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Summary 

Progressive loss of skeletal muscle mass, strength and function poses a major threat to 

independence and quality of life, particularly in the elderly. To date, sarcopenia therapy 

consists of resistance exercise training in combination with protein supplementation due to 

the limited efficacy of available pharmacological options in counteracting the effects of 

muscle wasting. Therapeutic intervention with growth factors including insulin-like growth 

factor I (IGF-I) or inhibitors of myostatin − a potent suppressor of myogenesis − hold 

potential to rebalance the altered activity of anabolic and catabolic cytokines. However, 

dosing limitations due to acute side effects and disruptions of the homeostasis have so far 

precluded clinical application. 

Intending to provide a therapy with a superior safety and efficacy profile by directing drug 

release to inflamed tissue and minimizing off-target activity, we designed bioresponsive 

delivery systems for an anti-catabolic peptide and anabolic IGF-I responding to local flares 

of muscle wasting. 

In Chapter I, current concepts for bioorthogonal conjugation methods are discussed and 

evaluated based on various drug delivery applications. With a focus on protein delivery, 

challenges and potential pitfalls of each chemical and enzymatic conjugation strategy are 

analyzed and opportunities regarding their use for coupling of biomolecules are given. Based 

on various studies conjugating proteins to polymers, particles and biomaterials using 

different site-directed approaches, the chapter summarizes available strategies and highlights 

certain aspects requiring particular consideration when applied to biomolecules. Finally, a 

decision process for selection of an optimum conjugation strategy is exemplarily presented.  

Three of these bioorthogonal coupling reactions are applied in Chapter II detailing the 

potential of site-directed conjugation in the development of novel, homogenous drug 

delivery systems. The chapter describes the design of a delivery system of a myostatin 

inhibitor (MI) for controlled and local release counteracting myositis flares. MI release from 

the carrier is driven by increased matrix metalloproteinase (MMP) levels in compromised 

muscle tissues cleaving the interposed linker, thereby releasing the peptide inhibitor from 

the particulate carrier. Release experiments were performed to assess the response towards 

various MMP isoforms (MMP-1, -8, -9 and -13) – as upregulated during skeletal muscle 
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myopathies – and the release pattern of the MI in case of disease progression was analyzed. 

By selection of the protease-sensitive linker (PSL) showing variable susceptibilities to 

proteases, release rates of the MI can be controlled and adapted. Immobilized MI as well as 

released MI as response to MMP upregulation was able to antagonize the effects of myostatin 

on cell signalling and myoblast differentiation.  

The approach of designing bioresponsive protein delivery systems was also applied to the 

anabolic growth factor IGF-I, as described in Chapter III. Numerous studies of PEGylated 

proteins or peptides reveal, that successful therapy is challenged by safety and efficacy 

issues, as polymer attachment considerably alters the properties of the biologic, thereby 

jeopardizing clinical efficacy. To this end, a novel promising approach is presented, 

intending to exploit beneficial effects of PEGylation on pharmacokinetics, but addressing 

the pharmacodynamic challenges by releasing the protein upon entering the target tissue. 

This was realized by integration of a PSL between the PEG moiety and the protein. The 

soluble polymer conjugate was produced by site-directed, enzymatic conjugation of IGF-I 

to the PSL, followed by attachment of a 30 kDa-PEG using Strain-promoted azide-alkyne 

cycloaddition (SPAAC). This strategy illustrates the potential of bioorthogonal conjugation 

(as described in Chapter I) for generation of homogenous protein-polymer conjugates with 

reproducible outcome, but also emphasizes the altered protein properties resulting from 

permanent polymer conjugation. As compared to wild type IGF-I, the PEGylated protein 

showed considerable changes in pharmacologic effects – such as impaired insulin-like 

growth factor binding protein (IGFBPs) interactions, submaximal proliferative activity and 

altered endocytosis patterns. In contrast, IGF-I characteristics were fully restored upon local 

disintegration of the conjugate triggered by MMP upregulation and release of the natural 

growth factor.  

For successful formulation development for the proteins and conjugates, the careful selection 

of suitable excipients is crucial for a safe and reliable therapy. Chapter IV addresses one 

aspect by highlighting the chemical heterogeneity of excipients and associated differences 

in performance. Polysorbate 80 (PS80) is a surfactant frequently used in protein formulations 

to prevent aggregation and surface adsorption. Despite being widely deployed as a standard 

excipient, heterogeneous composition and performance entails the risk of eliciting 

degradation and adverse effects on protein stability. Based on a comprehensive study using 

different batches of various suppliers, the PS80 products were characterized regarding 
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chemical composition and physicochemical properties, facilitating the assessment of 

excipient performance in a formulation. Noticeable deviations were recorded between 

different suppliers as well as between batches of the same suppliers. Correlation of all 

parameters revealed, that functionality related characteristics (FRCs) could be reliably 

predicted based on chemical composition alone or by a combination of chemical and 

physicochemical properties, respectively.  

In summary, this thesis describes and evaluates novel strategies for the targeted delivery and 

controlled release of biologics intended to counteract the imbalance of anabolic and catabolic 

proteins observed during aging and musculoskeletal diseases. Two delivery platforms were 

developed and characterized in vitro – (i) using anti-catabolic peptides immobilized on a 

carrier for local delivery and (ii) using soluble IGF-I polymer conjugates for systemic 

application. Both approaches were implemented by bioorthogonal coupling strategies, which 

were carefully selected in consideration of limitations, side reactions and efficiency aspects. 

Bioresponsive release of the active biomolecules following increased protease activity could 

be successfully realized. The therapeutic potential of these approaches was demonstrated 

using various cell-based potency assays. The systems allow targeted and controlled release 

of the growth factor IGF-I and anti-catabolic peptides thereby overcoming safety concerns 

of current growth factor therapy and thus positively impacting the benefit-risk profile of 

potent therapeutics. Taking potential heterogeneity and by-product concerns into account, 

comprehensive excipient characterization was performed and a predictive algorithm for 

FRCs developed, in order to facilitate formulation design and guarantee a safe and efficient 

therapy from start to finish.  
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Zusammenfassung 

Der zunehmende Verlust an Skelettmuskelmasse, Kraft und Funktion stellt insbesondere bei 

Älteren eine wesentliche Gefährdung der Unabhängigkeit und Lebensqualität dar. Bislang 

besteht die Sarkopenie-Therapie infolge der eingeschränkten Wirksamkeit verfügbarer 

pharmakologischer Möglichkeiten, den Auswirkungen des Muskelschwunds 

entgegenzuwirken, aus einer Kombination von Krafttraining und erhöhter Proteinzufuhr. 

Therapeutische Intervention mit Wachstumsfaktoren wie Insulin-like growth factor (IGF-I) 

oder Inhibitoren von Myostatin – eines wirkungsvollen Hemmstoffes der Myogenese – bietet 

das Potenzial, die veränderte Aktivität der anabolen und katabolen Zytokine wieder ins 

Gleichgewicht zu bringen. Allerding haben Dosiseinschränkungen aufgrund akuter 

Nebenwirkungen und Beeinträchtigungen der Homöostase bislang eine klinische 

Anwendung ausgeschlossen. 

Mit der Absicht, eine Therapie mit besserem Sicherheits- und Wirksamkeitsprofil zu bieten, 

indem die Freisetzung des Wirkstoffs auf entzündetes Gewebe gelenkt wird und Aktivitäten 

außerhalb des Zielgewebes minimiert werden, entwickelten wir bioresponsive 

Freisetzungssysteme für ein antikataboles Peptid und das anabole IGF-I, die auf lokalen 

Ausbruch von Muskelschwund reagieren.  

In Kapitel I werden aktuelle Konzepte bioorthogonaler Konjugationsmethoden diskutiert 

und auf Basis einer Vielzahl von Drug Delivery Anwendungen beurteilt. Mit besonderem 

Fokus auf die Verabreichung von Proteinen werden Herausforderungen und Schwierigkeiten 

jeder chemischen und enzymatischen Konjugationsstrategie analysiert und Möglichkeiten 

im Hinblick auf ihre Verwendung für die Kopplung von Biomolekülen aufgezeigt. Auf 

Grundlage diverser Studien zur Verknüpfung von Proteinen mit Polymeren, Partikeln und 

Biomaterialien unter Verwendung verschiedener ortsspezifischer Ansätze, fasst das Kapitel 

vorhandene Strategien zusammen und hebt gewisse Aspekte hervor, die bei Anwendung auf 

Biomoleküle besondere Beachtung erfordern. Abschließend wird ein Entscheidungsprozess 

zur Auswahl einer optimalen Verknüpfungsstrategie exemplarisch dargestellt.  

Drei dieser bioorthogonalen Kopplungsreaktionen werden in Kapitel II angewendet, 

wodurch das Potenzial der ortsgerichteten Konjugation für die Entwicklung neuer, 

homogener Drug Delivery Systeme detailliert aufgezeigt wird. Dieses Kapitel beschreibt die 
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Gestaltung eines Delivery Systems für einen Myostatin- Inhibitor (MI) für kontrollierte und 

lokale Freisetzung, um Myositis-Ausbrüchen entgegenzuwirken. Die Freisetzung des MI 

vom Träger wird durch erhöhte Konzentration an Matrix-Metalloproteinasen (MMPs) in 

betroffenem Muskelgewebe vorangetrieben, die durch Spaltung des dazwischen 

positionierten Linkers das Peptid vom Partikelträger freisetzen.  Es wurden 

Freisetzungsexperimente durchgeführt, um die Reaktion gegenüber mehreren MMP-

Isoformen (MMP-1, -8, -9 und -13), die im Verlauf von Skelettmuskelmyopathien 

hochreguliert sind, festzustellen, und es wurde das Freisetzungsmuster des MI im Falle einer 

Krankheitsprogression analysiert. Durch Auswahl der Protease-sensitiven Linker (PSL), die 

unterschiedliche Empfindlichkeit gegenüber Proteasen zeigen, können die Freisetzungsraten 

des MI kontrolliert und angepasst werden.  Sowohl der immobilisierte MI, als auch der auf 

MMP-Hochregulation hin freigesetzte MI, waren dazu in der Lage, die Wirkungen von 

Myostatin auf Signaltransduktion von Zellen und Myoblastendifferenzierung aufzuheben. 

Das Konzept, bioresponsive Delivery Systeme für Proteine zu designen, wurde auch auf den 

anabolen Wachstumsfaktor IGF-I angewendet, wie in Kapitel III beschrieben wird. 

Zahlreiche Studien zu PEGylierten Proteinen oder Peptiden offenbaren, dass eine 

erfolgreiche Therapie durch Sicherheits- und Wirksamkeitsprobleme herausgefordert wird, 

da der Polymeranhang die Eigenschaften des biologischen Wirkstoffs beachtlich verändern 

und dadurch die klinische Wirksamkeit gefährden kann. Zu diesem Zweck wird ein neuer, 

vielversprechender Ansatz vorgestellt, mit der Absicht, die vorteilhaften Auswirkungen der 

PEGylierung auf die Pharmakokinetik zu nutzen, aber auch die pharmakodynamischen 

Herausforderungen dadurch zu adressieren, dass das Protein bei Eintritt ins Zielgewebe 

freigesetzt wird. Das wurde durch Einfügen eines PSL zwischen den PEG-Teil und das 

Protein erreicht. Das lösliche Polymerkonjugat wurde durch ortsspezifische, enzymatische 

Konjugation von IGF-I an den PSL hergestellt, gefolgt von Verknüpfung mit einem 30k Da-

PEG unter Verwendung von kupferfreier Azid-Alkin Cycloaddition (SPAAC). Diese 

Strategie veranschaulicht das Potenzial der bioorthogonalen Konjugation (wie in Kapitel I 

beschrieben) zur Erzeugung homogener Protein-Polymer-Konjugate mit reproduzierbarem 

Ergebnis, aber betont auch die veränderten Proteineigenschaften, die sich aus der 

dauerhaften Polymerkonjugation ergeben. Verglichen mit dem Wildtyp-IGF-I zeigte das 

PEGylierte Protein beachtliche Veränderungen der pharmakologischen Eigenschaften, wie 

verminderte Interaktionen mit Insulin-like growth factor Bindungsproteinen (IGFBPs), eine 
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submaximale proliferative Aktivität und ein verändertes Endozytosemuster. Im Gegensatz 

dazu wurden die Eigenschaften von IGF-I bei lokaler Spaltung des Konjugates durch MMP-

Hochregulation und Freisetzung des natürlichen Wachstumsfaktors vollständig 

wiederhergestellt.  

Für eine erfolgreiche Formulierungsentwicklung der Proteine und Konjugate ist eine 

sorgfältige Auswahl geeigneter Hilfsstoffe für eine sichere und zuverlässige Therapie 

essenziell. Kapitel IV befasst sich mit einem Aspekt davon, indem die chemische 

Heterogenität von Hilfsstoffen und damit verbundene Unterschiede in der Leistung 

hervorgehoben werden. Polysorbat 80 (PS80) ist ein in Proteinformulierungen häufig 

verwendeter Hilfsstoff, der Aggregation und Oberflächenadsorption verhindern soll. Trotz 

dieser breiten Anwendung als Standardhilfsstoff birgt die heterogene Zusammensetzung und 

Performance Risiken, wie eine begünstigte Zersetzung und nachteilige Auswirkungen auf 

die Proteinstabilität. Auf Basis einer umfassenden Studie mit verschiedenen Chargen 

diverser Anbieter wurden die PS80 Produkte hinsichtlich ihrer chemischen 

Zusammensetzung und ihrer physikochemischen Eigenschaften charakterisiert, um eine 

Beurteilung der Hilfsstoffperformance in einer Formulierung zu ermöglichen. Auffällige 

Abweichungen sowohl zwischen unterschiedlichen Anbietern, also auch zwischen Chargen 

des gleichen Anbieters konnten verzeichnet werden. Die Korrelation aller Parameter ergab, 

dass funktionalitätsbezogene Eigenschaften (FRCs) auf Basis der chemischen 

Zusammensetzung alleine bzw. durch eine Kombination aus chemischen und 

physikochemischen Eigenschaften zuverlässig prognostiziert werden konnten. 

