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INTRODUCTION

1 Introduction

Biopharmaceutical drugs such as peptides, thergganateins, hormones, enzymes, vaccines,
monoclonal antibodies and antibody-drug conjughée® conquered the global market since the
early 1980s [1]. Biopharmaceuticals also knowniakgics are produced by living organisms and
are mostly used as therapeutiosyivo diagnostics or vaccines. The approval of reconmtiina
human insulin (Humuli®, Eli Lilly,) in the United States by the Food addig Administration
(FDA) to treat diabetes mellitus in 1982 was thgiitweing for the development of new
biopharmaceutical drugs against a variety of inthes such as rheumatoid arthritis, multiple
sclerosis, cancer or anemia [2]. Until now abow& &rapeutic proteins and peptides have been
approved by the FDA for treating several diseasésnamerous biologics are in clinical
development [2, 3]. Beside the recombinant versadmsatural proteins, new therapeutic proteins
have been engineered with increased therapeugnaitsuch as insulin analogs. By replacing one
to three amino acids the rapid-acting analogs imdigbro (Humalo§, Eli Lilly, 1996), insulin
aspart (NovoRapftl(1999) and Novold§)(2001), Novo Nordisk) and insulin glulisine (Apadr
Aventis, 2004) as well as the long acting analogslin glargine (Optisulihand Lantu®, Aventis,
2000) and insulin detemir (LeverfijiNovo Nordisk, 2004) have been created [4]. Imsligipro
approved in 1996 was the first genetic altereddgjicl with varied biological performance on the
market [2]. Since 2007 such modified biopharmaceilgiwith improved pharmacological
properties or additional characteristics aiminghatsame target are called “Biobetters” [5].

In contrast to small molecules, biologics benefihigh specificity and potency as well as
decreased side effects and toxicity because af sheictural complexity [1]. However, the
complex three-dimensional structure of such biaalgmacromolecules is the reason why the
formulation and the delivery of biopharmaceuticalgs is still a challenge. During production and
storage of biopharmaceutical therapeutics the praBen of potential physical degradation
processes such as unfolding, misfolding and aggoegthat can lead to immune responses by the
development of tailor-made protein formulationsfiparamount importance [6]. Moreover, the
large molecular mass and the short serum halbfit@ologics pose hurdles for their administration

requiring delivery systems adapted for the protéimterest and its application [7].

1.1 Overview of different delivery technologies for praein therapeutics
Intravenous, intramuscular and subcutaneous injestare the administration routes of choice but
due to limitations of injections such as the reedisterility, the discomfort for patients and thsetf
renal clearance, alternative delivery routes haankproposed including buccal, nasal (Fortical
salmon calcitonin, Upsher-Smith Laboratories/Un@ewcular (Lucentf ranibizumab,
Roche/Genentech; Eylgaaflibercept, Regeneron/Bayer), oral, pulmonamlr@®zymé,

dornaseax, Roche/Genentech; Exub&ransulin, Pfizer, withdrawn 2008; AfrezZainsulin,
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MannKind), rectal, transdermal and vagirfaigure 1) [1]. Until now just few alternatives to
injections are on the market demonstrating therressl of adequate alternative delivery routes for

biopharmaceuticals because of biophysical proseatsewell as biological barriers.

Ocular delivery (eye drops, injections)

Buccal delivery (films, spray) ‘ . \(EGF—Fargeted Fab and IgG1 mAb
o] i C_ (injection)
. |::;:Ifr;r0ﬂ \[Ci(_/ N \\ * VEGFR1-Fc-VEGFR? fusion (injection)
{ N\ .
Oral delivery (pills, capsules) 7 - \ Nasal delivery (sprays)
» Calcitonin // - ‘ * Salmon calcitonin
e Insulin
» Exenatide Sublingual delivery (tablets)
* Octreotide / \ * Desmopressin
- { | ~
Failrr;ﬂ:rg rgilxc;gr) / —v ( \“%\ Transdermal delivery
* Insulin " N, (patches, creams, sprays)
* Dornase alfa (local) * PTH

* Insulin

e Insulin

Vaginal delivery (gels)
* LHRH analogue

Rectal delivery
(suppository)

‘ [[I Clinical trials  [] Approved product

Figure 1: Alternative routes of biopharmaceutical deliveRgprinted by permission from Macmillan
Publishers Ltd: Nature Reviews Drug Discovery fgpyright (2014).

Via the oral administration route, the most coneahivay to administer drugs, biopharmaceuticals
are degraded via enzymes and hydrolysis in theaasgstinal tract (GIT) and absorption is
hindered due to their size, their low lipophilicand charged functional groups [8].

Transdermal delivery of biologics circumvents degitéon in the GIT as well as the hepatic first-
pass metabolism of short half-life drugs. Howetleg, skin has to be passed, a barrier that allows
diffusion of lipophilic molecules smaller than 5D@lton and seems to be impenetrably for large
biopharmaceutical drugs of hydrophilic nature [9].

The administration of biologics via mucosal memieiaim the mouth, the buccal route, has the
advantage of avoiding GIT and the first pass effsatvell, but the surface area for absorption is
low and the permeability of the buccal mucosa ilasas in the GIT for proteins. In addition, the
constant flow of saliva and its containing enzymether reduce the ability of proteins to permeate
buccal mucosa [10].

Via the vaginal route the first pass metabolisinyigassed, too, and the large surface area as well
as the rich blood supply are advantageous, butnmaon with other mucosal sites the
permeability of vaginal mucosa is low for macronooller drugs [11]. Besides, cyclic changes in
histology and physiology of the vagina are disatiyg@ous for consistent drug absorption and
even vaginal enzyme activity alters with the maratcycle [11].

The pulmonary route of administration offers a ¢éasgrface area for absorption as well as good

vascularization optimal for a rapid systemic uptakd a high bioavailability. But therefore an

2
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appropriate formulation and delivery system is egeth reach the alveolar epithelium deep in the
lung where absorption takes place [12]. For insagchultz et al. successfully developed a
pulmonary insulin-like growth factor | delivery sge using silk fibroin (SF) as well as trehalose
as carriers [13].
Less technologically demanding than the pulmonawye is the nasal delivery of
biopharmaceuticals where the site of absorptioeashed easily but the mucosal membrane
permeability is low and enzymatic degradation loaset circumvented as well [14].
The rectal administration is a favored route fargdrwith low molecular mass especially for babies
and young children to avoid first pass metabolishe low enzymatic activity and the neutral pH
is advantageous compared to buccal, nasal, pulmanataginal protein administration, however,
the bioavailability is similarly low and limited dace area and dissolution problems are
disadvantages [15].
As mentioned above all alternative routes have timitations, especially peptide degrading
enzyme activity and the low permeability of thepetive barrier for macromolecular drugs of
hydrophilic nature impede the boost of bioavaiigpiHowever, clinical trials are going on in
order to find formulation-based approaches to awaecthese drawbacks.
Another way to circumvent frequent injections, th@nal clearance and Idwvivo stability of
proteins are sustained release systems. The devetdf such drug delivery systems began in the
1970s with the encapsulation of large moleculaghietompounds in polymers. In 1972
Davis[16] reported of polyacrylamide implants containingulin that were able to control
diabetes over a few weeks after subcutaneouslysitepoby injection and in 1976 Langer et
al.[17] showed that several biocompatible polymerssaitable for sustained release of proteins
and peptides over 100 days if used in the apprigpciancentration and formulation. Until now
several controlled release systems have been dtadéh as implants, microspheres, nanoparticles,
liposomes or in situ injectable gels triggered bl femperature or ions [18]. Poly(lactic-co-
glycolic acid) (PLGA) is widely used for the encalfaion of macromolecular drugs because of its
biocompatibility and biodegradability. The encajpsioin process, the lactic acid to glycolic acid
ratio of the PLGA polymer, the porosity, the pratiading, the size of the drug and in the case of
particles the size of the micro- or nanoparticles ja crucial role for the drug release rate angeha
to be adjusted in order to find the desired relgaséle for the drug of interest [1]. Several PLGA
based controlled release pharmaceutical formulatiwa approved by the FDA and/or EMA as for
example the implant Zolad&xXgoserelin acetate / PLGA, AstraZeneca, 1989)Hergoserelin
delivery over a period of 1 to 3 months or Bydufé@@xenatide / PLGA, Eli Lilly, 2012)
containing encapsulated exenatide in PLGA microggshthat has to be injected subcutaneously
once a week compared to Byé&t{axenatide, Eli Lilly, 2005) that has to be ingttwice a daji,
19]. Despite these great achievements for contrqietein delivery in the last decades, there are
still some hurdles to take to retain protein stgbduring encapsulation process as well as during
3
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degradation under physiological conditions. Thenation of lactic and glycolic acid during PLGA
degradation results in an acidic microenvironmhat ts harmful for protein stability. Hydrolysis
or aggregation of the protein can be the conseguand result in loss of activity. The
incorporation of the antacid magnesium hydroxide tesen shown to buffer the releasing acids and
protect the protein from hydrolysis and aggregafiiyj.

Liposomes were first mentioned in 1964 by Banghaai.421]. Until now several liposomal drug
delivery systems including small molecular drugs @m the market as vaccine adjuvants, anti-
infective agents and for the treatment of cancénbune with a therapeutic protein [22, 23].
Liposomes are able to encapsulate lipophilic dingke bilayer membrane as well as hydrophilic
drugs such as therapeutic proteins in the aquemes gloreover, therapeutic proteins can be
covalently conjugated to or adsorbed on the surbftiee liposomes. A sucrose-formulated Factor
VIII product (rFVIII-FS; Kogenat® FS, Bayer), that is already FDA approved since31®9 the
treatment of hemophilid, is now under clinical investigation again in doimation with

PEGylated liposomes (BAY 79-4980) [2, 24]. Aftecoastitution, factor VIII is adsorbed to the
PEGylated liposomes leading to a prolonged bleefiagyinterval compared to Kogen&taone as
well as a decreased detection by the immune syi&én25].

The firstin situinjectable gel was developed by Dunn et al. in 1J28) based on polymer
precipitation and was later called Atrifjéechnology (Atrix Laboratories). Biodegradable,
biocompatible FDA approved polymers like poly (d&lide), lactide/glycolide copolymers or
lactide/caprolactone copolymers are dissolvedbiroaompatible organic solvent such as
N-methyl-2-pyrrolidone (NMP) [27, 28]. Directly baf injection the drug of interest is suspended
in the polymer solution forming a suspension. to aisolid implant is formed releasing the drug in
a controlled manner. The release interval can peseti by modifying the molecular weight
and/or the composition of the polymer [28]. Fortamee, Eligarfl (Astellas Pharma, 2002)
contains leuprolide acetate in a depot formulatiased on this Atrig€ltechnology allowing
sustained release of leuprolide acetate after sabeaus application over 1, 3 or 4 months [29].
Recent studies show the success of developinggddlivery system for insulin by incorporating
insulin complexed with zinc and chitosan in a thesemsitive poly(lactic acid)-poly(ethylene
glycol)-poly(lactic acid) (PLA-PEG-PLA) polymer théorms a gel at physiological temperature of
37 °C [30]. Various delivery systems exist for sinaald hydrophobic molecules and progress has
been made over the last decades to develop dekystgms for biopharmaceuticals. However,
there is a still a need to improve such systenwsder to remain their biological activity because

each delivery system bears its own advantagesimitdtions {Table 1).
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Method

Microparticles

Depot
injections

Nanoparticles

Jetinjections

Advantages

» Controlled release can be achieved
* Delivery is possible using subcutaneous
injections

# The same parent drugs can be formulated in
several dosage forms (such as weekly, monthly,
quarterly or semi-annual formulations)

# The delivery technology can be applied to a
large number of compounds

* Lower burst release (in implants)

* Avoids the requirement for reconstitution
and/or suspension (in implants)

» Targeted delivery: small size allows enhanced
permeation into tumours and retention in
tumours

e Has high adjuvancy for vaccine applications

* Allows a needle-free approach

¢ Has a long history of use

» Works with injectable formulations

* Broad applicability without the need to modify
the design of injectors

* Rapid systemic absorption

Limitations

» Burst release can occur, which causes the
potential for local toxicity and wastage

* Burst release can be associated with adverse
events related to peak serum exposure

* Larger gauge needle can be required
(for injections), or incisions need to be made
into the skin (forimplants)

» Non-specific uptake in reticuloendothelial
system (RES) organs
* Immunotoxicity can occur

» Cause occasional pain and bruising
¢ Inconsistent delivery of drug

Pumps * Precise control over rates of delivery ¢ Implanted devices are invasive
* Long duration of delivery * Infection can occur with patch pumps
Transdermal * Painless and sustained delivery * Low bioavailability (potentially addressable
delivery * Allows for active control and discontinuation with advanced technologies)
of delivery » Some devices are bulky and expensive
¢ High patient compliance
Pulmonary * High bioavailability * Some devices are bulky
delivery * Rapid systemic uptake * Potential for local toxicity and immunogenicity
¢ Ease of use
Oral delivery  ® Ease of use  Low bioavailability (potentially addressable
* High patient compliance with advanced technologies)
* Enzymatic degradation in the stomach or liver
» Variable absorption
« Interference in absorption rates from food
Other mucosal ® Non-invasive * Low bioavailability (potentially addressable
routes » Ease of use with advanced technologies)
(vaginal, nasal ¢ Enzymatic degradation
and buccal) ¢ Variable absorption

*The summary presented in this table offers a generalized description of several delivery methodologies. Exceptions to generalized
descriptions exist in certain cases and onqoinq research is actively addressing the limitations discussed throughout the main text.

Table 1: Comparison of different delivery technologies fawgharmaceutical drugs. Reprinted by
permission from Macmillan Publishers Ltd: NatureviRevs Drug Discovery [1], copyright (2014).

1.2 Protein modification to improve biological performance

Most biologics have a very faist vivo clearance upon intravenous injection limiting thei

therapeutic potential [31]. Possible ways to imprtweir biological and pharmacological

properties are the conjugation to polyethylene@lyPEG) in order to increase the size of the
protein and decrease glomerular filtration by tlin&y, or the fusion of the protein to a naturally
long half-life protein such as human serum albughiBA) [32], transferrin [33] or the Fc domain
of human immunoglobulin G (1gG) [34, 35].

The modification of therapeutic proteins by PEGwlatwas first reported by Abuchowski et al.
[36] in 1977 and has become a popular method toawgppharmacokinetic properties of
therapeutic proteins. Linear as well as branche@ p&lymers exist with various chain lengths
selectable compliant with the pharmacokinetic regquents of the target protein. PEG is described
as non-toxic, non-immunogenic and non-degradaldeaanording to the FDA PEG can be
generally regarded as safe (GRAS) [37, 38]. Asaltemany PEGylated proteins conquered the
global market over the last 25 years and numeroatgip-PEG conjugates are still under clinical
investigation. Adagen(PEGylated adenosine deamidase, Enzon, 1990 (Ugsas))he first
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PEGylated protein on the market approved by the KDP990 [39]. Until now several PEGylated
proteins are approved by the FDA and/or EMA sucAdmovat€ (PEGylated Factor VIII,
Baxter, 2015 (USA)) and PlegritlfPEGylated interferof-1a, Biogen, 2014 (EU)) [40]. In 2013
Neulast& (Pegfilgrastim, PEGylated G-CSF, Amgen, 2002 (US#gs one of the top 10 product
sales of biopharmaceutical products generating lilB8n US dollar [2]. Besides the prolonged
half-lives resulting from increased molecular masd increased stability towards enzymatic

degradation, immune response is decreased thrdaGlylRtion due to steric hindrance [41, 42].

FC fusion & IgG dissociates at
P Blood 0\ physiological pH
Serum \0 o
protein © Albumin

fusion
/ Endocytic
vesicle
( FcRn
Protein is
internalized
[ /

X o [~
! / Iz . @ il
=<

Audnﬁed \y >

endosome \
Sorting &

(<]
s -R / \\ Lysosome
of rckn
complexes / \

Non-receptor-
bound proteins

\ are degraded c >
in the lysosome 9
Monocyte or endothelial cell

Figure 2: FcRn recycling mechanisrReprinted by permission from Macmillan Publishetd: INature
Reviews Drug Discovery [1], copyright (2014).

The so-called Fc-fusion proteins consist of thestatjizable fragment (Fc) of an antibody and the
protein of interest which is directly attachedMe flexible hinge region via a specific linker [35]
The fusion to the Fc fragment drastically increasasim half-life due to its interaction with the
salvage neonatal Fc-receptor (FcRAp(re 2) [43] as well as due to decreased renal clearance
rate because of the larger size of the moleculk [44

Moreover, the stability as well as solubility isgpraved by fusion to Fc domain [45]. In 1989, the
first Fc-fusion protein, CD4-Fc-fusion protein foeating HIV, was described by Capon et al. [46].
This was the beginning for the development of nayglroaches in order to improve safety and
efficacy of Fc-fusion protein85]. Until now eleven Fc-based fusion proteins @amghe market
such as the blockbuster EnBréEtanercept, Amgen/Pfizer, 1998), the first Fddagprotein on

the US market in 1998, consisting of the extratalldomain of TNF receptor Il and the Fc
domain of IgG1 or Eloctate(Biogen, 2014), containing coagulation Factor \{#ihtihemophilic

factor) fused to Fc part of IgGTdble 2), and several Fc-fusion proteins are still inicthtrials
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such as Revaceép{PR-15, advanceCOR) consisting of extracellulanaio of glycoprotein VI
(GPVI) and Fc part of IgGITable 3) [1, 2, 47].

Parent drug

Drug

Indication

Commercial Stage

TNF receptor 2 (TNFR75) + IgG1 Fc

LFA-3 +1gG1 Fc

CTLA-4 + IgG1 Fc

IL-1R +1gG1 Fc

Thrombopoietin binding peptide +

IgG1 Fc

VEGF receptor 1 + 2 +19G1 Fc

VEGF receptor 1 + 2 +19G1 Fc

CTLA-4 +IgG1 Fc

Factor IX + 1gG1 Fc

Factor VIII + IgG1 Fc

GLP-1 +1gG4 Fc

TNF receptor 2 (TNFR75) + IgG1 Fc

Etanercept (Enbrg|
Amgen/Pfizer)

Alefacept (Amevivé,

Astellas Pharma/Biogen Idec)

Abatacept (Orenica Bristol-
Myers Squibb)
Rilonacept (Arcalyst,

Regeneron)

Romiplostim (Nplat&,
Amgen)

Aflibercept (Eyle&,
Regeneron/Sanofi)
ziv-aflibercept (Zaltrap,
Regeneron/Sanofi)
Belatacept (Nulojik, Bristol-
Myers Squibb)

rFIXFc (Alprolix®, Biogen
Idec)

rEVIII-Fc (Eloctaté (USA)
Elocte® (EU), Biogen Idec)
Dulaglutid (Trulicity?, Eli
Lilly and Company)
Etanercept (Benepdli
Biogen/Samsung Bioepis)

15t Biosimilar

Rheumatoid arthritis, ankylosin:
spondylitis, polyarticular
juvenile idiopathic arthritis,
psoriatic arthritis, plaque

psoriasis

Severe chronic plaque psoriasis

Rheumatoid arthritis, juvenile
idiopathic arthritis, psoriasis
Cryopyrin-associated periodic
syndromes (CAPS)

Chronic idiopathic
thrombocytopenia purpura
Neovascular (wet) age-related
macular degeneration
Metastatic colorectal cancer

Prophylaxis of organ rejection
in adults receiving a kidney
transplant

Hemophilia B

Hemophilia A

Diabetes, Type 2

Moderate to severe rheumatoid
arthritis, psoriatic arthritis, non-
radiographic axial
spondyloarthritis and plaque

psoriasis in adults

Approved 1998 USA
2000 EU

Approved 2003
Withdrawn 2011
Approved 2005
2007 EU
Approved 2008 USA
2009 EU
withdrawn 2012 EU
Approved 2008
2009 EU
Approved 2011 USA,
2012 EU
Approved 2012 USA,
2013 EU
Approved 2011 USA
and EU

Approved 2014 USA
2016 EU

Approved 2014 USA
2015 EU

Approved 2014 USA
and EU

Approved 2016 EU

Table 2: Fc-fusion proteins approved by FDA and/or EMA. Atiaipby permission from Macmillan
Publishers Ltd: Nature Reviews Drug Discovery fgpyright (2014).
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Parent drug Drug Indication Commercial Stage
sIL-4R | Altrakincept (Nuvance) Asthma Phase IlI
Angiopoietin 1 and 2 binding | Trebananib (AMG386) Cancer (various) Phase IlI
peptide
B cell activating factor | Blisibimod, A-623 Systemic lupus erythematosus Phase I
TNFR55 | Lenercept Rheumatoid arthritis, severe ~ Phase llI
sepsis
Tumor necrosis factor receptor | Atacicept Systemic lupus erythematosus; Phase Il/IlI
superfamily member 13B (TACI) multiple sclerosis
VEGFR 1 +2 | KH902 AMD-associated choroidal Phase Il
neovascularization
CD4 | PRO542 HIV Phase II
Activin Receptor 1A extracellular | Sotatercept, ACE-011 Anemia Phase I
domain
Soluble activin type IIB receptor | ACE-031 Duchenne muscular dystrophy Phase Il
Cytotoxic T-lymphocyte antigen 4 | ASP2408 Rheumatoid arthritis Phase II
(CTLA-4)
Lymphotoxic-beta receptor | Baminercept alfa, BG-9924 Sjdgren’s syndrome rheumatoid Phase Il
arthritis
Activin receptor-like kinase 1 | Dalantercept, ACE-041 Advanced renal cell carciapm Phase I
(ALK1) advanced hepatocellular
carcinoma; recurrent endometrial
carcinoma
Recombinant P-selectin glycoprotein | YSPSL, TS-1 Ischemia reperfusion injury Phase Il
ligand
Fibroblast growth factor receptor 1c | FP-1039, GSK3052230 Squamous non-small cell lung Phase |
cancer; mesothelioma
CD95 receptor extracellular domain | APG101 Myelodysplastic syndromes Phase |
Glioblastoma
extracellular domain of human | PR-15 (Revaceft Inhibitor of platelet adhesion in  Phase Il
glycoprotein VI + IgG1 Fc | advanceCOR) symptomatic carotid stenosis

Table 3: Fc-fusion proteins in clinical development. Adaptgdpermission from Macmillan Publishers Ltd:
Nature Reviews Drug Discovery [1], copyright (2014)

Human serum albumin has a molecular mass of 67akidaa serum half-life of 19 days making it
suitable as fusion partner in order to extend sdralfalife of smaller proteins through neonatal Fc
receptor (FCRn) recycling-(gure 2) [34]. In 1992, the first fusion protein with humaerum
albumin and CD-4 as fusion partner was describededyet al. [48]. In addition to Alprol#
(eftrenonacog alfa, Biogen, 2014), a fusion protdifactor IX and the Fc part of IgG1 that is
marketed since 2014 with a serum half-life of §29], another factor 1X drug with prolonged
serum half-life of 92 h, Idelvidh(albutrepenonacog alfa, CSL Behring, 2016), aofugirotein of
factor IX and albumin was approved by the FDA [&88 EMA [51] in 2016 for the treatment of
hemophiliaB [52]. Both fusion proteins need less frequentrpsompared to currently available
factor IX products with serum half-lives betweer-19 hours such as BeneFi@Nonacog alfa,
Pfizer/Wyeth, 1997) [49]. In 2014 Tanzefigalbiglutide, GSK, 2014) an albumin fusion protein
with glucagon-like peptide 1 (GLP-1) was approvgdhe FDA for the therapy of type-2-diabetes.
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In contrast to VictoZa(liraglutide, Novo Nordisk, 2010) containing a GlLRanalog with attached
fatty acid, which has to be administered daily, Zeam?® has just to be injected subcutaneously
once a week [2, 34].

