protein stability has to be closely investigated.

By PEGylation, the interactions between phospholipids and proteins were reduced which
made a release test from VPGs possible in the first place. Even though a sustained release over

up to 14 days was achieved, the release was incomplete and the release rate was not linear.
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Unlike in most cases in literature [104, 106, 173], the release kinetics were not purely erosion
controlled. They appear to be a combination between a diffusion controlled and erosion
controlled process. A correlation between the gel viscosities respectively the gel stiffness was
not given. Most likely, the interactions between the protein and the lipids result in different
release scenarios. These interactions are influenced by many different parameters like the
formulation buffer, the type of lipids and the protein-lipid ratio. The changed interactions did
also influence the release rate of the protein and also the properties of the gel. Comparing
these results to literature, it seems that the type of protein or molecule is the major factor
whether a complete and sustained release is possible or not. No change in other parameters
resulted in a complete release. Reasons for the very different behaviors are most likely found
in the degree and type of interactions between the incorporated molecule and the lipids. In
order to find methods to get more and faster information regarding these interactions, these

interactions will be investigated with different analytics in the next chapter.

A test regarding the bioactivity after release from VPGs resulted in a major loss in activity even
after the first release day. Since incubation of the protein with liposomes did not considerably
change the biological activity, the reason for the loss in activity happens most likely during the
manufacturing process. According to our observations VPGs do not seem to be an appropriate

depot system for PEG-IFN-B-1b.
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Chapter V Protein-lipid-interactions

Looking at the incomplete releases of peptides from polylactid-co-glycolid drug delivery
systems mentioned in literature, protein interactions with the formulation are a relevant
issue. Adsorption phenomena, amongst others, due to hydrophobic or electrostatic forces
have been identified as a reason for these observations [54, 55, 66, 67]. For lipid based depot
systems, interactions with peptides and proteins are reported, was well. Incomplete release
from VPGs were observed for instance for cetrorelix [103] and a therapeutic monoclonal
antibody [105] which are explained by protein-lipid interactions. Unfortunately, no further studies
regarding those interactions have been made in these cases. Also, incomplete releases from solid
lipid implants and protein instabilities within the extrudates have been reported [72, 165]. In the
studies carried out in this thesis, an incomplete release, both from solid lipid implants, and
VPGs was observed. Adsorption might not only result in a loss of protein material leading to
an uncertainty of the administered dose, but bears also the risk of surface induced aggregation

or changes in the higher order structure of the drug [214].

In Chapter lll and Chapter IV it was shown that the presence of the matrix material of the
solid lipid implants did lead to different unfavorable effects like decreased solubility in solution
as it was seen during incubation of nIFN-B-1b and PEG-IFN-B-1b with placebo extrudates.
Furthermore, a decrease in the biological activity in combination with an increased oxidation
of the protein during incubation in the buffer in the presence of triglycerides was observed.
Therefore, both, the affinity of the proteins to triglycerides and the influence of PEGylation on

the adsorption on triglyceride surfaces was investigated using a quartz crystal microbalance.

When testing VPG as a depot system, various challenges regarding different protein-
phospholipid interactions had to be taken into account. These interactions went from the not
feasible extraction of the nIFN-B from VPGs to the increased viscosity of VPGs when proteins
were incorporated. Furthermore, a no pure erosion controlled release and consequently a
changed release kinetic from protein loaded VPGs was observed. Viscosity was not a suitable
parameter to predict the release behavior, since the release rate from VPGs did not
necessarily correlate with the viscosity of the gel. Therefore different methods will be
investigated that may be able to characterize those interactions between phospholipids and
the proteins and will hopefully shed some more light on the reason for these observations.

Especially the effect of PEGylation regarding the influence on protein-lipid interactions will be
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investigated and compared to different proteins like lysozyme, IFN-a-2a and PEG-IFN-a-2a
which are used as reference proteins. Common models to investigate these interactions are

liposomes [128, 215-220] or phospholipid mono layers [221-224].

1 Materials and Methods

1.1  Materials

Interferon-B-1b raw material in agueous acetate buffer at pH 5-6 with a protein concentration
of about 2 mg/ml containing 0.1 % SDS and EDTA was kindly provided by Bayer Pharma AG
and desalted as already described in Chapter Il 2.2.1. Recombinant IFN-a-2a and 40 kDa PEG-
IFN-a-2a were kindly gifted by Roche Diagnostics GmbH (Penzberg, Germany). The mono-acid
triglycerides Dynasan 118 (glycerol tristearin) was kindly gifted by CREMER OLEO GmbH & Co.
KG (Witten, Germany). Phospholipids E80 and S100 were kindly provided by Lipoid GmbH,
Ludwigshafen (Germany). For a comparison of the composition of the lipids see Chapter IV
1.1. All other chemicals and reagents were of analytical grade and purchased either from

Sigma-Aldrich (Steinheim, Germany) or VWR Prolabo (Leuven, Belgium).

1.2 Methods

1.2.1 Liposome preparation

1 g of 350 mg/g VPGs were prepared with the respective lipid according to Chapter Il 2.2.13.
The VPGs were redispersed in 7 ml highly purified water. For homogenization the dispersion
was extruded using a polycarbonate syringe filter holder (Sartorius, Germany) with a 0.1 um
polycarbonate filter (GE Water & Process Technologies, Germany). Extrusion process was
repeated until a z-average of 147 + 23 um and a PDI of < 150 was achieved according to
dynamic light scattering (Malvern Zetasizer Nano ZS (Malvern, Germany)). For the interaction
studies the liposomes were added to a 250 pg/ml protein solution in the respective buffer
ending with 96 pg lipid per milliliter. PEG-IFN-B-1b and PEG-IFN-a-2a were used in a
concentration of 790 ug/ml respectively 770 pg/ml to provide the same molar ratio compared

to their non-PEGylated counterparts, which were used in a concentration of 250 pug/ml, each.
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1.2.2  Dynamic light scattering (DLS)
To determine the size of the liposomes, liposomes were diluted to 96 pg/ml lipid per milliliter
using the corresponding buffer. DLS measurements were conducted on a Zetasizer Nano

(Malvern, Herrenberg, Germany) according to Chapter Il 2.2.6.

1.2.3  Turbidity measurement

The turbidity after release was determined by using a Nephla turbidity photometer (Dr. Lange
GmbH, Disseldorf, Germany). It works by 90 ° light scattering at a wavelength of 860 nm. 2 ml
of the sample was used for measurement. Results are displayed as formazine normalized units

(FNU).

1.2.4  Langmuir film balance

Interaction of proteins with a phospholipid monolayer was conducted using a Micro Trough
XL Langmuir film balance (Kibron Inc., Finland, Figure V-1) with an area of 42.5 cm x 7.9 cm.
The instrument was equipped with two moveable Teflon® barriers that allowed the
adjustment of the surface area of the monolayer. To decrease the buffer volume of the
Teflon® blodget trough, a Teflon® cylinder (height = 6 cm; diameter =5 cm) was placed in the
cavity. Before applying the subphase, the Teflon® trough was cleaned using ethanol and highly
purified water. As subphase, 50 mM sodium acetate buffer pH 4.0 respectively 50 mM
phosphate buffer pH 7.0 was used and filled into the trough until the surface was 2 mm higher
than the trough brim. To test whether surface active impurities are in the subphase that might
interfere with the measurement, the surface tension (y) of the subphase was monitored while
decreasing the surface area at a rate of 10 mm/min. A change of a maximum of 2 mN/m was

accepted. During all measurements the temperature of the subphase was kept constant at

21 °C using an external water bath.

Figure V-1 Micro Trough XL Langmuir film balance (Kibron Inc., Finland)
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The lipid solution was prepared by dissolving the phospholipids in chloroform to a final
concentration of 10 mg/ml. To investigate the interaction of proteins with a preformed
monolayer, 2x 10 pl of the phospholipid solution was spread on the surface. The surface
tension was recorded as a function of time for about 30 minutes until a stable baseline was
obtained. Thereafter, the molecules underwent constant compression using the Teflon®

barriers with a speed of 5 mm/s until a surface pressure (r) of 25 mN/m was achieved.

Surface pressure (r) is defined as the difference of the surface tension of the solvent minus

the surface tension of the solution [222].
surface pressure: T = Ysolvent — Ysolution

This step was followed by another equilibration step until a stable baseline was achieved. After
equilibration the protein solution was injected underneath the barriers to a final
concentration of 2 pg/ml and the change in surface pressure was monitored over time. In
order to provide the same molar amount as nIFN-B-1b and nIFN-a-2a, PEG-IFN-B-1b and PEG-

IFN-a-2a were used in a concentration of 6.32 pg/ml, respectively, 6.16 pg/ml.

1.2.5 Zeta potential measurement

Surface charge measurements of the liposomes were conducted using a Malvern Zetasizer
Nano ZS (Malvern, Germany) and a folded capillary cell (Malvern, Germany) at 25 °C. The
presented surface charge is the average of three measurements with three subruns each. Data
analysis was done by using the Malvern Zetasizer software version 7.02. Measurements were
carried out in 50 mM acetate buffer pH 4 and in 10 mM phosphate buffer pH 7 with a protein
concentration of 250 pug/ml. The reduction of the salt concentration for phosphate buffer was
necessary to increase the reproducibility of the measurements. PEG-IFN-B-1b and PEG-IFN-a-
2a were used in a concentration of 790 pg/ml respectively 770 pug/ml to provide the same

molar ratio compared to their non-PEGylated counterparts.

1.2.6  Quartz Crystal Microbalance

A quartz crystal microbalance is an instrument based on a quartz crystal resonator. A quartz
crystal which is placed between two electrodes experiences a piezo electrical effect which
represents a relationship between the applied voltage and mechanical deformation. An
alternating current can be applied to the quartz crystal and an oscillation is induced depending

on the material cut und its geometry. The frequency of oscillation is measured. A mass
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deposited on the crystal results in a decrease of this frequency [225, 226]. In 1959, Giinter
Sauerbrey published a paper that showed that the frequency shift of a quartz crystal resonator

is a linear function of the mass per area [227].

2f5

Af =— ———=Am with Am = C- Af
A /Pqlq

Figure V-2 Sauerbrey equation correlating frequency of the crystal with the deposited mass

fo: resonant frequency

Af: shift in oscillation frequency

A: piezo-electrically active area (0.196 cm?)

pq: density of the quartz (2.648 g/cm?)