Zusammenfassend beschreibt und bewertet diese Dissertation neue Strategien für eine 

zielgerichtete und kontrollierte Freisetzung von biologischen Wirkstoffen mit der Absicht, 

dem Ungleichgewicht zwischen anabolen und katabolen Proteinen, welches im Laufe der 

Alterung und im Zuge muskuloskelettaler Erkrankungen beobachtet wird, 

entgegenzuwirken. Zwei Wirkstoff-Verabreichungsplattformen wurden entwickelt und in 

vitro charakterisiert: (i) unter Verwendung antikataboler Peptide, die für eine lokale 

Applikation auf einem Träger immobilisiert werden, und (ii) unter Verwendung löslicher 

IGF-I-Polymer Konjugate für die systemische Anwendung. Beide Ansätze wurden mittels 

bioorthogonaler Kopplungsstrategien, die unter Berücksichtigung von Einschränkungen, 

Nebenreaktionen und Effizienzaspekten sorgfältig ausgewählt wurden, durchgeführt. Die 

bioresponsive Freisetzung der aktiven Biomoleküle als Folge einer erhöhten 
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Proteaseaktivität konnte erfolgreich umgesetzt werden. Das therapeutische Potenzial dieser 

Ansätze wurde anhand mehrerer zellbasierter Wirksamkeitsassays gezeigt. Die Systeme 

ermöglichen eine zielgerichtete und kontrollierte Freisetzung des Wachstumsfaktors IGF-I 

und antikataboler Peptide, wobei sie die Sicherheitsbedenken aktueller 

Wachstumsfaktortherapie bewältigen und somit das Nutzen-Risiko-Profil hochwirksamer 

Therapeutika positiv beeinflussen. Unter Berücksichtigung der potenziellen Bedenken 

bezüglich Heterogenität und Nebenprodukten wurde eine umfassende 

Hilfsstoffcharakterisierung durchgeführt und ein prognostischer Algorithmus für FRCs 

entwickelt, um die Formulierungsentwicklung zu erleichtern und eine sichere und effiziente 

Therapie von Anfang bis zum Ende zu garantieren.  
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Abstract 

Emerging strategies targeting site-specific protein modifications allow for unprecedented 

selectivity, fast kinetics and mild reaction conditions with high yield. These advances open 

exciting novel possibilities for the effective bioorthogonal decoration of biomaterials with 

therapeutic proteins. Site-specificity is particularly important to the therapeutics’ end and 

translated by targeting specific functional groups or introducing new functional groups into the 

therapeutic at predefined positions. Biomimetic strategies are designed for modification of 

therapeutics emulating enzymatic strategies found in Nature. These strategies are suitable for a 

diverse range of applications – not only for protein-polymer conjugation, particle decoration 

and surface immobilization, but also for the decoration of complex biomaterials and the 

synthesis of bioresponsive drug delivery systems. This article reviews latest chemical and 

enzymatic strategies for the biorthogonal decoration of biomaterials with therapeutic proteins 

and inter-positioned linker structures. Finally, the numerous reports at the interface of 

biomaterials, linkers, and therapeutic protein decoration are integrated into practical advice for 

design considerations, intended to support the selection of productive ligation strategies.  
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1. Introduction 

Covalent conjugation of therapeutic peptides or proteins to biomaterials or polymers opens 

promising new interfaces for the design of functionalized implants with improved 

pharmaceutical properties [1]. Among these, attachment of targeting moieties to biologics as 

done with antibody-drug conjugates (ADCs) [2, 3],  polymer conjugation (e.g. PEG conjugates) 

[4, 5], immobilization on biomaterials [6-8] and preparation of controlled release delivery 

systems [9] are preeminent examples improving efficacy, pharmacokinetics (PK), distribution 

and safety of therapeutics. Despite this great potential, current approaches have limitations, 

particularly resulting from the heterogeneity of formed conjugation products as of unspecific 

modification. It is this heterogeneity, giving rise to analytical as well as safety and efficacy 

concerns. For example, some ADCs with heterogeneously attached cancer drugs had reduced 

clinical efficacy compared to the free drugs which was at least in part linked to unspecific 

coupling chemistries [3]. Similarly, the development of Mylotarg® (Gemtuzumab ozogamicin) 

– the first ADC approved by the FDA in 2000 and unspecifically carrying the cancer drug at 

the antibody’s amine groups – was withdrawn from the market in 2010 following a post 

marketing clinical trial for insufficient clinical benefit and toxic side effects associated with its 

heterogeneity [10]. It was further detailed that the drug-antibody ratio (DAR) strongly impacted 

Mylotarg’s therapeutic efficacy with the large portion of the unlabeled antibody (of ~ 50%) 

serving as a competitive inhibitor to the ADC for cellular uptake which is a prerequisite for its 

activity [11]. Conversely, a high DAR commonly increases toxicity and hydrophobicity of the 

ADC, thereby inducing precipitation, reducing stability and accelerating plasma clearance [12, 

13]. Especially in case of ADCs with cytotoxic payload, statistical conjugation of the highly 

potent drug affects the therapeutic window of the ADC jeopardizing safe and efficient therapy 

[3]. Moreover, multiple drug-loaded forms of ADCs (usually with DARs from 0 to 8 [14]) have 

distinct PK in vivo and differ in clinical performance, immunogenicity, clearance and stability 

[15, 16]. Despite narrowing the DAR by purification, the multitude of different conjugation 

sites – e.g. in case of Kadcyla® (Trastuzumab emtansine) 70 of the 88 lysines were shown to be 

conjugated – generates a mixture of ADC species with substantial differences in clinical 

performance and PK properties [17]. Consequently, ‘second generation’ ADCs were developed 

with the ultimate goal to reduce product heterogeneity providing a therapeutic tool with 

predictable properties and batch-to-batch consistency [2, 18-21]. Recent effort was placed on 

(i) identification of regions that are well suited for site-specific drug attachment [22, 23], (ii) 
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development of versatile chemical linker strategies to modulate drug release [24] and (iii) 

pharmacokinetic/pharmacodynamic modeling [25].  

In analogy to this example, these considerations are also promoting the development of 

conjugates for other therapeutic proteins such as enzymes, growth factors or cytokines for 

which new synthetic approaches are sought leading to clearly defined physicochemical, 

biological and pharmaceutical properties. Batch-to-batch quality differences of such 

heterogeneous products causes concerns as illustrated by the recall of five batches of PEG-

asparaginase between 2000 and 2003 due to deviations in activity associated with unspecific 

coupling [26]. The polydispersity of various species of multi-PEGylated variants and positional 

isomers involves difficult separation and mitigates biological activity for a significant fraction 

of the product species. For example, PEGylated Interferon α-2a retains only a fraction of its 

activity (7%) in comparison to the original protein [27], as it is  PEGylated at 9 different lysines 

resulting in 9 positional isomers exhibiting significantly distinct specific bioactivities [28]. 

Essentially the same was observed for unspecifically surface-conjugated enzymes, such as 

glycosyltransferase, for which a loss of bioactivity by ¼ was reported whereas site-directed 

approaches had a loss of 1⁄10 only [29]. Due to the convincing body of data demonstrating the 

advantages of site-directed coupling strategies, a change of direction becomes apparent with 

the first site-specifically conjugated ADCs entering clinical trials [30, 31]. Furthermore, among 

the recently FDA-approved PEGylated proteins and those in phase I-III clinical trials a growing 

number is produced by bioorthogonal methods (e.g. Cimzia®, a PEG-anti-TNFα antibody 

fragment or Neulasta®, PEGfilgrastim). However, site-directed conjugation chemistries are yet 

to find broad entry into bioengineering of functionalized biomaterials [6, 32-39].  

In this review, we summarize novel, bioorthogonal chemical and enzymatic coupling strategies 

and discuss them with a focus on the site-directed decoration of biologics and the 

functionalization of biomaterials. Pros and cons of each strategy are critically discussed. We 

are addressing novel approaches integrating the complexity of site-directed coupling of (i) 

therapeutic proteins, (ii) linkers, and (iii) biomaterials. Ultimately, we try emulating these 

various strategies into one blueprint / flow chart in an effort to facilitate future selection 

processes for those who aim for the site-directed conjugation of therapeutics to a biomaterial or 

polymer with or without inter-positioned linkers.  
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2. General considerations for protein based bioconjugates  

Covalent conjugation of biologics to biomaterials allows for implant materials with lasting 

bioactivity [40]. The challenges for biologic-decorated biomaterial manufacture are manifold, 

more importantly the preservation of the therapeutics’ stability during the coupling reaction and 

during storage [41] and – with arguably increasing importance - site-directed decoration for the 

aforementioned advantages [42]. This is why the focus is on mild reaction conditions to 

preserve the integrity, and biological function of the biologics to the maximal possible extent 

[43]. ‘Biologics’ in our context are a diverse set of molecules (e.g. peptides, polypeptide 

hormones, large proteins, high molecular weight antibodies, but also nucleic acids, blood 

products and vaccines) and it is this diversity requiring a suite of chemical/enzymatic strategies 

for synthesis and a guided rationale for selecting the most promising one for conjugate 

development.  

The consequences of unspecific versus specific labeling are illustrated for insulin-like growth 

factor I (IGF-1) (Figure 1). IGF-1 has 4 amino groups, three from its 3 lysine residues and one 

from the N-terminal amino group [45]. Therefore, conventional amine-targeting strategies - 

including N-hydroxysuccinimide (NHS)-chemistry – end up in unspecific conjugation to one, 

two, three, or all of the 4 different amines. Assuming identical probability of labeling among 

all 4 amines (which is a theoretical consideration for illustration purposes), the relatively small 

growth factor IGF-I with 7.4 kDa already allows for [4(n + 1) – 1] or 15 species following 

conjugation through its amines (Figure 1A). Challenges associated with this random protein 

orientation include partial or full blockade of a protein’s active site and an associated loss of 

bioactivity [46, 47] along with potential unfolding increasing the immunological risk. In case 

of IGF-I, conjugation through the surface-exposed K27 (Variant #1) and partially also through 

K65, K68 or the N-terminus (Variants #2 – #4), respectively, masks important binding sites to 

receptors and binding proteins (IGFBPs), thereby impacting efficacy of immobilized growth 

factor [48, 49]. These concerns can be met by introducing non-natural amino acids such as 

azido-homoalanine at an ideal position into the therapeutics’ primary structure resulting in 

optimum protein conformation for ligand interaction [50]. This chemo- and region-selective 

ligation method (Figure 1B), is only one yet quite promising approach selected from the 

choices outlined in the next section. 
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3. Chemical conjugation strategies for site-specific protein 

immobilization 

Site-specific covalent coupling of a protein to a carrier requires a distinguishing functional 

group within the protein. This distinguishing functional group can be an unique proteinogenic 

amino acid (e.g. a free cysteine) or an introduced unnatural amino acid [50].  The introduction 

of novel functional groups (e.g. a thiol group) – referred to as site-directed mutagenesis – offers 

 

Figure 1: Schematic illustration of IGF-1 immobilization onto a solid surface by (A) random and (B) 

site-directed coupling strategies [44]. (A) The carrier surface is chemically functionalized with NHS 

activated carboxylic acids, followed by IGF-1 coupling via amino groups entailing  4 different protein 

orientations. (B) Surface functionalization with alkyne groups facilitates covalent IGF-1 conjugation 

through one azide functionality introduced into the sequence at a selected position, thereby resulting in 

homogenous protein orientation. 
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an elegant method for site-specific conjugation, but is restricted to proteins with no [51] 

naturally occurring free cysteine [52, 53]. Cysteine’s nucleophilicity at pH 7 features rapid 

reaction with chemical functionalities such as α-haloacetyl- and maleimide-modified surfaces 

leading to covalent thioether bonds. Studies describe fusion protein synthesis of therapeutic 

peptides with serum albumin using this method, as albumin possesses exactly one free thiol 

group [54]. One common challenge of this approach, however, is the formation of 

intermolecular disulfide isomers jeopardizing the yield and pharmaceutical properties of the 

product. Additionally, free cysteines are frequently required within enzymes’ active sites. 

Furthermore, introduced cysteine residues can cause changes in the disulfide bond pattern 

thereby jeopardizing proper protein folding [55]. Lack of selectivity of cysteine-involving 

syntheses was also reported. Many of the electrophiles traditionally used with thiols including 

iodoacetamides, maleimides or vinyl sulfones, are subject to competing reactions with other 

nucleophilic amino acids aside of cysteines, typically lysine and histidine [53]. In any case, the 

formed maleimide bonds suffer from instability due to hydrolysis or retro-addition reactions 

with free thiols after administration of the therapeutic, e.g. to serum albumin [53] causing some 

concerns for in vivo application of these conjugates  [43]. 

The challenge of disulfide isomers and unspecific reaction with lysines/histidines and instability 

of the maleimide bonds is met by introducing novel functionalities into the protein sequence by 

‘genetic code expansion’ (Figure 2) [56, 57]. Thereby, artificial or unnatural amino acids 

(uAA) are incorporated into proteins and it is these uAA that are site-specifically conjugated 

for homogenous product outcome (e.g. as outlined for IGF-I in Figure 1B)  [58, 59]. 

Alternatively, several uAA can be introduced using ‘post-translational mutagenesis’ into a 

suitable cysteine mutant of recombinant target proteins [60]. The biorthogonal chemistries 

available for l modification are now discussed.  

In general, chemical conjugation strategies can be divided into three main categories: (i) metal-

catalyzed bioorthogonal reactions, (ii) photocatalytic reactions and (iii) bioorthogonal reactions 

proceeding without need for catalysts.  

The most relevant metal-catalyzed bioorthogonal reaction is the Huisgen 1,3-dipolar 

cycloaddition linking an azide with an alkyne to form a 1,2,3-triazole, typically catalyzed by 

copper(I) [33, 34] (Figure 2A). This copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) 

proceeds pH-independently at considerably rapid rates [61, 62]. As azide and alkyne groups are 

essentially absent from biological systems, they are truly orthogonal in their reactivity. A 
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number of Cu(I) sources are available but the catalyst is preferentially prepared in situ by 

reducing Cu(II) salts, such as CuSO4, with TCEP or sodium L-ascorbate while THPTA or 

TBTA are added as Cu(I)-stabilizing agent  [63]. The presence of copper causes concerns 

related to toxicity of traces in the final product or protein precipitation [64]. For example, 

oxidative stress and biological damage have been associated with CuAAC due to Cu(I)-

promoted generation of reactive oxygen species (ROS) as side products [63-67]. Furthermore, 

the ascorbate – used to reduce Cu(II) to Cu(I) – can cause protein crosslinking - by virtue of the 

electrophilic properties of its oxidized form dehydroascorbate - reacting with lysine, arginine 

[68] and cysteine [69] side chains and possibly triggering crosslinks. Due to the widespread use 

of this synthesis we decided to further detail it for its side reactions (Figure 2B). For that, 

agarose particles were decorated with either alkyne-, hydroxyl- or thiol groups. In parallel, short 

peptides were synthesized containing azide and/or thiol, lysine or arginine residues. The 

modified particles and the synthesized particles were now reacted under CuAAC conditions (50 

µM CuSO4, 250 µM tris(3-hydroxypropyltriazolylmethyl)amine (THPTA), and 2.5 mM 

sodium L-ascorbate, ‘+ Cu’) at ambient conditions. Identical reaction conditions but in absence 

of copper (‘− Cu’) were used as negative controls. In summary, reaction was observed for 

cysteines’ thiol groups but –contrasting previous reports [68] – not through lysine and arginine 

residues even at higher copper concentrations in the milli-molar range (Figure 2B, panel 

B1−B3). The  thiol-yne reaction [70] was also less pronounced at standard CuAAC conditions 

(Figure 2B, panel B3 first row), corresponding to previous reports describing the requirement 

of catalysts or radical initiating species (such as UV irradiation) for efficient conversion [70]. 

Interestingly, the cross-links formed in absence of the copper catalyst were easily reduced by 

dithiothreitol (DTT), however, when formed in presence of copper, cross-links were by far more 

resistant including stressed conductions at temperatures of 95 °C and at 1 molar DTT 

concentration (Figure 2C). In conclusion, CuAAC is a particularly feasible coupling method 

for proteins without free cysteines, but should be used cautiously for proteins with free 

cysteines. Similarly, bioorthogonal sulfonylazides and terminal alkynes can react under the 

catalysis of Cu(I) to form stable N-acylsulfonamides in aqueous solution (Figure 2D; [36, 71]). 
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Figure 2: Metal-catalyzed and photo-induced bioorthogonal conjugation reactions for biomolecules. 

(A) Copper-catalyzed azide−alkyne 1,3-dipolar cycloaddition (CuACC); (B, C) Unspecific side 

reactions observed during the performance of CuAAC. Short peptide sequences with reactive 

functionalities and fluorescence label were coupled to alkyne-/ hydroxyl-/ and thiol-functionalized 

agarose particles under standard conditions deployed for CuAAC, and absence of Cu(I), respectively. 

(B) Particle fluorescence after 30 minutes incubation with 50 µM CuSO4, 250 µM THPTA and 2.5 mM 

sodium L-ascorbate (+ Cu) and the same conditions in absence of CuSO4 (− Cu). (C) Change in 

fluorescence intensity after washing with 1 M DTT and heating to 95 °C for 5 minutes to remove non-

covalently bound peptide; (D) Click sulfonamide reaction (CSR); (E) Photoinducible 1,3-dipolar 

cycloaddition of 2,5-diaryltetrazoles and alkenes. 
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This ‘click sulfonamide reaction’ (CSR) proceeds regioselectively at room temperature in 

water. The versatility of this method was shown by surface immobilization of different types 

of biomolecules including biotin, carbohydrates, phosphopeptides and proteins [72]. The major 

drawback of CSR is the requirement of the copper(I) catalyst and associated stability and 

toxicity issues (vide supra) [71]. Besides copper, palladium is used as catalyst for aqueous 

Suzuki−Miyaura cross-coupling with the option of protein or peptide conjugation [59, 73]. 

Similar to metal catalysts, light can be used to activate bioorthogonal functional groups and 

thus control reagent availability. Among several photochemically triggered bioorthogonal 

reactions available, the light-induced 1,3-dipolar cyclodaddition is most frequently used for 

biologics (Figure 2E) [74]. In this reaction, the diaryl-tetrazole incorporated into the protein 

undergoes a cycloreversion reaction upon irradiation with UV light to form in situ a nitrile 

imine. This 1,3-dipole reacts with an alkene to form a stable pyrazoline cycloadduct [75]. The 

formation of the nitrile imine proceeds fast in buffer systems at room temperature avoiding 

exposure of sensitive proteins to UV light for more than 1−4 minutes [76]. Besides the 

advantage of the fluorogenic pyrazoline product allowing easy reaction monitoring [77], the 

inducibility by light is an attractive feature for spatiotemporal control over initiation and 

termination of the coupling reaction, e.g. for imaging or biosensor applications [78-80]. 