The long persistence of transferrin in human sdsucaused by its molecular weight (80 kDa) as
well as a clathrin-dependent transferrin receptediated recycling of transferrin and amounts to
12 days [34, 53]. A transferrin fusion protein fidatn was established in 2002 from BioRéxis
Technologies (acquired by Pfizer in 2007) in ordefocus on research for protein engineering
technologies based upon transferrin. Their fusimapct of transferrin with GLP-1 for the
treatment of type 2 diabetes reached a signifigaattingated serum half-life compared to GLP-1,
however, clinical trials are still expected [34].84ntil now no transferrin fusion protein is oreth
market, but several are under preclinical invetibgesuch as exendin-4-transferrin fusion protein

[54], proinsulin-transferrin fusion protein [55] @-CSF-transferrin fusion protein [56].

1.3 Challenges in the development of injectable proteiformulations

Regardless whether the biopharmaceutical drugrisrastered intravenous, subcutaneous or
intramuscular, there is a need for the developrokatformulation that prevents the loss of
biological activity of the therapeutic protein chgifilling, shipment, storage and the appropriate
administration. Light exposure, temperature chamrgesell as freeze-thaw cycles can influence
protein stability during all these steps and thepry packaging material or the application device
might interact with the protein [57]. This has @ dpnsidered and even examined in accelerated
stability and forced degradation studies. In sualiss the protein is exposed to conditions that ar
harsher than in reality in order to produce degradgroducts and to predict degradation kinetics
in a short period of time [58]. In order to devetbp optimal formulation, it is advantageous to
know physico-chemical characteristics and potegtat#ation pathways of the protein of interest
making it possible to add specific agents to prewvet least minimize these degradation
mechanisms. Important herein is the chemical apdiphl stability, however, immunogenicity has
to be taken into account as well. Instabilitiessealiby aggregation, oxidation, deamidation,
hydrolysis, protein fragmentation or denaturaticayrtead to loss of activity and therefore have to
be prevented. Therefore, some additives can bedaglddh as reducing agents to prevent oxidation
or polysorbates in order to avoid the formatiomgfiregates. It is recommended to use additives
that are already used in marketed products fosdinge route of administration and with a similar
application profile in order to avoid additionakpelinical and clinical studies [58]. Moreover, the
stability of the protein depends on its concertratpH and ionic strength of the formulation as

well as on the storage temperature [59].
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1.4 The role of protein delivery in tissue engineering

Tissue engineering uses living cells and bioconmtiiomaterials, sometimes in combination
with certain growth factors in order to create fiuimtal biological constructs that can help to repai
or even replace tissues damaged by disease, imjuage. Despite the term “tissue engineering”
being born in the 20century, even ancient Egyptians used elementssifdiengineering. The
Papyrus of Ebers from 1500 B.C. describes the tibet @s fibrous scaffold, grease as barrier
against pathogens and honey as antibiotic for wingading [60]. Wolter and Meyer [61] were the
first who used the term “tissue engineering” inublcation about the formation of a endothelium-
like membrane on the inside of a successful kerastpesis. Just few years later Langer and
Vacanti[62] made the field of tissue engineering as wexkitdoday popular and aroused the
interest of many researches. Until now, promisesgults are primarily obtained in the area of bone
[63] and cartilage repair [64] as well as skin aggiment [65], but research is done for nerve
regeneration [66], blood vessel formation [67],iergring of liver [68] and even the heart [69] as
well.

Growth factors are naturally secreted from celld magulate many cellular activities such as
proliferation, differentiation, migration, adhesjativision as well as gene expression. Hence,
growth factors play a pivotal role in the fieldt@fsue engineering. Several growth factors are
already FDA and/or EMA approved such as recombihantan insulin-like growth factor-I

(IGF-I, IncreleX, mecaserim, Ipsen Pharma, 2005 (US), 2007 (EUhtotreatment of growth
failure in children with IGF-I deficiency, recomlaint human keratinocyte growth factor (KGF,
Kepivancé&, palifermin, Swedish Orphan Biovitrum, 2004 (US)05 (EU)) for the treatment of
severe oral mucositis, recombinant human platedet«eld growth factor BB (PDGF-BB) that was
initially developed for the treatment of lower exttiity diabetic neuropathic ulcers (Regrahex
(becaplermin), Novartis/Johnson & Johnson, 1997)(W$99 (EU), withdrawn 2012 (EU)) and
later used in a bone matrix of tricalcium phospliatehe treatment of periodontal bone defects
and associated gingival recession (GEM2EoMimetic Pharmaceuticals, 2005 (USA)) as

well [2]. In order to restore damaged tissue, the sgatiporal delivery of such growth factors is
essential to avoid local toxicity [70]. Despite npastudies going on to investigate such controlled
delivery systems, actually just few controlled asle systems are on the market. A collagen carrier
loaded with bone morphogenetic protein 7 (BMP-7P{0 implant, Stryker Biotech) was
approved by the FDA in 2001 for the treatment afdéractures that do not heal after a normal
period of time [71] and a collagen matrix loadedwBMP-2 (INFUSE bone graft, Medtronic)
was approved by the FDA in 2002 for the use inramtéumbar interbody fusion spine surgical
procedures [1]. In 2004 and 2007 INFUSEbne graft received additional FDA approvals fa t
use in trauma and oral-maxillofacial (OMF) and dpplication of INFUSE bone graft in a several

fusion devices was approved by the FDA in 2015.[72]
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Growth factors have great therapeutic potentialyeéher, their clinical use is limited because of
their poor protein stability, their short serumfHeé as well as challenges during production such
as low expression yields, high costs and espediaiyinsatisfying outcome of growth factor
delivery out of existing controlled release syst¢ify. Hence, there remain a lot of challenges that
have to be focused on in the near future in orelevelop safe and cost-effective controlled

release systems providing an appropriate releés@fa bioactive growth factor.
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2 Background and related work

The present work can be structured into three ghase

In phase Iwe focused on instability, stabilization and fotation of liquid protein
pharmaceuticals. A new injectable formulation ofPRwas developed. A short-term storage
stability study under accelerated and stresseditbomslyielded basic information about pH and
stress dependent degradation mechanisms of PRasgdBn the results from pH screening and
forced degradation study excipients were chos@ndar to prevent occurred degradation and
tested in a DoE.

In phase Il defined protein modification and coupling reacti@s well as the characterization of
such modified and coupled proteins were perforrRedtein modification is an important tool for
the development of biopharmaceuticals with the @aigenerate new bioconjugates with
maintained structural integrity and bioactivity lwith altered features such as prolonged
circulating half-life or increased stability.

In phase Il modelsurfaces were biofunctionalized for cartilage tessngineering. Controlled and
localized release of required growth factors froatnines is favored for successful cartilage tissue
engineering and to reduce potential side effeattivBred growth factors have shortvivo half-

lives limiting the successful product outcome. Gemtiimmobilization of such growth factors on
matrices holds promise to maintain their bioacfivithe knowledge in protein modification and
bioconjugation reactions as well as in protein abtarization gained during phase Il was used for
covalent immobilization of growth factors and cletesization of immobilized growth factors.
Finally, cartilage tissue was engineered on bidionalized scaffolds using bone marrow-derived

mesenchymal stem cells (BMSCs).
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2.1 Injectable PR-15 formulation

211 PR-15

Revacept is a solution of 40 mg PR-15 per vial for intrawes application. PR-15 is a dimeric
fusion protein composed of the extracellular donmihuman glycoprotein VI (GP VI, a platelet
specific adhesion receptor), a short hinge regiehthe Fc region of human immunoglobulin G1
(lgG1) (Figure 17B) [73]. Two monomers of the fusion protein are demtly linked via
intermolecular disulfide bonds in the hinge regiBR-15 is a lesion specific platelet adhesion
inhibitor which prevents arterial thrombosis witietsame efficacy as known antiplatelet agents but
without bleeding risk [74]. PR-15 consists of 4&8urally occurring amino acid&igure 17A).

The signal sequence (amino acids 1-20) is cleaffedmino acids from 21 to 269 are involved in
binding to the GP VI ligand collagen. The polypdptsequence of the Fc part of the fusion protein
covers the residues 275 to 503 [75].

2.1.2 pH screening and forced degradation study

Generally, the scope of pH screening and forcedadiegion studies is the determination of an
adequate pH value for a new protein formulatioansure the stability and bioactivity of the
protein during storage and to obtain informatiompotential degradation pathways of the protein.
Originally, PR-15 is formulated with a concentratiaf 2.4mg/mL in PBS buffer, pH 7.4, with%
mannitol and 1 % saccharose. This formulation wasd to be stable at -80 °C + 10 °C as well
as -25°C = 5 °C for at least two years (ongoing stabiitydy at advanceCOR) but atG+ 3°C

two analyzed parameters were already out of sgatiifin after 2 and 6 months. During storage at
4°C PR-15 mainly degrades to the so-called 90 kDl pa5]. Indeed this fragment is as bioactive
as PR-15 itself, but in order to produce a stalbéemn formulation advanceCOR needs to
understand this degradation process to be finally ® circumvent it. Moreover, advanceCOR
aimes to develop a formulation that retains bie#gtof PR-15 at 4 °C for a more convenient
handling during production, shipping and storadeer&fore, a pH screening and forced
degradation study was ordered by advanceCOR.

Not only the pH value of the liquid formulation balso the buffering agent plays a pivotal role in
protein stability. Amino acids, for example, ardeato stabilize proteins as buffering agents, as
antioxidants or by preferential exclusion. Fornteidges showed that the basic amino acids
histidine, lysine and arginine stabilized IgG byding to IgG side chains and thereby changing the
structure of the water solvation shell [76]. Thesecalled cosolvents ensure that unfolding and
aggregation are thermodynamically unfavorable. Adiog to Falconer et al. [76] best results
concerning IgG stability were obtained by the usafgthe amino acid histidine shown by the
highest increase of the unfolding transition terapge (). As PR-15 contains the Fc region of

human IgG1 we assumed that the amino acid histiddd be the best choice. Besides, histidine
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is commonly used as buffering agent in marketeteprdormulations (Herceptfh(Trastuzumab,
Roche/Genentech) Xol&ifOmalizumab, Roche/Genentech), SynagRalivizumab,

Medimmune)) especially for high concentration mdapal antibodies [77].

After choosing a 50 mM histidine buffer as formidatbuffer for PR-15, four different pH values
(pH 5.5, 6.0, 6.5 and 7.0) were chosen for the grdexing study in accordance with the isoelectric
point (pl 4.5-5.0) of PR-15 [75]. The isoelectrigipt is the pH value at which the protein is net
neutral charged making protein-protein interacti@ml therefore its aggregation is highly
probable [78]. Hence, the pH value of protein folations should be adjusted at least one unit
from the protein’s isoelectric point [79]. To evata the stability of the PR-15 in 50 mM histidine
buffer at the different pH values, the samples virecabated at 25 °C as well as 40 °C for 4 and 8
weeks and analyzed afterwards using different gioalynethods. Additionally, a forced
degradation study was performed to investigateatkdion pathways under the different stressing
conditions such as heat treatment, freeze-thavesyakidic and basic pH, light exposure, induced

oxidation and deamidation.

2.1.3 Design of Experiments

The performance of the pH screening and the fodeggladation study provided some useful
information narrowing the acceptable pH range aafthihg suboptimal conditions that had to be
avoided or prevented by the addition of additivie$0 mM histidine buffer, pH 7.0 exposed to be
the most favorable pH value during pH screeningvélger, even at pH 7.0 the degradation of
PR-15 reached a high degree. Hence, the formulhtdrto be further optimized by the usage of
Design of Experiments (DoE). DoE and the followstgtistical analysis allows the evaluation of
multiple factors and their interaction simultandgisaving time and money. Thermal stress, acidic
conditions as well as light exposure led to a ligbree of degradation products as well as
aggregates of PR-15 during the forced degradatiuaysTherefore, thermal stress was chosen to
stress the PR-15 solution during Design of Expenisi@efore analyzing. To find the optimal
formulation for PR-15 four factors (buffer, pH, Tev€ 20 and methionine) were chosen and the
responses (Pdl, mean size, SEC and bioactivitgKaed by collagen ELISA)) were specified.
During this Design of Experiment phosphate buffaswested versus histidine buffer, as well as
pH 7.0 was tested versus pH 8.0. In addition, &rtxcipients like Tweéh20 [80, 81] (0.1 %) as
stabilizer against protein aggregation and to presarface adsorption as well as methionine [82]

(20 mM) as reducing agent were chosen to be ardifgreoptimization of the formulation.
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2.2 Protein modification

Protein chemical modification is an important téml generating modified proteins and has
meanwhile become indispensable in the field ofganotherapeutics and tissue engineering. It is of
paramount importance to incorporate functional geod preferably functional groups that
naturally do not exist in proteins as for examg@ela or alkyne groups — in the protein of interest
and/or in the used biomaterial in order to immaikilproteins on biomaterials or cells, to modify
pharmacokinetic properties and the stability ofghe&tein or to create therapeutic conjugates.
During all kind of protein reactions biologicallyndient conditions are absolutely essential,
meaning < 37 °C, pH 6-8 in aqueous solution togrkesbioactivity of the protein and to prevent
denaturation [83]. The combination of genetic anergical methods as well as site-specific and
non-site-specific coupling reactions offer a variet possibilities adapted to the final application
Recently, biomaterials had successfully been fonelized with growth factors such as bone
morphogenetic protein 2 (BMP-2) [84], vascular ehdbal growth factor (VEGF) [85], fibroblast
growth factor 2 (FGF-2) [86] and transforming grbviéictorp3 (TGF{$3) [86] through covalent
coupling by the usage of 1-Ethyl-3-(3-dimethylanprapyl)carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) chemistry with the aimetogineer bio-instructive scaffolds. A striking
limitation of this non-site-specific EDC/NHS chemnysis that most biologic molecules carry both
carboxyl and amino groups yielding crosslinkingrén and/or intermolecular). These covalent
aggregates may consequently lead to loss of fumetnal pose an immunological challenge. Site-
specific Cu(l) catalyzed azide-alkyne cycloadditehremistry (CUAAC, click chemistry) promises
to overcome this drawback. The suitability of ttiéezoration method for biologics was investigated
employing FGF-2 [87].

SF extracted from the cocoons of the silkkwdambyx. mori (B. mori)88] had found increasing
use for tissue engineering application [89] duggstainique mechanical properties, as well as
biocompatibility and biodegradability [90, 91]. &€ks cell adhesion or growth factor binding
sites, however, SF features various amino aciduwesiallowing bioconjugation of functional
groups [92].

In this work, we directly compared the decorati6i$b in solution by means of click chemistry
and EDC/NHS chemistry, respectively. Firstly, wedified the tyrosine groups of the SF primary
sequence with azido groups by means of a diazooaupling reaction with 4-azidoaniline
hydrochloride in analogy to what has been descrifeddre [93]. Secondly, we PEGylated the
FGF-2 in a site-directed pattern by attacking tiee thiol groups (4 cysteines residues: two
pointing outwards, two pointing into the proteirre&pwith thiol reactive PEGs carrying ethinyl
groups as described before with modification [PBGylated FGF-2 was purified using heparin
based affinity chromatography on an AKTA purifigsgem and finally characterized by reducing
SDS-PAGE, MALDI MS and RP-HPLC. In order to invesiie correct folding of FGF-2 after
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PEGylation, fluorescence spectrometry was perforrid unfolding temperature of FGF-2 and
PEG-FGF-2 was analyzed by differential scanningrfluetry (DSF). The bioactivity of
PEGylated FGF-2 was determined by analysis of thif@ration of NIH 3T3 cells and PEGylated
FGF-2 stimulation of MAPK activation was investigdtwith ERK phosphorylation, an effector
kinase of the MAPK pathwayF-PEG-FGF-2 conjugates were analyzed using webtet
analysis.

Furthermore, the covalent immobilization of PEGgthEGF-2 on surfaces of biomaterials by
means of click chemistry and EDC/NHS chemistry imagstigated and compared during this
work. Immobilized FGF-2 was analyzed under theridsgence microscope or by flow cytometry
after incubation with FGF-2 primary and FITC lakdllsecondary antibody. Additionally, WST-1
proliferation assay as well as ERK1/2 phosphomgtatjave information about bioactivity of
immobilized FGF-2.

Another approach for the incorporation of functiogEups - unnatural amino acids - in growth
factors is the genetic engineering. There exisedifht techniques to integrate unnatural amino
acids in proteins during expression. During thiskwmee used the method based on the amber stop
codon suppression methodology according to Budish 94] to integrate alkyne functionality
into the sequence of insulin-like growth factofGE-1) with the final aim to covalently couple @ t
SF scaffolds in a site-directed manner. Therefame,defined lysine codon (AAG) of IGF-I had to
be mutated to the amber stop codon (TAG). The redtlBF-I gene was then cloned into pET11a
vector in order to finally use tHescherichia col(E. coli) expression machinery derived from
Methanosarcina barkef95] for plk-IGF-I expression. Additionally, propgyl-L-lysine (plk)
bearing an alkyne group had to be synthesizedssitded before [95] and verified by NMR.

The applied modification methods are describedveelo
2.2.1 Modification of natural amino acids

2.2.1.1 PEGylation

The conjugation of polyethylene glycol to biologinsreases their hydrodynamic radius and
thereby increases their half-life leading to prged therapeutic effects and reduced number of
injections. Moreover, antigenic epitopes can beldied through PEGylation leading to reduced
immunogenicity [39]. Herein the binding site of PEGthe protein of interest is essential that
pharmacodynamic properties are not affected bgdlpling. The number of coupled PEG chains
and their molecular weight and structure (lineabranched) are of importance as well and chosen
according to the planned application. Many reaciinmeno acids such as lysine, cysteine, histidine,
arginine, aspartic acid, glutamic acid, serinezdhine and tyrosine as well as the N-terminal
amino group and the C-terminal carboxylic acid efds PEGylation in proteins and lots of
chemical methods are available for PEGylation [@8hteins are labile molecules and require mild

reaction conditions. Lysine as the most prevaletiha acid in proteins is readily used for non-
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site-specific PEGylation resulting in complex midsi with different degrees of PEGylation [39].
PEG chains with a carboxylic acid at one end cailyelae coupled to lysine residues by
EDC/NHS chemistry under mild reaction conditionsg(2.2.1.3). Adagén(PEGylated adenosine
deaminase, Enzon, 1990) and Oncd3fREGylated L-asparaginase, Enzon, 1994) are both
complex mixtures of PEGylated therapeutic protemshe market witnessing that non-site-
specific binding can lead to functional protein8][3However, non-site-specific binding may
reduce bioactivity due to inability of receptor thing [37]. For site-specific PEGylation amino
acids that are more rarely in proteins have todss such as cysteine. PEG maleimide or PEG
lodoacetamid are two common reagents that arefaségiol PEGylation easily forming thioether
under mild reaction conditions [97]. The usagerahsglutaminase is another possibility for site-
specific PEGylation resulting in the coupling ofigimine with PEG amine [98]. These PEGylation
methods are just examples and several more chemeathbds for PEGylation exist. However, the
highest selectivity can be obtained with genetycaibdified proteins by manipulating the amino
acid sequence. Amino acids can be deleted or rgllag other amino acids in order to have just
one possible reaction partner or unnatural amiisa@n be incorporated by site-directed

mutagenesis (see 2.2.2.1).