Ug: shear modulus of the quartz 2.947x10* g-cm™-s2
C: constant comprising (fo, A, Pq, Hq)

The equation can be simplified by combining the constant terms (fo, A, pqg, Wg) together
resulting in the constant C. There are some limitations for this equation: the mass must be
evenly and rigidly deposited on the crystal and exhibit elastic properties so the film can be
considered as an extension of the crystal. When the crystal comes in contact with a liquid (or
other viscous/non-elastic materials), the decrease of oscillation frequency is depending on the
solvent properties (like viscosity and density). The changes of the mass and the frequency are
no longer linear and corrections are necessary. Kanazawa et al. investigated this for
Newtonian viscous liquids and showed that this correction factor is proportional to the square
root of the liquid’s density-viscosity product [228]. The reason for the decrease of the
frequency (f), also called damping or dissipation (D) of the frequency, is caused by viscous
material in contrast to elastic ones. D is the ratio of energy lost (dissipated) during one
oscillation cycle and the total energy stored in the oscillation [225]. By monitoring the damping
caused by viscous layers by a QCM with dissipation monitoring (QCM-D), information of the
mass changes are provided on the one hand, on the other hand information of the physical
properties of the bound layer are obtained. This layer can have rigid, elastic, visco-elastic or
viscous properties. While a pure elastic mass will only result in a change of Af, a pure viscous
mass will result in a linear Af and AD relation. Plotting Af versus AD results in a graph with a
slope of zero for a mass with elastic properties. The purely viscous mass will have an infinite

slope. A mass with visco-elastic properties will have a slope in-between [225, 226, 229].
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In the adsorption measurements on triglycerides of these studies the damping was slightly
changed. Therefore the adsorbed mass Am was calculated using the equation according to
Hartl et al. [230] and Dixit et al. [229] to not underestimate the influence of damping on the

frequency change:

AmzAf-(l—(B) )-C

f elastic
with

A Dprotein

(2) _ A fprotein
F elastic A Dair/buffer

A fair/buffer

A Dprotein @nd A Dfyrotein is the change in damping, respectively frequency before and after
protein adsorption. A Dyir/pusrer and A Dfair/pusrer represent the difference in
damping/frequency between the QCM chip in air and in the corresponding buffer. When using

a lipid coated chip the damping/frequency in air of the coated chip was used.

A gCell T system (Figure V-3 A) was used for carrying out the measurements (3T GmbH & Co.
KG, Germany). The flow rate was set to 0.1 ml/min and the cell temperature was 25 °C.
Frequency and damping values were taken after a constant signal was obtained (maximum of
1 Hz drift in 10 min) at stopped flow. Every value used was either in air or at stopped flow after
flushing the system with the corresponding buffer until a stable baseline was achieved. Hence
in all cases, the buffer density and viscosity was the same and results should only be influenced
by the properties of the adsorbed layer and not by different densities or viscosities of the

buffer. An exemplary QCM run of nIFN-B-1b can be seen in Chapter V 2.1 in Figure V-5.
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Figure V-3 Picture of the QCM qCell T from 3T-analytik including a peltier system for temperature
control and a peristaltic pump on the left (A); spin coater for coating the chips with triglycerides (B)

Gold and SiO; coated chips were obtained by 3T GmbH & Co. KG, Germany. Before each
measurement or before applying the individual coating, quartz chips were cleaned with
piranha solution (sulfuric acid (99 %):hydrogen peroxide (30 %) 1:3), washed with highly
purified water and blown dry by nitrogen gas through an air filter, to avoid particle

contamination.

Triglyceride coating was done by using D118 dissolved in dichloromethane (DCM) with a
concentration of 10 mg/ml. 2x 10 ul of this solution were dropped on a QCM gold chip in a
spin coater (Figure V-3 B) with a rotation speed of 6600 rpm. Depending on the individual chip,
a certain variation of the rotation and speed was necessary to achieve comparable coating
results for different chips. Before application of the buffer, 30 min were waited to let the

dichloromethane evaporate.

Phospholipid coating of the chip was done within the QCM by pumping the liposome solution
(0.5 mg/ml E80 in 50 mM acetate buffer pH 4) over a SiO2 QCM chip until a stable base line
was achieved. Before sample application, the system was flushed with clean acetate buffer

until no major changes in frequency and damping were observed.

Cleaning of the triglyceride coated gold chips was done using the spin coater at 9000 rpm and
dripping 7x10 pl of a clean dichloromethane solution on the chip. Success of cleaning was
confirmed by comparing the chip frequency before and after the cleaning process and with
microscopic studies. Cleaning of the liposome coated SiO2 QCM chip was done by flushing 6 ml
of a 0.2 % SDS solution over the chip within the measurement cell. The success of the cleaning

was confirmed by comparing the chip frequency before and after the cleaning process in
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water. Data processing was done using the software gGraph 1.2 provided by the manufacturer

(3T GmbH & Co. KG, Germany).

1.2.7 Liposome leakage test

E80 and S100 based liposomes were prepared using the film method. Phospholipids were
dissolved in chloroform to a final concentration of 100 mg/ml. 10 ml of this solution were
added in a 500 ml rotary evaporator flask. The organic solvent was removed during constant
rotation of the flask at 40 °C under reduced pressure in a rotary evaporator. After drying, the
phospholipid film was rehydrated with 10 ml of a calcein solution containing 50 mM calcein in
acetate buffer pH 4 or respectively in phosphate buffer pH 7 in the presence of glass beads for

1h.

To remove the nonencapsulated calcein (622 kDa), the liposomal solution was filtered in
Sephadex G-50 medium with a fractionation range of 1500 — 30000 Da (GE Healthcare,
Germany). Triton® X-100 was added to a final concentration of 5 % to an aliquot of the purified
liposomes and the fluorescence signal was measured using a Varian Cary Eclipse fluorescence
spectrophotometer (Varian Deutschland GmbH, Germany) in a 96 well plate at 20 °C at
different time points. The excitation and emission wavelength were 280 nm and 543 nm. Only
those fractions were used that showed a signal to noise ratio of at least 10 regarding the

measured fluorescence before and after 100 % leakage (Triton® X-100).

To investigate the influence of the proteins on the calcein leakage, the proteins were added
to the liposomes in a final concentration of 0.100 and 1.00 mg/ml in 50 mM acetate buffer pH
4 and 50 mM phosphate buffer pH 7. For the PEGylated proteins, concentrations of 0.316 and
3.16 mg/ml (PEG-IFN-B-1b) and 0.308 and 3.08 mg/ml (PEG-IFN-a-2a) were used to provide

the same molar amount of protein compared to the non-PEGylated counterparts.
The percentage of the leakage was determined with the following formula:

Fprotein - Fbase

Leakage [%] = 100 -

FTriton - Fbase
Frase: fluorescence intensity after the removal of nonencapsulated calcein

Friton: fluorescence intensity after the addition of Triton® X-100
Forotein: fluorescence intensity after protein interaction
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2 Results of the protein-triglyceride interaction

Due to the decreased stability in solution when incubating nIFN-B-1b and PEG-IFN-B-1b with
placebo extrudates, as well as the tendency to the formation of aggregates and hydrophilic
species, a more detailed investigation of protein-lipid interactions necessary. The positive
effect of PEGylation on protein stability in solution at 37 °C in buffers containing surfactants
in comparison to the native protein was shown in Chapter IV 2.2.4. Even in PBS buffer without
any additives, PEG-IFN-B was rather stable over a certain time frame. Also the bioactivity did
not change during the incubation in PBS buffer (Chapter IV 4.4). Nonetheless, during the
incubation with lipids, not only the biological activity was decreased for both protein species
but also the protein recovery (Chapter IV 4.4). Therefore, a more detailed investigation
regarding the protein loss will be done in this chapter. The aim was to investigate the affinity
of IFN-B-1b to the triglyceride surfaces and the influence of PEGylation on these drug-lipid-
interactions. Furthermore, nlFN-a-2a and PEG-IFN-a-2a were used as non-PEGylated and
PEGylated reference proteins while lysozyme was used as a more hydrophilic protein

reference.

2.1  Protein adsorption determined by quartz crystal microbalance (QCM)

Several attempts and techniques were investigated to quantify protein adsorption on the
placebo extrudates. After incubation of the extrudates in the protein solution, the extrudates
were incubated in different buffers to desorb the proteins. The buffers ranged from pH 2
glycine buffer to 0.1-0.2 % SDS containing buffers of different pH values. In no buffer a
guantifiable amount of protein was detected with RP-HPLC and a fluorescence detector (data
not shown). Either the adsorbed protein amount was too small or the desorption process was
insufficient. Other attempts involved IR-microscopy and front face fluorescence. Again, no
adsorbed protein was detected on the surface of the extrudates most likely due to too small
amounts (data not shown). QCM is a method to measure adsorption of molecules on surfaces
and is able to detect very small masses (low nanogram per square centimeter range [225]). It
has been used for numerous adsorption studies of proteins on different surfaces like titanium
and gold [231], polymers [232-234] or silicone oil [229]. In this case, QCM is tested for protein

adsorption on triglyceride coated chips.
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Before the conduction of the adsorption studies, the gold chip was coated using a spin coater
(Figure V-3 B) and applying a 10 mg/ml D118 solution. Homogeneity of the coating was
determined optically using digital microscope from Keyence equipped with a ZX20 objective
(Figure V-4). According to the QCM measurement the average mass of the lipid coating was
3.76 £ 0.67 pg. To investigate whether the coating is stable under the tested conditions, the
coated chip was incubated at 25 °C within the QCM measurement cell in 50 mM acetate buffer
pH 4 and acetate buffer + 0.1 % SDS. The frequency was monitored. No changes beyond the
measurement tolerance were observed during incubation in acetate buffer after 3 h. In SDS

containing buffers a small drift appeared (a maximum of 20 Hz over 3 h). Therefore, desorption

studies with SDS were limited to 40 min.

Figure V-4 Pictures of QCM gold chips taken at 100x magnification using a digital microscope from
Keyence equipped with a ZX20 objective (scale: 1 mm) of an uncoated gold chip (A) homogeneous
coated chip with D118 (B) and inhomogeneous coated chips due to slight surface roughness of the chip
(C) and inappropriate speed of the spin coater (D)

Figure V-5 shows a complete representative QCM run of nIFN-B-1b. All tested proteins showed
an irreversible adsorption on gold and lipid surfaces during the observed time frame since

flushing the cell with buffer did not result in an increase of the frequency. Besides nIFN-p and
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PEG-IFN-B, the less hydrophobic IFN-a-2a and the 40kDa PEGylated IFN-a-2a were included as

well as lysozyme into the test.
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Figure V-5 Representative QCM-D run for nIFN-B-1b on a lipid coated chip divided in seven segments:

1: frequency and damping of the chip in air at 25 °C

2: lipid coated chip at 25 °C in air

3: lipid coated chip at 25 °C in 20 mM acetate pH 4

4: lipid coated chip at 25 °C in 20 mM acetate pH 4 + 250 ug/ml nIFN-B-1b
5:25 °Cin 20 mM acetate pH 4

6:25 °Cin 20 mM acetate pH 4 + 0.2 % SDS

7:25 °Cin 20 mM acetate pH 4

Proteins are amphiphilic molecules that tend to adsorb onto hydrophobic surfaces. In order
to include nIFN-B-1b without the need of surfactants, the pH value of the buffer was adjusted
to pH 4.0. At this pH value, all tested proteins are positively charged (isoelectric point of IFN-
B-1b: 9.7 [157], IFN a-2a: 5.5-7 [235], lysozyme: 11 [236]) which should reduce hydrophobic
interactions. Nonetheless, adsorption of all proteins to both hydrophobic surfaces was
observed (Figure IV-6). The drop in frequency started for all proteins immediately after

injection, followed by an incubation phase until equilibrium was achieved (Figure V-5 segment
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4). In theory, the time until the equilibrium is achieved is able to give an idea regarding the
adsorption kinetic. Unfortunately, equilibration times between the same samples were rather
different. Therefore, no reliable evaluation of the kinetic was possible. Also the regular
appearance of drifts during the measurement (which rendered the result of the current run
futile) with no stable baseline even after several hours, made the measurements rather
challenging. Therefore, only runs were taken into account that achieved a stable baseline

(Figure V-6).