However, the bioorthogonal coupling for in vivo applications is limited, as the incorporation of 

the tetrazole moiety into the biologic is challenging and often results in low yields [74, 76]. 

Similar to the tetrazole-based photoclick reaction, azirines can be activated as nitrile ylides as 

shown for PEGylation of lysozyme [81]. Recently, several other photolabile protecting groups 

were described providing strategies with spatiotemporal control through the application of light 

with defined wavelength, intensity and exposure time [82]. To this end, various reactive groups 

can be protected with light-responsive groups, enabling controlled activation of the respective 

conjugation reaction, e.g. thiol-michael addition [83] or SPAAC [84]. Similarly, novel concepts 

of light-controlled enzymatic biomolecule patterning to PEG hydrogels were developed. By 

masking the enzymatic peptide substrate for transglutaminase with a photolabile cage, 

controlled photoactivation enables localized biomolecule tethering [85]. This approach 

circumvents difficult biomolecule modification with photosensitive moieties and light-induced 

damage of fragile proteins. Limitations of photo-triggered bioorthogonal reactions are the 

restricted biological applicability and side reactions of the photo-protected precursors with 

endogenous functionalities such as thiols [86]. 
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A variety of catalyst-free reactions were described, proceeding site-specifically with fast 

kinetics, despite absence of metal ions or photoirradiation (Figure 3). Some time ago, ketones 

and aldehydes were explored for biorthogonal modification of biologics, as they react with 

amine nucleophiles enhanced by the α-effect, such as alkoxyamines and hydrazines [87-89] 

(Figure 3A). Under acidic conditions (pH 4−5.5) the amines along the peptide chain, which 

may also react with aldehydes and ketones, are protonated, while the aminooxy group serves as 

a nucleophile to attack the electron-deficient carbon in the aldehyde/ketone with high reactivity, 

leading to formation of oxime and hydrazone linkages, respectively. The use of carbonyl 

compounds is limited due to the slow rate constants, lability of the hydrazone- and oxime bond 

and competition with endogenous aldehydes and ketones of biomolecules inside cells [61, 90, 

91]. As the reaction rate is pH-dependent, aniline or m-phenylenediamine (mPDA) are used as 

catalysts to accelerate the reaction under neutral conditions [91, 92]. Oxime formation 

conjugation strategies have been applied in site-specific polymer attachment [93, 94], protein 

immobilization on polymer films [95] and antibody labeling for targeted drug delivery [96, 97]. 

 

Figure 3: Representative examples of chemical bioorthogonal reactions without catalysts deployed for 

protein conjugation to biomaterials. (A) Aldehyde-/ketone condensation with amine nucleophiles 

leading to oxime or hydrazone linkages, respectively. (B) Staudinger ligation of azides and 

triarylphosphines; (C) Strain-promoted azide−alkyne 1,3-dipolar cycloaddition (SPAAC); (D) Strain-

promoted alkyne−nitrone 1,3-dipolar cycloaddition (SPANC); (E) Diels-Alder cycloaddition and (F) 

1,2-aminothiol cyanobenzothiazole (CBT) condensation. 



1 
Chapter 1: Bioorthogonal strategies for site-directed decoration of biomaterials with 

therapeutic proteins 

 

 

22 

 

The Staudinger ligation is a bioorthogonal coupling strategy linking an azide group with a 

phosphine-containing ester or thioester creating an amide bond (Figure 3B) [37, 98].  

The reaction provides high yield and proceeds under physiological conditions. Depending on 

the strategy, the byproduct phosphine oxide can either remain attached to (‘classical’ Staudinger 

ligation [37]), or released from the final product (‘traceless’ Staudinger ligation [99]). The 

Staudinger ligation has limitations. The phosphine reagents easily oxidize in air and in general 

the reaction proceeds relatively slowly.  In case of the ‘classical’ Staudinger ligation, the 

attached diphenylphospine oxide adversely affects water solubility of the conjugate [35, 43]. 

Due to the toxicological concerns of copper species, a copper-free variant of CuAAC was 

developed, using the ring strain energy of a cyclooctyne group and referred to as strain-

promoted azide-alkyne cycloaddition (SPAAC). SPAAC proceeds rapidly and removes the 

need of catalysts (Figure 3C) [35]. Different cyclooctyne reagents were developed differing in 

stability, rate, biocompatibility, and PK properties, including difluorinated cyclooctynes 

(DIFO) or dibenzocyclooctynes (DBCO) [62]. SPAAC has also been effectively deployed in 

cell surface decoration or in vivo experiments in zebrafish [64, 100]. SPAAC has limitations. 

Cyclooctynes undergo nucleophilic addition with cellular nucleophiles such as glutathione and 

homotrimerization [42] as well as reaction with oxidized cysteines/sulfenic acids [101]. 

Another arguably alarming limitation of SPAAC for pharmaceutical development is due to the 

bulky, hydrophobic structure of the cyclooctyne component, which may alter the integrity and 

safety of the protein conjugates. Improved kinetics and biocompatibility of reactions with 

strained alkynes can be realized by choosing alternative 1,3-dipoles such as nitrones as reaction 

partners generating N-alkylated isoxazolines (Figure 3D). The strain-promoted alkyne-nitrone 

cycloaddition (SPANC) demonstrated high rate constants [102] and has been used for N-

terminal peptide modification [103]. Recently, SPANC was used for the development of  

nitrone complexes as phosphorogenic bioorthogonal labels and imaging reagents for 

cyclooctyne-modified proteins [104]. More recently introduced methods such as SPANC or 

tetrazine ligation were linked to stability challenges from hydrolysis [42].  

The Diels–Alder cycloaddition usually takes place between a dienophile and a diene to form an 

unsaturated six-membered ring (Figure 3E) [32]. This reaction proceeds in water with high 

selectivity and yield, offering a potential ligation method for peptides and functional proteins 

[105, 106] and proceeds site-specifically [106, 107]. Limitations are the reversibility of the 

reaction, hydrolysis susceptibility of the dienophiles and slow reaction kinetics [108].  
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The 2-cyanobenzothiazole (CBT) condensation reaction with 1,2-aminothiols (CBT-AT) is also 

called the split luciferin reaction, as the reaction constitutes the final step in the synthesis of 

luciferin (Figure 3F) [109]. Apart from proteins bearing N-terminal cysteines, 1,2-aminothiols 

are not found in proteins rendering it bioorthogonal for most biomolecules [110]. The 

condensation reaction proceeds under biologically compatible conditions and is used for 

labeling N-terminal cysteines of proteins [111, 112] or for biomolecule imaging [113].  

Along these arguably more prevalent examples, several other bioorthogonal techniques were 

applied for protein immobilization. These include the Pictet-Spengler reaction linking 

aldehydes and tryptamine nucleophiles [114], tetrazine ligations [115], isocyanide-based click 

reactions [116] or quadricyclane ligations [117]. 

4. Enzymatic conjugation strategies for site-specific protein 

immobilization 

Enzymes typically operate under ambient, mostly physiological conditions – in aqueous 

solution, at physiological pH and benign temperatures ranging from 4 to 37°C. Additionally, 

their high substrate-specificity and selectivity and fast reaction kinetics render them interesting 

tools for protein conjugation, typically occurring site-specifically (Figure 4, Table 1).  

The translation of enzyme-catalyzed ligation strategies found in Nature to the conjugation of 

biologics typically requires the introduction of a recognition tag into the biologic or at its 

termini. By means of its tag, the biologic becomes a substrate for enzymatic ligation reactions, 

e.g. catalyzed by sortase A, transglutaminase, biotin ligase, lipoic acid ligase or tyrosinase. 

These crosslinking enzymes offer a diverse array of site-specific conjugation approaches, that 

can be categorized according to different conjugation reactions and applications (Figure 4).  

Transglutaminases (TGases) and sortases are physiologically relevant enzymes catalyzing 

crosslinking of antiparallel fibrin chains to mechanically stable clots [133] or anchoring of 

surface proteins to the cell wall of gram positive bacteria [134, 135], respectively. Owing to 

this natural cross-linking capability, these enzymes are well-suited for direct covalent 

conjugation of proteins to peptides, generation of protein-protein crosslinks [136, 137], 

synthesis of ADCs [2, 21, 138, 139], immobilization of proteins to the extracellular matrix 

(ECM) [6, 8], liposome modification [135] or covalent assembly into macromolecular networks 

[140] (Figure 4A1). 
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Besides this direct protein crosslinking by formation of new peptide bonds, various other 

enzymes mediate covalent protein crosslinking reactions via generation of reactive species, 

which spontaneously react with protein side chains. For example, tyrosinases convert surface-

exposed tyrosyl side chains into o-quinones, followed by spontaneous reaction with side chains 

of proteins to form covalent cross-links [120](vide infra, Figure 4A2). Enzymes such as biotin 

ligase and lipoic acid ligase are preferably deployed to attach small molecules – such as 

cytotoxic drugs, fluorescent dyes or certain cofactors or tags [123, 124, 128] – to proteins (vide 

infra, Figure 4B). In addition, some of these enzymes also proved suitable for improving the 

PK  properties of target proteins by effective polymer ligation [4] or protein glycosylation 

[130](Figure 4C,D). Combinations of enzymatic glycosylation followed by transferase-

catalyzed PEGylation (termed ‘Glycopegylation’) were also proposed [141]. 

 

Figure 4: Overview of common applications catalyzed by cross-linking enzymes. (A)  Intermolecular 

transpeptidation reactions to connect proteins with peptides, larger proteins or formation of networks, 

(1) directly catalyzed by e.g. transglutaminases (TGases) [8] or sortases [118] or (2) via formation of 

reactive intermediates catalyzed by tyrosinase [119, 120] or formylglycine-converting enzyme (FGE) 

[121]; (B) Conjugation of small molecules for labelling or drug delivery purposes is mediated by various 

enzymes, such as biotin ligase [122, 123], lipoic acid ligase [124, 125], FGE [121], TGase [126] or 

sortase [127, 128]; (C) Attachment of polymers, as mainly described for TGase [4] and rarely also for 

sortase A [129] (D) Conjugation of oligo- and polysaccharides, either directly by glycosylating enzymes 

such as Endo-β-N-acetylglucosaminidases (ENGases), glycosyltransferases or 

oligosaccharyltransferases (OST) [130], or via reactive species generated by tyrosinases [131, 132]. 
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TGases catalyze acyl-transfer reactions between a carboxamide group of a glutamine residue 

and an unbranched primary amine, commonly the ε-amino group of a lysine side chain (Figure 

5A) [142]. Site-specificity is obtained by confining the reaction to groups presented within 

defined amino acid sequences [143]. The most commonly used TGases – microbial TGase and 

(less frequently) tissue TGase and Factor XIIIa – are efficient mediators of amino acid 

conjugation due to their ability to form extremely stable covalent bonds and to function under 

a wide range of pH, salt, and temperature conditions [144]. The use of Factor XIII 

(Fibrogammin®P/ Corifact™) is particularly attractive for pharmaceutical application, as Factor 

XIII is FDA approved for treatment of congenital FXIII deficiency. Besides bridging fibrin 

monomers during wound healing, Factor XIIIa catalyzes covalent linkage of other ECM 

molecules or growth factors to fibrin fibrils [8, 133]. Intending to emulate this natural process, 

a recognition tag derived from α2 plasmin inhibitor (α2PI, sequence NQEQVSPL) was 

previously introduced into recombinantly expressed proteins to enable site-specific 

immobilization into fibrin hydrogels [6, 145]. A variety of applications arose from this strategy, 

including site-specific protein PEGylation [4], preparation of ADCs [2, 139], generation of 

protein – enzyme conjugates [137] or immobilization of therapeutic proteins on biomaterials 

[146, 147], mainly by using the less specific microbial TGase.  

Sortase A (derived from S. aureus) and its engineered variants are frequently used to attach 

oligoglycine derivatives to proteins expressed with a LPxTG tag. The transpeptidase cleaves 

the bond between threonine and glycine and a new peptide bond is created between the N-

terminus of the oligoglycine and the threonine (Figure 5B) [127].  ‘Sortagging’ has been used 

extensively for bioconjugation in vitro and in living cells – especially for cell surface proteins 

expressing the LPxTG motif [128], for site-specific PEGylation [148], protein immobilization 

on glass slides [149] or antigen coupling to virus-like particles [150]. Disadvantages of sortase-

mediated conjugation are mainly the high KM of 5500 µM compared to 17 µM of 

transglutaminase (Table 1) and the reversibility of the reaction, as the glycine residue released 

in the first step can act as a nucleophile to reform the original species. For this reason, high 

excess of the oligoglycine nucleophile is required, along with continuous removal of the 

released glycine-peptide [138]. Depending on protein stability, a short tag (consisting of ≤ 5 

amino acids) is sufficient for recognition by TGase or sortase A. An additional asset of TGase- 

or sortase-catalyzed reaction is their tolerance regarding the location of the modification site 

within the therapeutic, which can be within the target protein sequence or at its termini. Many 

other enzymatic methods are limited in this sense, restricting conjugation to the biologics’ N- 
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or C-terminal tags or highly flexible loops. This feature can be particularly useful if the 

biologics’ termini are essential for bioactivity.  

 

Formylglycine generating enzyme (FGE) post-translationally modifies by converting a cysteine 

within the CxPxR motif to formylglycine. Thereby, an aldehyde group is site-specifically 

introduced into the protein and available for modification through bioorthogonal oxime or 

hydrazone ligation (Figure 5C). Also different synthetic peptides were found to be recognized 

by FGE [121].  In spite of 6 residues of the aldehyde tag being sufficient for FGE recognition, 

an extension of the tag to 13 residues (LCTPSRGSLFTTGR) provides higher levels of 

conversion, potentially due to better accessibility to the enzyme’s active site. The introduction 

of these large recognition tags can alter the protein structure with potential reduction in 

bioactivity [122, 158].  

 

 

Figure 5: Representative examples of enzymatic bioorthogonal reactions deployed for protein 

coupling to biomaterials. (A)  Transglutaminase-catalyzed acyl-transfer reaction; (B) Sortase A-

mediated transpeptidation; (C) Formylglycine conversion and (D) Tyrosinase-catalyzed quinone 

activation. 
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Table 1: Kinetic parameters of relevant enzymes used for protein conjugation. 

Enzyme Tag sequence Substrate KM 

[µM] 

Reference 

Tissue transglutaminase Ac-GQQQLG Ac-FKG-NH2 

Dopa-FKG-NH2 

46.9 

17 

[143] 

Factor XIIIa - (colorimetric assay) 

Abz-NE(Cad-

Dnp)EQVSPLTLLK 

− 

Glycine-

methylester 

25 

19.8 

[151] 

[152] 

Sortase A 

 

Triple mutant Sortase A 

LPXTG 

LPETG 

LPRTG 

GGG-R 

GGGGG 

GGG 

5500 

7300 

560 

[153] 

[134] 

[154] 

Formylglycine generating 

enzyme 

MTDFYVPVSLCTPSRA

ALLTGRS 

− (FG conversion) 0.013 [155] 

Tyrosinase L-DOPA − (conversion) 933 [156] 

Lipoic acid ligase GFEIDKVWYDLDA 

GFEIDKVWYDLDA 

Lipoic acid  

Azide lipoic acid 

13.32 

127 

[157] 

[125] 

Biotin ligase GLNDIFEAQKIEWHE  Biotin 25 [122] 

 

Tyrosinase is a copper-containing enzyme modifying tyrosine residues. The enzyme catalyzes 

the oxidation into reactive o-quinones, which in return become substrates to non-enzymatic 

reactions with nucleophilic amine and sulfhydryl groups of amino acid residues (Figure 5D). 

This strategy has been demonstrated for the decoration of chitosan [131], is widely used in the 

food industry [159], was applied to immobilize proteins on pH-responsive chitosan gels [120] 

or for the modification of silk fibroin or sericin peptides [119]. The major drawback of 

tyrosinases are the high reactivity of o-quinones, leading to condensation with each other and 

reaction with nucleophiles, such as the amino and sulfhydryl groups of amino acid residues 

[159]. 