2.2.1.2 Diazonium coupling chemistry

During the so called diazonium coupling reactiomnaatic amines react with phenolates. Prior the
reaction takes place the aromatic amine has tetheted with nitrous acid or a stronger mineral
acid in order to generate diazonium cations. Tleésetrophilic -N=N groups then react with
strongly activated aromates such as phenols &t $lagic pH at ortho or para position [99].
Diazonium coupling offers the possibility to furartalize biomaterials or surfaces with specific
functional groups. During this study the tyrosimeugps of the SF primary sequence were modified
with azido groups by means of a diazonium coupléagtion with 4-Azidoaniline hydrochloride in

analogy to what has been described before [93].

2.2.1.3 EDC/NHS chemistry
N-ethyl-N’-(3-(dimethylamino)propyl)carbodiimide/Rydroxysuccinimide coupling (EDC/NHS)
is a standard method for the immobilization of pinas on biomaterials. Thereby primary amines
react with carboxylic acids under mild reaction ditions forming peptide bonds. Normally
several lysines and even several amino acids ogroarboxylic acid groups such as aspartic acid
and glutamic acid are present in proteins resultingpn-site-specific binding with inter- and

intramolecular crosslinks [100].
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2.2.2 Modification at UAAs

2.2.2.1 |Introduction of a non-natural amino acid

Non-natural amino acids carrying functional groapsh as alkyne or azide can be incorporated
into proteins by genetic engineering. Thereforettnt methods are available. The method we
used in this work is based on the amber suppressathodology [94, 101]. Actually, protein
synthesis is terminated at amber stop codon buittwé usage of the translation machinery of
archaebacteria that includes the PylIRS/tRNpair of Methanosarcina barkes pyrrolysine
analogue (Pyl) is inserted into the protein bacléaithe position of the amber stop codon (TAG)
[95]. Our aim was the incorporation of alkyne fuanality into IGF-I to allow site-directed
immobilization through click chemistry. The requiramber stop codon (TAG) was generated at
positon 65 through punctual mutation of the redpedysine (AAG). In order to perform protein
expression irk. colicells, the gene for tRNAPYI, the lipoprotein prasrdpp, the rrnC terminator
as well as the modified IGF-I gene was cloned pEd 11a vector comprising an ampicillin
resistance gene and the corresponding pyrrolyapkter-RNA-synthetase (PylRS) was cloned into
the pRSF vector containing a kanamycin resistaroe §05].

The pET expression system is widely used for thainfy andn vivo expression of recombinant
proteins inE. coli. The pET11a expression vector carries the T7 ptenwaith lac operator that
promotes high level transcription and translatigst jn presence of T7 RNA polymerase that is
expressed by the host cells after induction withGPAdditionally, a lacl gene is located on the
pET11a vector coding for a lac repressor proteat imds to the lac operator preventing
transcription. The lac repressor protein is remdwetPTG. So protein expression can start after
the addition of IPTG.

Both vectors were cotransformed into BL21(DE3) octieExpress(DE3) cells for expression,
respectively. A pyrrolysine analogue with an alkyaection, propargyl-protected lysine (plk), was
then added to the culture medium. After inducingt@n expression with IPTG, plk was
recognized by PylRS and incorporated into the jpratequence of IGF-I at position 65 by tRRNA
(Scheme 1

C-terminus

OH

Aminoacyl tRNAUAC Synthetase
tRNAUAG

N-terminus

TAG

N &+ NH Coexpression in E.coli BL21(DE3)
°=< or Arctic Express (DE3)
o

AN

IGF1 cDNA stop-codon (TAG) Pyrrolysine analogue (plk) plk-IGF1 for click chemistry reaction
(position 65)

Scheme 1Schematic illustration of plk-IGF-1 expression. Pb8de IGF-I = 2GF1.
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2.2.2.2 Click chemistry

Kolb et al. firstly used the term “click chemistriyf 2001 and according to them “the reaction must
be modular, wide in scope, give very high yield=erate only inoffensive byproducts that can be
removed by non-chromatographic methods, and beastpecific (but not necessarily
enantioselective)” [102]. Moreover, the reactiosimmple to perform in water or an easily
removable benign solvent. Today in particular thpper catalyzed Huisgen 1,3-dipolar
cycloaddition of an azide with a terminal alkyneniing a triazole is called “click reaction” and is
widely used for bioconjugative applications [108fter the incorporation of unnatural amino acids
containing azide or alkyne functionality into priote(see 2.2.2.1) site-directed coupling can be

performed.
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2.3 Biofunctionalized implants for cartilage tissue enmeering
Various controlled release systems have already deeeloped for cartilage tissue engineering but
to date none of these systems was able to mimictate and properties of native cartilage

completely [104].

2.3.1 Atrticluar hyaline cartilage

Articular hyaline cartilage is a highly organizedhacular tissue composed of chondrocytes
embedded in extracellular matrix (ECM) consistifigallagens and proteoglycans [105].
Unfortunately, damaged articular cartilage causettdumatic injuries or osteoarthritis has just a
limited self-repair capacity leading to the devehgmt of therapeutic strategies to repair articular
cartilage defects or even slow degenerative presd496]. Osteoarthritis is a degenerative joint
disease affecting the whole joint, its pathogenissiharacterized by loss of cartilage, remodeling
of subchondral bone, formation of osteophytes dsagesynovial hypertrophy and inflammation
(Figure 3) [107].

Healthy joint

Cruciate ligaments —— Subchondral bone

Calcified cartilage

Articular capsule Uncalcified cartilage
Synovial membrane

. ——— Meniscus
Joint space

Articular cartilage Chondrocytes

Osteoarthritic joint

Blood vessel
Joint space narrowing
Chondrocyte clustering,

hypertrophy and
apoptosis

Synovial hypertrophy
and inflammation

Meniscal damages

Cartilage breakdown
Osteophyte

Subchondral bone
remodeling

Figure 3: Joint tissue affections in knee osteoarthritis (CR@printed from [107], Copyright (2014), with
permission from Elsevier.
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2.3.2 Therapeutic strategies to repair articular hyalinecartilage

Widely used cartilage repair techniques includgisat methods such as microfracture,
mosaicplasty, autologous chondrocyte implantatiah @steochondral allograft implantation [108].
However, none of these techniques mimics satisfifictbe properties and structure of articular
hyaline cartilage and is a long term clinical sint By all these techniques only fibrocartilagel an
no hyaline cartilage is built, and this fibrocaatje is not as mechanically strong and not as dzirabl
as hyaline cartilage leading to abrasion and lo&snetion [109]. Moreover, none of these
techniques leads to a connection of the nativélagetwith the newly formed cartilage causing
further abrasion of the healthy cartilage in thiedezone [109]. Novel tissue engineering
approaches are in development combining cells dgatiable scaffolds and growth factors that

offer further hope for the healing of cartilageeatd$ [110].

2.3.3 Cell sources for cartilage tissue engineering

Chondrocytes are the cells of choice for cartileggineering but in the last decade research
focused on the use of mesenchymal stem cells (M&@kyecognized their potential therapeutic
benefits in cartilage repair. During chondrogen88Cs condensate, differentiate into
chondroblasts, further differentiate into chondtesyand finally mature into hypertrophic
chondrocytesKigure 4) [111]. However, it is indispensable to keep therdrocytes in the
chondrogenic lineage and to prevent hypertroptiferdintiation of chondrocytes during cartilage
tissue engineering. To date the required conditionthe formation of stable articular hyaline
cartilage is far from being understood.

The differentiation potential of stem cells intatbaartilage and bone, and as a consequence, the
healing potential of chondral as well as osteochalrdkfects is one advantage towards

chondrocytes [112].

Condensation Proliferation and Differentiation and maturation _Yerminal
differentiation differentiation
MSCs Chondroprogenitors Chondroblasts Chondrocytes Hypertrophic
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Figure 4: Schematic diagram of different stages of chondregesn Reprinted from [111], Copyright (2013),
licensee InTech (http://creativecommons.org/liceftsg3.0).

22



BACKGROUND AND RELATED WORK

2.3.4 Growth factors

MSCs undergo differentiation into chondrocytes tayglation with several growth factors such as
transforming growth factor betas (T@B), bone morphogenetic proteins (BMPSs), fibroblast
growth factors (FGFs) and insulin-like growth fack¢IlGF-I) (Figure 4) [106, 111].

2.3.4.1 Insulin-like growth factor |

Insulin-like growth factor I (IGF-I) plays a criéat role in skeletal muscle development [113] as
well as in cartilage homeostasis through influegauarvival and proliferation of chondrocytes,
stimulating synthesis of proteoglycans and collagamd inhibiting the rate of matrix degradation.
[110, 114]. Furthermore, IGF-I has chondrogeni@pbtéal on stem cells concerning proliferation,
apoptosis and the expression of chondrogenic mafkéb]. By coupling to the insulin-like growth
factor | receptor (IGF-IR), a tyrosine kinase meantw receptor, IGF-I activates the mitogen-
activated protein kinase/extracellular-signal-reged kinase-kinase 1/2 (MEK1/2), the
extracellular-signal-regulated kinase 1/2 (ERK1i2¢ mitogen-activated protein kinase (MAPK)
and the phosphoinositid-3-kinase-Akt (PI3K-Akt) ipays, typically leading to matrix expression
[116]. In 2005, IGF-I (Increlek(mecaserim), Ispen Pharma) has been approvedey0A for

the treatment of growth failure in children withH& deficiency or GH gene deletion [117].

2.3.4.2 Bone morphogenetic protein 2

Bone morphogenetic proteins belong to the trandfagrgrowth factol superfamily and play a
critical role in heart, neural, cartilage and béorenation [118]. Through binding to a
serine/threonine kinase receptor (BMPR-I, BMPRBIMPs phosphorylate Smad1/5/8 and thus
activate Smad downstream processes [119]. Until ataut 20 different BMPs have been
discovered, but just BMP-2, -4, -6, -7 and -9 hbgen shown to play significant roles in bone
formation [120]. BMP-2 has been widely studied amé formation and regeneration and is one of
the most potent growth factor that induces mesenahgtem cell into osteoblasts [84]. In 2002,
BMP-2 has even been approved by the FDA for thenption of spinal fusion, and in the same
year a collagen matrix loaded with BMP-2 (INFUSE@nb graft, Medtronic) came on the market
[2]. Except BMP-3 and BMP-15, all other BMPs cont@icysteines residues forming 6
intramolecular and 1 intermolecular disulfide barttie so-called cystine knot, leading to either

homo- or heterodimers [121].

2.3.4.3 Transforming growth factor g3

Transforming growth factor betas (T@B} play a pivotal role in the maintenance of health
cartilage. There exist three isotypes of TlRHA-GF$1,-2 and -3, which exhibit sequence
homologies of about 90 % [122]. These three isofoane homo dimeric-polypeptides, each
monomer consisting of 112 amino acids with a sizs#bout 12.5 kDa [123]. TGBs are broadly
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expressed in cartilage, stimulate chondrocyte figraliion, inhibit chondrocyte hypertrophy and

thereby regulate growth, development and repaartitular cartilage [124].

2.3.4.4 Fibroblast growth factor 2

Acidic and basic fibroblast growth factor (FGF-d&fGF-2) have been the first two FGFs
discovered in the 1970s [125]. To date, 22 FGFlfamembers have been identified in humans
and mice [126]. All FGFs, expect FGF-19, -21 argl <bntain a heparin-binding domain leading
to the ability to bind heparin and heparin suliateteoglycans (HSPGs) [127]. Hence, these FGFs
are termed heparin-binding growth factor (HBGFwa$l. FGF-2 is a potent stimulator for the
proliferation, differentiation and migration of vaws cell types particularly vascular cells such as
endothelial and smooth muscle cells [128]. FurtlmenFGF-2 promotes angiogenesis, wound

healing as well as tissue repair [129].

2.3.5 Biomaterial scaffolds for cartilage tissue engineéng

For chondrogenic differentiation mechanical robdugtstill elastic, biodegradable, biocompatible
scaffolds in the form of hydrogels, sponges or rasshith a defined porosity for cell migration
and diffusion of nutrients are needed [105]. Cuiyemsed biomaterials are either natural polymers
(agarose, alginate, cellulose, chitosan, collafilenn, gelatin, hyaluronic acid or SF) or artifati
polymers (polyethylene glycol (PEG), polylacticcd@PLA), polyglycolic acid (PGA), polylactic-
coglycolic acid (PLGA), polycaprolactone (PCL), hgrlyapatite) [130]. SF has been widely used
as biomaterial for biomedical applications becafses remarkable mechanical properties as well
as its biodegradability and biocompatibility. Moveo, former studies confirm the suitability of SF
scaffolds for cartilage tissue engineering with M3C31, 132].

Covalent binding of growth factors for spatial aohiand moderation of release has received
continuous attention. N-ethyl-N’-(3-(dimethylamipodpyl)carbodiimide/N-hydroxysuccinimide
coupling (EDC/NHS) offers high coupling efficiendyipcompatibility and just little influence on
bioactivity of growth factors under mild conditigramd thus EDC/NHS chemistry is widely used
for biomedical applications [133]. The EDC/NHS waation approach is applicable for every
biomolecule bearing free primary amino groups amechdbilizes these biomolecules via formation
of stable amide bonds with activated carboxyliclacPolymethylmethacrylate (PMMA) is one of
the most established materials of orthopaedic egidins and has been widely used for fixation of
joint implants and anchoring total joint replacemever the last 60 years [134]. Due to its
mechanical properties, its biocompatibility andbitsstability, PMMA beads have been used as
carrier for local delivery of antibiotics [135]. the present study carboxylated PMMA beads
served as carrier for immobilized T@B-using EDC/NHS coupling. TGE3 loaded beads were
embedded in porous SF scaffolds for local sustailedistery of TGFB3 to induce chondrogenic

differentiation of human mesenchymal stem cells ififluence of covalent coupling of TGRB-
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was investigated in comparison to exogenous anariaeld TGFE3. Furthermore, the immobilized
amount of growth factor was quantified via enzyimé&ed immunosorbent assay (ELISA) in order
to detect the impact of covalent coupling on itsetivity, which was assessed by luciferase

reporter gene assay.

2.3.6 Osteochondral implants

Articular cartilage defects are typically irrevéaisi and any treatment option available today is not
able to fully reconstruct the function and struetaf healthy articular hyaline cartilage [109]. One
of the major limitations of current implants an@fs is the lack of integration into host tissue
[110]. Considering all the studies that have besiopmed in the field of cartilage restoration,
autologous osteochondral grafts are supposed tmbstmchondral defects with the greatest
clinical success since a bone-to-bone interfaagymates better and faster than a cartilage-to-
cartilage interfacgl36, 137]. However, these autologous osteochomyiedts have several
disadvantages such as the creation of new defhetiability to heal large defects, the poorly
connection with adjacent articular cartilage arelftirmation of mainly fibrocartilage instead of
the strong hyaline cartilage [136]. Timevitro engineering of cartilage-like and bone-like tissue
simultaneously in close proximity with a stratifizdne in between on a biodegradable biomaterial
has the potential to overcome these drawbdnkégtro engineering of cartilage-like tissue alone
has been performed in several studies with difteceh types and on different matrices and there
even exist several approaches for the engineefingteochondral grafts but until now it was not
possible to fully mimic cartilage ECM environmemidacreate implants with similar characteristics
to articular cartilage [109, 138]. Our hypothesishat BMSCs seeded on SF scaffolds
biofunctionalized spatially restricted with growtctors and created with optimized geometry in
terms of respective tissue outcome will form ostemadral plugs. Following implantation of such
osteochondral plugs better healing success intodrablesion is expected. The simultaneous
engineering of cartilage and bone tissue on onéamjpromises to translate into better mechanical
performances within the implant and better integrainto adjacent host cartilage and bone,
respectively [139].

There is a need to develop an implant with optigedmetry in order to generate cartilage and
bone on one construct. Moreover this implant hdsetéunctionalized with IGF-I and TGE3 for
chondrogenic differentiation and BMP-2 for ostedgetifferentiation of mesenchymal stem cells.
For cell growth, cell migration and the flow of nents an interconnected pore system is essential
[63]. The size of the pores plays an important edevell. Too small pores may inhibit cell
migration and the diffusion of nutrients and tomtapores may inhibit cell adhesion [140].
According to Klawitter et al. [141] the optimal gorange for bone formation is 100-135 um. In
contrast, larger pore sizes are needed for cagtiiaggue engineering. Recent studies show the

formation of cartilage with enhanced ECM synth@sigores with sizes of ~400 um [142] and
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~700 um [143]. Hence, paraffin spheres with diffeisizes were prepared according to the method
of Uebersax et al. [144] and used as porogen ierdadgenerate SF scaffolds with two porosities.
Finally, general suitability of these generatechbigic SF scaffolds were investigated for

osteogenic and chondrogenic differentiation of BMSC
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3 Aims and objectives

This work deals with formulation and delivery ségies of therapeutic proteins.

Aim 1 was the development of a new injectable formutetay the dimeric fusion protein PR-15, a
lesion specific platelet adhesion inhibitor. Theref a pH screening and a forced degradation
study was performed in order to determine an adequtd value ensuring the stability and
bioactivity of PR-15 during storage at 4 °C. Thabdity of PR-15 in relation to pH was
investigated using different analytical methoda short-term storage stability study. Furthermore,
some information on potential degradation pathwefyRR-15 were aimed to obtain under stressed
conditions (heat/pH/freeze-thaw cycles/light/oxidatdeamidation) during forced degradation
study. The results of the pH screening and theetbdegradation study aimed at finding the
optimal factor settings and the most informativepanses to perform a Design of Experiments
(DoE) for further optimization of the injectable AR formulation.

Aim 2 was the preparation of multifunctionalized ostewairal implants for the regeneration of
cartilage defectsHjgure 5). Therefore, growth factors were selected andgmtesl for the
differentiation of stem cells for tissue enginegraf cartilage and bone on implant surfaces. At
first ideal geometry and optimal porosity of the &#affolds were found, respectively, to generate
both tissues on one scaffold. Moreover, these &ffatds were biofunctionalized with specific
growth factors: BMP-2 as well as TG¥-for osteogenic differentiation and IGF-I as vadI TGF-
B3 for chondrogenic differentiation. Our strategysvi@ present the required growth factors
spatially restricted on the SF scaffolds. Theref@tdP-2 and IGF-1 were modified by the
incorporation of unnatural amino acids through glerengineering in order to incorporate
functional groups to perform covalent coupling wo bpposite sides of the scaffolds. In contrast,
TGF$3 was used without modification as it was requlveth for osteogenic and for chondrogenic
differentiation.

An alternative approach, the incorporation of fim@l groups by means of PEGylation was
investigated with FGF-2 as model protein.

During this work predominantly two common chemicgdctions, site-directed click chemistry and
non-site-directed EDC/NHS chemistry, which aremfised for bioconjugation, were compared.
The focus was on the characterization of the mediéis well as the immobilized proteins.

Aim 3 was to evaluate the impact of covalent coupledaaisbrbed TGIB3 for cartilage tissue
engineering. Therefore, TG was loaded on PMMA beads using non-site-speEfC/NHS
chemistry and a method for the quantification ofiobilized protein was originated. Finally, SF-

scaffolds were loaded with these beads and choediogifferentiation of BMSCs was performed.

27



AIMS AND OBJECTIVES

— azido-SF + alkyne-BMP-2

— alkyne-SF + azido-IGF-I

e TGF-B3 immobilized on PMMA beads

Figure 5: Schematic illustration of multifunctionalized ostdondral implant for the regeneration of
cartilage defects.
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4 Materials and methods

4.1 Injectable PR-15 formulation

4.1.1 pH screening

To evaluate the stability of the PR-15 at the défe pH values, chosen according to the isoelectric
point (pl 4.5-5) [75], a pH screening was done.1BRwvas provided in a concentration of
2.4mg/mL in PBS buffer, pH 7.4, with 4 % mannitol ah&b saccharose. Ultrafiltration was done
for buffer exchange and up-concentration using amcAr® stirred ultrafiltration cell 8010 (EMD
Millipore Corporation, Billerica, MA, USA) and 3(a ultrafiltration membrane disk filters (25
mm, PALL® Life Sciences Corporation, Ann Arbor, MI, USA) aggt a 50 mM histidine buffer

with the respective pH value (5.5, 6.0, 6.5 or ,A@y concentration of about 2.5 mg/mL according
to UV-absorption measurements. Samples were filtesing sterile syringe filter units (Rotildbo
syringe filter, 0.224m, CME membrane, 33 mm diameter, Carl Roth, Kalnksy Germany) and
allocated into clear glass type | vials of 2.0 nalcte, closed with 13 mm chlorobutyl rubber stopper
and an aluminum crimp (Zscheile & Klinger, Hambu&grmany). These vials (n = 1, due to
limited availability of PR-15) were incubated at’Z5as well as at 40 °C for 4 and 8 weeks in a
heating oven ED 115 and a climate chamber KBF Blfider GmbH, Tuttlingen, Germany)

(Table 4). After pre-defined time points, samples werewdigd for each analytical method

(510uL for UV-VIS/120 pL for SEC/110 pL for HIC/130 pfior DLS/750 pL for collagen
ELISA/100 uL for aggregation assay/100 L for SDS=E), stored at -80 °C and analyzed all
together using the below described analytical natladter thawing at room temperature and

gentle mixing.

Temperature Initial 25°C 40 °C 25°C 40 °C
Time 0 weeks 4 weeks 4 weeks 8 weeks 8 weeks
pH 55 6 65 7 55 6 65 7 55 66.5 7 55 665 7 55 6 65 7

Table 4: Overview of the storage periods and conditions.

4.1.2 Forced degradation study

To obtain information on potential degradation pays, different forms of stress were applied to
the protein.