Because of the large observed protein loss during the incubation with placebo extrudates
(Chapter 1114.4.1.1), strong interactions of nIFN-B-1b were expected. Indeed, the hydrophobic
nlFN-B-1b demonstrated a higher protein adsorption on lipids compared to all other proteins.
Also on the gold surface a higher amount of nIFN-B-1b was adsorbed. On both surfaces the
adsorption was irreversible when flushing the system with buffer over the observed time
frame. The addition of SDS was barely able to desorb the protein from the lipid surface
resulting in an almost identical frequency (Figure V-5 segment 7). This might explain the
observed instability and protein loss during incubation of nIFN-B-1b in the presence of lipids
even when SDS was present. This finding also explains the incapability of detecting nIFN-
after desorption attempts from placebo rods with SDS containing washing solution. The
change in frequency and damping during the SDS desorption step (Figure V-5 segment 6) can
be explained by the change of density and viscosity of the SDS containing buffer on the one
hand, on the other hand by a mass gain of the protein layer by the additional adsorption of
SDS to preadsorbed protein [237]. From the gold surface, partial desorption of nIFN-B-1b was
possible resulting in an increase of mass of approximately 50 %. During protein adsorption,
the damping did change only slightly from 2-15 Hz resulting in a ratio of AD/Af of < 0.12
indicating a mostly rigid layer with visco-elastic properties (ratio of 1 = purely viscous, < 0.1 =

mostly elastic properties).

Interestingly, the total adsorbed mass of PEG-IFN-B-1b was on a similar level compared to
nIFN-B-1b. Comparing the molar amount of IFN-B-1b molecules per area adsorbed to the
surface, the PEG-IFN-B-1b adsorption was significantly reduced but not avoided (Figure V-6).
It has to be mentioned that there is a tendency to overestimate the mass of PEGylated
proteins adsorbed on QCM chips, since also the bound water by the PEG part of the PEGylated

protein contributes to a higher mass [238]. According to literature, protein adsorption can be

142



decreased by PEGylation due to the decreased hydrophobicity and steric hindrance [15].
These adsorption results might explain the protein loss of PEG-IFN-B-1b during incubation with
lipids where the loss of protein was reduced by PEGylation but was not completely inhibited

(Figure IV-17).

A tendency of lesser protein adsorption of PEG-IFN-B-1b was detected on the gold surface
compared to the lipid surface. Adsorption on gold seems to be influenced to a larger extend
by PEGylation than the adsorption on the lipid surface. Investigating the adsorption of the
40 kDa PEGaldehyde molecule alone on the lipid surface resulted in an increase of mass
(137 ng/cm?, respectively 3.43 pmol/cm?). On the gold surface PEG molecules in a molar
amount of 1.01 pmol/cm? (40 ng/cm?) were detected. While there is no big difference in
adsorption behavior of the nIFN-B between the two surfaces, the adsorption behavior of the
PEG-part is different depending on the surface (Figure V-6 A). These finding explains the lesser
adsorption of PEG-IFN-B-1b on gold surfaces compared to the lipid surface, since both, the

protein part and the PEG part is able to adsorb to both surfaces.
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Figure V-6 Adsorbed molar amount of molecules in pico mole (pmol) per square centimeter from 50 mM
acetate buffer pH 4 according to QCM on a lipid coated chip and on a gold chip (samples with standard
deviation n=3, samples without n=2) (A); desorption rates from the lipid coated chip and from the gold
chip using 0.1 % SDS acetate buffer after 30 min of incubation (B)

Also in this case of PEG-IFN-a-2a, PEGylation decreases the adsorption of the molar protein
amount. Little difference was found for a-interferons between gold and lipid coating.
Lysozyme did adsorb more to the lipid surface than to the gold surface. These results are in

accordance with the adsorption results of lysozyme to gold which are reported in literature
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[239]. Apart from nIFN-a-2a, all proteins were barely desorbed from the lipid surface (Figure
V-6 B). On gold surfaces, a larger degree of desorption with 0.1 % SDS was observed. In
comparison with the other proteins, both IFN-B-1b species show a stronger affinity to lipid

surfaces which can be explained by the higher hydrophobicity.

3  Interaction with phospholipids

In Chapter IV 3.4, the influence of different parameters on the viscosity of the VPGs was
demonstrated. Due to protein-lipid interactions, VPGs loaded with PEG-IFN-B-1b and nIFN-B-
1b had a higher viscosity than their placebo counterparts. Also the effect on the release rate
was investigated. Whether a molecule can be released in linear, erosion controlled manner
from VPGs depends on the physicochemical properties of the molecule and the derived
interaction between the molecules and the phospholipids. On the one hand, an increase in
viscosity, as it was observed for both IFN- species, indicates such an interaction. On the other
hand, an unchanged viscosity does not necessarily mean that no interactions take place and a
linear release is possible. PEG-IFN-a-2a did not influence the viscosity of the gels (Chapter IV
4.2.4) but resulted also in a non-linear and incomplete release. Also in literature, a non-linear
release was observed without a change of gel viscosity [105]. Therefore, the change in
viscosity of the gels is no suitable indicator for protein-lipid interactions that influence the
release from VPGs. Thus, other analytics were tested which might give some easy obtainable
and fast accessible information whether interactions influence the release rate or not. In

addition to that, these methods should give some more knowledge of the type of interaction.

Several studies in different areas have investigated the interactions of phospholipids with
proteins in regards of membrane proteins [123, 127, 240, 241]. Also the adsorption of blood
proteins on liposomes influencing the clearance of the liposomes have been examined [242].
To investigate interactions between phospholipids and proteins, liposomes or lipid vesicles
[132, 217, 219, 220, 242], supported bilayers [243, 244] or mono molecular films [222, 245,
246] are generally used as models. Zhao et al. gives a nice overview of different models and

techniques used to analyze protein-phospholipid interactions [247].

Mono molecular films have the advantage that the arrangement of the molecules can be
controlled by changing the molecular area and the surface pressure of the monolayer by using

for example a Langmuir trough [222, 224, 246]. The investigation of monolayers with a
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Langmuir trough offers also the benefit that only very small amounts of the protein are

required for the measurement.

To analyze the interactions in the context of membrane bilayers, liposomes are used as
surrogate membranes. Using vesicles and liposomes, different kind of interactions are
possible. Proteins are able to adsorb to the liposomes [129, 248], to cause a leakage of the
liposomes by membrane destabilization [129, 220, 249] and are able to cause an aggregation
of the liposomes [129, 220, 250, 251]. Furthermore, also the formation of micelles is possible
[123] or no obvious interactions have been reported. Figure V-7 gives a graphical overview of
the major events that may happen during the incubation of proteins and liposomes. The
interactions are usually based on a combination of electrostatic [133] and hydrophobic forces

[218-220].

liposomes + protein

Figure V-7 Overview of possible types of interaction between liposomes and proteins according to
literature

Aim of this study was to get an understanding of the interactions that changed the
macroscopic properties (i.e. viscosity) of the sustained delivery system (VPGs). Furthermore,

different methods were investigated which are able to help to estimate the degree of
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interactions between the proteins and phospholipids and the influence on protein release
form VPGs. A more detailed characterization of the interactions on a molecular level would

have been interesting but was beyond the scope of this work.

3.1 Influence on viscosity and microscopic appearance of the VPGs

As already shown in Chapter IV 4.1 the viscosity was changed after the incorporation of nIFN-
B and PEG-IFN-B depending on the lipid type, formulation buffer and protein amount. No
change in viscosity was reported by Tian et al. for EPO [106], G-CSF or IgG [105]. In order to
compare the influence of other more hydrophilic cytokines, nIFN-a-2a and PEG-IFN-a-2a were

tested. Lysozyme was used as a hydrophilic reference.

Figure V-8 A shows the influence on the viscosity of VPGs after the incorporation of different
proteins formulated in 50 mM acetate buffer pH 4. Both, nIFN-B and PEG-IFN-B increase the
gel viscosity of E80 and S100 based VPGs to a major extend while the other tested proteins
have no or just a minor influence. Placebo VPGs based on S100 had a slightly lower viscosity
compared to E80 based VPGs. Also after incorporation of nIFN-B and PEG-IFN-B, this trend
was observed. While nIFN-a-2a, PEG-IFN-a-2a and lysozyme had no influence on the viscosity

of S100 based VPGs, the presence of both IFN-B species resulted in a higher viscosity.
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Figure V-8 Comparison of the viscosity of 350 mg/qg E80 and 5100 based VPGs containing no protein
(placebo) and 1 mg/g protein formulated in 50 mM acetate buffer pH 4 (A) and 50 mM phosphate
buffer pH 7 (B)

Using phosphate buffer pH 7 as a formulation buffer, no difference in viscosity of E80 and S100
based placebo VPGs was observed. Depending on the used phospholipid, the formulation
buffer alone does also have an influence on gel properties of placebo VPGs. E80 based VPGs

formulated in acetate buffer did have a higher viscosity compared to the formulation in
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phosphate buffer. nIFN-B was not used at pH 7 since it could not be formulated due to
precipitation of the protein at this pH value without any surfactants. Of all tested proteins
formulated in phosphate buffer pH 7, only PEG-IFN-B increased the viscosity of S100 based
VPGs (Figure V-8 B).

The different degree of interaction of PEG-IFN-B-1b with E80/S100 at different pH values can
possibly be explained by the fact that Lipoid E80 contains a 7 - 10 % fraction of
phosphatidylethanolamines (PE) and 80 — 85 % phosphatidylcholine (PC) while S100 only has
< 0.2 % PE and over 97 % PC. At pH 4, both PE and PC carry no net charge while at higher pH
values (above pH 6) the —NHs* groups of PE deprotonate. Consequently, the head groups of
PE at pH 7 carry a single negative charge of the deprotonated phosphate group leading to a
more negatively charged surface [252]. Due to the quaternary ammonium cation of choline,
PC cannot be deprotonated (structure of the phospholipids: Chapter IV 1.1). In buffers with
different pH values, also the protein itself has a different surface charge or charge density
resulting in completely changed conditions. It has been shown in literature that electrostatic
forces play a major role in protein-lipid interactions and that different charged phospholipids
do influence the interactions with proteins and peptides [222, 245, 253]. Since a change of
buffer salts and salt concentrations influence the electrostatic interactions, protein-lipid
interactions are also changed [247]. Colletier et al. showed a correlation between
encapsulation efficacy in preformed liposomes and protein-lipid interactions. The
encapsulation efficiency of acetylcholinesterase decreased with increasing NaCl buffer

concentrations suggesting a decrease in electrostatic interactions [132].
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The gel structure was also investigated before and after the incorporation of PEG-IFN-B-1b

using a stereo microscope from Keyence at 500x magnification (Figure V-9).

Figure V-9 Representative pictures of the influence of 1 mg/g PEG-IFN-B-1b on the microscopic
structure vesicle distribution of VPGs using a stereo microscope from Keyence at 500x magnification
(scale: 20 um)

E80 based VPGs in acetate buffer pH 4 before (A) and after (B) addition of 1 mg/PEG-IFN-B-1b

S100 based VPGs in acetate buffer pH 4 before (C) and after (D) addition of 1 mg/PEG-IFN-B-1b

E80 based VPGs in phosphate buffer pH 7 before (E) and after (F) addition of 1 mg/PEG-IFN-B-1b
$100 based VPGs in phosphate buffer pH 7 before (G) and after (H) addition of 1 mg/PEG-IFN-B-1b

Placebo E80 based VPGs formulated in acetate buffer pH 4 showed a relatively
inhomogeneous mixture of larger and smaller vesicles. In the presence of PEG-IFN-B-1b the
gel structure becomes much more homogenous in comparison with the placebo VPGs (Figure
V-9 A and B). The same result can be seen for S100 based VPGs, whereas the degree of
homogenization seems to be less pronounced after the addition of the protein (Figure V-9 C
and D). Comparing the gel structure of E80 based placebo VPGs prepared with phosphate
buffer pH 7 with protein loaded VPGs, no major changes were observed (Figure V-9 E and F).