5. Combining enzymatic and chemical conjugation strategies  

The strategy is to firstly introduce a reactive functional group into the biologic, followed by a 

second conjugation reaction to this introduced functional group (Figure 6). A well-known 

example is the use of lipoic acid ligase, a natural enzyme catalyzing the acylation of a sequence- 

specific lysine residue with lipoic acid (Figure 6A).  Replacing lipoic acid by chemically 

modified lipoic acid analogues expanded the enzyme’s use to selective protein modification, in 

that firstly the lipoic acid derivative containing a certain functionality is enzymatically 

introduced into the biologic, which in return is chemically conjugated using e.g. CuAAC, 

SPAAC, Staudinger ligation or inverse Diels-Alder reaction [124, 125].  
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Site-specific attachment of biotin groups onto biomolecules was performed using biotin ligase, 

catalyzing the transfer of biotin to the ε-amino group of a lysine residue within a special 

recognition tag (Figure 6B) [122]. This biotinylated biologic becomes a substrate for avidin 

and its derivatives complexing biotin in a covalent manner (Kdiss ~ 10−15 M). Alternatively, 

ketone derivatives of biotin were used followed by hydrazone ligation or Staudinger ligation 

[123, 158]. Biotin ligase is frequently used to modify proteins for live imaging applications 

[160]. All these ligases are particularly suitable for the two-step approach outlined in this 

section as the ligases’ restriction in the size of the processed substrate are elegantly addressed 

– a small substrate is attached through the ligase and in a second reaction this substrate is linked 

to e.g. large biomolecules or polymers which would not be processed by ligase. The two-step 

strategy can be also extended to TGase or sortase proving beneficial in cases in which the 

coupling should proceed fast (e.g. due to stability issues of the biologic or enzyme; Figure 6C). 

In these cases, biotin ligase or TGase are superior compared to sortase (with KM < 30 µM 

compared to 5.5 mM), ensuring remarkably short reaction times with sufficiently good 

conjugation yield [161]. 

6. Comparison of advantages and drawbacks of enzymatic and 

chemical conjugation strategies  

Sensitive proteins frequently benefit from enzymatic crosslinking owing to the remarkably fast 

reaction rates (with exception of sortase A; Table 1; [61]) and highly specific activity under 

mild aqueous conditions, retaining the native conformation and bioactivity of most target 

proteins [29]. These properties contrast toxicity concerns of chemical compounds or their 

harmful byproducts, which could perturb the activity or conformation of the protein and/or 

jeopardize its solubility [63-66]. In addition, the exceptional substrate specificity of the majority 

of crosslinking enzymes generates homogenous products absent from side products, that are 

difficult to purify [2, 29]. A supplementary advantage is the catalytic function of enzymes, 

entailing their complete restoration after each catalytic cycle [139]. On the other hand, chemical 

compounds are distinguished by their high versatility, commercial availability and small size, 

avoiding interference with the native protein structure [1, 162]. In contrast, the sequence 

specificity of most enzymes – except tyrosinases and to a certain degree TGases [2, 4, 120] – 

implies the requirement of longer recognition motifs, potentially altering protein structure [157, 

163]. 
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Figure 6: Combinations of enzymatic and chemical site-directed coupling strategies. In these 

examples, the first enzymatic conjugation step is used to attach a reactive functional group into the 

protein, which can be subsequently used to perform a secondary chemical coupling reaction in a site-

specific manner. (A) Lipoic acid ligase-catalyzed introduction of an azide-modified lipoic acid 

derivative, followed by SPAAC using a cyclooctyne-functionalized biomaterial. (B) Biotinylation of a 

protein at a specific lysine residue catalyzed by biotin ligase and subsequent oxime formation. (C) 

Integration of a chemically functionalized linker into the protein mediated by transglutaminase, 

enabling a variety of different chemical site-specific reactions, such as CuAAC, Staudinger ligation or 

SPAAC. 
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The broad range of chemical reagents available for targeting different functional groups provide 

space for individual modification with structurally diverse target molecules at different 

locations within the protein sequence [50]. In contrast, several enzymes are more restricted 

regarding the position of the introduced tag (e.g. biotin ligase and FGE require N-or C-terminal 

regions, TGases and sortases at least flexible loops for accessibility [127, 133]). Highly 

effective enzymatic conjugation is achieved using substrates showing similarity in size and 

shape to the natural substrate of the respective enzyme for reaching the active site [125, 134], 

thus limiting several modifications. Among the different enzymes available, the pronounced 

substrate specificity and absence of side products applies best to mammalian TGases and 

sortase A, while tyrosinase- and FGE-catalyzed crosslinking can be difficult to control, as only 

the initial activation of amino acid residues is enzyme-mediated and the formed reactive species 

can undergo spontaneous consecutive reactions [43, 119, 121]. 

7. Application 

A selection of relevant applications is exemplarily depicted in Figure 7 and Table 2. 

7.1 Biologic-polymer conjugates 

Many therapeutic proteins have been conjugated with polyethylene glycol (PEG), e.g. PEG-

Intron® for Hepatitis C [164], PEGASYS® (PEG-IFN-alpha 2a) and PEG-Neupogen® (PEG-

G-CSF) [26]. The physical and pharmacological properties of PEGylated proteins are affected 

by the number and the size of PEG chains attached to the polypeptide (degree of heterogeneity), 

the location at which the PEGs are attached to the biologic, and the conjugation chemistry used 

for PEGylation [5]. Typically, the ε-amino groups of a biologic are randomly PEGylated, 

yielding the aforementioned positional isomers and heterogeneous outcome [26]. For instance, 

PEGASYS® is a product within which up to 9 different lysines of Interferon α-2a are 

PEGylated resulting in isomers with substantially distinct bioactivities [28]. PEGylation of 

Intron® A generated a broad variety of PEGylated products of which 48% were reported to be 

derivatized at the His34 residue but also at various lysines, the N-terminal cysteine, as well as 

serine, tyrosine, and further histidine residues [164].  

Enzymatic conjugation strategies and chemical conjugation strategies have been shown to 

effectively overcome the challenges of conjugation heterogeneity (Table 2). Guinea-pig liver 

transglutaminase was shown to catalyze the site-specific incorporation of PEG-alkylamine into 



1 
Chapter 1: Bioorthogonal strategies for site-directed decoration of biomaterials with 

therapeutic proteins 

 

 

31 

 

proteins at natural or genetically introduced glutamine residues [4]. For example, the cytokine 

interleukin-2 was site-specifically PEGylated using TGase with preserved bioactivity [165]. 

Furthermore, azide-modified superoxide dismutase-1 (SOD) was site-specifically PEGylated 

using CuAAC [5]. By using 5 kDa and 20 kDa PEG-alkyne, respectively, 70-85% conjugation 

rates were reported at 37 °C yielding PEG-modified SOD derivatives with wild type bioactivity. 

Besides the general shortcomings of CuAAC for protein modification, such as (i) Cu(I) toxicity, 

and (ii) poor solubility of Cu(I)-stabilizing chelating ligands, the (iii) complexation of copper 

ions by polyethylene glycol is a particularly important aspect when using CuAAC for 

PEGylation [26, 166]. Therefore, copper-free 1,3-dipolar cycloadditions are suitable 

alternatives for the conjugation of polyethylene glycol to proteins and enzymes. Following that 

approach, one study reported the attachment of the aza-dibenzocyclooctyne analogue DIBAC-

PEG2000 to Candida antarctica Lipase B with higher conversion compared CuAAC [167, 168]. 

 

Figure 7: Applications of bioorthogonal strategies for protein delivery, shown by the example of 

insulin-like growth factor-1. 
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A second study used SPAAC for PEGylation of therapeutic proteins [169]. In spite of PEGs 

dominating importance, other polymers such as poly(2-oxazoline) (POx) were site-specifically 

conjugated to interleukin-4 (IL-4) analogues by CuAAC [170]. Similar approaches were 

reported for azide-polystyrene [171], polystyrene-b-polyethylene glycol (PSm-b-PEG113) 

diblock copolymers [172] and propargyl-containing P(LA90–co–MPC10) polymers [173]. 

Typically, high coupling yields were reported when reacting the polymer at a 1.5 to 2 fold 

excess with the therapeutic.  

Aside of these linear polymers, dendrimers were effectively decorated by CuAAC, thereby 

increasing the interaction of otherwise weakly interacting ligands through avidity [174]. For 

example, decoration of the dendrimer end groups with epidermal growth factor (EGF) [175] 

induced effective targeting of EGF receptor expressing cells. Furthermore, αvβ3 integrin 

dependent uptake was reported for CuAAC decorated dendrimers carrying RGD  [176]. 

7.2 Decorated surfaces  

Site-directed protein and enzyme immobilization on planar surfaces - such as biochips and 

microarrays presenting biologics - propelled the reproducibility and catalytic activity of assays 

through homogeneous orientation (Figure 1; Table 2) [38, 41, 46, 177-179]. This advantage 

was illustrated with alkyne- and azide-functionalized proteins, proving an increased binding 

activity compared to random immobilization and the absence of nonspecific side reactions 

[180] and other studies proved the storage stability of the decorated surfaces [38, 177]. Similar 

to these cycloadditions, Cu(I) dependent CSR and (copper free) Diels-Alder reaction were 

reported for site-specific immobilization of functional proteins on modified surfaces [72, 106]. 

Other studies modifying glass inter-positioned a bifunctional PEG linker between the 

biomolecule and the surface combining Huisgen 1,3-dipolar cycloaddition with a Diels–Alder 

reaction and as demonstrated for biotin, lactose and thrombomodulin [107]. Along these studies 

on planar surfaces, many studies outline the decoration of e.g. agarose-, magnetic-, or 

luminescent particles, respectively [181-186]. For delivery of therapeutic proteins, such as 

growth factors or cytokines, immobilization on agarose particles using bioorthogonal methods 

represents a reliable method to provide constitutively active surfaces [181, 187]. 

The advantage of site-specific immobilization through CuAAC contrasting conventional amide 

bond formation methods was demonstrated for Maltose binding protein (MBP) bound to 

PEGylated magnetic nanoparticles and yielding two fold increased bioactivity [188].  Similar 
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to the inter-positioned PEG, bioresponsively cleaved linkers were inter-positioned between the 

biologic and the surfaces responding to pH or enzymes [189, 190]. The specificity of the 

bioorthogonal coupling reaction opens an additional interesting feature, the conjugation of 

functionalized proteins present at exceptionally low concentrations in complex mixtures 

including cell lysates [182, 183]. 

7.3 Biomaterial conjugation 

Favorable biomaterials for drug delivery of biologics are components of the extracellular matrix 

(ECM) due to their excellent biocompatibility and natural environment, positively impacting 

cell attachment, migration, proliferation and differentiation [204]. Biomaterials including 

collagen, fibrin, hyaluronic acid or silk fibroin (SF) were also decorated site-specifically, e.g. 

for tissue regeneration [40, 162] and / or drug delivery purposes [46, 205, 206]. Quite 

frequently, the biologics were loaded non-covalently to the biomaterial, but this typically 

triggered high burst release and short activity [207, 208], which is why novel site-specific 

syntheses were featured for decoration. ‘Site-directed adsorption’ was achieved by fusing a 

collagen-binding domain (CBD) to growth factors, which in return bind through their CBD to 

collagen materials [209]. Similarly, other strategies exploit affinity interactions of growth 

factors with heparin binding domains of fibronectin [210].  

Enhanced stability and matricrine effects of immobilized proteins were reported following 

covalent anchoring to biomaterials [7, 211]. As fibrin fibrils are covalently crosslinked by the 

plasma transglutaminase Factor XIIIa to form a dense network during wound healing, the 

enzymatic mechanism has been exploited to covalently incorporate biologics within the fibrin 

network. Several proteins were recombinantly expressed with a transglutaminase substrate site 

from the N-terminus of α2-plasmin inhibitor for covalent immobilization within fibrin networks 

[145, 201, 202]. Besides fibrin, natural transglutaminase substrate sequences are present in 

other ECM proteins, such as fibronectin and collagen II, thereby allowing site-specific 

anchoring of modified biologics using enzymatic crosslinking without the need for biomaterial 

modification [8]. In these cases of covalent protein immobilization on the biomaterial, release 

depends on the matrix degradation rate. For example, drugs covalently bound to fibrin or 

collagen are released by the action of cell-secreted or cell-activated proteases such as matrix 

metalloproteinases and plasmin, which degrade the matrix.  
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Table 2: Representative examples of bioorthogonal protein conjugation for therapeutic use 

 Material Strategy Protein  Ref 

Synthetic 

polymers 

Linear synthetic 

polymers 
CuAAC Protein transduction domain  [171] 

Polymer fibers CuAAC Testis specific protease (TSP50)  [173] 

Polyethylene glycol 

(PEG) 
CuAAC Superoxid dismutase 1 [5] 

 SPAAC Candida Antarctica lipase B [167] 
 SPAAC Designed Ankyrin Repeat Proteins   [169] 

 Transglutaminase Interleukin-2, hGH, calcitonin  [165]  

 
Photoinduced azirine 

ligation 
Lyoszyme  [81] 

PEG hydrogels Transglutaminase Vascular endothelial growth factor  [192] 

Block copolymers CuAAC Myoglobin, Horse radish peroxidase [172] 

Amphiphiles CuAAC Bovine serum albumin [193]  

Polyacrylamide 

hydrogels 
Oxime ligation ECM proteins [93]  

Dendrimers 

Azide/Alkyne 

dendrimers 
CuAAC RGD peptide [176] 

 CuAAC Polyethylene glycol  [194] 
 CuAAC Epidermal growth factor  [175] 
 CuAAC Antimicrobial peptide [195] 

Planar surfaces 

Glass slides CuAAC, Diels Alder Thrombomodulin [107] 
 Staudinger Rab7 protein [178] 
 CuAAC + Staudinger Green fluorescent protein/GST  [177] 
 Click Sulfonamide Cherry-Ypt7, RBD [72] 
 Diels Alder Streptavidin [106] 

Gold surface CuAAC Myoglobin  [179] 

Microarray CuAAC Enhanced green fluorescent protein  [180] 
 Staudinger Ribonuclease A  [38] 

Particles 

Agarose particles CuAAC Fibroblast growth factor (FGF)  [181] 
 CuAAC Farnesyl-transferase [182] 
 CuAAC Peptides  [183] 

Magnetic nanoparticle CuAAC Maltose binding protein [188] 
 CuAAC  Human serum albumin  [184] 

Luminescent 

nanoparticles 
CuAAC Protein receptor interaction site [185] 

Gold nanoparticle CuAAC Lipase [39] 

Silica nanoparticles Thiol-maleimide Insulin-like growth factor-I [196] 

 Polymer beads Sortase  Fluorescent proteins [197] 

Self-assembled 

structures 
Micelles / SCKs CuAAC Peptides  [198] 

Liposomes CuAAC Peptides  [199] 

Natural or 

semi-synthetic 

materials 

Chitosan Tyrosinase Sericin peptides  [119] 

 Tyrosinase Enhanced green fluorescent protein  [120] 

Hyaluronic acid 
N-terminal 

functionalization 
Human growth hormone  [200] 

Fibrin Transglutaminase Bone-morphogenetic protein-2  [6] 

 Transglutaminase Vascular endothelial growth factor  [201] 

 Transglutaminase L1Ig6   [202] 

Collagen SPAAC Epidermal growth factor  [7] 

Fibronectin Transglutaminase Azide-modified peptide  [8] 

Elastin-like 

polypeptides 
Genetic fusion Interferon alpha  [203] 

Silk fibroin CuAAC Fibroblast growth factor (FGF)  [162] 
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7.4 Bioresponsive release systems 

For all above mentioned applications, linkers can be integrated conferring benefits to the protein 

and biomaterial, mainly reducing adsorption to hydrophobic surfaces or increasing the distance 

for improved accessibility to binding sites [39, 107, 188]. Additionally, these inter-positioned 

linkers can be stimuli-responsive, e.g. susceptible to pH, light, redox potential or index 

proteases to provide better control over drug action [52, 212]. For example, intracellular drug 

release can be achieved using linkers, that are hydrolyzed by the acidic pH of endosomes (i.e. 

N-cis-aconityl acid spacer and hydrazon linkages [213]) or by lysosomal enzymes [190]. 