PR-15 was provided in a concentration of 2.4 mgimBBS buffer, pH 7.4, with 4 % mannitol and
1% saccharose. Ultrafiltration was done for buffecheange and up-concentration using an
Amicon® stirred ultrafiltration cell 8010 (EMD Millipore @poration, Billerica, MA, USA) and

30kDa ultrafiltration membrane disk filters (8&m, PALL® Life Sciences Corporation, Ann
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Arbor, MI, USA) against a 50 mM histidine buffel 6.0, to a concentration of about 2.5 mg/mL
according to UV-absorption measurements. Samples fileered using sterile syringe filter units
(Rotilabd syringe filter, 0.22 um, CME membrane, 33 mm dismneCarl Roth, Karlsruhe,
Germany) and allocated into clear glass type bwidl2.0 mL each (n = 1, due to limited
availability of PR-15), closed with 13 mm chloroputubber stopper and an aluminum crimp
(Zscheile & Klinger, Hamburg, Germany). One sames aliquoted for each analytical method
(510 pL for UV-VIS/120 pL for SEC/110 pL for HIC/Q3uL for DLS/750 pL for collagen
ELISA/100 uL for aggregation assay/100 pL for SDSIE/15 pL for MALDI-TOF MS/25 L
for LC/ESI-MS after trypsin digest) and stored&Q <C as initial condition.
Following stress conditions were applied:

- Thermal [145]: T—10 °C for up to 7 days

- Freeze-thaw cycles [146}80 °C-> room temperature -80 °C (10 cycles)

- Acid-base hydrolysis [147] pH 3.5/ pH 13, incubation at 37 °C, overnight
Light: not less than 4*200 W*h/frof UV (320—400 nm) exposure and not less than
4*1.2 million lux hours in visible (400-800 nm) exposuveh climate chamber TCS-301 Ph
(ThermoTec Weilburg GmbH & Co. KG, Germany)
= Irradiance range (320—400 nm): 17 V& 800 W h/m / 17 W/nt = 47.06 hours
= lux range (400-800 nm): 12 klux 4.8 million lux hours / 12 klux = 400 hours)

- exposure for 47 hours to UV and 17 days to VI3&atC; reference wrapped with

aluminum foil
- oxidation [146]: 0.1 % hydrogen peroxide for 20 h at 37 °C; quamghwvith 12 mg/mL
methionine
- deamidation [147} 1 % ammonium carbonate; incubation at 37 °C, rengp200uL
aliquots at 0 h, 24 h and 48 h, addition of 180Qultrapure water
After these degradation treatments the samples aligngoted for each analytical method (510 pL
for UV-VIS/120 pL for SEC/110 pL for HIC/130 pL f@LS/750 uL for collagen ELISA/100 uL
for aggregation assay/100 uL for SDS-PAGE/15 puLMéd_DI-TOF MS/25uL for LC/ESI-MS
after trypsin digest), stored at -80 °C and analyaétogether using the below described analytical

methods after thawing at room temperature and gemtting.

4.1.3 Design of Experiments

An experimental worksheet was created by usind#egn of Experiments software MODDE 9.0
(Umetrics, Umeda, Swederh the MODDE software four controllable proceastbrs were
specified and a low (-1) as well as a high levil(as assigned for each factdaple 5). The

center level was denoted By
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Factor Type Low Center High
Buffer qualitative Phosphate - Histidine
pH quantitative 7 (-1) 7.5 (0) 8 (1)
Twee® 20 | quantitative 0% (-1) 0.05 % (0) 0.1% (1)
Methionine| quantitative 0 mM (-1) 10 mM (0) 20 mM (1)

Table 5: Specifications of the four chosen factors.

A response surface methodology (RSM) design waseashto find the optimal formulation for
PR-15. Normally, the Central composite design (CSQjsed to create a second-order response
surface model with quantitative factors [82]. Howeuthere are also qualitative factors included in
our experiment. Therefore, a D-optimal design warsegated by the computérable 6). The D-
optimal design is a non-standard design used eesang and optimization considering the effects

between the quantitative and qualitative facto#s]1

Exp No  Exp Name  Run Order Incl/Excl Buffer pH Tweel® 20 Methionine
1 N1 25 Incl Phosphate -1 -1 -0,333
2 N2 6 Incl Phosphate -1 1 0,333
3 N3 9 Incl Phosphate -1 -0,333 -1
4 N4 23 Incl Phosphate -1 0,333 1
5 N5 2 Incl Phosphate 1 -1 0,333
6 N6 3 Incl Phosphate 1 1 -0,333
7 N7 5 Incl Phosphate 1 0,333 -1
8 N8 14 Incl Phosphate 1 -0,333 1
9 N9 20 Incl Phosphate 0,333 -1 -1

10 N10 17 Incl Phosphate -0,333 -1 1
11 N11 18 Incl Phosphate  -0,333 1 -1
12 N12 21 Incl Phosphate 0,333 1 1
13 N13 13 Incl Histidine -1 -1 -1
14 N14 24 Incl Histidine 1 -1 -1
15 N15 12 Incl Histidine -1 1 -1
16 N16 19 Incl Histidine 1 1 -1
17 N17 10 Incl Histidine -1 -1 1
18 N18 22 Incl Histidine 1 -1 1
19 N19 16 Incl Histidine -1 1 1
20 N20 8 Incl Histidine 1 1 1
21 N21 7 Incl Histidine 0 0 0
22 N22 4 Incl Histidine 0 0 0
23 N23 11 Incl Histidine 0 0 0
24 N24 15 Incl Histidine 0 0 0
25 N25 1 Incl Histidine 0 0 0

Table 6: Experimental plan for PR-15 optimization study.

31



MATERIALS AND METHODS

PR-15 was provided in a concentration of 2.4 mgimBBS buffer, pH 7.4, with 4 % mannitol and
1 % saccharose. Ultrafiltration was done for buffiechange and up-concentration using an
Amicon® stirred ultrafiltration cell 8050 (EMD Millipore @poration, Billerica, MA, USA) and
30kDa ultrafiltration membrane disk filters (#@n, PALL® Life Sciences Corporation, Ann
Arbor, MI, USA) against the appropriate buffer @®® L-histidine buffer or 50 mM phosphate
buffer (NaBPO/NaHPQy), with the respective pH value (pH 7.0, 7.333, 7.667 or 8.0), to a
concentration of about 2.7g/mL according to UV-absorption measurements énapropriate
run order Table 7). A solution of 10 % Tweéh20 (1 g Tweefi 20 in 10 mL of the appropriate
buffer (addition of 1 mL 10x buffer and filling up 10 mL with ultrapure water; adjusting of pH if
necessary)) as well as a solution of 40 mg/mL roeihie (0.4 g methionine in 10 mL of the
appropriate buffer (addition of 1 mL 10x buffer dilling up to 10 mL with ultrapure water;

adjusting of pH if necessary) were prepared.

Run Order Buffer pH No. Volume [uL]
PR-15 Buffer Tweef? 20 Methionine

2.75 mg/mL 10 % 40 mg/mL
5 Histidine 7.0 5x 9155 507 40 300
1 Histidine 7.5 5x 9155 423 50 373
4 Histidine 8.0 4x 7324 338 40 300
3 Phosphate 7.0 4x 7324 338.8 39.97 299.2
6 Phosphate 7.333 2X 3662 20 20 300
7 Phosphate 7.667 2x 3662 318 20 0
2 Phosphate 8.0 4x 7324 338 39.97 299.2

Table 7: Run order for ultrafiltration and overview of theaded solutions.

All solutions were filtered using sterile syringhkefr units (0.2um, PES membrane, 13 mm
diameter, Nalge Nunc International Corporation, fiaster, USA) and allocated into clear glass
type | vials of 2.0 mL each, closed with 13 mm cbhbatyl rubber stopper and an aluminum crimp
(Zscheile & Klinger, Hamburg, Germany) accordinghe pipetting scheme beloWwdble 8) in the
appropriate run ordes(pplementary data,Table 18-24. These 25 vials (n = 1, due to limited
availability of PR-15) as well as 1 vial (n = 1)twvthe old Revaceptformulation (in PBS buffer,
pH 7.4, with 4 % mannitol and 1 % saccharose) wergbated at 53 °C for 7 days in a heating
oven ED 115 (Binder GmbH, Tuttlingen, Germany).

1 vial with the initial sample (in 50 mM histiditiffer pH 7.0) was aliquoted immediately after
preparation and the 25 vials with the samples disas¢he old Revacepformulation were
aliquoted after 7 days at 53 °C for each analyneaihod (510 pL for UV-VIS and pH/120 pL for
SEC/110 pL for HIC/130 pL for DLS/750 uL for collexg ELISA/100 pL for aggregation
assay/100 pL for SDS-PAGE), stored at -80 °C amadlyarad in the appropriate run ord@aple 6)

using the below described analytical methods #fi@wving at room temperature and gentle mixing.
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Exp No  Buffer pH Twee® 20  Methionine Volume [pL]
(%] [mM]
PR-15 Buffer  Tweef® 20 Methionine
2.75 mg/mL 10 % 40 mg/mL
1 | Phosphate 7.0 0 6.667 1831 119 0 49.7
2 | Phosphate 7.0 0.1 13.333 1831 49.9 20 99.5
3 | Phosphate 7.0 0.033 0 1831 163 6.67 0
4 | Phosphate 7.0 0.067 20 1831 6.9 13.3 150
5 | Phosphate 8.0 0 13.333 1831 69.7 0 99.5
6 | Phosphate 8.0 0.1 6.667 1831 99 20 49.7
7 | Phosphate 8.0 0.067 0 1831 156 13.3 0
8 | Phosphate 8.0 0.033 20 1831 13.3 6.67 150
9 | Phosphate 7.667 0 0 1831 169 0 0
10 | Phosphate 7.333 0 20 1831 20 0 150
11 | Phosphate 7.667 0.1 0 1831 149 20 0
12 | Phosphate 7.333 0.1 20 1831 0 20 150
13 | Histidine 7.0 0 0 1831 169 0 0
14 | Histidine 8.0 0 0 1831 169 0 0
15 | Histidine 7.0 0.1 0 1831 149 20 0
16 | Histidine 8.0 0.1 0 1831 149 20 0
17 | Histidine 7.0 0 20 1831 20 0 150
18 | Histidine 8.0 0 20 1831 20 0 150
19 | Histidine 7.0 0.1 20 1831 0 20 150
20 | Histidine 8.0 0.1 20 1831 0 20 150
21 | Histidine 7.5 0.05 10 1831 84.6 10 74.6
22 | Histidine 7.5 0.05 10 1831 84.6 10 74.6
23 | Histidine 7.5 0.05 10 1831 84.6 10 74.6
24 | Histidine 7.5 0.05 10 1831 84.6 10 74.6
25 | Histidine 7.5 0.05 10 1831 84.6 10 74.6

Table 8: Pipetting scheme.
4.1.4 Analytical methods

4.1.4.1 UV spectroscopy

The concentration of PR-15 was determined speattoptetrically at a wavelength of 2&M

using a Genesys 10s UV-VIS spectrophotometer (Thétisher Scientific Corporation, Waltham,
USA). The absorption measured at a wavelength @2 (As20 nm) Was substracted from the
absorption measured at 280 nmgAn) for light scattering correction. Precipitates eiseparated
by centrifugation at 13,000 g for 1 min (VWRIicro2416 centrifuge, VWR, Darmstadt,
Germany). 50 pL of the supernatant were diluteésb@ul to guarantee the measurement in the
linear range and analyzed in a disposable UVettwette (VWR International LLC, Radnor, USA)
with a pathlength of 1 cm at 25 °C. The molar estton coefficients of 71905 L-mot-cmt as

well as the molecular weight M of 53311.09 g/mokwalculated based on the amino acid
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sequence of PR-15 monomer using ExPASy [149]. Totejn concentration was calculated from

A280 nm— As20 nmby using the following formula [75]:
¢ [9/L] = (Azs0 nm~As20 i) © (M [g/mol]fe [L-mol?t-cntl]) - d [em] - dilution factor
= (Azs0 nmAs20nn) + 0.74 [g/L] - dilution factor

4.1.4.2 pH measurement

The pH meter Lab phenomenal pH 1000 L (VWR Inteomal GmbH, Darmstadt, Germany)
equipped with the InLab Micro pH electrode (Metflemledo GmbH, Giessen, Germany) was used
to measure the pH of the protein samples beforeafiedincubation (n = 1). The glass pH-
electrode pHenomerfa221 (VWR International GmbH, Darmstadt, Germangswsed to adjust
the pH value of the different buffers for the piotsamples as well as for the analytical methods.
Both electrodes were calibrated before usage lpabint calibration with technical buffer pH

4.0 and pH 7.0 (VWR International GmbH, Darmst&#trmany).

4.1.4.3 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) data of the proteamples were collected with a Delsa™ Nano
HC Particle Analyzer (Beckman Coulteinc., Fullerton, CA, USA) at 25 °C to monitor
aggregation. For analyzing the size of formed agmpes, the particle size distributions and
polydispersity indices, 6L of the different samples were loaded into a glagso-cuvette. Each
run consisted of three repetitions and each répetionsisted of 70 (or 200) accumulations. The

system was calibrated using particle size standards

4.1.4.4 Size exclusion chromatography (SEC)

The formation of soluble aggregates as well asatkgion products of the protein samples (pH
screening and FD: n = 2) were analyzed by sizeusiarh chromatography (SEC). To remove
possible insoluble aggregates, }J@0samples were centrifuged at 13,000 x g for 5 (WWR®
Micro2416 centrifuge, VWR, Darmstadt, Germany). 1QM0f the supernatants were transferred
into 1.5 mL vials with 10QiL glass vial inserts and analyzed using a VWR Hiitac
LaChromUItraTM HPLC system equipped with a diodapidetector and a 7.5 mm x 6&
TSKgel G3000SW column as well as a 6.0 mm x 4.00r&kKgel SWxI guard column (both Tosoh
Bioscience, Stuttgart, Germany). b of each sample were run at a flow rate of 0.5mib/for

60 min with DPBS buffer, pH 7.4 (8 g sodium chleid.15 g disodium hydrogen phosphate, 0.2 g
potassium chloride and 0.2 g potassium dihydrodrsphate per liter ultrapure water, pH was
adjusted to 7.4 using sodium hydroxide before vacftiliration), as mobile phase. Column
temperature was kept at room temperature. Data mweogded at 214 nm using a UV-VIS diode
array detector and evaluated using the Agilent E@@HElite software (Agilent Technologies,
Inc., Pleasanton, CA, USA).
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4.1.4.5 Hydrophobic interaction chromatography (HIC)

For analyzing degradation products of PR-15 by dgHobic interaction chromatography (HIC),
110 pL of the protein samples (pH screening andr=B2; DoE: n = 1) were diluted with 65 pL
mobile phase B and then subsequently diluted i12 §v1v) ratio with sample buffer. Diluted
samples were centrifuged at 16,000 g for 1 min (VWWRcro2416 centrifuge, VWR, Darmstadt,
Germany) to remove insoluble aggregates. 200f the supernatants were transferred into 1.5 mL
vials and analyzed using a VWR Hitachi LaChromeEHPLC system equipped with a diode array
detector and a 6.4 mm x 30 mm ResourceTM Iso 1 otlinen (GE Healthcare, Munich,
Germany). 99.4lL of each sample were run with a flow rate of 115min at room temperature

for 28 min. The protein was eluted with a gradigihdmmonium sulfate from 2 M to 0 M. The
percentage of mobile phase B was increased front®36 % in 6.5 min to 55 % in 11 min to
100% in 6.5 min. The column was regenerated after eatchpy 100 % mobile phase B for 3.5

CV. Data were recorded at 214 nm using a UV-VISidiarray detector and evaluated using the
Agilent EZChrom Elite software (Agilent Technologjénc., Pleasanton, CA, USA). For the
preparation of the mobile phase A for HIC (8% sodium dihydrogen phosphate, 25 mM
disodium hydrogen phosphate and 1.5 M ammoniunat®)|f3.0 g sodium dihydrogen phosphate,
3.549 g disodium hydrogen phosphate were dissatv800 mL ultrapure water. 198.2 g
ammonium sulfate were added and dissolved undengti The pH was adjusted to 7.0 using
sodium hydroxide and water was added to 1 L befaceium filtration. The same procedure was
done to prepare mobile ph&dor HIC (25 mM sodium dihydrogen phosphate n28 disodium
hydrogen phosphate) but no ammonium sulfate wasdadebr the preparation of the sample buffer
(2 M ammonium sulfate in mobile phase B), 52.9 grmmium sulfate were dissolved in 100 mL
mobile phase B. The pH was adjusted to pH 7.0 #éled fvith mobile phase B to 200 mL before

vacuum filtration.

4.1.4.6 MALDI-TOF mass spectrometry

Matrix-assisted laser desorption ionization timetght mass spectrometry (MALDI-TOF MS)
was performed to analyze degradation products et ®RBnd the formation of aggregates.
Following desalting with ZipTip pipette tips (C18 resin, Millipore, Billerica, MAJSA)

according to the manufacturer’s instructions, tesaited PR-15 samples were embedded in a
matrix consisting of sinapic acid in acetonitril&046 trifluoroacetic acid in water (60:40 v/v) in a
1:1 ratio. 2uL of the sample/matrix mixture were spotted onti®awell sample plate. MS spectra
were recorded in the linear positive mode by emiplpwyn Autoflex Il LRF instrument from
Bruker Daltonics Inc. (Billerica, MA, USA) fitted ith a 337 nm wavelength nitrogen laser.
External calibration of mass spectra was performitld the protein standard | (Bruker Daltonics

Inc. Billerica, MA, USA) containing insulin, ubigtim, myoglobin and cytochrome C.
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4.1.4.7 LC/ESI-MS analysis after trypsin digest

For further investigation of degradation produaisid chromatography coupled with electrospray
ionization-mass spectrometry (LC/ESI-MS) was doiter @rypsin digest.

5 pL NuPAGE LDS Sample Buffer (4x, pH 8.5, contagil06 mM Tris HCI, 141 mM Tris Base,
2 % lithium dodecyl sulfate (LDS), 10 % Glycerol50 mM EDTA, 0.22 mM SERVA Blue G250,
0.175mM Phenol Red) were added to 13 pL sample. Sarm@es reduced with 50 mM DTT at
70 °C for 10 min and alkylated with 107 mM iodoaeide for 20 min in the dark. For the not
reduced samples 50 mM histidine buffer was addsigad of DTT solution. The reduced and/or
alkylated samples were separated by SDS-PAGE @ ttis-glycine polyacrylamide gel and
stained with Coomassie Brilliant Blue. Each shaapdof separated proteins was cut and placed
into a PCR-tube for in-gel digestion. The excisetlmands were destained with 30 % acetonitrile,
shrunk with 100 % acetonitrile and dried in a vaouwoncentrator (Concentrator 5301, Eppendorf,
Hamburg, Germany). Subsequently, elastase digestsexecuted in 0.1 M ammonium hydrogen
carbonate (pH 8) at 37 °C overnight. For one deést0.1 ug protease was applied and peptides
were extracted from the gel slices with 5 % foradad.

Following this, NanoLC-MS/MS analyses were carioged on an LTQ-Orbitrap Velos Pro
(Thermo Scientific) equipped with an EASY-Spray Bource and coupled to an EASY-nLC 1000
(Thermo Fisher Scientific, Rockford, USA) as desed before [150].

Finally, raw data were processed and peak liste wenerated using Mascot Distiller 2.5 with
standard settings for the Orbitrap Velos (high/tsgttings). The parameters: peptide mass
tolerance: 10 ppm, MS/MS mass tolerance: 0.02 bayree: “none”; variable modifications:
carbamidomethyl (C), Gl pyroGlu (N-term. Q) and oxidation (M) were adjukfer database
searching with Mascot Server 2.5. Database seayefiis performed against a small custom

database including the protein of interest.

4.1.4.8 SDS PAGE

SDS-PAGE analysis was done for evaluating the @egfrelegradation and the formation of
aggregates of PR-15. Samples were diluted with #8Bfinal concentration of 1 pg/uL and heat-
denatured at 95 °C for 4 minutes after additiorediucing or non-reducing Laemmli sample
buffer. A pre-cast gradient polyacrylamide tristate-SDS gel (3—8 %, NuPAGE, Invitrogen,
Karlsruhe, Germany) was loaded with Precision Piugeil™ All Blue Standards (#1610373,
Bio-Rad Laboratories GmbH, Miinchen, Germany), alBReference standard as well as the pH-
screening samples, the forced degradation samptese @oE samples and separated using tris-
acetate-SDS running buffer. The gel was staineld @i&lCodé" Blue Safe Protein Stain (Thermo

Fisher Scientific, Rockford, USA) and photographéeér destaining in water.
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4.1.4.9 Collagen ELISA

Binding of PR-15 to its natural ligand collagen wagd as parameter for biological activity.
Therefore, a collagen ELISA was performed to dertratesthe PR-15-specific collagen binding.
100 pL bovine collagen type | (#354231, BD Bioscis) Heidelberg, Germany) with a final
concentration of 10 pg/mL in coating buffer (1.38 a.COs, 2.93 g/L NaHC®, pH 9.6) were
used for the coating of microtiter plates (ImmuRiB, Thermo Fisher Scientific, Rockford, USA)
for 1 h under gently shaking at room temperatuae@es and standards (n = 2) with
concentrations from 0.041 — 900 pug/mL were addadthre coated microtiter plates after blocking
with 300 pL Rotf-block solution (Carl Roth GmbH + Co. KG, Karlsrylégermany) and incubated
for 1 h at room temperature under gently shakingosfse radish peroxidase (HRP)-coupled goat
anti-human IgG antibody (#109-035-098, PeroxidamPure Goat Anti-Human IgG, kc
fragment specific, Dianova, Hamburg, Germany) waget! 1:30,000 and 300 pL were
subsequently added per well in order to form a w@&etdcomplex with solid phase collagen-PR-15.
During all steps each well of the microtiter platas thoroughly washed with 300 uL PBS
containing 0.05 % Tweé&rR0 for several times. Finally, bound conjugate deiected by addition
of 100 pL 1-Step” Ultra TMB ELISA Substrate Solution (Thermo Fisl8aientific, Rockford,
USA). The reaction of HRP-peroxidase with TMB waspped with 100 pL 1 M sulfuric acid and
the amount of hydrolyzed substrate was measuréfiCabm with a microplate reader (Infirfite
F200, Tecan, Maennedorf, Switzerland). The amofihydrolyzed substrate was proportional to
the concentration of bound PR-15 on the immobilizelthgen. EG values were determined with
four parameter logistics curve fitting functionSigma Plot after plotting OlsbnmVvalues against

PR-15 concentrations.