In contrast to the E80 based gels at pH 7, the S100 based gels did show an influence on gel
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structure after the incorporation of the protein (Figure V-9 G and H). In acetate buffer pH 4,
nIFN-B-1b showed the same increase in homogeneity and decrease in particle size as PEG-IFN-
B-1b. PEG-IFN-a-2a and nIFN-a-2a had no major influence on vesicle size distribution (data not

shown).

Apart from changed interactions due to the presence of different buffers and protein, the
increase in viscosity may also be a result of the decreased particle size induced by protein-lipid
interactions. Smaller particles result in larger interfaces and increase the number of contact
points [254]. Tian et al. reported an increase of gel strength and viscosity of 400 mg/g E80
VPGs with an increased number of homogenization cycles which resulted in a decrease in
vesicle size [105]. There is a trend that smaller vesicles correlate with the increased viscosity.
Whereas the addition of PEG-IFN-B-1b to S100 based VPGs formulated in phosphate buffer
did only result in a small homogenization according to the microscopic pictures, but in a huge
increase in gel viscosity (see Figure V-9 G and H for the gel structure and Figure V-8 B for the
viscosity). As mentioned before, there is no clear correlation between changes in viscosity or
gel strength regarding the release rate. Therefore, the differences in vesicle size might be one
explanation for the different macroscopic gel properties but do not necessarily explain it
completely. Furthermore, they do not give more information regarding the incomplete release

and the lack of erosion during release.

3.2 Langmuir trough

In Chapter IV 4.1 it was shown, that only 100 pg of protein per gram gel (0.01 %) are sufficient
to increase the viscosity of VPGs significantly. This observation makes the influence of surface
effects likely. To investigate interactions between membranes and proteins at the membrane-
water interface, phospholipid monolayers are used since they provide certain advantages in
comparison to a liposome model. It is possible to control the packaging density and the lipid
composition independently and the characteristics of the monolayer are not depending on
the method of preparation. They also provide an exact knowledge regarding the lipid surface
exposed to the medium and provide a planar surface without any strong constraints for the
polar head level [222, 245]. The following measurements should investigate the suitability of
this method to characterize the observed protein lipid interactions on the one hand, and due
to its sensitivity it might give more insight regarding the incomplete release, on the other

hand.
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Due to their amphiphilic nature, proteins are surface active molecules that are able to
decrease the surface tension of a solution [255, 256]. To get an idea of the influence on the
surface tension of the buffer solution after protein addition, the surface tension was
monitored using a Langmuir trough (Figure V-10 A). Comparing the influence on the surface
tension of 50 mM acetate buffer pH 4, the biggest influence with a drop of 25.9 mN/m was
observed for nIFN-B 1b. For PEG-IFN-B a decrease of the surface tension of 9.9 mN/m was
observed whereas PEG-IFN-a and also the 40 kDa PEGaldehyde (which was used for
PEGylation) induced a decrease of 12.1 mN/m and 8.9 mN/m, respectively. The decrease of
the surface tension induced by the PEGylated proteins and PEGaldehyde itself did take place
right after the addition of the molecules and reached the equilibrium. Even an increase of the
protein concentration up to 100 pug/ml did not show any major change of the surface tension
indicating the equilibrium state (data not shown). nIFN-B showed a rather different kinetic. It
took more than four hours until the equilibrium was reached. This can be explained by the
different critical micelle concentrations (CMC) for the nIFN (4.85 pg/ml) in comparison with
0.88 pg/ml for PEG-IFN-B-1b and 1.02 pug/ml for PEG-IFN-a (data not shown). Lysozyme did
not result in a decrease in surface tension over the observed time frame which was also
observed by Sundaram et al. Only after more than 2 h, they noticed a decrease in the surface
tension of a 85 pg/ml lysozyme solution at neutral pH which did not reach an equilibrium after
several days [257]. These observations were explained by a transition of the gaseous state to

the liquid expanded state of lysozyme in which a reorientation of the protein takes place.

The different surface behavior of the proteins can be explained by different primary structures
leading to differences in hydrophobicity and different charge densities, which influence
adsorption and orientation of proteins at interfaces. For example, proteins which are closer to
their isoelectric point exhibit greater surface activity because of a decreased electrostatic
repulsion [258]. Also the size of the molecule plays an important role since proteins form
multiple contacts with the surface. Multipoint bindings are usually leading to an
“irreversibility” of the adsorption [259]. PEGylation of IFN-B-1b changes the surface behavior
of the protein completely. By PEGylation, the hydrophobicity is decreased, the molecular size
is increased and even though the isoelectric point after PEGylation stays pretty much on the
same level [160] the surface charge density changes [260]. It has also been shown that
PEGylation is able to change the orientation of the protein up on adsorption on surfaces and

PEG itself is surface active regarding many surfaces [190].
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Figure V-10 Influence of different proteins and 40kDa PEG-aldehyde (2 ug/ml final concentration) on
the surface tension of 50 mM acetate buffer pH 4 (A); Influence of different proteins on a E80 monolayer
with a surface pressure of initially 25 mN/m in 50 mM acetate buffer pH 4 (B) Influence of PEG-IFN-B-
1b on a E80 and S100 monolayer with a surface pressure of initially 25 mN/m in 50 mM phosphate

buffer pH 7 (C)

When molecules interact with a monolayer with a constant area, a penetration of the
monolayer by the compound added to the subphase can be seen in an increase of the surface
pressure [222-224, 245, 261, 262]. The adsorption process of a protein or peptide to a
monolayer, which is the first step of the penetration process, may result in no or just a small
change of the surface pressure [263]. The incorporation of nIFN-B-1b and PEG-IFN-B-1b in ES80
and S100 based VPGs prepared with acetate buffer pH 4, showed an increase in viscosity in
comparison to the placebo VPGs and other proteins (Figure V-8 A). In phosphate buffer pH 7,
the only increase in viscosity was observed for PEG-IFN-B-1b when using S100 as a lipid (Figure
V-8 B). Figure V-10 B shows the influence of different proteins on the surface pressure of an
E80 monolayer after injection into the subphase (acetate buffer pH 4). Interestingly, only the

nIFN-B resulted in a fast increase of the surface pressure indicating a fast penetration of the
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protein through the monolayer. Only a minor increase was observed for PEG-IFN-B over the
monitored time frame. PEGylation decreases the penetration of the monolayer in comparison
to the native IFN-B-1b. This can be explained by the changed physicochemical properties of
the protein by PEGylation. Besides electrostatic interactions [224], hydrophobic interactions
play an important role for the interaction between proteins and phospholipids [263, 264].
Both are influenced by PEGylation [15]. PEGylation of phospholipids generally reduces the
interaction of the lipid layers [265, 266] and also liposomes [267, 268] with proteins. Still, the
effect of PEGylation on the protein-lipid interactions depends on the charge of the lipids and
the type of protein and cannot be generalized [269]. When no interactions are visible in the
monolayer studies, it does not necessarily mean that no interactions like adsorption take
place. This can be explained by the fact that the pressure of the monolayer was above the
exclusion pressure of e.g. PEG-IFN-B-1b and PEG-IFN-a-2a and the penetration force of the

proteins was not high enough to see an effect [222].

According to Sundaram et al. lysozyme does penetrate a dipalmitoylphosphatidylcholine
monolayer in a buffered saline solution at pH 7.4 and 0.15 M NaCl. This penetration resulted
in a constant increase of the surface pressure of 3 mN/m over more than 18 h [257]. An
increase of the surface pressure by lysozyme during the analyzed timeframe was not observed
in the studies of this thesis. In contrast, even a small decrease of surface pressure was
monitored which might indicate a destabilization of the monolayer. PEG-IFN-a-2a did show a

similar result as lysozyme.

To get more insight regarding the increased viscosity of S100 based VPGs in phosphate buffer
pH 7 and the difference to E80 based VPGs after the incorporation of PEG-IFN-B-1b, S100 and
E80 monolayers were prepared in phosphate buffer and the surface pressure was measured
(Figure V-10 C). After the injection of PEG-IFN-B-1b into the subphase, the surface pressure of
a S100 monolayer increases to a larger extend in comparison with an E80 monolayer. This
indicates a lesser pronounced penetration of EBO monolayers by the protein. These findings
correlate with the observations made regarding the viscosity. As already discussed in Chapter
V 3.1, electrostatic and hydrophobic interactions are decisive factors for the interactions
between phospholipids and proteins. Because the charge density of the protein and the lipid
are changed at different pH values, also the interaction between these two components is

altered. Before penetration, the proteins are adsorbed to the monolayer. Buijs et al. showed
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that protein adsorption due to electrostatic or hydrophobic interactions tend to change the
conformation of the protein more than hydrophilic interactions [270]. The conformation of
the protein which also depends on pH value, plays an important role in protein-lipid
interactions, as well [223]. This explains the different behaviors of different proteins at
different pH values. In addition to that, S100 contains more unsaturated phospholipids than
E80 [271]. The resulting bilayer from unsaturated phospholipids has more free spaces and is,
as a consequence, more permeable to water and other small molecules [272]. However, it has
been shown for the peptides mellitin (3.8 kDa) and glucagon (3.5 kDa) that the degree of
saturated and unsaturated aliphatic chains change the interaction with a phospholipid
monolayer and these peptides [262]. Also other characteristics of the phospholipids like the
length of the aliphatic chains influence the interactions [222]. S100 has a larger content of C18
fatty acid components (around 81 % C18 and 15 % C16) in comparison with E80 (around 60 %
C18 and 33 % C16). Since the chain length and also the saturation of the fatty acids do not
change when changing the buffers, it makes the different charges as the decisive factor for

the different protein-lipid interactions likely.

Even though the primary sequence of a protein is the same, the hydrophobicity can change
because of different conformations and the exposure of more hydrophobic patches on the
surface [51, 273]. It has also been shown that the folding respectively unfolding behavior of
proteins and peptides during adsorption to the air/water interface influence the
interaction/penetration of the monolayer by, for example, exposing more hydrophobic
patches on the surface [222]. Adsorption behavior of proteins depends, for instance, on pH
values, temperature and ionic strength [274] giving a quite a number of factors influencing
those interactions. Even though there are trends and correlations to previous studies, like the
decrease of protein-lipid interactions by PEGylation, the monolayer studies did not explain all
effects regarding the observed interactions. An overview of the effects observed with the
different methods can be found in Table V-I (Chapter V 4). Further studies are necessary to
investigate and optimize the required parameters in the monolayer studies to be able to

differentiate proteins which have a more similar protein-lipid interaction profile.
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3.3 Interactions with liposomes

3.3.1 Aggregation/particle formation

To investigate the influence of the proteins on preformed liposomes, placebo VPGs were
prepared and dispersed in the respective buffer and extruded through a polycarbonate filter
to obtain homogeneous liposomes (Chapter Ill 2.2.6.). Figure V-11 A shows the change of

turbidity of a liposome solution containing 94 pug/ml liposomes after the addition of different

proteins.
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Figure V-11 Change of turbidity of a liposomal solution (0.94 mg/ml lipid) based on E80 and S100 before
(liposomes blank) and after the addition of proteins in a final concentration of 0.25 mg/ml in 50 mM
acetate buffer pH 4 (A) and 50 mM phosphate buffer pH 7 (B) PEG-IFN-B-1b and PEG-IFN-a-2a were
used in a concentration of 790 ug/ml respectively 770 ug/ml to provide the same molar ratio compared
to their non-PEGylated counterparts.