Especially for cancer therapeutics, drug targeting to tumors and controlled activation of the 

cytotoxic drug is highly desirable [214]. This aim of specifically releasing potent drugs in the 

intracellular environment of tumors can be accomplished based on the increased glutathione 

content and higher concentration of reductases in cancer cells, which is able to break disulfide 

bonds of integrated linkers [215, 216]. Controlled drug release in a specific target tissue is 

realized using linkers responding to elevated protease activity, releasing the active drug at the 

target side during disease progression [189, 217]. The purpose of such prodrug strategies is to 

limit off-target toxicity and to enhance PK properties such as biodistribution. The preparation 

of inactive conjugates can be performed by site-specific modification of the therapeutic protein 

with a stimuli-responsive linker attached close to the ligand binding site. Thus, activation at the 

target site reveals the protein’s therapeutic function [189]. For instance, as local inflammation 

preludes the onset of myositis flares, localized matrix metalloproteinase (MMP) upregulation 

can serve as a surrogate marker driving release of therapeutics from a carrier within tissues of 

need [9]. Similar approaches were also applied to biomaterials for tissue engineering [218]. A 

study describes the immobilization of vascular endothelial growth factor (VEGF) immobilized 

on fibrin matrices via a plasmin-sensitive sequence for accelerated, cell-demanded release 

[201]. As the PK improvements of PEGylation are often opposed by bioactivity impairments 

due to attachment of the large polymer, the concept of reversible PEGylation is gaining 

increasing attention [219]. Apart from cleavable linkers, novel concepts describe the use of 

degradable polymers for development of stimuli-responsive conjugates. For example, 

integration of an acid-cleavable unit into functional PEG chains enables protein release at low 

pH [220] or photosensitive groups can provide control over removal of a PEG photocage [221]. 

Furthermore, progress in the area of bioorthogonal cleavage reactions was made aiming for 

special applications such as intracellular prodrug activation [222, 223]. 
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Besides drug delivery purposes, site-specific protein conjugation found application in many 

other fields. A main area is labelling of biomolecules to study interaction and distribution 

phenomena [224] and to image biological processes in living cells [64, 123, 124]. Typically, 

fluorophores or small molecules are attached to the biologic in a site-specific fashion to study 

protein interactions at molecular level in vivo [158]. Modification of cell surface proteins is 

possible using chemical [64, 225] or enzymatic methods [123]. Bioorthogonal approaches are 

also perfectly suited for attachment of cytotoxic drugs [226] or targeting molecules – such as 

antibody fragments, folate [227, 228] or antigens for vaccine delivery [150]. As mentioned 

before, the presented coupling reactions are suitable for diagnostic applications as well [229]. 

Several protein-based biosensors have been developed by applying ‘Sortagging’ technology 

[149] or by chemical bioorthogonal strategies [46, 230]. As an aside, crosslinking enzymes – 

most frequently microbial TGases – are used in food industry applications for modification of 

texture and appearance of food products [144, 159] or for development of biomimetic tissues 

scaffolds or for strengthening protein-based fibers for textile fabrication [231]. 

8. Defining the conjugation strategy 

For maximum benefit of the biologic’s potential, all features of the biomaterial and biologic 

have to be optimally adapted and interconnected. The biomaterial selection should be based on 

biocompatibility and degradation aspects, as well as mechanical and physicochemical 

parameters due to the strong impact on cell adhesion, drug release and therapeutic efficacy of 

the entire bioconjugate. The material characteristics were studied in detail and reviewed 

elsewhere [205]. In case a soluble conjugate is advantageous for desired application, hyaluronic 

acid or elastin-like polymers (ELPs) can be used as a substitute for PEG prolonging the 

circulating half-life of biologics [200, 203, 232, 233]. Important design parameters featuring 

biologics on surfaces include the therapeutics’ release rate - occurring either passively or 

bioresponsively - and stability considerations. Both aspects are essentially driving the need for 

and nature of a linker between the therapeutic and the surface (Figure 8) [188, 189]. For passive 

release, biodegradable biomaterials – particularly elastin, collagen and fibrin – enable sustained 

release of covalently bound biologics due to the natural susceptibility to proteolytic enzymes, 

such as collagenases and elastase [6, 201].  For stimuli-responsive release, cleavage of an inter-

positioned linker releases bioactive molecules in case of disease flares [189, 222]. This strategy 

is particularly advantageous, if the therapeutic does not target extracellular or soluble epitopes 
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but binds to an intracellular target. Therefore, efficacy depends on the efficient cellular uptake 

and release into the cytosol [52].  

Controlled biologic release can be realized by integration of a pH- or enzyme-cleavable linker 

between the therapeutic and the biomaterial or by using smart polymers that undergo reversible 

changes in size and hydrophobicity in response to external stimuli such as temperature, light 

and/or pH [190, 213, 234]. Alternatively, linkers can be used to address stability challenges of 

sensitive biologics, as direct attachment to biomaterials frequently introduces steric constraint 

potentially impacting bioactivity of the therapeutic protein or jeopardizing safety through 

partial unfolding and associated immune responses [107, 188]. In this case, site-directed 

 

Figure 8: Outline of a decision process for choosing an appropriate site-directed bioconjugation 

strategy. [* site-directed modification with one lysine is only possible when the N-terminus is acetylated 

or not accessible for conjugation; **Protein structure prediction can be performed e.g. by Robetta beta 

and docking studies of the protein to a target e.g. using ZDOCK [236]. The impact of a certain 

modification on the bioactivity can be estimated e.g. by RosettaBackrub, [237]]. 
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attachment of CPPs also proves advantageous to achieve efficient intracellular delivery 

bypassing the endocytotic pathway [235].  

The selection of the conjugation strategy is typically dictated by the therapeutics’ characteristics 

[55]. In cases in which one distinguishing amino acid is available in the primary sequence (such 

as lysine, cysteine, tryptophan or tyrosine [52, 238, 239]) and in case these sites are promising 

anchor sites for the intended purpose, standard chemical ligation methods can be used for 

immobilization [59, 110]. Similarly, therapeutics with an inherent substrate sequence for e.g. 

transglutaminase or sortase A [158] are effectively immobilized enzymatically [240]. Biologics 

rarely provide these advantageous features readily, but these can be rationally engineered into 

the proteins [56, 58]. For example, site-specific incorporation of a substrate tag for an enzymatic 

ligation reaction, e.g. catalyzed by sortase A or transglutaminase [145, 197] or artificial amino 

acids for chemical ligation [50, 57, 187] allows unique functionalities to be introduced into the 

protein sequence. Due to the exceptionally high specificity of enzymes, faster kinetics and 

milder coupling conditions compared to chemical conjugation, enzymatic ligation provides 

advantages, especially for sensitive biologics and complex biomaterials [61, 161]. In cases in 

which artificial amino acids are sought for chemical ligation, the decision whether CuAAC or 

SPAAC is more suitable, is typically based on the therapeutics’ propensity to copper or the 

intended application restricting the use of trace metals [64].  For example, free thiols in the 

therapeutic or the biomaterial may limit the success of CuAAC due to copper induced 

aggregation [168, 241, 242]. To identify a suitable position for modification with the unnatural 

amino acid or tag, structural information of the biologic helps to avoid interference with ligand 

binding sites and to estimate accessibility of the conjugation site. Several structure and docking 

prediction tools are available [236] and the impact of the modification on bioactivity can also 

be estimated [237]. The functional importance of the conjugation site was also demonstrated 

for ADCs, having a pronounced effect on PK properties, plasma stability, rate of drug release 

and efficacy of ADC species in vivo [13, 23]. 

For those cases in which integration of a flexible or stimuli-responsive linker is intended, a 

second site-specific conjugation strategy is required (vide supra). In case of a peptide linker, 

expression of the fusion protein consisting of biologic and linker sequence is an attractive 

option, thereby circumventing the second purification step. After successful conjugation, a 

variety of analytical tools and bioactivity assays is available to assess bioconjugation success 

and potency of the conjugate [55, 181]. Finally, the evolution from native (or slightly modified) 
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biomolecule to therapeutic conjugates through attachment of complex structures such as 

polymers, large proteins or biomaterials introduces new challenges related to stability, 

immunogenicity and elimination of the protein therapeutic. These altered characteristics can 

substantially affect the pharmacology and PK of the conjugates. Therefore, they have to be 

considered and ADME properties should be assessed [243]. 

9. Conclusion 

The nature of the biomaterial/polymer, the need and type of linker structure, and the features of 

the biologic impact the selection of chemical or enzymatic ligation strategies for conjugation 

synthesis. This inter-disciplinary effort is essential for the rational and successful design of 

conjugates. This review aimed at facilitating that selection process by discussing these 

strategies in detail and then emulating published examples into one flow chart overarching and 

integrating the aspects of conjugate synthesis.  One focus was on heterogeneous product 

outcome, translating the need for well characterized conjugates for diagnostic or clinical 

application [244]. To summarize, the countless opportunities arising from well-defined, 

homogenous conjugates enable development of effective protein delivery systems with 

potential to overcome current challenges associated with protein therapeutics, such as their 

pharmacokinetic weakness, instability and the limited membrane permeability to reach 

intracellular targets [245]. 
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Abstract 

Purpose: The inhibition of myostatin - a member of the transforming growth factor (TGF–β) 

family - drives regeneration of functional skeletal muscle tissue. We developed a bioresponsive 

drug delivery system (DDS) linking release of a myostatin inhibitor (MI) to inflammatory flares 

of myositis to provide self-regulated MI concentration gradients within tissues of need.  

Methods: A protease cleavable linker (PCL) –  responding to MMP upregulation – is attached 

to the MI and site-specifically immobilized on microparticle surfaces.  

Results: The PCL disintegrated in a matrix metalloproteinase (MMP) 1, 8, and particularly 

MMP-9 concentration dependent manner, with MMP-9 being an effective surrogate biomarker 

correlating with the activity of myositis. The bioactivity of particle-surface bound as well as 

released MI was confirmed by luciferase suppression in stably transfected HEK293 cells 

responding to myostatin induced SMAD phosphorylation.  

Conclusions: We developed a MMP-responsive DDS for MI delivery responding to 

inflammatory flare of a diseased muscle matching the kinetics of MMP-9 upregulation, with 

MMP-9 kinetics matching (patho-) physiological myostatin levels.  
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Introduction 

Sarcopenia is an age-related decrease in both mass and function of skeletal muscle fueling 

frailty and placing patients at higher risk for a loss of independence, impaired quality of life, 

and increased mortality [1]. It is associated with lower plasma and tissue concentrations of 

anabolic growth factors including insulin-like growth factor I (IGF-I) [2], and/or upregulated  

inhibitory factors including myostatin (growth differentiation factor 8, GDF-8) - a strong 

inhibitor of muscle differentiation and inductor of skeletal muscle atrophy [3, 4]. Myostatin 

binds to the activin receptor IIB (ActRIIB) leading to phosphorylation and activation of the 

transcription factors SMAD2 and 3, which in return translocate to the nucleus and induce gene 

expression [5]. Skeletal myopathies – whether occurring in specific muscles or systemically – 

are typically driven by NF-κB regulated inflammatory responses, with NF-κB being a strong 

inducer of myostatin [4, 6, 7]. However, in spite of the causal, inflammatory nexus, blockade 

of specific inflammatory cytokines has limited effect in preventing muscle wasting [8]. 

Therefore, many of the current therapeutic approaches target the ActRIIB receptor, use 

myostatin and activin A inhibiting follistatin, or scavenger antibodies against myostatin [9-11]. 

The myostatin inhibitors (MI) used in this study have a molecular mass of 2.6 kDa and 

selectively bind to myostatin thereby inhibiting receptor interaction with an affinity in the lower 

µM range [12]. However, this approximately 2 µM affinity of this low molecular weight peptide 

goes along with its small size, thereby presumably providing advantages in terms of tissue 

penetration or optimized payload for future drug delivery systems to which these MI are bound. 

It is for this relatively low affinity that prompted us to develop a drug delivery system (DDS) 

precisely clocking MI release to disease flare. Flaring myopathy is closely linked to 

inflammation (vide supra) which is why we hypothesized that “clocking” drug release to the 

onset of inflammatory markers in the index muscle(s) is constructive to catch the diseases in its 

very early phases. Translating this hypothesis into a practical, pharmaceutical design scheme, 

we linked bioresponsive MI release to the onset of the activity of matrix metalloproteinases 

(MMPs), which are upregulated in episodes of flaring myopathy [13]. These inflammatory 

MMPs - and particularly the gelatinase MMP-9 - drive the degradation of the basal lamina in 

necrotic fibers followed by inflammatory cell invasion [14]. In turn, TNFα and IL-1β secreted 

by activated macrophages upregulate MMP-9 during this acute inflammation [15]. MMP-9 

expression and processing into the active form was reported to be strongly induced within 24 

hours following muscle injury [16], coinciding with the profile of myostatin regulation 

following muscle trauma in mice [17]. Furthermore, MMP-9 expression is a biomarker for 
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monitoring disease progression in Duchenne muscular dystrophy (DMD) [18], and – within the 

purpose of this study – its use as a surrogate marker for the onset of myositis drives MI release 

from the DDS in flaring disease (and not in remission).  

Bioresponsive hydrogels [19] and drug delivery systems responding to upregulated proteases  

have been used to optimally drive tissue responses e.g. as reported for stromal cell-derived 

factor 1α [20] or chemotherapeutics [21]. However, the assembly of these complex systems is 

quite frequently challenged by the use of (pharmaceutically questionable) non-specific 

chemistries including the use of EDC (1-Ethyl-3-(3dimethylaminopropyl)carbodiimide) / NHS 

(N-hydroxysuccinimide) chemistry or maleimide conjugation of cysteines [22, 23]. These non-

specific conjugation strategies result in heterogeneous outcome, in that the presence of multiple 

functional groups on a protein drug results in unclear stoichiometry risking reproducible 

pharmacokinetic and pharmacodynamic performance [24, 25]. Therefore, next generation 

chemistries aim at selective decoration providing tight stoichiometric and spatial control e.g. 

by introducing unnatural functional groups into the therapeutic proteins followed by 

bioorthogonal assembly of the constructs [25-27].  

This MMP responsive DDS presented here acts by a two-gated mechanism on myostatin 

misbalance in that a flaring inflammation drives bioresponsive release of MI (gate #1; as present 

in myositis) into the surrounding muscle(s) while restricting action to myopathy characterized 

by myostatin upregulation (gate #2; myostatin inhibition). 

Materials and Methods 

Materials 

Dulbecco's Modified Eagle Medium (DMEM) high glucose, L-glutamine, 4’,6-diamidino-2-

phenylindole (DAPI), copper (II) sulphate, sodium L-ascorbate, tris(3-

hydroxypropyltriazolylmethyl)amine (THPTA), 1-hydroxybenzotriazole hydrate (HOBt),  

N,N′-Diisopropylcarbodiimide (DIC) and N,N-Diisopropylethylamine (DIPEA) were 

purchased from Sigma Aldrich (Schnelldorf, Germany). N-α-(9-Fluorenylmethyloxycarbonyl)-

protected natural L-amino acids were purchased from VWR (Ismaning, Germany), Fmoc-NH-

PEG(3)-COOH, Fmoc-Rink-Amid PEG AM Resin (loading 0.52 mmol/g) and modified amino 

acids for SPAAC and CuAAC (Fmoc-L-Pra-OH and Fmoc-L-Aha-OH) were from Iris Biotech 

GmbH (Marktredwitz, Germany). Acetonitrile (HPLC grade) and trifluoroacetic acid (HPLC 

grade) were from VWR. Human neutrophil matrix metalloproteinases (MMPs) were from EMD 
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Millipore Corporation (Billerica, MA). Penicillin G and streptomycin solution (Pen/Strep) were 

purchased from Biochrom AG (Berlin, Germany). Fetal bovine serum (FBS) was from GIBCO 

life technologies (Carlsbad, CA) and horse serum and secondary antibody goat anti-mouse IgG 

horseradish peroxidase (HRP) conjugate was from Sigma Aldrich. α-tubulin rabbit monoclonal 

antibody (#2125) and  goat anti-rabbit IgG horseradish peroxidase (HRP) conjugate was from 

Cell signaling (Danvers, MA). Recombinant human/mouse myostatin (GDF-8; 788-G8-010) 

and monoclonal primary antibody for immunostaining and Western Blot against myosin heavy 

chain (MyHC; MAB4470) were from R&D Systems (Minneapolis, MN) and goat anti-mouse 

IgG secondary antibody Alexa Fluor® 488 conjugate (A11001), Bradford Protein Assay Kit, 

Pierce BCA Protein Assay Kit, Pierce Luciferase (2X) Cell lysis buffer, M-PER mammalian 

protein extraction reagent and Alexa Fluor 488 succimidyl ester were from Thermo Fisher 

Scientific (Schwerte, Germany). Mowiol 4-88 was from Carl Roth (Karlsruhe, Germany). 