4.1.4.10 Inhibition of platelet aggregation

The inhibition of collagen-induced platelet aggtegaas further parameter for biological activity
was evaluated by light transmission aggregometegraing to Born [151]. Therefore, an optical
aggregometer (Apact 4004 aggregometer, Haemochiagnbstica, Essen, Germany), a fixed
wavelength spectrophotometer with sample chambesatet to 37 °C as well as CRP-XL
(collagen-related peptide, cross-linked) were negiiCRP-XL (CRP, Anaspec, Seraing, Belgium;
cross-linked by advanceCOR) is a chemically deficreds-linked peptide mimicking the triple
helical structure of collagen. It is equally suleafor the analysis of collagen-induced aggregation
of human platelets even with higher reproducibitigcause of better standardization compared to
collagen. Healthy volunteers, who were at leasdidys untreated with any anti-platelet medication,
were taken to draw blood. Citrated blood samplegwealyzed within 2.5 hours after blood-
sampling. For evaluating the vitro platelet aggregation, a magnetic stirrer with @,68m was

used to simulate shear conditions during blood fma thereby enable the required platelet to

platelet contact. Transmission of infrared lighioilgh sample and reference cuvette was measured.
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The sample cuvette was filled with 156 pL plateleh plasma (PRP, obtained by low speed
centrifugation, 150 g for 15 min, RT) and 2 pL 2/mb PR-15 to reach a final concentration of
25ug/mL or 2uL control buffer (PBS with 4 % mannitol (w/v) attdb sucrose (w/v), pH 7.4).
The reference cuvette was filled with 160 pL plet@oor plasma (PPP, centrifuged at 13300
for 5 min, RT) of each donor for calibration. Suipsently, 2 pL 80 pg/uL CRP-XL stock solution
were added to the sample cuvette to initiate mategregation followed by measuring the
transmission of infrared light over 7 minutes. Agggtion in the sample led to an increase of the
light transmission. APACT LPC Software was useddetrermination of maximal aggregation.
Means of maximal aggregation of PR-15 inhibited aod-inhibited CRP-XL induced samples

were used for calculating percentage of inhibition.

4.1.4.11 Differential scanning fluorimetry (DSF)

The unfolding temperature of the PR-15 at diffeq@dtvalues was analyzed by differential
scanning fluorimetry (DSF). Samples were prepasediloting PR-15 to a final concentration of
0.2 mg/mL protein in the appropriate buffer. Theoflescent dye Sypro Orange (SYPRQrange
Protein gel stain, 5,000x concentrated stock smiutBigma-Aldrich, Steinheim, Germany) was
diluted 1:10 in DMSO. 0.5 pL of the diluted dye veaided to 99.5 UL sample for a final
concentration of 1:2,000. A 96-well RT-PCR plat¢hva clear bottom (Bio-Rad Laboratories
GmbH, Hercules, California, USA) was used with 20qgf solution per well. The samples were
heated from 25 °C which was held stable for 15dsdo 95 °C by a heating slope of 4 % using a
real time PCR ABI Pristh7900 HT sequence detection system (Applied Biesyst Foster City,
CA, USA). Besides, the samples were excited at¥@@nd the emission was detected at 570 nm
all the time. The measured fluorescence intengigaoh sample was plotted against the respective
temperature. The inflection point of the generatgdoidal curve () was calculated by using the
first derivation of this function. The first maximuof this derivation can be assigned to the

unfolding temperature of the protein [152].

4.1.4.12 Statistical analysis

All measurements were performed in triplicate factedata point, unless otherwise noted, and are
reported as meansstandard deviation (SD). Statistical significan@swalculated by one-way
ANOVA with Tukey’s post hoc test or paired studsrittest with a significance level of p < 0.05.
MODDE 9.0 Umetrics, Umed, Sweden) was used to analyze theriexgntal design.

38



MATERIALS AND METHODS

4.2 Protein modification

4.2.1 Decoration of silk fibroin (SF) for biomedical appication

4.2.1.1 Preparation of aqueous SF solution

SF aqueous solution was prepared as describedraaith slight modifications [87, 88, 153].
Cocoons of the silkwormB. mori(kind gift of Trudel Silk, Zuerich, Switzerland)ese cut, boiled
twice for 1h in a 0.02 M aqueous sodium carbonate solutiorriasdd ten times with ultrapure
water to remove the sericin. The dried SF fibersevagssolved in an aqueous 9.3 M lithium
bromide solution at 60 °C for about 2 h. The geteet&F solution was filtered through a 5 pm
syringe filter (Versapor, Pall Life Sciences, Wasjton, NY) dialyzed against borate buffer (300
mM boric acid, 150 mM sodium chloride, [@&D) for 24 h and against ultrapure water for a@ioth
48 h with five changes of water in SpectraPor dialyubes (MWCO 6-8 kDa, Spectrum Labs,
Rancho Dominguez, CA), yielding @& (w/v) SF solution. SF solution was stored at 258

4.2.1.2 Diazonium coupling reaction

An aniline bearing azido functional group was clmoe the decoration of SF tyrosine residues as
described earlier with slight modification [93]360 mmol 4-azidoaniline hydrochloride were
dissolved in 1 mL of a 1:1 mixture of acetoniti@lied water, 1.430 mmol p-toluenesulfonic acid
monohydrate were dissolved in 0.5 mL water and®rifnol sodium nitrite were dissolved in
0.5mL water. After preparation, all solutions were leabin an ice bath before mixing. For
synthesizing the diazonium ion in situ, these tla@ations were combined and the mixture was
stirred for 15 minutes at room temperatuel{eme 2A. The diazonium coupling reaction was
then initiated by adding 4 uL diazonium ion in sited 496uL 100 mM borate buffer to 2 mL of a
50mg/mL borate buffered SF solutioBdheme 2B. After 30 minutes of stirring on ice the
reaction mixture was dialyzed against ultrapureswdh order to reach a modification rate of 1 %,
3 molar equivalents of diazonium ion in situ wedeled to the SF solution relative to the total

number of approximately 280 tyrosine residues paeoule [87].
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Scheme 2{A) Synthesis of diazonium ion in situ and (B) diaum coupling reaction of SF tyrosine
residues. Adapted from [87], Copyright (2014), witrmission from Elsevier.

4.2.2 Site-directed PEGylation of FGF-2 for biomedical aplication

4.2.2.1 Expression and purification of FGF-2

Expression and purification of the fusion proteliglrx-FGF-2 was performed as previously
described [87, 154, 155]. At Q&= 0.6, 0.2 mM IPTG were added to induce proteirresgion of
pHisTrx-FGF-2. After 5 hours incubation at 30 °Q&00 rpm the cells were harvested by
centrifugation (Allegré X-15R, Beckman Coulter, Brea, CA, USA). The obtaipellets were
resuspended in lysis buffer (50 mM Tris-HCI, 150 rabtlium chloride, 1 mM
phenylmethylsulphonyl fluoride (PMSF), pH 7.5) asalubilized by ultrasonication at 4 °C. After
ultracentrifugation at 100,000 g for 1 hour at 4(E8-60M Ultracentrifuge, Beckman Coulter,
Brea, CA, USA) pHisTrx tagged FGF-2 remained saublthe supernatant and was purified by
heparin affinity chromatography. For purificatioHipTrx tagged FGF-2 was loaded on a HiTrap
Heparin HP 1 mL column (GE, Freiburg, Germany) aag eluted via a linear gradient of sodium
chloride ranging from 300 mM to 1.5 M using an FP&@Gtem (Aekta Purifier, GE, Freiburg,
Germany). The eluted fractions containing pHisagged FGF-2 were dialyzed against PBS
supplemented with thM DTT (SpectraPor, MWCO 6-8 kDa, Spectrum Labataty Rancho
Dominguez, CA) and, subsequently, the fusion pnapelisTrx-FGF-2 was cleaved by thrombin
(GE, Freiburg, Germany) with a final concentratari U thrombin/mg fusion protein at 4 °C
overnight. The cleavage was stopped with 1 mM PM&#murine FGF-2 was purified by heparin
affinity chromatography again. After purificatiomurine FGF-2 was dialyzed against PBS
supplemented with 1 mM DTT. Finally, the conceritmatof murine FGF-2 was determined by
UV-absorbance at 28fm, using an extinction coefficient of 16,766 + 289 cni! (E°! %= 0.964)
according to Pantoliano et al. [156]. The determiiagerage yield of murine FGF-2 was 5 mg/L
expression culture. Until further use, murine FGW&3 stored in PBS supplemented with 3 mM
DTT at -80°C.
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4.2.2.2 PEGylation of FGF-2

FGF-2 was PEGylated in a site-directed patterndplaying free thiol groups (four cysteine
residues: two pointing outwards, two pointing itfte protein core) with thiol reactive 3 kDa PEGs
carrying ethinyl- or carboxyl-groups as describetbbe with modification [87, 157]. FGF-2 was
dialyzed (Slide-A-Lyzer Mini Dialysis Device, MWC®@0 kDa, Thermo Fisher Scientific,
Rockford, USA) against PBS containing 5 mM EDTA (®8). Subsequently, about 500 pg
dialyzed FGF-2 were added to a 20-fold molar exoéssdoacetamido-PEG-alkyne (3,317 g/mol,
Rapp Polymere, Tuebingen, Germany) or iodoacety-REid (3,400 g/mol, Nanocs, New York,
NY, USA) and incubated for 4 hours at 37 °C withlshg at 300 rpm (Eppendorf Thermomixer
Comfort, Hamburg, Germanyg¢heme 3. 0.6 mg/mL DTT were added to the reaction mixtare

finish PEGylation reaction.
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Scheme 3Regiospecific PEGylation of FGF-2 with 3 kDa PEGteg (A) alkyne and (B) carboxylic acid
functionality. (PEG)Number indicates the numbeettfylene glycol monomer units. PDB code
FGF-2=1BLD. Reprinted from [87], Copyright (2014), witlepnission from Elsevier.

Heparin based affinity chromatography on an AKT Aifoer ™ system (GE, Munich, Germany)
was used to purify PEGylated FGF-2, and via a ligeadient of sodium chloride from 3@tM to
1.5 M the bound PEGylated FGF-2 was eluted fronHeap Heparin HP 1 mL column (GE,
Munich, Germany). Fractions of the eluted proteerevcollected and dialyzed (SpectraPor,
MWCO 6-8 kDa, Spectrum Laboratories, Rancho DonmeagCA) overnight against PBS buffer,
pH 7.4, containing 0.6 mg/mL DTT. Vivasf§ie Centrifugal Concentrators (MWCO 5 kDa,
Sartorius Stedim Biotech, Goettingen, Germany) weea used to concentrate protein content by
centrifugation at 3,400 rpm and 4 °C (Varifuge, &trs, Hanau, Germany). Finally, PEG-FGF-2
was dialyzed (Slide-A-Lyzer Mini Dialysis Device,WICO 10,00@/mol, Thermo Fisher
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Scientific, Rockford, USA) against PBS buffer (pH)7for 24 h at 4C and the yielded PEG-FGF-
2 was stored at 2—8 °C until further use.

In order to optimize PEGylation reaction to moretpm protecting conditions, different
temperatures (4 °C/15 °C/25 °C) and times (1 h32hiM h) were tested for PEGylation. At all
three temperatures PEGylation took place to a coaymdegree. Hence, all further reactions were
performed at 4 °C to save FGF-2 activity.

Unfortunately, the 8Da PEG appeared to be too short for purificatienAkta system as well as
quantification via HPLC. As a result, a 10 kDa iadetamido-PEG-alkyne (10,267 g/mol, Rapp
Polymere, Tuebingen, Germany) and a 10 kDa iodghB&G-amine (10,000 g/mol, Nanocs, New
York, NY, USA) were used for FGF-2 PEGylation £tC} respectively, as described above
(Scheme 3.
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Scheme 4Regiospecific PEGylation of FGF-2 with 10 kDa PE&abing (A) alkyne and (B) amine
functionality. (PEG)Number indicates the numbeettfylene glycol monomer units. PDB code
FGF-2=1BLD. Adapted from [87], Copyright (2014), with peission from Elsevier.

4.2.2.3 Characterization of PEG-FGF-2

4.2.2.3.1 SDS-PAGE

Purified PEGylated FGF-2 was analyzed by SDS-PAGd#yais under reduced conditions as
described before [158] with slight modificationu§ sample were loaded per lane. Gels were
stained with Coomassie Brilliant Blue and phototpegpusing FluorChem FC2 imaging system
(Protein Simple, Santa Clara, CA, USA).
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4.2.2.3.2 MALDI-TOF mass spectrometry (MALDI-TOF MS)
MALDI-TOF MS spectra of desalted PEG-FGF-2 as wasIFGF-2 samples were obtained

according to the procedure described before (4)1.4.

4.2.2.3.3 Reversed-phase high performance liquid chromatograpy (RP-HPLC)

10 kDa PEG-FGF-2 was characterized with RP-HPLC R/Mitachi LaChromUIltraTM HPLC
system equipped with a diode array detector) aizalysng Zorbax Eclipse XDB-C18 column
(4.6x 150mm, particle size =5 um, Agilent Technologies,td8a@lara, CA) at 51 °C. Mobile
phases comprised two eluents. Eluent A consist@dléb TFA in ultrapure water and eluent B
was 0.1 % TFA in ACN. For separation of FGF-2 aesFFGF-2 a gradient of 30—60 % eluent B
in 12 minutes was used with a flow rate of @5min. 90uL sample were injected per run. FGF-2

was detected at 214 nm.

4.2.2.3.4 Fluorescence spectroscopy

In order to investigate correct folding of FGF-2eafPEGylation (10 kDa PEG), a fluorescence
spectrum was assessed with a LS-50B luminesceectrgmeter (Perkin Elmer, Waltham, MA,
USA) using a quartz cuvette (pathlength 10 mm).it&xon was set to 280 nm with 10 nm slit
width and a scan speed of 240 nm/min. The emispentrum was recorded of a 0.2 mg/mL
sample solution in PBS buffer. Unfolding of nat"8F-2 was evoked by 10 minutes incubation
with a guanidinium hydrochloride solution with adi concentration of 6 M at 90 °C. Finally,
fluorescence emission was recorded of a 0.02 mg/@nhple solution as described above.

Emission spectrum of PBS buffer was used for baselorrection.

4.2.2.3.5 Differential scanning fluorimetry (DSF)
Differential scanning fluorimetry (DSF) was perfardiaccording to the procedure described
before (4.1.4.11) in order to detect the unfoldiegpperature of FGF-2 and 10 kDa PEG-FGF-2.

Samples were diluted to a final concentration &frag/mL protein in PBS buffer.

4.2.2.3.6 WST-1 assay
The murine fibroblast cell line NIH 3T3 (ATCCGCRL-1658™, Rockville, MD, USA) [159] was
used to assess bioactivity of PEGylated FGF-2 sGedire cultured in high glucose Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10fétal calf serum (FCS), 100 U/mL
penicillin and 100 pg/mL streptomycin (growth medju 1,000 cells per well were plated in
96-well clear tissue culture plates in growth mediand incubated at 37 °C and 5 % C@Bfter
24h medium was changed to assay medium (high gluobdeM supplemented with 0.5 % FCS,
0.5 % BSA, 100 U/mL penicillin and 100 pg/mL sti@ptycin) and incubated at 37 °C and 5 %
CQO; again. Dilution series of FGF-2 references weepared in assay medium with concentrations
from 3.2—-0.0016 pg/mL and added to the cells aftielitional 18 h. For PEG-FGF-2 samples
dilution series were started with 12.8 pg/mL. @edlliferation was stimulated for 48 h at 37 °C
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and 5 % CQ@ A water soluble tetrazolium salt reagent (WSB-[3-(4-lodophenyl)-2-(4-nitro-
phenyl)-2H-5-tetrazolio]-1,3-benzene disulfonakRoche Diagnostics GmbH, Mannheim,
Germany) was used to quantify cell proliferatioecpophotometrically. 10 pL WST-1 reagent
were added per well and incubated for 4 h at 3art€5 % CQ@ Absorbance was measured at

450nm using Spectramax 250 microplate reader (Moledsvices, Sunnyvale, CA, USA).

4.2.2.3.7 Phosphorylated ERK 1/2 (pERK 1/2)

FGF-2 activates mitogen-activated protein kinas&f¥) pathways [160]. FGF-2 stimulation of
MAPK activation after PEGylation was investigatethnERK phosphorylation, an effector kinase
of the MAPK pathway. Therefore, NIH 3T3 cells werdtured in high glucose Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10fétal calf serum (FCS), 100 U/mL
penicillin and 100 pg/mL streptomycin (growth medju 75,000 cells per well were plated in
6-well clear tissue culture plates in growth medama incubated at 37 °C and 5 % C#@fter 18h
medium was changed to assay medium (high glucoseNdsupplemented with 0.5 % FCS,
100U/mL penicillin and 100 pg/mL streptomycin) andubated at 37 °C and 5 % g@gain.

After additional 18 h cells were treated with PE&igtl FGF-2 samples as well as FGF-2 as
references at final concentrations of 100 ng/mL Hhag/mL for 25 minutes at 37 °C and 5 %
CQ.. After stimulation, cells were washed thoroughiyhvice-cold PBS and lysed using M-PER
Mammalian Protein Extraction Reagent (Thermo FiSwentific, Rockford, USA). Total cellular
proteins were collected by centrifugation at 12,60 for 20 minutes at 4 °C (Centrifuge Sigma
3K12, Osterode am Harz, Germany) and analyzed lsyeneblot analysis. Therefore, cell lysates
were mixed with reducing SDS sample buffer andéaiaoin a 12 % tris-glycine SDS-
polyacrylamide gel after 5 minutes heating at 9@8®utlined before [158]. After electrophoresis
the fixed proteins on the gel were blotted ontati@cellulose membrane under wet conditions
using an electric field vertical to the surfacelw gel (80 V for ). A sterile filtered solution of
5% BSA in TBST buffer was used for membrane blocKomg©0 minutes at room temperature in
order to reduce unspecific binding of the antibedihospho p44/42 MAPK rabbit monoclonal
antibody (Cell Signaling Technology, Beverly, MASH) diluted 1:1,000 in TBST buffer was
used as primary antibody and an anti-rabbit IgG HiRlked secondary antibody (Cell Signaling
Technology, Beverly, MA, USA) diluted 1:5,000 in $B buffer was used for detection. Between
all steps the membrane was washed thoroughly v@®&TTbuffer for 5 to 10 minutes. Peroxidase
signals were detected with SuperSignalest Pico Chemiluminescence Substrate (ThermaFish
Scientific, Rockford, USA) and photographed onfherChem FC2 imaging system (Protein
Simple, Santa Clara, CA, USA). After finishing detten of phosphorylated ERK/2, blots were
stripped with Mercapto-Strip-Buffer for 2 h at 80, followed by excessive washing of the blots
with distilled water. Subsequently, ERK 1/2 detectivas performed using p44/42 MAPK (ERK
1/2) rabbit mAB (Cell Signaling Technology, BeverA, USA) as primary antibody (diluted
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1:1,000 in TBST buffer supplemented with 5 % BSAJl@an anti-rabbit IgG HRP-linked
secondary antibody (Cell Signaling Technology, BsyeviA, USA) diluted 1:3,000 in TBST

buffer for detection according to the same procedur

4.2.2.4 Synthesis of SF-PEG-FGF-2 conjugates in solution

4.2.2.4.1 Click chemistry

SF-alkyne-PEG-FGF-2 conjugates were synthesizddrp@ng copper catalyzed Huisgen 1,3-
dipolar cycloaddition of alkyne-PEG-FGF-2 (3 kDa®Ewith azido-SF $cheme 5A. In brief,
alkyne-PEG-FGF-2 (2 alkyne groups per molecule)tgmi and 1 % azido-SF solution (2.8 azido
groups per molecule) were mixed in a 1:1.4 molao rgith 0.2mM sodium ascorbate, 0.1 mM
copper sulfate and 0.02 mM TBTA in aqueous solusibneutral pH and incubated at 4 °C. After
24 h, EDTA was added with a final concentratiod oM to stop click reaction by building a
complex with copper ions. Subsequently, the satutias dialyzed (Slide-A-Lyzer Mini Dialysis
Device, MWCO 10 kDa, Thermo Fisher Scientific, Rimcl, USA) against ultrapure water. In
addition, negative controls were prepared in theesevay, but the copper sulfate solution was
replaced by ultrapure water. As further controboary-PEG-FGF-2-PEG was used instead of

alkyne-PEG-FGF-2 while all other reaction condi@amained unchanged.