It can clearly be seen that the addition of nIFN-B-1b did increase the turbidity of E80 and S100
based liposomes in acetate buffer pH 4. No major effects were observed for all other tested
proteins. The increase in turbidity using S100 based liposomes was less pronounced for nlFN-
B-1b. For the chosen nIFN-B-1b and lipid concentrations the limiting factor regarding turbidity
increase was the lipid component. While a decrease of the nIFN-B-1b concentration from 250
ug/ml to 75 pg/ml resulted in no significant change in turbidity, the decrease of the lipid
amount from 940 pg/ml to 330 pg/ml resulted in a decrease of turbidity from 111.5 + 6.4 FNU
to 32.3 + 4.2 FNU (data not shown).

In acetate buffer, PEGylation of IFN-B-1b did effectively prevent the aggregation of both types
of liposomes. The decreased protein-lipid interactions have also been observed in the
decreased interactions in the monolayer studies (Figure V-10). The addition of lysozyme and

both IFN-a species to the liposomes did not result in an increase of turbidity.
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In phosphate buffer pH 7, turbidity measurements showed no change in turbidity after the
addition of lysozyme and both IFN-a types. Interestingly, the addition of PEG-IFN-B to both
types of liposomes resulted in a decrease of turbidity indicating the formation of micelles
which could be confirmed by DLS measurements (Figure V-14 B). nIFN-B-1b was excluded due

to protein aggregation at neutral pH value.

The influence on particle formation > 1 um of a liposomal solution after the addition of
proteins was determined using light obscuration (LO) (Figure V-12 A and B). The results
obtained by light obscuration correlate relatively well with the turbidity measurements. While
all other tested proteins were rather unobtrusive, only the native IFN-B-1b resulted in a huge
increase in larger particles that were also visible in the microscope at 1000x magnification
(Figure V-13 A). The addition of both, PEG-IFN-B and PEG-IFN-a resulted in a slight increase of

particle formation which can be explained by the slightly higher particle count of the protein

sample.
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Figure V-12 Cumulative particle count > 1 um determined by light obscuration of a liposomal solution
(0.94 mg/ml lipid) based on E80 and S100 liposomes determined by light obscuration before the
addition of proteins (liposomes blank) and after the addition of proteins to a final concentration of
0.25 mg/ml in 50 mM acetate buffer pH 4 (A) and 50 mM phosphate buffer pH 7 (B) PEG-IFN-B-1b and
PEG-IFN-a-2a were used in a concentration of 790 ug/ml respectively 770 ug/ml to provide the same
molar ratio compared to their non-PEGylated counterparts.

The difference between E80 and S100 based liposomes is more pronounced in light
obscuration measurement than it was in turbidity measurements. To be able to exclude that
the detected large particles are artefacts caused by a large amount of smaller particles
coincidence in the detector, exemplary microflow imaging (MFI) measurements were
conducted. An example is shown in Figure V-13 B. These tests did also confirm the presence

of particles in the micrometer range. Particle numbers did also correlate with the LO
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measurements even though a trend to slightly higher numbers were observed in these

exemplary MFl measurements (data not shown).

Figure V-13 Representative microscopic picture of liposomal aggregates in a liposomal solution
containing 2.5 mg lipids and 250 ug/ml nIFN-B-1b using a microscope from Keyence at 1000x
magnification (A) and exemplary picture taken from the microflow imaging measurements using a
micro-flow imaging system from Brightwell Inc. (Ottawa, Canada) (B)

In literature, interactions between smaller PEG molecules (molecular weight of 8000-
10000 Da) and phospholipids are described. They are able to cause aggregation and fusion of
the vesicles due to the existence of an attractive osmotic force due to polymer depletion at
the vesicle surface [275]. This effect was not seen in the studies of this thesis because of the
use of a 40 kDa PEG molecule. Higher molecular weight PEG molecules are able to adsorb to
the surface resulting in a steric barrier [275]. Only nIFN-B-1b showed an increase in turbidity,
viscosity and aggregation of liposomes. While PEG-IFN-B-1b did show an influence on gel
viscosity and an incomplete release from VPGs, no protein induced liposome aggregation was
observed. Therefore, liposome aggregation is not a suitable surrogate marker for lipid-protein

interactions, which influence the release rate and gel viscosity.

To investigate particle formation < 1 um, dynamic light scattering was used. Figure V-14 A to
E shows the results of the DLS measurements of E80 based lipids in the presence of proteins
at different pH values. Measurements of S100 based liposomes in both buffers and with all
investigated proteins showed absolutely comparable results and trends as E80 based

liposomes. Therefore, only the E80 results are presented.
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Figure V-14 Dynamic light scattering measurements of liposomal solution (0.94 mg/ml lipid) based on
E80 and S100 liposomes before (liposomes blank) and after the addition of proteins to a final
concentration of 0.25 mg/ml in 50 mM acetate buffer pH 4 and 50 mM phosphate buffer pH 7. PEG-
IFN-B-1b and PEG-IFN-a-2a were used in a concentration of 790 pg/ml respectively 770 pg/ml to
provide the same molar ratio compared to their non-PEGylated counterparts.

In acetate buffer pH 4, the results for PEG-IFN-B-1b, both IFN-a species and lysozyme did not
show any change in the particle size distribution of the liposomes below 1 um. The same result
was surprisingly obtained for the nIFN-B-1b. In contrast, particle measurements above 1 um,
turbidity, measurements and microscopic studies clearly show an increase of particles above
1 um (Figure V-11 and Figure V-13). To exclude measurement artifacts due to a too high
turbidity, samples were diluted up to 1:10. To avoid particles being not detected due to the
same refractive index of the particles and the background medium, the salt concentration of
the buffer was changed from 10 mM up to 100 mM acetate [276]. Since particle distribution

was not changed by this adjustment, artifacts because of the mentioned reasons can most

likely be refuted.

No major change in size distribution was observed in phosphate buffer pH 7 for both IFN-a
species and lysozyme. Again, nlFN-B was excluded due to protein aggregation. After the

addition of PEG-IFN-B-1b to the liposome solution, an additional peak at around 30 nm
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diameter occurred (Figure V-14 B). This peak indicates the formation of micelles which has
already been seen in the turbidity measurements by a decrease of turbidity after protein

addition (Figure V-11 B).

Aggregation of phospholipid vesicles induced by proteins have already been described in
literature for different proteins like myelin basic protein [250], IFN-y [129] or a mutant of
surfactant protein A [277]. It has also been reported that Ca?*-regulated proteins are able to
cause an Ca?*-dependent aggregation of phospholipid vesicles [251, 277]. Aggregation of
liposomes has also been induced by both, negatively charged as well as amphiphilic peptides
[220]. In most cases, electrostatic interactions were discussed [250] but also hydrophobic
interactions play an important role [278]. For IFN-y, Ishihara et al. discussed two kinds of
interactions. One was based on electrostatic interactions which could be decreased by using
neutral liposomes or by the addition of up to 1.8 % NaCl and resulted in a decreased turbidity

of the solution. The other type were non-ionic interactions [129].

To investigate the influence of NaCl on the interactions between nIFN-B-1b and E80 liposomes
0.58 % of NaCl was added to acetate buffer pH 4 and the effect after protein addition was
monitored (data not shown). NaCl resulted in a larger increase in turbidity and an increase in
particle formation according to LO compared to acetate buffer pH 4 without NaCl. Further
studies showed that in this experiment the increase of particles and turbidity was the result
of protein aggregation due to the decreased solubility of nIFN-B in the presence of NaCl in

acetate buffer pH 4.

The transformation of liposomes to micelles has been reported in literature for surfactants
like Triton X-100 [279], the nonionic detergent, octyl-B-D-glucopyranoside [280] or alkyl
sulfate surfactants [281]. After the purification of PEG-IFN-B-1b, there were still residues
(0.0075 %) of Laureth-12 present. To investigate the influence of the residual surfactant
Laureth-12 in the PEG-IFN-B sample and the protein itself, different concentrations of Laureth-
12 and PEG-IFN-B-1b were tested regarding micelle formation and turbidity (Figure V-15). The
theoretical amount of Laureth-12 in the test sample is 0.0075 %. This concentration alone did
not result in a decrease of the turbidity of the liposome sample (Figure V-15 B). This shows
that the interaction of PEG-IFN-B-1b is the main reason for the micelle formation. An increase
of the surfactant concentration to 0.015% was necessary to achieve a decrease of turbidity of

about 35 %. 0.045 % of Laureth-12 led to a reduction of the turbidity to a similar level as
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180 pg/ml (0.018 %) of PEG-IFN-B-1b. The effect of PEG-IFN-B-1b was also concentration
dependent (Figure V-15 A). 36 pug/ml of protein were sufficient to result in a 40 % decrease of
turbidity settling at 80 % decrease using 180 ug/ml of protein. Further protein addition did not

show any major increase in micelle formation.
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Figure V-15 Effect of different concentrations of PEG-IFN-B-1b on a 0.94 mg/ml E8O liposome solution
in phosphate buffer pH 7 (A); effect of different concentrations of Laureth-12 on a 0.94 mg/ml| E8O
liposome solution in phosphate buffer pH 7

3.3.2  Zeta potential

Zeta potential measurements were conducted using a Zetasizer Nano ZS. Zeta potential is the
electric potential at the shear plane of a particle or liposome. It is influenced by the pH value
of the medium, the conductivity and the concentration of the buffer components. The higher
the value of the zeta potential, the more stable is the suspension. Even though the zeta
potential of the tested liposomes was relatively low, the prepared liposomal solutions did not
show any major change in size distribution over three days of storage (data not shown). The
stability of the liposomes is sufficient to exclude any change in the size distribution due to the

instability of the liposomes itself.

In 50 mM acetate pH 4, E80 based liposomes have a negative zeta potential (-5.5 £ 1.4 mV)
while S100 based liposomes show a very low but positive zeta potential (0.7 + 0.3 mV) (Figure
V-16). In phosphate buffer pH 7, both E80 based liposomes (-4.4 + 0.3 mV) as well as S100
based liposomes (-2.8 + 0.8 mV) have a slightly negative zeta potential (Figure V-16 B). With
zeta potential measurements, different characteristics of EB0 and S100 depending on the pH

were shown. The differences can be explained by the different phospholipid composition of
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E80 and S100 and consequently by the different orientations of the phosphatidylcholine

molecules [282].
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Figure V-16 Zeta potential measurements of liposomal solutions (0.94 mg/ml lipid) based on E80 and
5100 liposomes before (liposomes blank) and after the addition of proteins to a final concentration of
0.25 mg/ml in 50 mM acetate buffer pH 4 (A) and 10 mM phosphate buffer pH 7 (B). PEG-IFN-B-1b and
PEG-IFN-a-2a were used in a concentration of 790 ug/ml respectively 770 ug/ml to provide the same
molar ratio compared to their non-PEGylated counterparts.