TaqMan Gene Expression Master Mix, High Capacity cDNA Reverse Transcription Kit, 

GAPDH- and myogenin probe sets, TaqMan Gene Expression Assay were purchased from 

Applied Biosystems (Foster City, CA) and RNEasy Mini Kit was from Qiagen (Hilden, 

Germany). NHS activated sepharose TM4 Fast flow (crosslinked 4% agarose beads; mean 

particle size 90 μm, particle range 45μm – 186 μm) was from GE Healthcare (Freiburg, 

Germany). 3D Carboxy-poly(methylmethacrylate) particles (5% solid content, mean particle 

size 4.6 µm) was from PolyAn (Berlin, Germany). All other reagents were obtained from Sigma 

Aldrich and were at least of pharmaceutical grade unless otherwise stated. 

Synthesis, chemical modification, and molecular weight of the myostatin inhibitors  

The myostatin inhibitor (MI) variants and protease cleavable linkers (PCL) were synthesized 

manually by solid phase peptide synthesis (SPPS) using Fmoc strategy as described before [28]. 

In brief, Fmoc-Rink-Amid PEG AM Resin as solid support was loaded into in a polypropylene-

reactor with polyethylene frit and plastic fit (MultiSynTech GmbH, Witten, Germany). After 

Fmoc-deprotection using 40 % (V/V) piperidine in DMF for 3 minutes followed by 20 % (V/V) 

piperidine for 15 minutes in DMF and 6 washing steps using DMF, a 5 molar excess as 

compared to the functional groups on the resin of Fmoc-protected amino-acid dissolved in 0.5 

M HOBt in DMF with 80 µL DIC and 88 µL DIPEA was loaded on the resin and incubated for 

at least 3 hours. The sequence of the first variant manufactured for EDC (1-Ethyl-3-

(3dimethylaminopropyl)carbodiimide)/ NHS (N-hydroxysuccinimide) chemistry was Ac-K-

PEG(3)-SQGHCTRWPWMCPPQGWG-K, of the second variant manufactured for factor XIII 
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linkage [29] was Ac-GNQEQVSPLGG-PEG(3)-SQGHCTRWPWMCPPQGWG-K, and the 

third variant manufactured for copper(I) catalyzed azide-alkyne cycloaddition was Ac-Pra-

GGG-PEG(3)-VATQGQCTRWPWMCPPQGWG-G(5)-Pra. The PCL sequence used was Ac-

FKG-PEG(3)-GPQGIAGQ-PEG(6)-A(N3) [30] and of the assembled MI-protease-sensitive 

linker (MI-PCL) Ac-FKG-PEG(3)-G-VATQGQCTRWPWMCPPQGWG-PEG(6)-

GPQGIAGQ-PEG(3)-A(N3). Structure prediction was done by PEP-FOLD 3.0 [31] and 

molecular graphics created by Chimera [32]. 

After cleavage from the resin, the peptides were purified by reversed phase chromatography 

using an FPLC system (GE Healthcare Äkta Purifier, Life sciences, Freiburg, Germany) with a 

Jupiter 15u C18 300A column (21.2 mm x 250 mm, Phenomenex Inc., Torrance, CA). A sample 

of each fraction was taken and desalted using Zip Tip pipette tips (C18 resin, Millipore) 

following the manufacturer’s instructions. One μL of the eluate was embedded in a matrix, 

consisting of equal parts of 4-Bromo-α-cyanocinnamic acid and ACN/0.1 % TFA in water (1:4). 

Matrix-assisted laser desorption ionization (MALDI)-MS  spectra were acquired in the linear 

positive mode by using an Autoflex II LRF instrument  from Bruker Daltonics Inc. (Billerica, 

USA) fitted with a  = 337 nm nitrogen laser. After purification, fractions were filled in 10 mL 

vials, semi-stoppered and lyophilization was performed using a VirTis AdVantage Plus (SP 

Scientific, Gardiner, NY) laboratory-scale freeze-dryer. First, the vials were transferred into a 

−80°C deep freezer to ensure fast solidification and maintained at this temperature for at least 

2 hours before loading onto the precooled shelves (-40°C) of the freeze drier. Primary drying 

was performed by controlling the shelf temperature at 5 °C over a period of 24 h and the 

chamber pressure at 80 mTorr. Secondary drying was carried out at the same chamber pressure 

applied during primary drying but increasing the shelf temperature to 25°C and maintaining 

this temperature for 6 h. Thin wire thermocouples (Omega Engineering, Newport, CT) were 

applied to monitor product temperature throughout the course of the freeze-drying process. 

Lyophilisates were stored at -80 °C until use. 

Bioconjugation of the different MI variants 

The first MI variant with N- and C-terminal lysines was either directly coupled to the NHS-

activated fluorescent dye Alexa Fluor 488 succimidyl ester (NHS-dye) or reacted with 

dibenzocyclooctyne-PEG4-N-hydroxysuccinimidyl ester (DBCO-PEG(4)-NHS ester) 

followed by labelling with Azide Fluor 488 (azide-dye). For the first set, the lyophilized lysine-

containing MI was dissolved in PBS and reacted with the NHS-dye at a 1:1 molar ratio with 
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respect to the two amino groups present in the MI. The coupling was performed in a total 

volume of 100 µL in PBS buffer at pH 7.4 for 2 hours at room temperature in the dark with a 

MI variant devoid of free amino groups (alkyne-MI) as a negative control. The reaction was 

stopped by freezing the samples at -80°C. For the second set, the lysine containing MI variant 

was first reacted with NHS-PEG(4)-DBCO under the same conditions as described above 

followed by dialysis to remove unreacted NHS-reagent. In the next step, the concentration of 

the DBCO-MI conjugate was measured using the BCA assay and incubated with Azide Fluor 

488 at a 1:1 molar ratio at room temperature for 1 hour in PBS. As negative control, the 

unreacted lysine-containing MI variant was incubated with the azide-dye under the same 

conditions to verify the specificity of this two-step conjugation reaction. 

For factor XIIIa mediated acyl transfer reaction, a linker containing a N-terminally acetylated 

FKG-sequence and a C-terminal azide group was synthesized by SPPS.  The MI variant 

containing the NQEQVSPLG-sequence – generated from the TGase substrate sequence of 

alpha-2 plasmin inhibitor [29] – was incubated with 2-fold molar excess of the FKG-containing 

linker peptide in the presence of 0.18 units of thrombin-activated fXIII, 5 mM CaCl2 and 50 

mM tris–HCl buffer containing 150 mM sodium chloride (pH adjusted to 8.0 at room 

temperature) in 50 μL reaction volumes at 37 °C for 2 hours with slight agitation. The reaction 

mixture was stopped by separation of  factor XIIIa and additives using Vivaspin 500 

ultrafiltration spin columns (30 000 MWCO PES membranes, Sartorius Stedium, Goettingen, 

Germany) followed by performance of the SPAAC reaction to label the azide group of the linker 

and the coupling product with DBCO-5,6-carboxyrhodamine 110 in PBS for 1 h at room 

temperature. For the copper(I)-catalyzed azide-alkyne cycloaddition a solution containing 

CuSO4, THPTA and sodium L-ascorbate was prepared and incubated in the dark for 10 minutes 

before use to reduce generated reactive oxygen species and thereby, limit the oxidative effects. 

The lyophilized alkyne-modified MI was dissolved in PBS and the Cu(I) solution added to 

reach final concentrations of 50 µM CuSO4, 250 µM THPTA, and 2.5 mM sodium L-ascorbate. 

The fluorescent dye azide Fluor 488 was added in a molar ration of 1:1 with respect to the two 

alkyne groups present in the MI and the mixture was incubated for 1 h at room temperature in 

the dark. After coupling, all reaction mixtures were directly transferred to a 16 % tricine-SDS-

PAGE gel [33] and analyzed for fluorescence on a Gene flash doku system (Syngene, 

Cambridge, UK) for detection of the peptide-dye conjugate. Subsequent peptide staining was 

done by Coomassie brilliant blue. 
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Luciferase-based reporter gene assay 

HEK-293 cells (ATCC-Number CRL-1573, ATCC, Manassas, VA) stably transfected with a 

pGl3ti vector, linearized with the restriction enzyme BsaI (New England BioLabs GmbH, 

Frankfurt, Germany), containing a SMAD binding element (SBE) – responding to 

phosphorylation of SMAD 2, 3 an 4 – at the promotor of the firefly luciferase gene and a 

hygromycin resistance to select for transfected cells were used for the reporter assay [34]. 

Briefly, 1.8 x 104 cells/24-well were transfected at 50-70% confluence. Liposome-mediated 

transfection was performed using Lipofectamine® 2000 Transfection Reagent (Thermo Fisher 

Scientific, Langenselbold, Germany). 2 µL of Lipofectamine® 2000 and 0.9 µg of linearized 

constructs were diluted in 100 µL serum-free medium (DMEM containing 4.5 g/L D-glucose, 

2 mM L-glutamine, 100 U/mL penicillin G and 100 µg/µL streptomycin) and incubated for 30 

min. 124 µL serum-free medium was added, and the solution was then carefully dripped onto 

the cells. HEK293 cells were incubated for 5 h in transfection solution at 37°C and 5 % CO2. 

After removal of the medium cells were cultivated with medium containing 10% heat-

inactivated FCS. After 24 h 50 µg/mL hygromycin was added as selection antibiotic. The cells 

were maintained in 75 cm2 culture flasks in growth medium at 37°C and 5 % CO2. Before use, 

the cells were harvested from exponentially growing sub-confluent monolayers in growth 

medium and seeded at a final cell density of 3 x 104 cells/well (using 100 µL per well) in 96-

well clear tissue culture plates (Thermo Fisher Scientific) in growth medium and grown for 24 

hours at 37°C and 5 % CO2. After two washing steps with PBS, the cells were exposed to the 

ligands (in the first set of experiments with 4 nM myostatin alone or in combination with MI or 

MI-PCL, in the second set of experiments with MI-PCL-functionalized particles or cleaved 

fragments present in the supernatant after exposure to MMPs or incubated in buffer, 

respectively) in assay medium (DMEM high glucose with 2 mM L-glutamine, 0.5% heat 

inactivated FCS, 100 U/mL penicillin G and 100 µg/µL streptomycin and 50µg/mL 

hygromycin). In case of the MI-PCL functionalized particles, the dilution series of MMP-

exposed and -unexposed particles (vide infra) was pre-incubated with myostatin for 15 minutes 

before addition to the reporter cells. Following stimulation with the ligands for 48 hours at 37 

°C and 5 % CO2, the cells were washed once with PBS and lysed using 80 µL of luciferase 

assay buffer and 50 µL of the lysate was transferred to a white bottom 96-well plate (Thermo 

Fisher Scientific) and frozen at -80°C. Luciferase activity was monitored following the addition 

of 100 µL Luciferase Assay Reagent (Promega GmbH, Mannheim, Germany) to each well and 

the chemiluminescence was read on an Orion II Microplate Luminometer (Titertek-Berthold, 
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Pforzheim, Germany) after 1 second as described previously [35].  For normalization to cell 

number a Bradford Assay with the cell lysates was conducted (using Quick Start 1x dye reagent, 

Biorad, Germany). Protein content was determined by a BSA calibration (50–1000 µg/mL BSA 

standard curve) and luciferase activity was specified as RLU (relative light units) per µg protein. 

C2C12 differentiation and immunostaining 

C2C12 myoblasts (ATCC CRL-1772) were cultured in growth medium (DMEM containing 4.5 

g/L D-glucose, 2 mM L-glutamine, 10 % heat inactivated FCS, 100 U/mL penicillin G and 100 

µg/µL streptomycin). 50,000 cells/well were seeded in 4-well plates (Greiner Bio One, 

Frickenhausen, Germany) in growth medium. Following 24 hours of incubation myoblast 

differentiation was initiated by changing to differentiation medium (DMEM supplemented with 

2 % horse serum) at which point the compounds were added (myostatin alone or in combination 

with MI or MI-PCL, respectively). Cell differentiation into myotubes was followed for 5 days. 

Due to the high metabolic activity of the cells during differentiation the medium had to be 

renewed every 24 hours. To maintain the effect of the MI or MI-PCL on the cells, they were 

premixed with myostatin and diluted with fresh medium before addition to the cells. 

After 5 days of differentiation, the medium was gently aspirated and the cells were washed 

twice with PBS and fixed and permeabilized with ice-cold methanol for 10 minutes at 4°C. 

Following 4 washing steps with PBS, non-specific binding was blocked with 5% bovine serum 

albumin (BSA) in PBS prior to incubation with anti-myosin heavy chain antibody at 4°C over 

night and Alexa Fluor 488 secondary antibody (diluted in PBS + 5% BSA) for 60 minutes at 

room temperature. Cell nuclei were counterstained with DAPI. The cells on the cover slides 

were mounted on microscope slides with Mowiol 4-88 and visualized at 10 fold magnification 

using a Zeiss Axio Observer Z1 epifluorescence microscope equipped with a A-Plan 10x/0.25 

Ph1 objective (Zeiss, Oberkochen, Germany). Fluorescence excitation was measured at λ = 495 

nm with an exposure time of 1.7 seconds. 

Western Blot of differentiated C2C12 cells 

After 5 days of differentiation cells were lysed using M-PER mammalian protein extraction 

reagent and cell extracts centrifuged at 14,000 ×g for 15 min at 4 °C. The total protein 

concentration of cell extracts was determined using the BCA protein assay kit. Equivalent 

amounts of total proteins were mixed with 6× SDS reducing sample buffer, denatured for 5 

minutes at 95°C and then subjected to 5% SDS-polyacrylamide gel electrophoresis. The protein 

bands of the polyacrylamide gel were then transferred onto a nitrocellulose membrane, blocked 
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in TBS containing 0.1% Tween 20 and 5% BSA followed by incubation with primary 

antibodies (anti-myosin heavy chain antibody for the upper part of the membrane and anti-α-

tubulin as loading control for the lower part of the membrane) at 4°C over night. After three 

washing steps for 10 min each with TBS/T, the membranes were incubated with horseradish 

peroxidase-conjugated IgG antibody diluted 1:5000 in TBS/T for 90 min at room temperature 

followed by three 10-min washing steps with TBS/T. The signals were visualized by using 

SuperSignal West Pico Chemiluminescent Substrate according to the manufacturer's 

instructions. 

RT-PCR (Quantitative real-time PCR of differentiation markers) 

Total RNA was isolated from the 5 days differentiated C2C12 myoblasts using RNEasy Mini 

Kit according to the manufacturer's instructions. The concentrations of total RNA were 

determined spectrophotometrically using a NanoDrop ND-1000 (NanoDrop Technologies, 

Wilmington, DE) and adjusted to the same concentration. Samples were prepared for reverse 

transcription PCR by using oligo(dT) primers (High Capacity cDNA Reverse Transcriptase 

Kit) and 100 ng cDNA amplified by PCR. A TaqMan probe set for myogenin was used (Myog: 

Mm00446194_m1; GAPDH: Mm99999915_g1; Applied Biosystems) with TaqMan Gene 

Expression Master Mix and analyzed by qPCR in a ABI prism7900 HT Real-Time PCR System 

(Applied Biosystems). cDNA levels were normalized to the expression of the housekeeping 

gene GAPDH; relative values were calculated by the comparative CT Method [36].  