4.2.2.4.2 EDC/NHS chemistry

SF-COOH-PEG-FGF-2 conjugates were synthesized peirig EDC/NHS chemistry with
carboxy-PEG-FGF-2 (3 kDa PEG) and native SEheme 5B. Native SF and carboxy-PEG-
FGF-2 in MES buffer (0.M MES, 0.5 M sodium chloride, pH 6) were mixed i:4.4 molar ratio
with 3 mM EDC and 6nM NHS and incubated at 4 °C. Afteh4the reaction mixture was

dialyzed (Slide-A-Lyzer Mini Dialysis Device, MWC®@0 kDa, Thermo Fisher Scientific,

Rockford, USA) against ultrapure water. Additiogalegative controls were prepared in the same
way but MES buffer (0.1 M MES, 0.5 M sodium chlajgH 6) was used instead of EDC as well
as NHS solution. As further control alkyne-PEG-F&tas used instead of carboxy-PEG-FGF-2

while all other conditions remained unchanged.
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Scheme 5Reaction scheme detailing the synthesis of SF-F@&rugates via (A) click and via (B)
EDC/NHS chemistry. (PEG)Number indicates the nunabethylene glycol monomer units. PDB code
FGF-2 = 1BLD. Reprinted from [87], Copyright (2014)ith permission from Elsevier.

4.2.2.5 Characterization of SF-PEG-FGF-2 conjugates

4.2.2.5.1 Western blot

Western blot analysis was performed to visualizd*&6-FGF-2 conjugates. Therefore, 2@0of
each SF-PEG-FGF-2 conjugate and native FGF-2 aserefe were mixed with reducing SDS
sample buffer and loaded per lane on a 12 % tyisigt SDS-polyacrylamide gel. The proteins
fixed on the gel were transferred to a nitrocebelonembrane under wet conditions using an
electric field vertical to the surface of the g&0 (v for 3h). Unspecific binding of the antibody was
reduced by blocking the membrane with 3 % (w/vhskilk powder in PBS buffer for 1 hour at
room temperature under gently shaking before inmobavith 1 pg/mL anti-FGF-2 primary
monoclonal antibody, clone bFM-2 (Merck Millipof@armstadt, Germany) in® (w/v) skin milk
powder in PBS buffer overnight at 4 °C under shgkBubsequently, the membrane was washed
three times with 0.2 % (w/v) TweB&0 in PBS and three times with PBS for 15 min edtien,

the membrane was incubatedh a secondary peroxidase-conjugated anti-mogiSeantibody
(Sigma Aldrich, St. Louis, MO, USA), diluted 1:2@0n 3 % (w/v) skin milk powder in PBS
buffer. After additional washing steps, peroxidsigmals were detected with SuperSi§rialest
Pico Chemiluminescence Substrate (Thermo Fishengftc, Rockford, USA) and pictures were

taken on the FluorChem FC2 imaging system (Pr@emnple, Santa Clara, CA, USA).

4.2.2.5.2 WST-1 assay

WST-1 proliferation assay was performed accordmggprocedure described above (4.2.2.3.6) with
slight modification. 2,000 cells per well were seedan 96-well clear tissue culture plates in growth
medium. Dilution series of 3 kDa PEG-FGF-2, SF-PE&-2 conjugates and FGF-2 references
were prepared in assay medium and added to theeattdl additional 24 h with final

concentrations from 1,600 — 0.0031 ng/mL. 20 pL \WISEagent were added per well for

quantification.
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4.2.2.6 FGF-2 immobilization on beads

4.2.2.6.1 Decoration of beads with functional groups

SF microspheres decoration with azido groups

100 pL Polystyrene (PS) microspheres (4 um) wenghated in 1 mL of an aqueous
polyethylenimine solution (PEI, 0.5 mg/mL). Aftes ininutes the PEI solution was removed by
centrifugation with 1,000 g at 4 °C for 2 minut&e(trifuge Sigma 3K12, Osterode am Harz,
Germany), the microspheres were washed twice ithpure water and resuspended in 1 mL SF
(1 mg/mL) or azido-SF (1.3 mg/mL), respectivelybSequently, the microspheres were shaken for
10 minutes at 1,000 rpm at 4 °C (Eppendorf ThermmemComfort, Hamburg, Germany) and then
washed twice with ultrapure water after removingsBkition by centrifugation. In order to induce
B-sheet formation, the resulting SF-coated PS mptrexes were immersed in 90 % methanol and
shaken at 1,000 rpm for 15 minutes at 4 °C. Fin#ily SF-coated PS microspheres were dried by
a flow of nitrogen gas for about 5 minutes (Zymatkbovap LV Evaporator, Allschwil,

Switzerland). According to this method, four layefsSF and two layers of azido-SF were coated.

NHS-activated sepharose beads decoration with azigoups

NHS-activated sepharose beads (NHS-activated Segdad Fast flow; 20 pmol NHS/mL
drained medium; bead structure: highly cross-linkéd agarose, spherical; mean particle size:
90pum, particle size range: 45-165 um; GE Healthddtmich, Germany) were washed with 15
medium volumes of cold 1 mM hydrochloric acid imnizely before use. The beads were then
modified with 11-azido-3,6,9-trioxaundecan-1-am{@&8.25 g/mol, Aldrich, St. Louis, MO, USA)
in 1:1 or 1:5 molar ratio in PBS buffer at pH 7ot 2 hours at room temperature with gentle
shaking on a roll shaker. Non-reacted carboxyl gsoon the beads were blocked with a solution
containing 0.5 M ethanolamine and 0.5 M sodium ctéo(pH 8.3) for 30 minutes at room

temperature on a roll shaker. Subsequently, beads washed thoroughly with PBS buffer.

PMMA beads decoration with azido or carboxyl groups

Carboxylated poly(methyl methacrylate) (PMMA) be@l$ pum; 8.3 pmol COOH/g; PolyAn,
Berlin, Germany) were resuspended in MES buffer 0. MES, 0.5 M sodium chloride, pH 6).
EDC (3 mM), NHS (6 mM) and 11-azido-3,6,9-trioxaendn-1-amine (218.25 g/mol, Aldrich, St.
Louis, MO, USA) for click reaction or carboxy-PE@mine (265.3 g/mol) (Thermo Fisher
Scientific, Rockford, USA) for EDC/NHS chemistry meegiven to 50 pL of the bead suspension.
The mixture was briefly vortexed and then mixeddiling at room temperature for 2 hours. In
order to finish the coupling reaction, the beadsavtkoroughly washed for three times with TBST
buffer (20 mM Tris, 150 mM sodium chloride, 0.1 %vder? 20, pH 7.4) and three times with
phosphate buffer with high salt concentration (12 phosphate, 1.5 M sodium chloride, pH 7.4).
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4.2.2.6.2 Evaluation of presence of azido groups

The presence of azido groups on the bead surfaseeavdied by clicking Acetylene-Fluor 488
(587.62 g/mol) to the modified beads via click cistrg. Therefore, 50 pL copper sulfate solution
(final concentration 0.1 mM) in PBS was mixed wsth uL TBTA solution (final concentration
0.5mM) in DMSOftert. butanol (1:4), 50 pL bead suspemsnd 50 pL Acetylene Fluor 488
solution (final concentration 0.34M) were added and mixed. Finally, 50 pL sodiunoasate
solution (final concentration 5 mM) in PBS buffeasvadded to the reaction and gently mixed for
1.5 hours at room temperature on a roll shakeck@éaction was stopped by adding EDTA
solution to a final concentration of 1 mM to comptmpper ions. After 5 minutes gently shaking,
beads were washed three times with a high saleb(®2 mM phosphate, 1.5 M sodium chloride,
pH 7.4) and three times with TBST buffer in orderémove unbound Acetylene Fluor 488.
Finally, the beads were resuspended in PBS bufigiaaalyzed using inverted epifluorescence

microscope Axio Observer Z1 (Zeiss, Oberkochenr@er).

4.2.2.6.3 Immobilization of FGF-2 on beads via click or EDC/NHS chemistry

50 uL azide modified beads were coupled with 48PBGylated FGF-2 via click chemistry as
described above (4.2.2.6.3¢heme 64, and 50 pL carboxylated beads were resuspenddé
buffer (0.1 M MES, 0.5 M sodium chloride, pH 6) bef EDC (3 mM) and NHS (6 mM) were
added to activate carboxyl groups on the beadsr Aftout 15 minutes of incubation, beads were
washed with MES buffer to remove unbound couplieggents and PEGylated FGF-2 was added
(Scheme 6B. The EDC/NHS reaction mixture was briefly vortdxand then mixed by rolling at
room temperature for 2 hours. Finally, beads weash&d three times with TBST buffer to stop
reaction and three times with a high salt buff@ fiM phosphate, 1.5 M sodium chloride, pH 7.4)

in order to remove unbound FGF-2.
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Scheme 6Reaction schemes detailing the immobilization ofFF&on (A) azide modified and (B)
carboxylated beads. (PEG)Number indicates the nuoflethylene glycol monomer units. PDB code
FGF-2= 1BLD.

48



MATERIALS AND METHODS

Unfortunately, non-specific binding of PEGylated =& as well as native FGF-2 to the beads was
observed for each bead material. Non-specific bimaif the primary as well as the secondary
FGF-2 antibody was excluded. Several modificatioithe procedure were tried to optimize the
immobilization reaction and to avoid non-specifioding of FGF-2. On the one hand, the beads
were incubated in TBST buffer supplemented with BS# for 1hour at room temperature under
gently shaking, and on the other hand, the beads steelded with a EDa amino-PEG-azide
(4,790 g/mol; Rapp Polymere, Tuebingen, Germarsteed of the 20Da PEG. Furthermore, the
coupling reactions were performed at different @ties (0.1 M MES, M sodium chloride, pH
4.5/0.1 M MES, M sodium chloride, pH 6 /0.1 M boric acidMLsodium chloride, pH 9.0) or
under high salt conditions (12 mM phosphate, 1.8ddium chloride, pH 7.4).

4.2.2.7 Characterization of FGF-2 loaded beads

4.2.2.7.1 Fluorescence imaging and flow cytometry

Beads were incubated with a mouse monoclonal 8- primary antibody (clone bFM-2,
Merck Millipore, Darmstadt, Germany) and subsedyenith a secondary Alexa FIud#88
conjugated anti-mouse IgG antibody (Thermo Fistuéer8ific, Rockford, USA) prior analysis.
Fluorescence imaging was done with an inverteduspiéscence microscope Axio Observer Z1
equipped with a HXP120C lamp, an AxioCam MRm canaeré a Plan-Apochromat 40x/0.95
objective (Zeiss, Oberkochen, Germany). Images warerded using fluorescence excitation at
A= 450-490 nm, dichroic beam splittefAat 495 nm and emission &t 500-550 nm. Flow
cytometry was performed with a FACS Calibur sys{&ecton Dickinson, Franklin Lakes, NY,
USA). A 488 nm argon-ion laser was used for exaitand the emission channel FL2 (530 nm)
was used for detection. 5,000 beads were analyitaBR CellQuestTM Pro and all data were

evaluated using Flowing Software (Version 2.5.IrktiuBioimaging, Turku, Finland).

4.2.2.7.2 Bioactivity of immobilized FGF-2

Bioactivity of coupled FGF-2 was assessed via WFdliferation assay (4.2.2.3.6) as well as the
investigation of ERK 1/2 phosphorylation (4.2.2)3a¢cording the procedures described above.
For WST-1 proliferation assay 5 pL bead suspensiere added to each well. In order to asses
ERK phosphorylation, NIH 3T3 cells were stimulateith 10 pL bead suspension per well and
references FGF-2 and 10 kDa PEGylated FGF-2 weatedadith a final concentration of H@/mL

or 30ng/mL.
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4.2.3 Introduction of a non-natural amino acid into IGF-I

4.2.3.1 Synthesis of propargyl-L-lysine (plk)

Plk was prepared as described before [95]. 13 nidootLys-OH ((tert-butyloxycarbonyl)-
protected L-lysine; Merck, Darmstadt, Germany) waissolved in a mixture of 30 mL 1 M
sodium hydroxide and 30 mL tetrahydrofuran. Theisoh was cooled to 0 °C in an ice-bath
before 10 mmol propargylcholoroformate were addegwaise over 5 min under stirring. After
removing the ice bath, the solution was stirredroigit at room temperature. The next day, the
solution was cooled to 0 °C and the aqueous phasemaished with 150 mL ice-cold diethylether
in a separating funnel. The organic phase was séxh@nd the aqueous phase was acidified with
150 mL ice-cold 1 M hydrochloric acid. The aciddisolution was then extracted twice with
150mL ice-cold ethyl acetate in a separating funnebsequently, the organic layers were
combined and dried with magnesium sulfate. AfteniButes stirring at room temperature, the
magnesium sulfate was filtered off and the solvead removed using a rotary evaporator (Hei-
VAP-Precision, Heidolph, Schwabach, Germany). Emaining Boc-protected plk was then
dissolved in 26 mL dry dichloromethane, 26 mL triftoacetic acid were added dropwise and the
solution was stirred for our at room temperature before evaporating theeablwith a rotary
evaporator again. Plk was precipitated by additibR00 mL diethylether to the residue, filtered
off and dried in a vacuum dryer (KVTS 22, Salvis| Riotkreuz, Schweiz). NMR analysis was

done in order to verify the synthesized product.

4.2.3.2 Nuclear Magnetic Resonance spectroscopy (NMR)

NMR measurements were recorded on a Bruker Avdhd®0 MHz spectrometer (Bruker
BioSpin, Karlsruhe, Germany) and the data weregssed with the TopSpin 3.0 software from
Bruker. About 15 mg of the product were weighed standard 5 mm NMR tube (ST500; Norell,
Landisville, USA) and dissolved in 800 uL deutedateater (RO, 99.9 % D; Deutero GmbH,
Kastellaun, Germany) and the spectra were refedatuctne residual solvent signal of@
(4.79ppm) [161].

4.2.3.3 DNA Sequence of IGF-I

The human cDNA of IGF-I was cloned into pCMV6-XLédator using a linker-based strategy,
EcoR I on the 5" and Xho | on the 3’ end of theemnsThis human cDNA clone consisted of
5,181bp and was purchased from Origene (Herford, Gerindilne DNA sequence of IGF-I
(supplementary information) was modified by site-directed mutagenesis in otdéncorporate
the amber stop codon (TAG) at lysine 65. That m@astsone point mutation from AAG to TAG
was necessary. Additionally, a recognition sequ&fcke restriction enzyme Ndel (5’'CATATG)
was inserted at the 5'-terminus and the recogngegquence of BamHI (5’GGATCC) was inserted

at the 3’-terminus:
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4.2.3.4 Primer design

In order to incorporate point mutation by cyclictagenesis, two mutagenic primer without
restriction sites and start/stop codons were desigmd ordered (forward mutagenic primer:
5'GTATTGCGCA CCCCTTAGC CTGCCAAGTC AGCTCG 3/, reverse mutagenic primer:

5' CGAGCT GACTTGGCAG €TAGAGGGG TGCGCAATAC 3‘amber stop codon
Invitrogen, Karlsruhe, Germany).

For subsequent insertion of restriction sites (NBaimHI) as well as start/stop codons by PCR of
the mutated gene, a universal and an additionageuic primer were designed and ordered
(forward primer Ndel: 5 CAAGAACAR TGGGACCGGA GACGCTCTGC 3, reverse primer
BamHI: 5 CAAGAAGGAT CCITAAGCTG ACTTGGCAGGCTAG 3, amber stop codon

restriction sitestart/stop codonlnvitrogen, Karlsruhe, Germany).

4.2.3.5 Mutagenesis

Site-directed mutagenesis by polymerase chainioeaCR) was performed according the
procedure of the Stratagene’s QuikChd&tgige-Directed Mutagenesis Kit (La Jolla, CA, USA) i
order to insert point mutation. PCR was carriedusing supercoiled double-stranded DNA
(PCMV6-XL4 vector containing IGF-1 cDNA) as tempéatvith a pair of mutagenic primers, each

complementary to opposite strands of the vediable 9).

1. PCR
Reactants Volume [uL] Temperature Time Cycles
ddH0 37 95 °C 30 sec
10x buffer (Promega 5 95 °C 30 sec
dNTP Mix 10 mM 1 55°C 1 min 16
fw. mut. Primer 5 uM 2.5 68 °C| 10 min 22 sec
rev. mut. Primer 5 uM 2.5 4°C
IGF-1 cDNA 5 ng/uL 1
Pfu Polymerase 1

Table 9: Reaction mixture and cycling conditions of tHePICR.

Digestion with Dpnl

Parental supercoiled dsDNA was digested with 1 phlDestriction enzyme (10 U/uL). Reaction
was thoroughly mixed, spun down in a microcentiéfagd incubated for 1 hour at 37 °C followed
by 20 minutes at 80 °C.

Purification of Dpnl digested PCR products
Dpnl digested PCR products were purified with QlA#UPCR purification Kit (Qiagen, Hilden,
Germany). 200 pL buffer PB were added to 40 puL B&Rple and mixed thoroughly. A

QIAquick spin column was placed in a 2 mL collenttabe. The PCR sample was applied on the
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column in order to bind DNA and incubated for 1 otgn Subsequently, the column and the
collection tube were centrifuged at 13,000 rpmIfeninute and the flow-through was discarded.
The column was washed with 750 pL buffer PE andirdeged twice at 13,000 rpm for 1 minute,
discarding the flow-through in between. QIAquickwun was placed in a clean 1.5 mL
microcentrifuge tube and DNA was eluted by addivd30 pL nuclease-free water to the center of
the membrane. After hinute incubation at room temperature, DNA waseelliy centrifugation

for 1 minute at 13,000 rpm. DNA was quantified waif Infinite® 200 NanoQuant (Tecan,
Maennedorf, Switzerland) at 26@n, analyzed on an agarose gel as described belbstared

at -20 °C.

2. PCR

A second PCR was performed to incorporate resirictites Ndel and BamHI as well as a start
codon. The two primers flanked the mutated IGFgussce in order to finally cut the insert of
interest. The forward primer contained the Ndeusegpe and the ATG start codon which serves as
ATG codon for the N-terminal methionine residuenad. The reverse primer contained the

BamHI sequence as well as the amber stop cotiaini€ 10).

Reactants Volume [pul] Temperature Time  Cycles
ddH.O 32 95°C| 1min
10x buffer (Promega 5 95°C| 30sec
dNTP Mix 10 mM 1 59 °C| 1 min 35
fw. Primer Ndel 5 uM 5 72°C| 2min
rev. Primer BamHI 5 uM 5 72°C| 5min
1. PCR product 8.4 ng/uL 1 4°C
or IGF-I cDNA 5 ng/uL
Pfu Polymerase 1

Table 10: Reaction mixture and cycling conditions of tHé RCR.

PCR products were purified with QIAquick PCR pudiion Kit as described above, quantified at
260 nm using Infinit& 200 NanoQuant (Tecan, Maennedorf, Switzerlandjlyaed on an agarose

gel as described below and stored at -20 °C.

Agarose gel electrophoresis

DNA fragments were separated by length using agagekelectrophoresis. Therefore, 0.35 g
agarose powder were dispersed in 50 mL TAE bufidrdissolved under heating to get a 0.7 %
agarose gel. gL ethidium bromide were added before the agarokgig was poured into the gel
cast. Finally, a gel comb was placed in the caftrim wells for sample loading. Samples were
mixed with 6x Gel Loading Buffer (Orange; Jena Biesce, Jena, Germany) and subsequently
loaded into the wells of the agarose gel. A GeneRukb DNA Ladder (250-10,000 bp), a
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GeneRuler™ Ladder Mix (100-10,000 bp) and a Ger&Rul100 bp Plus DNA Ladder (100—
3,000 bp) (Thermo Fisher Scientific, Braunschw&grmany) were used. The gel was run at
300mA, 80 V, 50 W until sufficient separation of th&B ladder.

4.2.3.6 Subcloning
The modified IGF-I insert obtained by site-directadtagenesis of pPCMV6-XL4 vector and the
pET11a vector (kind gift of M.Rubini, Konstanz, Gemy) were digested simultaneously with the

restriction enzymes BamHI as well as Ndel for 4rsat 37 °C Table 11).

Reactants Volume [uL] Reactants Volume [uL]
ddH.0 4 ddHO 3.1
NEBuffer 3 2 NEBuffer 3 2
BSA 0.2 BSA 0.2
pET11a vector (4 pg 11.8 2. PCR product (3 pg) 12.7
BamHI 1 BamHI 1
Ndel 1 Ndel 1

Table 11: Reaction mixtures of pET11a vector and IGF-I insigestion with BamHI and Ndel.

In order to prevent self-ligation, the digested pEa vector was dephosphorylated with antarctic
phosphatase. Therefore, 1.5 uL d@12.5 pL antarctic phosphatase buffer and 1 paratit
phosphatase (New England BioLabs GmbH, Frankfietiany) were added and the reaction was
incubated for 15 minutes at 37 °C and 5 minut&5aiC.

The obtained fragments were analyzed using aggelsdectrophoresis. Therefore, a 0.7 %
agarose gel was prepared as described above. ARGlEm&" 1 kp Plus DNA Ladder (75—
20,000bp) (Thermo Fisher Scientific, Braunschweig, Gerypamas used. The gel was run at
300mA, 80 V and 50 W until sufficient separation oé thNA ladder. The yielded fragments were
cut out and purified using GeneJET Gel Extraction(Rhermo Fisher Scientific, Rockford, USA)
according to manufacturer’s instruction. After qiilging DNA of the purified fragments, ligation
between the modified IGF-I insert and the pET1latarewas performed with different molar

ratios by the use of DNA ligase.
Calculation of required insert and vector volumesifligation
Molar ratio insert/vector 3:1:

8.5 uL / ((40.5 ng/uL vector - 0.25 kb insert / 30.25 ng/uL insert - 5.637 kb vector) + 1)
=6.7uL vector
85 UL —6.7 uL = 1.8 pL insert
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Molar ratio insert/vector 5:1:

8.5 UL / ((35 ng/uL vector - 0.25 kb insert - 886 ng/uL insert - 5.637 kb vector) + 1)
= 6.5 uL vector
85 uL - 6.5puL =2 pL insert

Molar ratio insert/vector 3:1: Molar ratio insert/vector 5:1:
Reactants Volume [uL] Reactants Volume [uL]
IGF-I 20.25 ng/uL 1.8 IGF-I 26 ng/uL 2
pET11a vector 40.5 ng/ulL 6.7 pET11a vector 35 ng/uL 6.5
10x T4 DNA Ligase buffe 1 10x T4 DNA Ligase buffe 1
T4 DNA Ligase 0.5 T4 DNA Ligase 0.5

Table 12: Reaction mixtures for pET11a vector and IGF-I in€A ligation with different molar ratios of
insert/vector (3:1; 5:1).