All used proteins have a positive charge at pH 4 (isoelectric point of nIFN-B-1b and PEG-IFN-§-
1b:9.7 [157], nIFN-a-2a and PEG-IFN-a-2a: around 6 [145] and lysozyme: 11 [236]). Therefore,
the negative zeta potential of E80 based liposomes should be reduced upon interaction. After
the addition of nIFN-B-1b, the zeta potential even adopted distinct positive values
(9.7 £ 0.4 mV) indicating an interaction between the liposomes and the proteins (Figure V-16
A). The addition of PEG-IFN-f resulted in a decrease of the zeta potential of the liposomes and
the values adopted even slightly positive values (1.8 + 0.3 mV). This can be explained by either
weaker interactions between the liposomes and the PEG-IFN-B-1b or by the shielding effect
of PEG. It has been shown that the zeta potential of PEGylated liposomes was decreased in
comparison with non-PEGylated liposomes [283]. A decrease of the zeta potential of ES80
based liposomes was seen for both IFN-a species and lysozyme (Figure V-16 A). Lysozyme is
known to interact with negatively charged lipids. In literature, a change of the electrophoretic
mobility (which can be linked to the zeta potential [284]) of negatively charged
phosphatidylserine vesicles were described after interactions with lysozyme [249, 285]. For
phosphatidylcholine vesicles no major influence on the zeta potential after the addition of
lysozyme was observed [249]. A change of the zeta potential of S100 based liposomes was not
observed for both IFN-a species and lysozyme. Again, nIFN-B led to a distinct increase of the

zeta potential while PEG-IFN-B did also influence the zeta potential but to a lesser extent.
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In phosphate buffer pH 7, (Figure V-16 B). No major influence on the zeta potential was
observed for all proteins. The nIFN was excluded, due to protein aggregation at this pH value.
No changes of the zeta potential of phosphatidylcholine based liposomes after the addition of
lysozyme have been reported in literature [285]. Interestingly, also for PEG-IFN-B-1b no larger
change of the zeta potential was observed, even though the viscosity measurements and DLS
measurements suggest distinct interactions of PEG-IFN-B-1b with S100 liposomes in this
buffer. This can be explained by the decreased charge density of the proteins at pH 7 in
comparison to pH 4, since it is much closer to the IEP of the proteins or by the shielding effect

of PEG.

Since protein adsorption is strongly affected by electrostatic interactions, zeta potential
measurements are able to give insight regarding the surface potential charge of the liposomes
and the proteins. Rezwan et al. investigated the interaction of nanoparticles (aluminum, silica,
titanium and zirconia) with positively charged lysozyme and negatively charged BSA. They
showed that interactions between particles and proteins correlated in the most cases with the
zeta potential. Also the change in zeta potential of the particles after protein adsorption was
depending on the adsorbed protein amount [286]. However, quantitative information
regarding the interactions are difficult to obtain since the change of the zeta potential
depends on many factors like pH value, salt concentration, charge density or adsorbed protein

amount [287].

The results of the zeta potential measurements correlate with the observations that were
made in the previous experiments and outlined in Chapter V 3.3.1. Both IFN-B molecules
interact more with the liposomes than both IFN-a species and lysozyme. PEGylation reduces
this interaction but does not prevent it. At pH 7, zeta potential measurements do barely give

any explanation or information regarding the observed protein lipid interactions.

3.3.3  Calcein leakage

The interaction of proteins or peptides with liposomes can cause membrane destabilization
of the liposomes. The penetration of the molecules into hydrophobic membrane regions
results in a leakage of the encapsulated material within the vesicles [220, 249, 282, 285].
Besides the penetration, lipid dehydration has been suggested as important parameter in
protein-induced leakage of liposome bilayers [249]. Both mechanisms are able to induce an

efflux of encapsulated calcein. Apart from proteins, membrane leakage has also been reported
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for hydrophilic polymers like poly-N-hydroxyethylacrylaspartamid (PHEA) [282]. Calcein, in the
concentration used for encapsulation, exhibits an autoquenching effect leading to a loss of
fluorescence intensity. When a calcein efflux occurs, the released calcein is diluted in the
buffer and the concentration becomes much lower and autoquenching is avoided. This leads
to a fluorescence of the calcein which can consequently be measured. To investigate the
influence of PEGylation regarding the protein induced membrane leakage two different
concentrations of nIFN-B-1b, as well as, PEG-IFN-B-1b were investigated. PEG-IFN-a-2a was
used as a PEGylated more hydrophilic molecule. Instability of the liposomes itself over the
measurement timeframe can be excluded as a reason for the increased efflux, since the

leakage over twelve hours from liposomes without proteins present did never exceed 8.2 %.

In acetate buffer pH 4, nIFN-B-1b leads to leakage of calcein from both, E80 and S100 based
liposomes, in both protein concentrations (Figure V-17). The calcein leakage from S100 based
liposomes induced by 1.0 mg/ml protein concentration reached 65 + 13 % already after
six minutes with no major change during the next twelve hours. At a concentration of
0.1 mg/mlonly 23 + 16 % were released in the first six minutes, which shows a dependency of
calcein efflux on the protein concentration. In the presence of 1 mg/ml nIFN-B-1b, E80 based
liposomes leaked a maximum of 27 + 16 % after six minutes, while at 0.1 mg/ml protein
concentration only 14 + 3 % of the calcein were leaked. In the first 90 min, interactions with
E80 based liposomes are less pronounced compared to S100 liposomes. This information was
not obtained by previous tests like liposome aggregation and zeta potential measurements.
The different behavior can be explained that different mechanisms are responsible for
different type of protein-lipid interactions. While electrostatic interactions are the main factor
for liposome aggregation, depending on the protein, non-ionic interactions are discussed as
the main factor for membrane leakage [129]. While both 0.1 and 1.0 mg/ml protein
concentrations induced a maximum leakage from S100 based liposomes within 90 min with
no change during longer incubation times, E80 based liposomes showed a slower release
kinetic of calcein. Unless the samples containing E80 based liposomes and 1 mg/ml protein
which released 92 % of the encapsulated calcein, all other samples ended with a leakage rate

between 60 and 70 % after 12 h.
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Figure V-17 Calcein leakage over time from E80 and S100 based liposomes in the presence of 0.100
and 1.00 mg/ml nlFN-B-1b in 50 mM acetate buffer pH 4

At pH 4, PEG-IFN-B-1b shows a similar profile as nIFN-B-1b (Figure V-18 A). The leakage in the
first 90 min was slightly lower in comparison to nIFN-B-1b, which correlates with the previous
measurements and the observed decreased interactions with phospholipids after PEGylation
of the protein. A concentration of 3.16 mg/ml protein resulted in a faster leakage of S100
vesicles in comparison to the other PEG-IFN-B-1b samples. This distinct difference between
S100 and E80 at pH 4 has not been seen in the other analytics like turbidity, aggregation, DLS
or a change in zeta potential. The viscosity increase induced by PEG-IFN-B-1b suggested even
a less pronounced interaction with S100 in comparison with E80 at pH 4 (see Chapter V 3.1
Figure V-8). While the maximum calcein efflux for the 5100, 3.16 mg/ml protein sample was

reached within 90 minutes, the other samples showed a much slower calcein release kinetic.

The tendency of PEG-IFN-B-1b to interact more with S100 based VPGs/liposomes compared
to E80 in phosphate buffer pH 7, can also be seen in the leakage assay (Figure V-18 B). This
was observed in an increase of viscosity of the gels and stronger interaction with a Langmuir
monolayer. No significant change in the calcein leakage was observed between pH 4 to 7. A
change in pH changes also the electrostatic attraction between the protein and the liposomes.
Therefore, hydrophobic interactions or van der Waals forces seem to play a more important
role for this protein. Dimitrova et al. showed that depending on the used protein, electrostatic
(lysozyme) and hydrophobic forces (BSA) are important effects for protein induced leakage

[249].
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Figure V-18 Calcein leakage over time from E80 and S100 based liposomes in the presence of 0.316 and
3.16 mg/ml PEG-IFN-B-1b in 50 mM acetate buffer pH 4 (A) and in 50 mM phosphate buffer pH 7 (B)
0.316/3.16 mg/ml provide the same molar protein amount compared to non-PEGylated IFN-B-1b

The calcein efflux at pH 4 in the presence of PEG-IFN-a-2a was lower compared to both IFN-f
species (Figure V-19 A and B). Less than 10 % of the calcein was leaked during the first
six minutes, indicating less pronounced protein-lipid interactions. This observation correlates
well with previous measurements in which no or just minor effects were observed for PEG-
IFN-a-2a. After 12 h, S100 based liposomes leaked the calcein relatively completely and
independent of the protein concentration. PEG-IFN-a-2a induced a slower and less complete
efflux of calcein from E80 based liposomes. This behavior was not observed in the previous
tests. In phosphate buffer pH 7, a similar leakage was observed compared to pH 4 with a

slightly less concentration dependent efflux of calcein from E80 based vesicles (Figure V-19 B).
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Figure V-19 Calcein leakage over time from E80 and S100 based liposomes in the presence of 0.308 and
3.08 mg/ml PEG-IFN-a-2a in 50 mM acetate buffer pH 4 (A) in 50 mM phosphate buffer pH 7 (B)
0.308/3.08 mg/ml provide the same molar protein amount compared to non-PEGylated IFN-B-1b
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According to the leakage assay, all tested proteins in both pH values interacted with the
liposomes independent of the lipid type and induced a leakage of calcein form the vesicles.
Only the degree of interaction differs. These differences in interaction levels had not been
seen in other tests like vesicle aggregation, zeta potential and monolayer studies. Only nIFN-
B-1b had a massive influence on vesicle aggregation or a huge increase of the surface pressure

in the monolayer studies.

This can be explained that different mechanisms like electrostatic, hydrophobic interactions
or van der Waals forces are responsible for the different types of interactions like liposome
aggregation. A correlation between the leakage assay and the monolayer studies was
expected, since leakage goes along with protein penetration and/or membrane destabilization
[249]. An explanation for the lack of correlation might be that the used membrane pressure
in the monolayer studies was too high for PEG-IFN-a-2a to see an effect. Interestingly, S100
based liposomes showed a faster and more complete efflux of calcein for all proteins
compared to E80 based liposomes. The relatively high standard deviations that were obtained

during the leakage tests, made the interpretation of small differences difficult.

3.4 Investigation of protein adsorption to phospholipids

Besides the type of interaction (penetration, adsorption, aggregation) also the adsorbed
amount of protein on phospholipid vesicles plays an important role regarding the degree of
interaction [249]. Apart from getting more information concerning the affinity of the protein
to the phospholipids, the adsorbed amount of protein is also interesting regarding the possible
protein loss. QCM measurements are able to give some insight regarding pure adsorption

phenomena and give the option to quantify the adsorbed amount.

3.4.1  Phospholipid coating of the QCM chip

First of all, the QCM chip had to be coated with phospholipid vesicles interact with different
surfaces in a specific manner. When a silicon dioxide (SiO;) coated chip is used, intact vesicles
adsorb on the surface. After a short time (approx. 10 min), the adsorption is followed by a
spontaneous rupture of the vesicles and a formation of a phospholipid bilayer [288-290].
During the adsorption of the vesicles, the resonance frequency decreases and the damping of
the oscillation increases due to the addition of mass of the phospholipids of the vesicles and

the water trapped inside and between the vesicles. The increase of the dissipation indicates
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the presence of a nonrigid layer (viscoelastic layer). After the rupture, an increase of the
resonance frequency is observed. Depending on the used vesicle size, the dissipation value
returns to almost zero showing the rigidity of the supported bilayer and a low amount of
bound solvent [288]. Glasmastar et al. also showed that the exposure of a SiO, coated QCM
chip to phosphatidylserine and phosphatidylethanolamine vesicles leads to an adsorption of

the intact vesicles followed by spontaneous transformation into a phospholipid bilayer [291].