Cleavage experiments of the protease cleavable linkers  

Pro-MMPs (MMP-1, MMP-8 and MMP-9) were activated with 4-aminophenylmercuric acetate 

(APMA) as described before [37]. Lyophilized protease cleavable linkers (PCL) were diluted 

in MMP-buffer (50 mM Tris, 150 mM NaCl, 1 µM ZnCL2, 10 mM CaCl2, pH 7.4) to a final 

concentration of 1 mM. For the experiments targeting the time-dependent release profile, 100 

µL of these solutions were mixed either with one of the matrix metalloproteinases (MMP)-1, -

8 or -9 alone or with a combination of all MMPs to reach a final protease concentration of 16 

nM and incubated at 37 °C with gentle agitation for defined periods of time (ranging from 30 

min to 24 hours). The protease activity was stopped by addition of 1 mM EDTA and heating to 

95 °C for 5 minutes. For the experiments targeting the MMP concentration-dependent cleavage 

of the PCL, a combination of all three MMPs was used. 100 µL of the PCL solution was 

incubated at 37 °C for 24 hours with equimolar amounts of MMP-1, -8 and -9 to reach total 

concentrations of 0.16 to 16 nM protease. Following 24 hours incubation, protease activity was 
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stopped with 1 mM EDTA and heating to 95°C for 5 minutes. Cleavage efficiency was assessed 

on a LaChromUltra UPLC system equipped with a Hitachi L-2455U diode array detector and 

two L-2160U pumps (VWR Hitachi, Tokyo, Japan). 30 μL PCL sample was applied on a 

ZORBAX Eclipse XDB-C18 column (4.6 mm x 150 mm, Agilent, Santa Clara, CA) 

equilibrated with a solution of 95 % water containing 0.1 % TFA and 5 % acetonitrile (ACN) 

containing 0.1 % TFA. PCL and cleaved fragments were eluted by a linear gradient of 5 – 60 

% ACN containing 0.1 % TFA with a flow rate of 1 mL/min. Column temperature was kept at 

40°C by a L-2300 column oven and absorbance was monitored at  = 215 nm. 

Decoration of 3D Carboxy-poly(methyl methacrylate) particles and exposure to 

MMPs 

Transparent 3D-carboxy-PMMA beads (100 µL solution corresponded to approximately 0.7 

µmol carboxyl groups according to the manufacturer’s information) was activated with EDC 

(1-Ethyl-3-(3dimethylaminopropyl)carbodiimide)/NHS (N-hydroxysuccinimide) in MES 

buffer pH 6.5, followed by modification with equimolar amounts of  dibenzocyclooctyne-amine 

(DBCO-amine), or ethanolamine for the control particles in PBS buffer at pH 7.4 for 2 hours 

with gentle shaking. The particle solution was subsequently blocked with 500 mM 

ethanolamine in 100 mM Tris-HCl buffer (pH 8.4), containing 0.5 M NaCl, for 1 hour. The 

DBCO particles and the ethanolamine (control) particles were washed several times with PBS 

and each allocated in two groups, one group was incubated with 0.2 µmol PCL and the other 

group with 0.2 µmol MI-PCL in PBS for 2 hours at RT with gentle shaking. Following several 

washing steps, the immobilized PCL or MI-PCL was labelled with Alexa Fluor 488 succimidyl 

ester for 30 minutes at room temperature followed by two washing steps with PBS containing 

0.02 % polysorbate 20, one step with 1 % sodium dodecyl sulfate in MQ water and two steps 

with PBS. The particles were incubated overnight in MMP 9 buffer (50 mM Tris, 150 mM 

NaCl, 1 µM ZnCl2, 10 mM CaCl2, pH 7.4) to remove non-specifically bound peptide and dye. 

Half of these functionalized particles were incubated at 37°C in protease buffer for 24 hours 

with equimolar amounts of MMP-1, -8 and -9 to reach a total protease concentration of 8 nM 

and the other half incubated in MMP buffer alone without MMP. Following 24 hours 

incubation, the particles were washed five times with PBS containing 0.02 % polysorbate 20 

and analyzed using flow cytometry and on a LaChromUltra UPLC system equipped with a L-

2485U fluorescence detector (Hitachi, VWR). 
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Flow cytometry 

5,000 beads each (n = 3) were analyzed by recording forward scatter, sideward scatter and 

fluorescence signals at  = 488 nm and detection at  = 530 nm using a FACS Calibur system 

(Becton Dickinson, NY, USA). Analysis was performed with the ‘Flowing Software’ 2.5.0. 

(Perttu Terho, Turku Centre for Biotechnology, Turku, Finland).  

Decoration of NHS activated agarose particles and exposure to MMPs 

NHS activated agarose bead slurry solution (100 µL solution corresponds to 2 µmol NHS) was 

washed once with PBS, followed by 1 mM hydrochloric acid and again two times with PBS 

followed by modification with equimolar amounts of DBCO-amine, or ethanolamine for 

control particles in PBS buffer at pH 7.4 for 2 hours with gentle shaking. The particle solution 

was subsequently blocked with 500 mM ethanolamine in 100 mM Tris-HCl buffer (pH 8.4) 

containing 0.5 M NaCl for 1 hour. 60 mg particles decorated with DBCO-amine or 

ethanolamine, respectively, were weighted and incubated each with 1 µmol PCL or MI-PCL in 

PBS (to make a total reaction volume of 500 μL) for 3 hours at RT with gentle shaking. After 

15, 30, 60, 120 and 180 minutes during the reaction, 5 µL samples of the supernatant were taken 

and the peptide content of the supernatant was measured by a Bicinchoninic acid (BCA) assay 

to assess the progress of the SPAAC reaction. Hence, coupling efficiency was calculated by the 

reduction of the peptide concentration in the supernatant compared to the initial concentration 

(t = 0). Subsequently, five washing steps with PBS were performed and the particles incubated 

over a period of 3 days in MMP buffer (50 mM Tris, 150 mM NaCl, 1 µM ZnCl2, 10 mM CaCl2, 

pH 7.4) to remove non-specifically bound peptides. The particle solution was split and one half 

was incubated at 37°C in protease buffer for 24 hours with equimolar amounts of MMP-1, -8 

and -9 to reach a total protease concentration of 8 nM and the other half incubated in MMP 

buffer alone (without MMPs). After 0.5, 1, 3, 6 and 24 hours during MMP exposition and buffer 

incubation of the control particles, respectively, samples of 5 µL were taken and the peptide 

content of the supernatant was assessed by a BCA assay.. Cleavage kinetics was calculated by 

the increase in peptide concentration in the supernatant following MMP digestion with regard 

to particle amount and peptide loading). Following 24 hours incubation, protease activity was 

stopped with 0.1 mM EDTA, the particles were centrifuged for 5 minutes with 2000 x g using 

a Micro 2416 centrifuge (VWR) and the supernatant was separated from the particles and 

lyophilized using a VirTis AdVantage Plus freeze-dryer (SP Scientific, vide supra). After 

reconstitution of the lyophilized supernatants in 100 µL PBS, peptide concentration was 
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determined by a BCA assay and subsequently diluted with 500 µL DMEM. The solution was 

sterile-filtered and added to the cells for bioactivity testing. The collected particles after MMP 

digest and buffer incubation, respectively, were washed twice with PBS containing 0.02 % 

polysorbate 20, then the supernatant was aspirated and the particles weighed and 30 mg were 

taken and washed three times with sterile PBS before addition to the cells (10 mg/well).  

Statistical analysis 

Data were analyzed using Student’s t-test or one-way ANOVA followed by pair-wise 

comparisons using Tukey Kramer post-hoc test. SigmaPlot (Systat Software Inc., CA) or 

Minitab 16 (Minitab, Coventry, UK) was used. Results were considered statistically significant 

at p ≤ 0.05 (*; p ≤ 0.01 (**)) and results are displayed as mean with standard deviation (SD). 
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Results 

Preparation of the myostatin inhibitor variants for bioorthogonal coupling 

We developed three analogues of the myostatin inhibitors (MIs) with the ultimate goal to retain 

bioactivity and gain flexibility in terms of orthogonal coupling chemistries used for DDS 

assembly (Figure 1). The design of the MIs preserved the core sequence of 20 amino acids - 

required for binding to myostatin [12] - and featured different functional groups as coupling 

sites which were connected via a PEG(3) spacer. A first variant carrying two terminal 

lysines/primary ε-amino groups was developed for compatibility with EDC/NHS chemistry 

[38]. The otherwise non-specific EDC/NHS chemistry - randomly coupling primary amino with 

carboxyl groups (vide supra) - was nevertheless specific in our specific setting, as the MI itself 

did not contain any primary amino groups (Figure 1A). A second variant carrying one N-

terminal transglutaminase / factor XIII sequence - derived from the natural substrate of α2-

plasmin inhibitor (α2PI) - and a C-terminal lysine/primary ε-amino group was developed for 

heterobifunctional synthesis through enzymatic and EDC/NHS coupling, respectively (Figure 

1B) [29, 39, 40]. This variant allows the coupling of different molecules to the MI as one end 

is decorated through enzymatic ligation and the other end chemically. The third MI variant 

carried two terminal alkyne groups for compatibility with 1,3-cycloaddition reactions (Figure 

1C) [26, 41]. After purification, the resulting variants were analyzed by MALDI-MS, resulting 

in an obs. average mass of 2623 Da (calc. average mass = 2622 Da), 3573 Da (cal. average 

mass = 3572 Da), and 3307 Da (calc. average mass = 3307 Da) for the first, second, and third 

variant, respectively (Figure S1A-C). Myostatin inhibition of the three MI variants was tested 

with a reporter gene luciferase assay in HEK293T cells, monitoring SMAD phosphorylation in 

response to MI concentration. All three MI variants had a dose-dependent inhibitory effect on 

myostatin-induced SMAD phosphorylation, displaying IC50 values in the µ-molar range with 

2.0 ± 0.5 µM, 2.0 ± 0.5 µM, and 48.5 ± 7.6 µM for the first (two terminal lysines), second (N-

terminal factor XIII sequence, C-terminal lysine), and third variant (two terminal alkynes), 

respectively (Figure 1A-C, panels B). The higher IC50 value observed for the alkyne-modified 

variant could be attributed to an increased tendency to form aggregates (data not shown).   
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Figure 1: Characterization of the myostatin inhibitors with modifications for bioorthogonal 

conjugation: (A) Lysine-modifications for EDC/NHS chemistry (Ac-K-PEG(3)-

SQGHCTRWPWMCPPQGWG-K), (B) Transglutaminase-modifications for enzymatic coupling (Ac-

GNQEQVSPLGG-PEG(3)-SQGHCTRWPWMCPPQGWG-K), and (C) alkyne- modification for 

copper-catalyzed azide-alkyne click reaction (CuAAC; Ac-Pra-GGG-PEG(3)-

VATQGQCTRWPWMCPPQGWG-G(5)-Pra).   
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To study the functionality of the introduced groups for site-specific chemical or enzymatic 

conjugation, the coupling reactions were performed with fluorophores as conjugation partners. 

The covalent dye attachment was visualized by tricine-SDS-gel electrophoresis and 

fluorescence imaging (Figure 1A-C, panels C) following the reaction schemes depicted below 

(Figure 1A-C, panels D). For the first variant, two possible conjugation strategies are 

presented, the direct decoration of the amino groups with NHS-activated carboxyl groups 

(Figure 1A, panel D1) and the reaction with DBCO-PEG(4)-NHS followed by SPAAC reaction 

with an azide-containing molecule (Figure 1A, panel D2). Both strategies resulted in high 

coupling efficiencies after 2 hours incubation, with low background fluorescence for the 

negative controls (Figure 1A, panel C). As negative control in case of the NHS-coupling, the 

alkyne-modified variant described in Figure 1C with no primary amino groups was used 

(Figure 1A, panel C, lanes #8 and #10) and compared to the positive control with N-and C 

terminal lysines (lanes #7 and #9). For the alternative strategy using a combination of NHS-and 

SPAAC chemistries, the azide-dye was conjugated to DBCO-MI (lanes #2 and #4) and to the 

lysine-MI as a negative control (lanes #3 and #5). The fluorescent labelling of the peptides in 

the positive controls indicated that under applied conditions the functional groups are accessible 

and react specifically with the dyes. In case of the MI variant for enzymatic ligation, the factor 

XIIIa-mediated acyl transfer reaction was performed with a linker containing the 

complementary TG recognition sequence and a C-terminal azide group (Figure 1B, panel C,D). 

Subsequent performance of the SPAAC reaction showed an additional fluorescent band in the 

tricine-SDS-PAGE of about 7 kDa size in the positive control (Figure 1B, panel C, lane #4), 

whereas in absence of fXIIIa in the first coupling step, only the linker reacted with the dye (lane 

#5). The functionality of the alkyne groups in the third variant was also assessed by performance 

of the CuAAC (Figure 1C panel C, following the scheme of panel D) with an azide fluorophore 

 (A-C, panels b) Bioactivity was assessed by a luciferase-based reporter gene assay with 100 % activity 

corresponding to 4 nM myostatin. Data are shown as mean ± STDEV (n = 3). (A – C, panels c) 

Conjugation reactions assessed by tricine-SDS-PAGE, each following the scheme depicted in d. Peptide 

staining by Coomassie brilliant blue is on the left, fluorescence of the gel for detection of dye-peptide 

conjugates is on the right. Lane 1 was loaded with protein standard. (A, panel c, d) NHS reaction of 

DBCO-PEG(4)-NHS with lysine-modified MI, followed by SPAAC reaction with azide Fluor 488 

(lanes #2 and #4) compared to reaction of lysine-modified MI with azide Fluor 488 (lanes #3 and #5, 

negative control). NHS coupling of lysine-modified MI (lanes #7 and #9) and alkyne-modified MI (lanes 

#8 and #10, negative control), respectively, with Alexa Fluor 488 succimidyl ester. (B, panel c, d) FXIIIa 

mediated acyl transfer reaction between TG-modified MI and an azide-containing linker peptide in 

presence (lanes #2 and #4) and absence (lanes #3 and #5) of fXIIIa, followed by reaction with DBCO-

5,6-carboxyrhodamine. (C, panel c, d) CuAAC between alkyne-modified MI and azide Fluor 488 in the 

presence (lanes #2 and #4) or absence of copper(I) (lanes #3 and #5). 
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using copper(II) sulfate in the presence of sodium L-ascorbate as mild reducing agent and the 

water-soluble base THPTA as previously described [27]. After click reaction, fluorescence 

labelling of the MI was detected (lane #4), whereas in absence of copper(II) sulfate only excess 

fluorescent dye appeared in the gel (lane #5). As bioactivity and conjugation of all three MI 

variants was verified, we decided to proceed using SPAAC as favored coupling strategy for the 

DDS due to (i) negative side effects and toxicity of copper species required for CuAAC, (ii) 

specificity issues in complex systems by using EDC/NHS chemistry and (iii) sensitivity to 

external influences when applying enzymatic conjugation.  

Characterization of protease cleavable linker 

A matrix-metalloproteinase (MMP) sensitive protease cleavable linker (PCL) was used 

(GPQGIAGQ; derived from the human type I collagen sequence [30]) to feature bioresponsive 

release of the MI in inflammatory/MMP enriched cellular environment. The PCL was modified 

with an azide group with an intermediate PEG(6) spacer and a lysine for attachment of a NHS 

activated fluorescent dye (for ESI-MS spectrum see Figure S2C).  

The cleavage rate of the protease cleavable linker (PCL) was analyzed in response to MMP-1, 

MMP-8, and MMP-9 (Figure 2). RP-HPLC analysis revealed effective cleavage, with MMP-9 

(approximated by 95 ∗ (1 − e−2x); r2 = 0.99) > MMP-1 (approximated by 
109x

4+x
; r2 = 0.99) > 

 

Figure 2: Characterization of the protease cleavable linker. (A) Comparison of cleavage efficiency of 

MMP-1,-8 and -9 alone and a combination of all 3 proteases at 37°C as a function of incubation time. 

(B) Cleavage efficiency as a function of MMP concentration using a mixture of MMP-1,-8 and -9 

exposed for 24 hours. Data are shown as mean ± STDEV (n = 3) 
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MMP-8 (approximated by 
83x

18+x
; r2 = 0.99) , respectively (p < 0.05; Figure S2A,B for selected 

HPLC chromatograms, Figure S2D-F for ESI-MS spectra of cleaved fragments).  For example, 

after 3 hours PCL cleavage was significantly different with 93.8 ± 2.4 %, 45.0 ± 1.0 %, and 13. 

6 ± 0.8 % for MMP-9, MMP-1, and MMP-8, respectively (p < 0.05). Following 24 hours of 

incubation, PCL cleavage was 94.2 ± 2.2 %, 92.2 ± 3.3 %, and 47.5 ± 5.7 % for MMP-9, MMP-

1, and MMP-8, respectively. Using an equimolar combination of the three MMPs - each at 

concentrations used for the assessment of its individual cleavage potential – resulted in identical 

performance as observed for MMP-9 alone (Figure 2A). A mixture of equimolar concentrations 

of MMPs (MMP-1,  MMP-8, MMP-9) were tested at three total concentrations of 0.16 nM, 0.8 

nM, or 3.2 nM and resulted in 21.8 ± 0.8 %, 84.2 ± 14.1 %, and 97.4 ± 0.6 % cleavage after 24 

hours incubation, respectively (following 98.57 ∗ (1 −  e−2.07x); r2=0.994; Figure 2B).  