Vector and insert DNA were transferred to a plasaction tube and heated to 45 °C for 5 minutes
to melt any reannealed cohesive termini. After @bsads incubation on ice, T4 DNA Ligase
buffer and T4 DNA Ligase were addethple 12. The reaction was mixed thoroughly and
incubated at 22 °C fortours. Subsequently, the ligation products wemsframed into
competenk. colicells (DH®) to amplify the plasmid DNA. Therefore, pl of DH5a cells were
thawed on ice for 5 minutes before adding 5 plhefligation reaction. The vial was mixed gently
by tapping and incubated on ice for 30 minutes. déils were heat shocked in a water bath at
42°C for 60seconds and then placed on ice for 5 minutes. Wétets, 25QL SOC medium were
warmed to 37 °C, added and the vial was incubéat8d &C for 1 hour at 300 rpm. 20 of the
transformation reaction were spread on agar ptatetaining ampicillin (100 pg/mL) and the
plates were incubated at 37 °C overnight. On thx d&y, three single colonies were selected from
the agar plate and each colony was transferrecbima liquid Lysogeny Broth (LB) medium with
100pg/mL ampicillin. The bacterial cultures were inatdd at 37 °C in a shaking incubator
overnight. Plasmid DNA was purified by the use efch¢oSpif? Plasmid DNA Purification

System (Macherey-Nagel, Dueren, Germany) accotdimganufacturer’s instruction. After
performing minipreparation, DNA was quantified bgasuring absorbance at 260 nm using

NanoDrop and sent to Eurofin Genomics (Ebersbeegmany) for sequencing.

4.2.3.7 Cotransformation

Cotransformation of the verified pET11a/TAG-IGFagmid containing ampicillin resistance gene
and the pRSFduet plasmid (kind gift of M. Rubingristanz, Germany) containing kanamycin
resistance gene int. coliBL21(DE3) as well as ArcticExpress(DE3) cells wasformed.
Therefore, 5QL of competent BL21(DES3) cells were thawed on melf0 minutes before adding

250 ng DNA of each plasmid. The vial was mixed beloy tapping and incubated on ice for
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30minutes. The cells were heat shocked in a watérdta42 °C for 50 seconds and then placed on
ice for 5 minutes. Afterwards, 3@ SOC medium were warmed to 37 °C, added and tievas
incubated at 37 °C for 1 hour at 300 rpm. 20M0f the transformation reaction were spread on
agar plates containing carbenicillin and kanamyeid the plates were incubated at 37 °C
overnight. On the next day, one single colony vascted from the agar plate, transferred into LB
medium with 100 pg/mL ampicillin and 34 pg/mL kanam and cultured overnight at 37 °Cin a
shaking incubator (Sanyo-Gallenkamp, Loughborotfsitted Kingdom) at 180 rpm. After

16hours the bacterial culture was centrifuged at /@ 2,000 rpm for 5 minutes (Allegta-

15R, Beckman Coulter, Brea, CA, USA). The yieldetgt was resuspended in Ik LB

glycerol medium and frozen in a cryovial at -80(gG/cerol stock).

The cotransformation of the verified pET11a/TAG-H5Blasmid containing ampicillin resistance
gene and the pRSFduet plasmid containing kananngsigtance gene int. coli
ArcticExpress(DE3) cells was performed as describe@L21(DE3) cells with slight

modification. 0.85 pL 1.42 N3-mercaptoethanol were added to the cells beforaddéion of the
vectors to increase transformation efficiency. Tibat pulse at 42 °C was decreased to 25 seconds
to increase efficiency as well and SOC medium wabgnated to 42 °C. In order to select for the
cpn10/cpn60 chaperonin expression plasmid befahection, 20 pg/mL gentamycin were added to

the overnight culture supplementary to carbenicaind kanamycin.

4.2.3.8 Protein expression

Protein expression in BL21(DE3) cells was perforrime@B medium (Terrific Broth) containing
100 pg/mL carbenicillin and 34 pg/mL kanamycin. Mlplk were added at an Qg of 0.3-0.4

and expression media was inoculated with overrdghtire (1:100 dilution) and the cells were
grown at 37 °C at 19pm. At ODsoo = 0.6—0.8 IPTG was added with a final concentratib

1 mM to induce protein expression. After 24 hoursregpion, cells were harvested by
centrifugation for 20 minutes at 4,750 rpm (All€g¥15R, Beckman Coulter, Brea, CA, USA)
and stored at -80 °C until further usage.

The protein expression method was modified by vayyhe temperature (20 °C /30 °C/ 37 °C),
the medium (LB or TB) and the duration of expressiatil a maximum of 24 hours as well as the
plk concentration (1-30 mM). Finally, even anotbelt line, ArcticExpress(DE3), was used.
Protein expression in ArcticExpress(DE3) cells wase in TB medium without selection
antibiotics. Expression medium was inoculated withrnight culture (1:100 dilution) and the cells
were grown at 30 °C at 225 rpm. At @p= 0.3-0.4 15 mM plk were added and ats@B 0.6—

0.8 the culture was equilibrated to 12 °C beforEGRvas added to a final concentration of 1 mM
to induce protein expression. After 24 hours exgiagsat 180 rpm, cells were harvested by
centrifugation for 20 minutes at 4,750 rpm (All€g¥15R, Beckman Coulter, Brea, CA, USA)

and stored at -80 °C until further usage.
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4.2.3.9 Inclusion body purification

Inclusion body purification was done for proteiolegion using different methods [162],[163].
According to van Kimmenade et al. [162], the celllgt was resuspended in 30 mL Tris/HCI
buffer, pH 8 (50 mM Tris/HCI, 50 mM sodium chloridemM EDTA and 0.1 mM PMSF). The
suspended cells were disintegrated by ultrasonitgfix 1 min: 1 sec pulse, 0.8 sec pausé&\V75
with 2 min pause between cycles) and the resulyisgfe was centrifuged at 25,000 g for
15minutes (Beckman L8-70M Ultrazentrifuge, BeckmarulBar, Krefeld, Germany) at 4 °C. The
yielded pellet containing plk-IGF-I was resuspendatedris/HCI buffer pH 8 supplemented with
5M guanidine hydrochloride, 2 mM reduced and 0.2 otlized glutathione (9 mL buffer per
gram pellet). The suspension was incubated forut Abroom temperature and subsequently filled
up to the 10 fold volume with Tris/HCI buffer pHs8pplemented with &M reduced and 0.2 mM
oxidized glutathione but without PMSF. After 2.5uh® incubation at room temperature,
centrifugation was performed at 2,500 g for 15 rtésiat 4 °C to remove formed precipitates.
Finally, the supernatant was dialyzed against PEfh pH 7.4, at 4 °C with three buffer changes
in 24 hours. Formed precipitates were removed bjrifegation at 2,500 g for 15 minutes at 4 °C
and supernatant was concentrated using Vivagpi@entrifugal Concentrators (MWCO 5 kDa,
Sartorius Stedim Biotech, Goettingen, Germany)4@@rpm and 4 °C (Varifuge, Heraeus, Hanau,
Germany).

According to Wangsa-Wirawan et al. [163], the pelllet was resuspended in 50 mL 20 mM Tris
buffer, pH 8.5, with 50 mM sodium chloride and s@ated (6x 1 min: 1 sec pulse, 0.8 sec pause,
75W with 2 min pause between cycles) [163]. The wdldell lysate was centrifuged at
10,000rpm for 15 minutes at 4 °C, the resulting pelleswasuspended in 50 mL 20 mM Tris
buffer, pH 8, supplemented with 5 mM EDTA and 0%0Zw/v) lysozyme were added. After

3 hours incubation at room temperature, the suspengis centrifuged at 10,000 rpm for
15minutes at 4 °C and resuspended in 50 mL 20 mMbiuiter, pH 8, with 5 mM EDTA and 2 %
Triton X. Inclusion bodies were precipitated by ttingation at 10,000pm for 15 minutes at 4 °C
and washed twice with 50 mL 20 mM Tris buffer pi3.7.

4.2.3.10 SDS-PAGE

SDS-PAGE was performed to analyze cell samples efferession as well as inclusion body
purification according to the method of Laemmli4).6The stacking gel consisted of a 3.9 %
polyacrylamide gel pH 6.8 and the separating gesisbed of a 15 % polyacrylamide gel pH 8.8,
both adjusted by the use of Tris-HCI buffer. Thegkes were mixed with 6x reducing SDS
sample buffer before heating at 95 °C for 10 miguldhe denatured samples as well as a protein
ladder were loaded onto the gel (Bio-Rad Laborato@mbH, Minchen, Germany) and

electrophoresis was run at 120
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4.2.3.11 Western blot

Following SDS-PAGE, western blot was performeddentify IGF-I from the extracted protein
mixture. The proteins fixed on the polyacrylamid were transferred to a nitrocellulose
membrane under wet conditions using an electrid fiertical to the surface of the gel (80 V for

2 h). Unspecific binding of the antibody was redubgdlocking the membrane with 5 % (w/v)
skin milk powder in PBS buffer for 1 hour at rooemiperature under gently shaking before
incubation with 0.2 pg/mL polyclonal anti-IGF-I #&uady (produced in goat; Sigma Aldrich, St.
Louis, MO, USA) in 5 % (w/v) skin milk powder in FBbuffer overnight at 4 °C under shaking.
Subsequently, the membrane was washed three tiitle® & % (w/v) Tweefi20 in PBS and three
times with PBS for 15 minutes each. Then, the membivas incubatedith a secondary
peroxidase-conjugated anti-mouse IgG antibody (Siéudrich, St. Louis, MO, USA), diluted
1:2,000, in 5 % (w/v) skin milk powder in PBS bufféfter additional washing steps, peroxidase
signals were detected with SuperSi§nalest Pico Chemiluminescence Substrate (ThermaFish
Scientific, Rockford, USA) and pictures were takenthe FluorChem FC2 imaging system
(Protein Simple, Santa Clara, CA, USA).

4.2.3.12 In gel tryptic cleavage and mass spectrometry

For in-gel tryptic digestion protein samples wegpagated by SDS-PAGE again and visualized by
Coomassie Blue G250 (Thermo Fisher Scientific, Rmck USA) staining [165]. The appropriate
bands were cut and in-gel reduction with DTT arkylation with iodoacetamide were performed
prior tryptic cleavage as described previously [18&/]. The peptides eluted from polyacrylamide
matrix were desalted using Zip Fipipette tips (C18 resin, Millipore, Billerica, MAJSA)

according to the manufacturer’s instructioBabsequently, Electrospray lonization Mass
Spectrometry Analysis (ESI-MS) was performed oRBEX-1l FT-ICR mass spectrometer
(Bruker Daltonic GmbH, Bremen, Germany) equippethwai 7.4 T magnet and an Apollo ESI ion
source in positive mode. Therefore, the samples wgected with a speed of 2 pL/min directly
into the ESI ion source with a capillary voltagel6D V. The detection range of the mass
spectrometer was adjusted to 300—-2100 m/z. Eacitrepewas acquired by accumulation of 256
scans with a resolution of 256 K. Bruker Xmas safewvas utilized for evaluation in order to
deconvolute mass spectra to the single protonatetbrm and to select the monoisotopic signal

for mass determination.

4.2.4 Statistical analysis
All measurements were performed in triplicate factedata point, unless otherwise noted, and are
reported as meassstandard deviation (SD). Statistical significan@swalculated by paired

student’s t-test with a significance level of p.e5)
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4.3 Biofunctionalized implants for cartilage tissue enmeering

4.3.1 Preparation of aqueous SF solution

SF aqueous solution was prepared as describedraaith slight modifications [88, 153]. Cocoons
of the silkwormB. moriwere cut, boiled twice for 1 hour in a 0.02 M apu® sodium carbonate
solution and rinsed ten times with ultrapure wateremove the sericin. The dried SF fibers were
dissolved in an aqueous 9.3 M lithium bromide sotuait 60 °C for about 2 hours. The generated
SF solution was filtered through a 5 um syringeefi(Versapor, Pall Life Sciences, Washington,
NY) dialyzed against borate buffer (300 mM boriddad 50 mM sodium chloride, pBLO) for
24hours and against ultrapure water for another 48shwith five changes of water in SpectraPor
dialysis tubes (MWCO 6-8 kDa, Spectrum Labs, Rar@bminguez, CA), yielding a% (w/v)

SF solution. SF solution was stored at 2—8 °C.

4.3.2 Preparation of paraffin spheres

Paraffin spheres, which were prepared in an enmulsiocess using water, gelatin and solid
paraffin, were used as porogen for the preparati@F scaffolds as previously described with
modifications [144]. 4 g/L gelatin were dissolvedhot ultrapure water and mixed with melted
paraffin to obtain a final concentration of 200 gilhe emulsion was stirred at 1,4@dn for
10minutes. Paraffin spheres were obtained by castimgsion into stirred ice cold water. After 5
more minutes stirring the spheres were harvestddav100 pm sieve and washed several times
with cold ultrapure water. Fractions of 100-160 180—-315.4m and 315-710 um were collected
by sifting the dried paraffin spheres through ssewséh different mesh sizes (100 pm, 160 pm,
315um and 710 pm).

4.3.3 Preparation of SF scaffolds

4.3.3.1 Scaffolds with one porosity

2 % (w/v) SF solution was up-concentrated usinguarcon® stirred ultrafiltration cell 8010

(EMD Millipore Corporation, Billerica, MA, USA) an80 kDa ultrafiltration membrane disk
filters (25mm, PALL® Life Sciences Corporation, Ann Arbor, MI, USA) ilirat 20 % (w/v) SF
solution was obtained. SF scaffolds were prepacedrding to the literature [144, 153] with some
modifications Figure 6). 60 mg of 315—-710 um paraffin spheres were weight® 1 mL

syringes. For reaching interconnectivity of thegmithe syringes were incubated at 37 °C for
1hour in a heating oven (Binder GmbH, Tuttlingenr@any). After cooling to room temperature,
55 pL 20 % (w/v) SF solution was pressed over draffin mold until all pores between the
paraffin spheres were filled with SF solution. Toastructs were flash frozen in liquid nitrogen
for a minimum of 5 minutes and lyophilized at -ZDfor 36 hours in a laboratory freeze-dryer

alpha 1-4 (Martin Christ GmbH, Osterode, Germahydphilized scaffolds were treated with
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90% (v/v) methanol for 30 minutes to reach water lmisitity and allowed to air dry in a fume
hood before leaching paraffin two times with n-hexdor 12 hours. The resulting porous SF
scaffolds were dried under vacuum for a minimurd@hours. Finally, the dried SF scaffolds were

cut into ~2 mm thick slices using a racer blade.

Porogen Lyophilization
(Paraftin)
Pressure
Heat treatment & -196 °C -30°C
of porogen
Concentration
of SF solution & G“i ‘ (
using ultra- 37°C [ .
filtration cell AE ‘?r’ ‘
Hexane MeOH
|
Porous Methanol
scaffold Leaching treatment

Figure 6: Schematic illustration of SF scaffold preparatiddapted from [144], Copyright 2006, with
permission fronMary Ann Liebert, Inc.

4.3.3.2 Scaffolds with two porosities

20 % (w/v) SF solution was prepared as describegeat.3.1 and 4.3.3.1.) and SF scaffolds were
prepared according to the literature [144, 153hwitme modifications. 30 mg of 100—180 pm
paraffin spheres were weighed into 1 mL syringes.reaching interconnectivity of the pores, the
syringes were incubated at 45 °C for 45 minutes ieating oven (Binder GmbH, Tuttlingen,
Germany). After cooling to room temperature 30 rh§15—710um paraffin spheres were
weighed into 1 mL syringes on the melted 100-180panaffin spheres. For reaching
interconnectivity of the pores the syringes wemibrated at 37 °C for 1 hour in a heating oven
(Binder GmbH, Tuttlingen, Germany). When the panaffiold reached room temperature again
55uL 20 % (w/v) SF solution was pressed over theffimnaold until all pores between the
paraffin spheres were filled with SF solution. Tuomstructs were flash frozen in liquid nitrogen
for a minimum of 5 minutes and lyophilized at -3Dfor 36 hours in a laboratory freeze-dryer

alpha 1-4 (Martin Christ GmbH, Osterode, Germahypphilized scaffolds were treated with
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90% (v/v) methanol for 30 minutes to reach water lmisitity and allowed to air dry in a fume
hood before leaching paraffin two times with n-hexdor 12 hours. The resulting porous biphasic
SF scaffolds were dried under vacuum for a mininadirh2 hours. Finally, the dried biphasic SF

scaffolds were cut into ~2 mm thick slices usimaeer blade.

4.3.4 Scanning electron microscopy (SEM)

Slices of dried SF scaffolds were sputter coatet gold/palladium (SSCD, Bal-Tec AG,
Liechtenstein) and scanning electron microscopyMpimhages were recorded with a JSM-7500F
field emission scanning electron microscope (Jbekyo, Japan) at an accelerating voltage of 5 kV

in secondary electron imaging (SEI) mode.

4.3.5 Immobilization of TGF- 3 on PMMA beads

Poly(methyl methacrylate) (PMMA) beads (4.6 um; i8rBol COOH/g; PolyAn, Berlin, Germany)
were chosen as carrier for immobilization of T@¥-In order to covalently immobilize the growth
factor on the beads, EDC/NHS chemistry was uSetidme J. Supplied TGH33 (a kind gift from
Novartis Pharma AG, Basel, Switzerland) was diaty@&lide-A-Lyzer Mini Dialysis Device,
MWCO 10 kDa, Thermo Fisher Scientific, Rockford,A)Sgainst 5nM citrate buffer, pH 3.8.
PMMA beads were sterilized by washing with 70 %) &thanol, subsequently washed with
ultrapure water and resuspended in MES bufferNOMES, 0.5 M sodium chloride, pH 6). EDC
(3 mM) and NHS (6 mM) were given to 50 pL of thebdeuspension and incubated for at least
15minutes in order to activate carboxyl groups. Reilg activation, beads were washed with
MES buffer and TGHB3 (9.64 ng/uL) was added to the bead suspensianrddction mixture was
briefly vortexed and then mixed by rolling at rotemperature for 2 hours. In order to finish the
coupling reaction, the beads were thoroughly was$tvethree times with TBST buffer (20 mM

Tris, 150 mM sodium chloride, 0.1 % Twée?0, pH 7.4) and three times with phosphate buffer
with high salt concentration (12 mM phosphate,M.5odium chloride, pH 7.4) to remove
unbound TGH33. Finally, the beads were washed with PBS, reswigzkin PBS and counted with
a Neubauer hemocytometer (Brand GmbH, Wertheimm@ey) to determine the number of beads
per pL bead suspension. In addition, a negativé@onas prepared the same way but without the
coupling reagents. Each solution was sterilizedilgtion (0.2pm, PES membrane, 13 mm

diameter, Nalge Nunc International Corporation, liaster, USA).

COOH

3 mM EDC

AR EOCH 6 mM NHS

HOOG cooH + 2N

MES buffer

H 6
COCH a5

HOOC COOH

Scheme 7Reaction scheme detailing the immobilization of F&on carboxylated beads. PDB code
TGF$3 = 1TGK.
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4.3.6 Determination of coupling efficiency of TGF$3 on PMMA beads

4.3.6.1 Fluorescence imaging and flow cytometry

Coupling efficiency of TGHB3 was investigated using fluorescence imaging disasdlow
cytometry. Therefore, beads were incubated witroase monoclonal anti-TGE3 primary
antibody (R&D Systems, Minneapolis, MN, USA) andbsequently with a secondary Alexa
Fluor® 488 conjugated anti-mouse IgG antibody (ThermbétiScientific, Rockford, USA) prior
analysis. Fluorescence imaging was done with aeriad epifluorescence microscope Axio
Observer Z1 equipped with a HXP120C lamp, an Axin@4Rm camera and a Plan-Apochromat
40x/0.95 objective (Zeiss, Oberkochen, Germanyages were recorded using fluorescence
excitation at. = 450—-490 nm, dichroic beam splittefiat 495 nm and emission &t 500—
550nm. Flow cytometry was performed with a FACS Calibystem (Becton Dickinson, Franklin
Lakes, NY). A 488 nm argon-ion laser was used faitation and the emission channel FL2
(530nm) was used for detection. 5,000 beads were atlyith BD CellQuestTM Pro and all

data were evaluated using Flowing Software (Verg&i&nl; Turku Bioimaging, Turku, Finland).