Using a titanium dioxide (TiO2) coated chip, the adsorption of the intact vesicles were
observed as well, but no eruption occurred [288, 290]. This effect was explained by the
different strength of vesicle-surface interactions (based on van der Waals interactions or local
charges), which are more pronounced on SiO; in comparison to TiO, [288]. Vesicle adsorption
on oxidized gold follows a similar pattern like on TiO; [289, 292]. By modifying the gold surface

with alkane thiols, a supported monolayer is formed by first-order kinetics [289].

Because of promising results in literature and also because no TiO; or oxidized gold coated
chips were provided by the manufacturer of the QCM, SiO, coated chips were chosen.
Furthermore, the bilayer which is formed on SiO, coated chips is rigid which makes the

calculation of the mass much easier and accurate [288].

In contrast to the results in literature, a vesicle rupture after vesicle adsorption was not
observed (Figure V-20 A). Neither a change in the liposome concentration from 500 pg/ml to
100 pg/ml nor a change of the buffer from 50 mM acetate buffer pH 4 to 10 mM Tris pH 8
[289] did influence the adsorption/rupture. Even though Reimhult et al. did not see an
influence of vesicles size (25 nm — 200 nm) on the quality of vesicle rupture [288], Jing et al.
observed that vesicles larger than 160 nm do not rupture after adsorption on SiO;, while
vesicles smaller than 100 nm do [293]. The vesicles used in this study had a size between 130
and 160 nm. Vesicle size might be an explanation for this observation but also the usage of
different type of lipids and lipid compositions compared to literature. Whereas S100 and E80
are mixtures of different phospholipids (phosphatidylcholine, phosphatidylethanolamine,
lyso-phosphatidylcholine) the other authors used just a single pure phospholipid [288, 289,
293]. Cho et al. showed that the rupture depends on the type of lipid and the lipid
composition, as well, and is also influenced by the lipid charge [290]. Furthermore, the

adsorption and stability of intact vesicles itself depends on many different parameters like

166



lipid composition, surface charge, vesicle size and concentration, as well as on the

temperature and the osmotic pressure of the buffer [292].

3.4.2  Protein adsorption on phospholipid vesicles

The adsorption of intact phospholipid vesicles to the SiO, coated chips led to a vesicle layer
with viscoelastic properties (AF/AD = 3.2) (Figure V-20 A). Therefore, the Sauerbrey equation
[227] for the determination of the mass is not applicable, because dissipation is not
considered. The used qGraph software offers an option to calculate the mass of a viscoelastic
layer by estimating the density and thickness, as well as the ratio of the elastic and viscous
property of the layer. This option also assumes an infinite Newtonian fluid above the layer.
When both IFN-B species were adsorbed on the immobilized vesicles, an additional change of
damping was observed (Figure V-20 B and C) which indicates a viscoelastic protein layer on a
viscoelastic liposome layer. To receive masses as exact as possible, all the before mentioned
parameters have to be estimated for the first layer (liposome layer) and for an additional
second layer (protein layer) of each sample individually. The combination of these many
uncertainties and estimations may lead to a rather big mistake, when calculating the exact
masses. Using the same estimated parameters for all samples gives a mass value in the end,
which is only a very rough approximation of the actual mass. Therefore, only a semi-
guantitative comparison is possible. This relative and semi-quantitative comparison is also
possible by comparing only the frequency shifts and the damping which is why the data is

presented without calculating actual masses.
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Figure V-20 Representative QCM measurements in 50 mM acetate buffer out of two independent runs;
700 ul of a 250 ug/ml protein solution was pumped over immobilized E80O liposomes and afterwards
incubated until a stable baseline was achieved. The arrow marks the starting point were pure buffer
was flushed in the system. Adsorption of phospholipid liposomes on a SiO; coated QCM chip (A)
Interaction of nIFN-B-1b (B), PEG-IFN-B-1b (C), PEG-IFN-a-2a (D) and lysozyme (E) with immobilized
liposomes (n=2).

The interaction of nIFN-B with E80 liposomes (Figure V-20 B) resulted in a frequency drop of
871 Hz and an increase in damping of 88 Hz resulting in AF/AD = 6.7. The adsorbed protein
layer is viscoelastic. A purely viscous layer will result in a quotient of 1, while one can speak of
an approximately elastic layer, when the quotient is larger than 10. After a rapid drop of

400 Hz, it took more than five hours until a stable baseline was achieved.
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PEGylation of nIFN-B-1b resulted in a significantly decreased drop in frequency (Figure V-20
C). Only a drop of 58 Hz was observed. The damping increased 37 Hz which is proportionally a
larger increase in damping in comparison to the value for native protein. AF/AD = 1.6 implies
a much more viscous layer in comparison to the layer of the native protein. This can be
explained by the fact that especially branched PEG molecules increase the hydrodynamic

volume due to a strong coordination of water molecules [20, 197].

PEG-IFN-a has also a low AF/AD-value (1.2) and a fast initial drop in frequency (74 Hz) and
increase in damping (23 Hz) was observed (Figure V-20 D). Interestingly, while flushing the
system with clean buffer (black arrow), the frequency started to increase and the damping to
decrease ending at 12 Hz/10 Hz. Since the liposome coating was stable during the
measurement time frame, the loss in mass can be explained because PEG-IFN-a does not
couple completely to the vesicles and is washed out while flushing the system with clean
buffer. This indicates a weaker and reversible interactions with phospholipids compared to

both beta IFNs which correlates with previous results.

The interaction of lysozyme with the adsorbed vesicles resulted in a decrease in frequency of
27 Hz and an increase in damping of 10 Hz (Figure V-20 E). The resulting AF/AD-value of 2.7
indicates a viscoelastic layer. In contrast to PEG-IFN-a, the interaction was not reversible

during the washing step.

QCM measurement showed an interaction of all proteins with the phospholipids. QCM-D
measurements usually result in a higher mass uptake in comparison to other methods, since
also the bound water, specifically the hydration shell and the trapped water in the protein
adsorption layer, is measured [291]. In this study, the determination of the mass was rather
difficult due to two viscoelastic layers being present which leads to a very complex calculation

including the estimation of different parameters.

The reduction of the interactions by PEGylation was seen in the QCM measurement. In
comparison with the adsorption on triglycerides (Chapter V 2.1), PEGylation of IFN-B-1b does
not only decrease the adsorbed molar protein amount but also the absolute adsorbed mass.
The layer property is also changed by PEGylation. The adsorbed nIFN-B-1b layer is more rigid
than the adsorbed PEG-IFN-B-1b layer. Besides QCM measurements, signs of interactions
between PEG-IFN-a and E80 based liposomes were observed during the zeta potential

measurements in acetate buffer (Figure V-16) and during the calcein leakage (Figure V-19 A)
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test. According to the QCM measurements, PEG-IFN-a seems to reversibly adsorb to the
immobilized liposomes. After the incubation of the protein and the adsorbed vesicles in the
QCM measurement cell, the measurement cell is flushed with fresh buffer. This shifts the
equilibrium in the direction of solubilized protein leading to desorption of the adsorbed
protein. No signs of reversibility of protein-lipid interactions were observed in zeta potential

measurements and the calcein leakage assay, which do were conducted in closed systems.

QCM has the advantage, to show pure adsorption phenomena. Since an adsorption process
to phospholipids does not necessarily result in a change in the surface pressure of a monolayer
[263] or vesicle aggregation [129, 248], different behaviors between the monolayer ,

aggregation studies and the QCM-studies can be explained.

4  Summary and conclusion

Interactions of the proteins with the lipid materials of the formulation accompanied the
project during all stages. In order to get more and fast and easily obtainable information

regarding these protein-lipid interactions, different analytics were investigated.

In order to investigate the observed interactions regarding SLIs, interactions between proteins

and a triglyceride surface were investigated using a quartz crystal microbalance (QCM).

The quartz chip was successfully coated with triglycerides. IFN-a-2, PEG-IFN-a-2 and lysozyme
were used to compare the two IFN-B-1b species to more hydrophilic proteins. As expected,
nIFN-B-1b adsorbs strongly to the lipid surfaces. For both, IFN-B-1b and PEG-IFN-B-1b, a similar
mass adsorption to triglyceride surfaces was observed. Moreover, it was higher compared to
the two IFN-a-2 species and lysozyme. By PEGylation, the totally adsorbed mass is on a similar
level compared to the native protein. The adsorbed molar protein amount, however, is
significantly smaller since the PEG part represents about two-thirds of the molecules mass.
The same behavior was observed for nIFN-a-2a and PEG-IFN-a-2a. The amount of molecules
being adsorbed to triglycerides can be reduced but the interaction with the surface cannot be
completely avoided by PEGylation. This effect can be explained because the molecule PEG
itself does also show adsorption on the lipid surface and by the larger amount of water bound
to the PEG part of the PEGylated protein. The QCM studies also correlate with the findings

regarding the stability in solution in the presence of lipids.
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After the incorporation of nIFN-B-1b and PEG-IFN-B-1b into VPGs, the increase in viscosity and
the changed gel structure was easily visible. The incomplete release of PEG-IFN-B-1b and PEG-
IFN-a-2a from VPGs indicated an influence of protein-lipid interaction on the release. In order
to understand and to characterize the observed macroscopic changes of the VPGs and the
influence on the release kinetic due to protein-phospholipid interactions, different models
and methods were investigated. The intention of the experiments was to fast and easily
correlate and predict the influence of the protein-lipid interactions and get some deeper

understanding for those interactions.

Liposomes can easily and reproducibly be prepared and the setup is rather straight forward.
The interaction with vesicles as a model did show strong interactions between nIFN-B-1b and
the vesicles in most cases. This observation correlates with the changed viscosities and the

inability to extract the protein from the VPGs.

Also the adsorption to immobilized vesicles which were measured by QCM, and the
interactions with a preformed phospholipid Langmuir monolayer were distinctly more
pronounced for nIFN-B-1b in comparison with all other tested proteins. PEGylation of IFN-B-
1b was able to reduce these interactions but was not able to completely avoid it. In addition
to the less pronounced effects, PEG-IFN-B-1b showed also different effects on liposomes, like

the formation of micelles.
It is clearly shown that PEG-IFN-B-1b is a new molecule with unique properties.

The effect of the interaction of PEG-IFN-B-1b and PEG-IFN-a-2 with phospholipids was clearly
visible during the release studies. PEG-IFN-a-2a did not show a major effect on liposomes,
apart from the calcein leakage test, where all tested proteins caused an efflux. Whether the
calcein leakage assay might be an indicator regarding the influence on the release from VPGs
should be evaluated in further studies with different proteins. However, a correlation between
amount of leaked calcein as an indicator of protein lipid interactions and the decreased

release rate of protein from VPGs was not observed (Table V-I).

The calcein leakage assay does not give insight regarding the increased viscosity of the gels.
Also other models and the investigated analytical tools do not seem to be an appropriate
indicator for the changed viscosity (Table V-I). The same was observed during the QCM studies

with immobilized liposomes. No big difference between PEG-IFN-B-1b and PEG-IFN-a-2a was
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detected that might correlate the analyzed protein-lipid interactions with the difference in
VPG viscosity after protein incorporation. The investigated analytics and models were only
able to clearly distinguish the interactions of native IFN-B-1b from the other tested proteins,

since it caused huge differences and effects.

Table V-1 Overview of observed effects regarding protein-phospholipid interactions of niIFN-B-1b, PEG-
IFN-B-1b and PEG-IFN-a-2a

buffer acetate buffer pH 4 phosphate buffer pH 7
PEG-IFN-B- | PEG-IFN-a- PEG-IFN-B- | PEG-IFN-a-
protein nIFN-B-1b nIFN-B-1b
1b 2a 1b 2a
Influence on E80 | S100 | E80 | S100 | E80 | S100 || E80 | S100 | E80 | S100 | E80 | S100

slowed down release

viscosity

VPG structure

monolayer

particles > 1 um

DLS

zeta potential

calcein leakage

acMm

++ = major/large influence
+ = minor/smaller influence
O = no influence

/ = not tested

Subsequent studies are necessary to further investigate the tested methods, additional
methods and the necessary parameters to get more information regarding protein-lipid
interactions in VPGs and SLls. A special focus should be set on differentiating proteins, which

are more similar in their interaction behavior.
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Chapter VI Final summary

The aim of this thesis was the investigation of the suitability of solid lipid implants (SLIs) and
vesicular phospholipid gels (VPGs) for the very hydrophobic and labile model protein IFN-3-1b
in order to develop a human serum albumin (HSA) free lipid based depot system for this
protein. To improve the physicochemical properties, IFN-B-1b was chemically modified by site
specific PEGylation and the effect of PEGylation was investigated on protein release. Protein-
lipid interactions were investigated with different methods and models to examine the
influence of these interactions on the release kinetic and the effect of PEGylation on protein-

lipid interactions.
Chapter I and Il include the introduction and the objective of the thesis.

In chapter lll, preliminary tests of the native IFN-B-1b with VPGs are described. VPGs were
prepared by mixing the protein buffer with phospholipids and the mixture was processed with
a dual asymmetric centrifuge (DAC). Interestingly, the viscosity of the VPGs changed after
protein incorporation. The bad solubility of IFN-B-1b at neutral pH values and the occurrence
of strong protein-lipid interactions made the release of this protein and even the extraction

from VPGs not possible.

In order to prepare SLIs, a HSA-free lyophilisate as an intermediate was needed. The
lyophilisate was successfully developed with a suitable protein:sugar-ratio to deliver a
therapeutic dose over ten days. No increase of oxidation, particle formation or deviations of
the secondary structure were observed after lyophilisation. SLIs were prepared by mixing the
lyophilized protein with a mixture of lipids with a high melting point and lipids with a low

melting point. The blend was eventually extruded with a twin-screw extruder according to Sax

[88]. The protein stability was not affected by the extrusion process. In order to conduct a

release test at a neutral pH value and at a physiological temperature and salt concentrations,

different surfactants were investigated. The presence of triglycerides decreased the solubility
of IFN-B-1b, indicating protein-lipid interactions. Only 0.1 % sodium dodecyl sulfate (SDS) was
able to provide sufficient protein solubility and stability in solution in the presence of lipids.
While SDS increased the stability of the protein in solution very well, it did also solubilize the
matrix material of the extrudates. Nonetheless, a sustained release over seven days was
achieved without any burst effect using PEG 6000 as a precipitation agent and pore forming

agent. By the addition of PEG, the release rate was slightly decreased and the total released
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protein amount was increased ending at around 85 % after seven days. The observed
discrepancy can be explained by a fraction of the non-released protein still being in the
extrudate on the one hand, on the other hand, protein is lost due to protein instability
promoted by protein-lipid interactions. The biological activity of IFN-B-1b directly after release
was maintained indicating no major protein instability during lyophilisation or extrudate

preparation. During the further release tests, a drop of activity was observed.

In chapter IV, PEGylation of IFN-B-1b and the release tests of PEG-IFN-B-1b from SLIs and VPGs
were in the focus. The development of the PEGylation and purification process is described.

IFN-B-1b was successfully PEGylated using a 40 kDa branched PEGaldehyde. The products

were purified by using IEX chromatography resulting in 95 % of monoPEGylated species. The
monoPEGylation was proved by SEC-MALS measurements. The biological activity by
PEGylation was decreased due to the steric hindrance of the PEG conjugate, as expected, but
still maintained on a level making the conjugate suitable for therapeutic use. By PEGylation,
the solubility of IFN-B-1b was greatly improved resulting in a solubility in PBS buffer pH 7.4
over four days at 37 °C without a loss of biological activity. Also the stability in solution in the
presence of triglycerides was improved in comparison to nIFN-B-1b. However, a loss of protein

was observed for PEG-IFN-B-1b, was well.

In order to prepare the extrudates, a HSA-free PEG-IFN-B-1b lyophilisate was developed. No
changes regarding oxidation, formation of aggregates or deviations of the secondary structure
were observed after lyophilisation. Extrudates were prepared according to chapter lll. Due to
the improved solubility, a release in PBS buffer pH 7.4 was finally possible over seven days
with totally released amount of 74 % after one week. Again, the incomplete release can be
explained by PEG-IFN-B-1b still being enclaved in the matrix and protein loss because of
protein-lipid interactions. In the presence of 0.1 % SDS the released amount could slightly be
improved. While the biological activity was maintained during the first two days in 0.1 % SDS

medium, a drop of activity was observed during the further release. Lyophilisation and

extrudate preparation did not affect the biological activity in a major way, again. The loss of

activity can be explained by an instability of PEG-IFN-B-1b in the release medium in the

presence of the lipids which was even more pronounced in pure PBS buffer + lipids with a loss

of activity even at the first day. Without lipids present, the biological activity was maintained

with no major decrease over seven days in buffers with and without SDS. A more detailed

174



investigation narrowed the reason for the loss of activity down to an increase of oxidized

species due to the presence of Dynasan 118, most likely impurities in the lipid.

By PEGylation, the investigation of VPGs as a depot formulation was possible, since the
protein-phospholipid interactions were reduced by the shielding effect and the changed
physicochemical properties. An extraction of PEG-IFN-B-1b from VPGs was possible. PEG-IFN-
B-1b was incorporated in Lipoid E80 and Lipoid S100 based VPGs using a DAC. Again, the
viscosity changed after protein incorporation indicating protein-lipid interactions also for
PEGylated protein. For the release studies, a Teflon® flow through cell was used. A release of

PEG-IFN-B-1b from VPGs in PBS buffer without SDS was possible but the release rate was very

slow and incomplete with most of the protein still being in the formulation. The release rate
and the completeness of the release could be slightly improved by changing the type of lipid,
the lipid concentration and the formulation pH values. Still the release wore off at around
50 %. The release curves resemble more a Higuchi kinetic than the linear erosion controlled
zero order kinetic described in literature [106]. Interestingly, also the protein amount,

respectively the protein-lipid ratio has an influence on the release rate. By increasing the

protein loading, not only the absolute amount of released protein is increased, but also the
relative amount. This indicates the occurrence of protein-phospholipid interactions. The
release rate could only be increased by decreasing the lipid content to a certain degree. The
biological activity was tested during the release. In VPGs based on both lipids, the biological
activity was significantly decreased already at the first release day. Since the incubation in
buffer in the presence of preformed liposomes did not show a loss of activity, a degeneration

of the protein during the manufacturing process is likely.

In chapter V, a closer look on protein-lipid interactions is taken in order to get a better
understanding regarding the observed interactions. In addition to that, also methods to easily
analyze and predict those interactions are investigated to receive a quick overview of possible
effects that might influence the release. In order to determine the adsorbed mass and the
affinity of different proteins to a triglyceride surface, a quartz crystal microbalance (QCM) was
used. The chip was successfully coated with a triglyceride. Besides nIFN-B-1b and PEG-IFN-3-
1b being tested, IFN-a-2, PEG-IFN-a-2 and lysozyme were used as more hydrophilic proteins
as a comparison. The highest adsorption was observed for both IFN-B-1b species which

adsorbed with a similar mass. Since the PEG part of both PEGylated IFNs (o and B) represents
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almost two-thirds of the mass of the molecule, the total adsorbed protein amount is smaller
in comparison with the native proteins. In addition to that, the larger amount of water bound
to the PEG part of the PEGylated protein does also increase the mass measured by QCM. The
adsorption to triglycerides cannot be completely avoided by PEGylation but the number of
adsorbed molecules can be decreased. This observation correlates also with our findings

regarding the solubility in the presence of lipids.

The interactions between proteins and phospholipids are rather complex. The increase in
viscosity and the changed gel structure after incorporation of both IFN-B-1b and PEG-IFN-f3-
1b into VPGs were easily visible. IFN-a-2a and PEG-IFN-a-2a do not show these effects on
viscosity and gel structure but do also show a non-linear and incomplete release. Different
models like liposomes and monolayers were tested and analyzed with different analytical

tools like QCM and Langmuir film balance to get more understanding regarding these

interactions. Among all tested proteins, IFN-B-1b showed the strongest interactions and
behaved differently in comparison to the other proteins. The addition of IFN-B-1b to
preformed liposomes resulted in the largest change of the zeta potential of all tested proteins
and resulted in a huge increase in vesicle aggregation, which was determined by turbidity
measurements and light obscuration. Moreover, nlFN-B-1b had also a big influence on the
structure of a phospholipid layer, determined by the protein induced leakage of encapsulated
calcein from liposomes and an increase of the surface pressure of a phospholipid monolayer,
determined with a Langmuir trough. In addition to that, the largest drop in frequency during

QCM measurements after adsorption to immobilized liposomes was observed for IFN-B-1b.

PEGylation decreased and changed these interactions significantly. While no aggregation of
liposomes was observed at neutral pH values in the presence of PEG-IFN-B-1b, the formation
of micelles was detected. Also a change of the zeta potential was observed. The other tested
proteins (nIFN-a-2a, PEG-IFN-a-2a and lysozyme) did not show a major effect on liposomes.
During the investigation of the influence on a phospholipid monolayer, using a Langmuir
trough, only small differences were observed between PEG-IFN-B-1b, PEG-IFN-a-2 and
lysozyme. PEG-IFN-B-1b a tendency to show a larger increase in surface pressure. The same
was observed during the QCM studies with immobilized liposomes. The small effects, which
were observed with the different models, are in contrast to the large PEG-IFN-B-1b induced

effects on VPGs which were already visible to the naked eye like the increase of viscosity.

176



In conclusion, two different lipid based drug delivery systems, namely VPGs and SLIs, were
investigated for the hydrophobic and labile IFN-B-1b and its PEGylated counterpart which was
prepared in the scope of this thesis. A sustained release of IFN-B-1b from SLls is possible after
adjusting the release medium. Due to the improved characteristics, PEG-IFN-B-1b can even be
released under physiological conditions. However, for both IFN-B-1b species instability in the
release medium in the presence of lipids was detected. PEGylation of IFN-B-1b does
significantly improve, but also changes the physicochemical properties, resulting in a new
molecule with completely different characteristics. Protein-lipid interactions were reduced
and changed by PEGylation but could not completely be avoided. Stability problems for both
protein species in the presence of lipids were still observed and led to decrease in biological
activity. Even after PEGylation, IFN beta-1b is a very challenging protein. Due to the complexity
of the interactions with phospholipids, different methods and models were necessary to
monitor them and still no prediction regarding the release behavior could be made. Therefore,

further studies to characterize these protein-lipid interactions are necessary.
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