4.3.6.2 Enzyme-linked immunosorbent assay (ELISA)

TGF3 loading on the beads was determined by indirazyie-linked immunosorbent assay
(ELISA). A dilution series of TGIB3 stock solution was prepared from 780 ng/mL t@ h§/mL

for calibration. 100 pL of these dilutions were dise coat the wells of a 96-well ELISA
microplate overnight at 4 °C. After washing, themagning protein-binding sites in the coated wells
were blocked by addition of 200 uL 1 % BSA in PBf éncubation for 2 hours at room
temperature. Accordingly, the wells were washedregad 100 pL of mouse monoclonal anti-
TGF{33 primary antibody (R&D Systems, Minneapolis, MNSA) with a concentration of
0.5pg/mL were added to each well and incubated fothem@® hours at room temperature. After
washing the wells thoroughly, 100 uL of secondamshkradish peroxidase (HRP) conjugated anti-
mouse IgG antibody (Sigma Aldrich, St. Louis, MC5A), diluted 1:5,000, was added and
incubation was performed at room temperature foo@'s. Following the last washing procedure,
the detection with the Thermo Scientific TMB SubstrKit (Thermo Fisher Scientific, Rockford,
USA) was performed. The detection of HRP was caoiat by the addition of 100 pL of mixed
TMB substrate solution to each microplate well.eAf25 minutes incubation at room temperature,
100 pL of 2 M sulfuric acid were added in ordestop reaction. Absorbance was measured of
each well at a wavelength of 450 nm using a Speetxa250 microplate reader (Molecular
Devices, Sunnyvale, CA, USA). Beads were incubatigldl a mouse monoclonal anti-TGE-
primary antibody overnight at 4 °C and subsequentiybated with a secondary HRP-conjugated
anti-mouse IgG antibody for 2 hours at room temiueeaprior analysis. Beads were thoroughly
washed, resuspended in PBS and counted with a Neubamocytometer (Brand GmbH,

Wertheim, Germany) to determine the number of beadsiL bead suspension. 10 yuL bead
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suspension were added to 100 pL mixed TMB subs$cdtgion and detection was performed as

described above. All samples and standards wesgedsn triplicate.

4.3.7 Bioactivity of immobilized TGF-$3

Bioactivity of immobilized TGH33 was assessed using luciferase reporter gene &isanan
mesenchymal stem cells (hMSCs) transduced withtavieus containing the human telomerase
reverse transcriptase (TERT) gene [168], and stadhsfected with a pGI3ti vector containing a
SMAD binding element (SBE) at the promotor of theffy luciferase gene as well as a
hygromycin resistance to select for transfectel$ cefere used. SBE consists of a CAGACA motif,
which is a direct binding site for SMAD proteingf, 170]. It responds to all R-SMAD and co-
SMAD proteins and therefore covers TGFactivin, myostatin and BMP signaling. h(MSC-TERT
cells were plated in 96-well clear tissue cultuistgs at a density of 30,000 cells per well in high
glucose DMEM with L-glutamine supplemented with%0~CS, 100 U/mL penicillin, 100 pg/mL
streptomycin and 5@g/mL hygromycin and incubated for 24 hours to hemconfluence of 50—
60%. hMSC-TERT cells were washed two times with PB& taeated with TGIB3 reference
solutions with different concentrations, rangingnfr0.122 to 15.625 ng/mL for calibration as well
as a dilution series of a defined amount of Tg3Fecoupled beads on the same plate in high glucose
DMEM with L-glutamine supplemented with 0.5 % FAB0 U/mL penicillin, 100 pg/mL
streptomycin and 5@g/mL hygromycin. The number of beads per well determined by

counting 10 uL of the bead suspension with theofiseNeubauer hemocytometer (Brand GmbH,
Wertheim, Germany). After 48 hours, cells were vegisbnce with PBS and lysed using 80 pL of
luciferase assay buffer (Piefceuciferase Cell lysis buffer (2x), no 16189, Therfisher

Scientific, Rockford, USA) and 50 pL of the lysatesre transferred to a white bottom 96-well
plate and frozen at -80 °C. Luminescence was meddwy addition of 100 pL luciferase assay
reagent (D-Luciferine (PJK GmbH, Germany) in lucfge flash buffer) to each well directly in the
Orion Il luminometer (Berthold Detection Systems gk Pforzheim, Germany) and
luminescence was read after 1 second. For nornializep cell number, a Bradford Assay with the
cell lysates was conducted using Quick Start™ Jxréxagent (Biorad, Germany). Therefore, 5 uL
of the lysates were mixed with 200 pL Bradford esatgBiorad, Germany) and absorbance was
measured at 595 nm with a Spectramax 250 microptatder (Molecular Devices, Sunnyvale, CA,
USA). Protein content was determined by a BSA cafibn (50-1,000 pg/mL BSA standard curve)

and luciferase activity was specified as relatightlunits (RLU) per pg protein.

4.3.8 Isolation and culture of BMSCs
Human BMSCs were isolated of trabecular bone obthfrom patients during total hip
arthroplasty by extensive washing with PBS. Thécetbommittee of the University of Wirzburg

approved the study and all patients signed a writttormed consent. After centrifugation of the
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isolated cells at 300 g for 10 minutes, the celsenesuspended in expansion medium (Dulbecco’s
Modified Medium/Ham's F-12 (DMEM/F12, Thermo Fistgcientific, MA, USA) supplemented
with 10 % fetal bovine serum (FBS) an&olpenicillin-streptomycin (PS; 100 U/mL penicilli,1
mg/mL streptomycin)) and seeded in T17% cuiture flasks (Greiner Bio-One, Frickenhausen,
Germany). After 48 hours non-adherent cells wengored by washing with PBS. Then expansion
medium was supplemented witm&'mL basic fibroblast growth factor (bFGF; BioLage

London, UK) and changed every 3ddys until cells reached ~80 % confluence. Thes wedire
trypsinized with 0.286 trypsin-EDTA (Invitrogen, Karlsruhe, Germany) aaxpanded for 2

passages (P2) until seeding on the scaffolds.

4.3.9 Culture of MSC-SF scaffold constructs and chondrogac and osteogenic

differentiation of BMSCs
Each biphasic scaffold was pre-wetted overniglexipansion medium (DMEM/F12 (Thermo
Fisher Scientific, MA, USA) supplemented with 10FBS, 1 % PS (100 U/mL penicillin, 0.1
mg/mL streptomycin, Thermo Fisher Scientific, MASH)) and subsequently put in a syringe
(Omnican 40, BBraun, Melsungen, Germany) for cell seeding. 8 XM8Cs (P2) were
resuspended in 20 pL expansion medium and soakedme scaffold. A homogeneous cell
distribution was achieved by moving the plungethef syringe. The resulting constructs were
incubated at 37 °C, 5 % G@nd 21 % Qfor 4 hours to allow cell attachment.
To test the suitability of the biphasic scaffolds €hondrogenesis the seeded scaffolds were then
cultured in chondrogenic medium (DMEM high glucdsg g/L supplemented with 1 % PS, 10 nM
dexamethasone, 50 pg/mL ascorbic acid-2-phosphatd] sodium pyruvate, 40 pg/mL proline,
1% ITS-Mix and 10 ng/mL TG, Biolegend, London, UK) for 21 days at 37 °C, % and
21 % Q. Media exchange was performed every 2—3 days.
In order to investigate the suitability of the bésic scaffolds for osteogenesis, the seeded sdaffol
were cultured in osteogenic medium (DMEM/F12 suppaeted with 10 % FBS, 1 % PS,
0.5pug/mL Amphotericin B, 10 nM dexamethasoneus@mL ascorbic acid-2-phosphate, 7 mM
B-glycerolphosphate and 1 pg/mL BMP-2) for 28 day37a°C, 5 % C@and 21 % @ Media
exchange was performed every 2—3 days.
For evaluating chondrogenesis induced by TB3Foupled PMMA beads chondrogenic
differentiation was performed as described abovh slight modification. 8 x TOMSCs (P2) were
suspended in 20 puL expansion medium and mergedl®ifhl. bead suspension (with coupled
TGF{33, adsorbed TGB3 or without TGFB3) before soaking into one scaffold with 315-710 um
pore size. Chondrogenic medium was supplementddifing/mL recombinant human TGF3 or
without TGF$3 instead of TGH1.
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4.3.10 Histology and immunohistochemistry

Chondrogenesis and osteogenesis were histologaadlymmunohistochemically investigated by
staining of the constructs after fixation using @ buffered formalin, dehydration by increasing
sucrose concentrations from 10-60 % and embeddifigssue-TeR O.C.T. compound (Sakura,
Torrance, CA, USA). Scaffolds were cut into 7 pmcklsections before staining.

To stain for glycosaminoglycan (GAG), sections wieeated with aqueous 0.2 % safranin-O
solution, counter-stained with 0.02 % fast greet mounted with Glycerg€IMounting Medium
(Dako, Hamburg, Germany).

To immunostain for collagen | and Il, the EnVisi¥rGI2 Doublestain System (Dako, Hamburg,
Germany) was used according to the manufactumeststiction with slight modifications. Sections
were incubated in proteinase K for 7 minutes atm$sguently blocked with 10 % goat serum
(Dako, Hamburg, Germany) in PBS for 30 minutesrvent non-specific binding of the antibody.
Collagen type | alpha 1 chain antibody (1:800, Abc&ambridge, UK) and collagen type Il
alphal chain antibody (clone 11-4C11, 1:100, Acris, Hed, Germany) were used for
immunostaining.

Additionally, cell nuclei were counterstained withematoxylin. Species-matched
immunoglobulins in equivalent concentrations omtdmlly treated sections served as negative
controls.

For calcium staining slides were stained with 2d@@epus alizarin red solution (pH 4.2) for
5minutes and mounted in glycerol (Sigma Aldrich,igteim, Germany).

Immunohistochemical staining for osteopontin wasgeeed by a 7 minutes proteinase K
digestion, followed by a 30 minutes block with 1B%A before incubation with a rabbit
osteopontin antibody (1:200, Abcam, Cambridge, 0¥@rnight. Slides were thoroughly washed
with PBS, and a Cy3-conjugated AffiniPure goat-aalkibit secondary antibody (Jackson Immuno
Research, West Grove, PA, USA) was added for 2shiouthe dark.

Nuclei were counterstained with IS Mounting MediDP| (Dako, Hamburg, Germany).
Equivalent concentrations of species-matched immlahalins on identically treated sections
were used as negative controls.

All sections were analyzed by light microscopy gsam Olympus BX51 fluorescent and bright-
field microscope and the cellSédsmaging software from Olympus (Olympus, Hamburg,

Germany).

4.3.11 Biochemical analysis
After 10, 21 or 28 days of cultivation, construatsre harvested and prepared for biochemical
analysis and histology according to Eyrich et BI1]]. The disintegration of the scaffolds (n = 3)

was performed with the TissueLyser (Qiagen, Hildearmany) and subsequently the disintegrated
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constructs were digested with 1 mL of a papainaBeien (3 U/mL papainase, 100 mmol
disodium hydrogen phosphate,ménol disodium EDTA, pH 6.5) for 16 hours at 60 °C.

For DNA content determination, Hoechst 33258 dya@y$tiences, Warrington, USA) was added
and samples were measured fluorometrically at arnagon wavelength of 365 nm and an
emission wavelength of 458 nm.

Sulfated GAG content of the samples was determisaty dimethylmethylene blue (DMMB) dye
assay with chondroitin sulfate as standard andehetion was observed on a spectrophotometer at
525 nm [172].

Hydroxyproline content of the samples was accespedtrophotometrically at 550 nm after acid
hydrolysis and reaction with chloramine-T and p-glihylaminobenzaldehyde [173]. For the
calculation of the total collagen amount a hydroxyipe to collagen ratio of 1:10 was assumed
[174].

Calcium content was determined using the LiquiCotest (Stanbio Laboratory, Boerne, TX,
USA) according to the protocol of the manufactuhetbrief, calcium content was measured at
550nm using ortho-cresolphthalein complexone (0CPCébor reaction.

Alkaline phosphatase activity was measured usiagdkaline Phosphatase Assay Kit (Abcam,
Cambridge, England) according to the protocol efrttanufacturer. In brief, the alkaline
phosphatase activity was measured at 405 nm usmiggphenyl phosphate as phosphatase

substrate which turns yellow when dephosphorylaiedikaline phosphatase.

4.3.12 RNA isolation and quantitative real-time PCR

For quantitative real-time polymerase chain reactgRT-PCR) constructs (n = 3) were lysed
using a TissueLyser (Quiagen, Hilden, Germany) s8gbently, TRIzSl reagent (Invitrogen,
Karlsruhe, Germany) was used according to the naghwrfer’s instruction for RNA isolation. The
synthesis of first strand cDNA from total RNA wasrformed with the ImProm™:-II Reverse
Transcription System (Promega, Madison, USA). gRRanalysis was then carried out with an
MJ Research Opticon 2 Cycler (BioRad, Hercules, G8A) using the MESA GREEN
gPCRMasterMix Plus with MeteorTaq polymerase (Eantgc, Seraing, Belgium) and
QuantiTe® Primer Assays (Qiagen, Hilden, Germany) for S&QAN, COL2A1, COL1A1,
COL10A1, SPP1, IBSP, RPL13a with cycling parameserording to Wittmann et al. [175] with
slight modifications: 50C for 2 minutes> 95 °C for 10 minutes> 40 cycles at 95 °C for 15
seconds, 55 °C for 3conds and 72 °C for 30 secords2 °C for 10 minutes. mRNA
expression levels were normalized to the housekgagp@ne GAPDH or RPL13a, respectively. The
222CT method was used to assign fold increase in expreksvels for each gene. For easier

comparison, the resulting values were further ndio®d to the expression at day O.
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4.3.13 Statistical analysis

All measurements were performed in triplicate facledata point, unless otherwise noted, and are
reported as meagsstandard deviation (SD). Statistical significanaswalculated by one-way
ANOVA with Dunnett’s post hoc test, two-way ANOVAitl Sidak’s post-hoc test or

unpaired/paired student’s t-test with a signifiealewel of p < 0.05.
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5 Results

5.1 Injectable PR-15 formulation

5.1.1 Evaluation of PR-15 stability at different pH values

5.1.1.1 Determination of the concentration after incubationby UV-spectroscopy

The concentrations of the PR-15 samples beforeafiadincubation at 25C or 40°C for 4 or
8weeks, respectively, were determined by measuriMighbkorption at 288m to observe loss of
protein concentration during incubation. At pH érid pH 7.0 the protein concentration stayed
constant at about 2rBg/mL under accelerated as well as stressed conslitAs opposed to this a
significant loss of protein concentration was ofsdrat pH 5.5 and pH 6.0 under stressed
conditions whereas the concentrations remainedaatngnder accelerated conditions. PR-15
concentration decreased to 1#60.03 mg/mL (64.3 % of the start concentration)radteveeks and
1.69+ 0.03mg/mL (67.5 %) after 8 weeks at pH 5.5, to 1.85@40mg/mL (79.0 %) after weeks
and 1.83 0.03mg/mL (78.0 %) after 8 weeks at pH 6.0 incubate40alC EFigure 7).

KKk
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I 25°C/8 weeks
[ 40°C/4 weeks
I 40°C/8 weeks

0.6 A

0.4 A

Ratio end concentration/start concentration
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pH 5.5 pH 6.0 pH 6.5 pH7.0

Figure 7: Concentration change of PR-15 samples at diffgyeintalues (5.5/6.0/6.5/7.0) after incubation at
25 °C and 40 °C for 4 and 8 weeks depicted asgati@nd and start concentration. Asterisks denote
statistically significant differences between tleups referring to the initial sample (*** p < 0.D0**

p<0.01, *p <0.05).

5.1.1.2 Determination of the pH value after incubation
The pH values of the PR-15 samples were measutedirtubation at 25C or 40°C for 4 or
8weeks, respectively, to see if the pH had changeidgl storage. All pH values remained

constant under accelerated as well as stressedioosdver the entire 8 weekBigure 8).
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Figure 8: pH values of PR-15 samples after incubation atQarid 40 °C for 4 and 8 weeks in comparison
to the initial sample.

5.1.1.3 Analysis of aggregates by DLS

One major aspect of protein instability is the fation of aggregates. Aggregates can reduce the
efficacy of protein formulations, resulting intonmunological reactions and toxicity [176]. DLS
was performed as a tool to assess protein aggsegeeicle size distributions and polydispersity
indices of PR-15 after incubation at different pdues Figure 9A andB). The polydispersity
index (Pdl) characterizes the dimensionless wiflthe particle size distribution [176]. All
samples incubated at 25 °C as well as the pH fplgaincubated at 40 °C showed a Pdl below
0.2, indicating a monodisperse distribution of PRahd a lack of aggregates [176]. For the
samples incubated at 40 °C, except the pH 7.0 smniiie Pdls were significantly higher than the
initial sample and even higher than 0.2 indicatimgypresence of aggregatégylure 9A). The
highest Pdl (0.753 + 0.126) was reached at pH fieb & weeks incubation at 4C. These data
were consistent with the increase of mean sizéiseoprotein for the 40 °C samples, except the pH
7.0 samplesHigure 9B). The largest mean size was detected for the plddimple after 8 weeks
incubation at 40 °C with 5771.3 £ 503.0 nm.
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Figure 9: Analysis of aggregates of PR-15 samples by DLS R@lydispersity indices (Pdl) and (B) mean
sizes of PR-15 at the different pH values (5.563)7.0) after incubation for 4 and 8 weeks at@:hd
40°C in comparison to the initial sample. Asterisksdte statistically significant differences betwéesm
groups referring to the initial sample (*** p < @D, ** p < 0.01, * p < 0.05).

5.1.1.4 Analysis of aggregates and degradation products l§EC

The formation of soluble aggregates and degradatioducts during storage of PR-15 samples at
different pH values (5.5/6.0/6.5/7.0) at 25 °C @&0d°C was assessed using SEC. During SEC
molecules are separated according to their sizktrarefore this method is ideal for evaluating
oligomerization. Aggregates of PR-15 with a largige eluted before the PR-15 monomer because
they have passed the column without entering tihespaf the stationary phase of the SEC column.
In contrast, degradation products with a smalles fhan PR-15 itself eluted at higher retention
times because they were trapped in the pores dit#tienary phasd-{gure 10). Insoluble
aggregates were removed before analysis by cegetiftn. During incubation at pH 6.5 and

pH 7.0 as well as under accelerated conditions at.prad pHs.0 the total peak areas and
therefore the concentration of PR-15 remained emmstdicating no formation of insoluble
aggregatesHigure 11). In contrast, the major loss of PR-15 under serdsonditions at pH 5.5

and pH 6.0, shown by the decrease of total peasaveas due to the formation of insoluble
aggregates. Merely under stressed conditions &.pliFigures 10Cand12C) and pH 7.0

(Figures 10Dand12D) a small amount of soluble aggregates was obseH@dever, the amount

of degradation products increased at all pH vatlugsg incubation at 25 °C as well as*4D
(Figures 10and12).
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Figure 10: SEC chromatograms of PR-15 after incubation at@arid 40°C for 0O (initial), 4 and 8 weeks at
(A) pH 5.5, (B) pH 6.0, (C) pH 6.5 and (D) pH 7.0.
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Figure 11: SEC of PR-15. Total peak areas of PR-15 at therdifft pH values (5.5/6.0/6.5/7.0) after
incubation at 25 °C and 40 °C for 4 and 8 weeksoimparison to the initial amount of PR-15.
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Figure 12: SEC of PR-15. Percentages of the fusion proteinnp@ak), aggregates and degradation
products of PR-15 at the different pH values: (N) %5, (B) pH 6.0, (C) pH 6.5 and (D) pH 7.0 after
(initial), 4 and 8 weeks incubation at 25 °C and®@0

5.1.1.5 Analysis of aggregates and degradation products yIC

The stability of PR-15 at the different pH valuessmbserved by HIC. HIC separates proteins
based on their hydrophobicity. As a consequenss,igdrophobic proteins are eluted before more
hydrophobic ones. Soluble aggregates of PR-15 are hydrophobic than the fusion protein

itself, as manifested by longer retention timesemghs degradation products are less hydrophobic
resulting into a faster elution compared to thediuprotein. Besides, unfolded proteins have an
increased hydrophobicity because the hydrophobi ahains of the protein, which are normally
packed into the interior of the protein, are explasethe surface resulting into a longer retention
time compared to the proper folded monomer. Theniags of PR-15 shown by the decrease of
total peak areas of pH 5.5 and p1@ samples at 40 °C was assigned to the formafigrsoluble
aggregates which were removed by centrifugationreedinalysisKigure 14). In contrast, no loss
due to the formation of insoluble aggregates wasnied at pH 5.5 and pH 6.0 under accelerated
conditions as well as at pH 6.5 and pH 7.0 depibtedonstant total peak areas indicating no
variation of the concentration of PR-1Edure 14). A small amount of more hydrophobic
oligomers or unfolded PR-15 was just observed ab @hfter incubation at 40 °Ei@ures 13C
and15C). The low amount of aggregates at pH 7.0 undesséd conditions detected during SEC

(Figures 10Dand12D) was not found during HIGHgures 13Dand15D) indicating the
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formation of reversible aggregates that were remidoyedilution during sample preparation. The
amount of less hydrophobic degradation producteased at all pH values during incubation at
25°C as well as 40 °CHgures 13and15).
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Figure 13: HIC chromatograms of PR-15 at the different pH ealyA) pH 5.5, (B) pH 6.0, (C) pH 6.5 and
(D) pH 7.0 after O (initial), 4 and 8 weeks incubatat 25 °C and 40 °C.
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Figure 14: HIC of PR-1b." 1 otal p€ak areasS of PR-15 at théedaimt pH values (5.5/6.0/6.5/7.0) after
incubation at 25 °C and 40 °C for 4 and 8 weeksoimparison to the initial amount of PR-15.

72



RESULTS

0 27 - hob
. ore hydrophobic
. m::': ::g;ophoblc — ram ze:k .
—] [ Less hydrophobic
100 m @ Less hydrophobic 100 4 . yerop
80 4 80
8 8
& 60 s 60
% %
& &
40 40 4
20 4 20 4
0 T T T 0 T T T
pH 