Bioactivity of selected myostatin inhibitor (MI) and assembled MI-protease-

sensitive linker  

The MMP-sensitive sequence was directly attached to the myostatin inhibitor generating the 

assembled MI-PCL (Figure 3A, for MALDI-MS spectra see Figure S3A, S3B) and bioactivity 

of the combination was compared to the MI alone. The MI-PCL construct had a C-terminal 

azide group to allow for conjugation via copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC [42, 43]) or strain promoted azide-alkyne cycloaddition (SPAAC [44]). We started 

off by designing the MI-PCL based on an in silico peptide structure PEP-FOLD prediction of 

the resulting construct (Figure 3B; and for prediction of myostatin interaction Figure S3C, 

S3D) [31]. The prediction suggested, that the PCL (attached to the C-terminus of the MI) was 

distant to the pharmacologically active MI moiety and that both (the PCL and the MI part of 

the molecule) will be surface exposed. Therefore, we speculated that the resulting MI-PCL will 

provide spatial conditions allowing effective MMP access to the PCL and effective MI binding 

to myostatin.  

MI and MI-PCL were characterized with the SMAD luciferase reporter assay in HEK293 cells 

resulting in IC50 values of 2.0 ± 0.5 µM and 7.7 ± 3.0 µM for MI and the MI-PCL, respectively 

(Figure 3C). We then assessed the performances of the MI and MI-PCL on myogenic 

differentiation of C2C12 myoblasts (Figure 3D) [3]. Cells exposed to differentiation medium 

alone (differentiation medium, DM, Figure 3D1) myostatin supplemented DM (Figure 3D2) 

or myostatin supplemented DM with MI or MI-PCL (Figure 3D3 and 3D4) were grown for 6 

days and then stained with DAPI and an antibody against myosin heavy chain to visualize the 
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cell nuclei and differentiated myotubes, respectively. Myostatin exposure resulted in a decrease 

in size and number of myotubes as qualitatively observed (Figure 3D insert 2A). Co-treatment 

of myostatin with MI or MI-PCL inhibited the myostatin-mediated effects, and restored 

myotube differentiation and hypertrophy (Figure 3D insert 3A, 4A). 

Proliferation of the myoblasts was less impacted by myostatin treatment and inhibition of 

myostatin as assessed qualitatively (Figure 3D inserts 1B, 2B, 3B, 4B). The degree of myotube 

formation in C2C12 myoblasts treated with two different concentrations of myostatin alone or 

with the high myostatin concentration in combination with MI or MI-PCL, respectively, was 

quantified by immunoblotting with a MyHC antibody using α-tubulin as loading control 

(Figure 3E, S3E). Myostatin treatment resulted in a concentration-dependent decrease in the 

number of differentiated myotubes to 58.6 ± 3.7 % and 33.1 ± 14.7 % for concentrations of 4 

nM and 20 nM myostatin, respectively. Co-treatment of 20 nM myostatin with 6 µM MI or MI-

PCL significantly reversed myostatin-induced inhibition of myoblast differentiation and 

increased MyHC expression to levels comparable to control (92.9 ± 9.2 % for the MI, and 99.2 

± 23.8 % for the MI-PCL, respectively). Additionally, mRNA expression of the myogenic 

differentiation marker myogenin was determined after 5 days stimulation of C2C12 myoblasts 

under the same conditions as described above and normalized to GAPDH expression using 

quantitative RT-PCR (Figure 3F). Myogenin was found to induce terminal differentiation of 

myoblasts into myocytes and subsequent fusion to multinucleated myotubes [45]. Myostatin 

treatment at a higher concentration for 5 days led to a 4.7 fold reduction of myogenin mRNA 

expression compared to untreated control. This reduction of myogenin mRNA levels was 

mostly compensated by co-treatment with MI or MI-PCL, reaching 89.8 ± 6.4 % and 106.8 ± 

12.1 % compared to control for the MI and MI-PCL, respectively. Analysis of the fusion index 

(determined as the ratio of the number of nuclei inside myotubes to the number of total nuclei) 

supported this finding, as myostatin treatment decreased the fusion index by 31.62 %, but co-

treatment with MI or MI-PCL partially rescued the differentiation of myostatin-treated 

myoblasts and increased the fusion index to levels similar to control (Figure S3F). 
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Figure 3: Bioactivity of myostatin inhibitor (MI) and assembled MI-protease cleavable linker (MI-PCL) 

before bound to particle surfaces. (A) Schematic illustration of the synthesized MI sequences 

highlighting functional groups for site-specific labelling (Lys) and immobilization (N3). (B) Predicted 

structure of the MI-PCL conjugate according to PEP-FOLD 3.0 [31]. The MI moiety is highlighted in 

blue, the PCL region in dark green and the N-terminus and C-terminus in red and yellow, respectively. 

(C) Luciferase reporter gene activity in myostatin exposed HEK293 cells following the MI and MI-PCL 

supplementation, respectively.  
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MMP-responsive on poly(methyl methacrylate) microparticle surfaces 

The protease-cleavable linker (PCL) was immobilized on DBCO-functionalized 

poly(methylmethycrylate) (PMMA) particle surfaces using strain promoted azide-alkyne 

cycloaddition and the PCL’s N-terminal lysine subsequently reacted with a fluorescent dye for 

monitoring of coupling and cleavage efficacy by flow cytometry (SPAAC; Figure 4A, S4A). 

OH-functionalized PMMA particle surfaces (negative control; no covalent coupling was 

possible as of the missing DBCO) were treated under otherwise identical experimental 

conditions to assess non-specific binding of the PCL or dye. Both groups (DBCO- and OH-

functionalized PMMA particle surfaces) were (i) evaluated for the impact of PCL 

concentrations used in the reaction/adsorption (using 0.1 µmol and 1 µmol referred to as PCLlow 

and PCLhigh) and (ii) for bioresponsive cleavage when exposed to 8 nM MMP-1,-8 and -9 or 

buffer for 24 hours, respectively (Figure 4A, S4A). OH-functionalized PMMA particle 

surfaces (negative control) incubated with the PCL and the fluorescent dye had low background 

fluorescence (5.2 ± 0.2 arbitrary units (au), and 8.3 ± 0.4 au for PCLlow and PCLhigh). In contrast, 

the DBCO-functionalized PMMA particle surfaces reacted efficiently with the PCL-dye and 

significant differences were detected between the PCLlow and PCLhigh reaction conditions 

yielding 89.56 ± 4.4 au and 198.5 ± 29.9 au fluorescence (p < 0.05). The fluorescence of these 

PCL-dye decorated DBCO-functionalized PMMA particle surfaces was significantly reduced 

when exposed to MMP-1,-8 and -9 for a period of 24 hours by 77.6 ± 3.6 %, and 76.3 ± 4.0 % 

for the PCLlow and PCLhigh reaction conditions, respectively. Identically treated particles but 

incubated without MMP (control) did not alter the level of fluorescence (data not shown). 

Starting off these studies with the PCL-dye decorated surfaces (vide supra), the DBCO/OH-

functionalized PMMA particle surfaces were now reacted/adsorbed with bioactive MI-PCL 

(Figure 4B, S4B) again assessing the impact of MI-PCLlow and MI-PCLhigh reaction conditions 

on outcome. In contrast to the experiments using PCL-dye alone (Figure 4A), the use of MI-

(D) C2C12 myoblast differentiation after treatment with myostatin and in combination of MI and MI-

PCL, respectively. The differentiated myotubes were stained with anti-myosin heavy chain (MyHC, 1A 

– 4A) and DAPI (1B – 4B). (E) Immunoblotting of C2C12 cell lysates after 5 days differentiation in 

presence of 4 nM or 20 nM myostatin or co-treated with 20 nM myostatin and 6 µM MI or MI-PCL, 

respectively.  The lysates were immunoblotted with anti-MyHC antibody and equal loading was 

monitored with anti-α-tubulin antibody. Densitometry data are shown as mean ± STDEV (n = 3; *p < 

0.05, ** p < 0.01). (F) Expression of the myogenic marker myogenin in C2C12 myoblasts after 5 days 

differentiation treated as described in (E). Data are normalized to GAPDH expression and depicted 

relative to expression in untreated cells by the comparative CT method (n = 3; *p < 0.05, ** p < 0.01). 
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PCL-dye (Figure 4B) with OH-decorated particle surfaces resulted in strong adsorption with 

39.2 ± 0.3 au, and 25.4 ± 0.2 au fluorescence for MI-PCLlow and MI-PCLhigh, adsorption 

conditions, respectively (p < 0.05).  

Interestingly (and in spite of the MI-PCL being only adsorbed on the OH-functionalized PMMA 

particle surfaces and not covalently bound), exposure to MMP-1,-8 and -9 demonstrated 

significant bioresponsiveness resulting in 9.1 ± 0.0 au, and 9.3 ± 0.1 au fluorescence upon 

cleavage for the MI-PCLlow and MI-PCLhigh group, respectively (p < 0.05). In spite of the non-

covalent nature of the interaction of the OH-functionalized PMMA particle surfaces, the 

reduced fluorescence was not a result of non-specific wash out but a result of bioresponsive 

MMP cleavage (Figure S4C). The reaction of the DBCO-functionalized particle surfaces with 

MI-PCL-dye resulted in significantly higher particle fluorescence compared to the adsorbed 

OH-functionalized particle surface control group and the difference among groups when using 

MI-PCLlow or MI-PCLhigh for the reaction was less pronounced resulting in 68.8 ± 6.1 au, and 

75.9 ± 1.4 au, respectively. These covalently decorated surfaces showed bioresponsive 

properties when exposed to MMP-1,-8 and -9 for a period of 24 hours, significantly reducing 

 

Figure 4: Poly(methyl methacrylate) (PMMA) particle functionalization with (A) protease cleavable 

linker (PCL) and (B) MI-protease cleavable linker (MI-PCL). Flow cytometry analysis of the PMMA 

constructs incubated with MMP-1,-8 and -9 for 24 hours (+ MMPs) and incubated in buffer for the same 

time (- MMP).  PCL and MI-PCL were coupled to DBCO- modified particles on one end and a 

fluorescent dye at the other. OH- modified particles were used as negative control. Data are shown as 

mean ± STDEV (n = 3; *p < 0.05, ** p < 0.01)   
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the fluorescence intensity by 40.2 ± 0.1 %, and 39.3 ± 0.5 % for the MI-PCLlow and MI-PCLhigh 

reaction conditions, respectively. 

Switching from PMMA particles to agarose particles to decrease non-specific 

adsorption to the particle surface  

These studies were conducted in an effort to decrease the impact of non-specific adsorption 

and/or aggregation of MI-PCL as observed for the PMMA particle surfaces (vide supra) by 

changing from relatively hydrophobic PMMA to relatively hydrophilic agarose and modifying 

the surface texture. In analogy to the PMMA particle surfaces, agarose particle surfaces were 

modified with DBCO and OH (control) groups, respectively. Whereas negligible or no non-

specific adsorption was observed for the OH-agarose particle surface control group (e.g. 4.1 ± 

4.3 % was measured on the particle surface after 15 minutes of incubation as compared to the 

overall quantity deployed for the coupling - mean values of 5 % were never exceeded 

independent of the incubation time), rapid reaction of the DBCO-functionalized surfaces with 

MI-PCL were recorded by SPAAC (approximated by 
70∗ 𝑥

12 + 𝑥
; r² = 0.99, Figure 5A). For example, 

42.3 ± 9.7 % of the MI-PCL was bound after 15 minutes and 65.8 ± 4.9 % after 120 minutes 

and plateauing, thereafter. The resulting particles were washed for 3 days and exposed to MMP-

1,-8 and -9 or buffer for 24 hours (Figure 5B). The cleavage profile in response to MMPs 

followed a sigmoidal pattern (approximated by 
74

1+ 𝑒
−(

𝑥−5
1.4

)
; r² = 0.99) with an initially slower 

increase of 1.0 ± 1.9 %, and 4.6 ± 4.6 % after 30 and 60 minutes, respectively, followed by a 

steep rise to 50.4 ± 13.9 % and 74.1 ± 4.7 % after 6 and 24 hours, respectively. The OH-agarose 

particle surfaces did not show a relevant decrease reflecting the very low (if any) surface 

adsorption of the pre-exposure state.  

These MMP exposed particles were collected after 24 hours, washed and their residual 

bioactivity was characterized in comparison to non-MMP exposed particles (Figure 5C). The 

data confirmed the loss of particle-surface bound MI as a result of MMP exposure (vide supra) 

in that the MMP exposed MI-PCL agarose particles had a substantially reduced ability to 

decrease myostatin-reporting luciferase expression in HEK293 cells as compared to non-MMP 

exposed particles (with IC50 values of 4.2 mg/well in case of the MMP-exposed particles in 

comparison to 0.37 mg/well for the non- MMP exposed particles). 
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This was further confirmed by assessing the supernatant of MMP exposed versus non-MMP 

exposed particles (Figure 5D), with no anti-myostatin activity in supernatants collected from 

non-MMP exposed particles and a decrease of myostatin signaling as a function of the used 

amount of supernatant collected from the MMP exposed particles. The highest quantity of 

supernatant from MMP exposed particles used (10 µL supernatant) corresponds to a 

 

Figure 5: Agarose particles decorated with MI-protease cleavable linker (MI-PCL). (A) Time-course 

of the strain-promoted azide-alkyne cycloaddition (SPAAC). Coupling efficacy was compared 

between the MI-PCL coupled to DBCO-functionalized agarose particles versus OH-functionalized 

control particles using a bicinchoninic acid assay (normalized to the initial concentration of the 

solution before addition to the particles). (B) Time-dependent cleavage of the MI-PCL loaded 

particles exposed to MMP-1,-8 and -9 in comparison to non-MMP exposed particles. (C) Residual 

particle activity of the MI-PCL-functionalized agarose particles following exposure to MMP-1,-8 and 

-9 for 24 hours (+ MMPs) in comparison to unexposed particles (- MMPs) measured by a SMAD 

luciferase reporter gene assay. (D) Bioactivity of the supernatant of MI-PCL-functionalized agarose 

particles after exposure to MMP-1,-8 and -9 (+ MMPs) compared to the supernatant of unexposed 

particles (- MMPs). Data are shown as mean ± STDEV (n = 3) 
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concentration of about 105 µM MI-PCL fragment as calculated by a BCA assay. An arguably 

rough assessment would, thereby, link the observed IC50 value for the supernatant collected 

from the MMP exposed particles as of 1.6  ± 2.0 µL to an IC50 value of 17 µM for the MI-PCL 

fragment. 

Discussion 

Aiming for clocking myostatin inhibitor (MI) delivery to a state of inflammatory flare of a 

diseased muscle or following injury, we developed a MMP-responsive drug delivery system. 

The drug delivery system (DDS) was designed to respond to inflammatory challenge by 

massive release of MI in an effort to build up clinically relevant MI concentration gradients 

within tissues of need. As inflammation typically preludes the onset of myositis flares, we used 

localized MMP upregulation as a surrogate marker driving release from the DDS. The protease 

cleavable linkers (PCL; selected from an in-house library of > 180 sequences (unpublished 

results) with the chosen one being described before [30]) were selected to match the MMP-9 

profile and the myostatin expression profile based on previous reports. These studies reported 

matching profiles for MMP-9 and myostatin following muscle trauma, with both being 

upregulated in the acute inflammatory stage within the first days with peaking mRNA levels 

after approximately 24 hours [16, 17]. This initial phase of muscle regeneration correlates with 

activation of muscle satellite cells (SCs) and the maturation of the myotubes into multinucleated 

myofibers [4].  At the site of tissue repair MMPs are responsible for the comprehensive 

remodeling of extracellular matrix (ECM) during myoblast fusion whereas myostatin functions 

as an inhibitor of SC activation and proliferation [17]. Our DDS for the MI was developed 

accordingly to comply with these kinetics of MMP-9 and myostatin upregulation. The in vitro 

data correlate with these profiles demonstrating a sustained release of bioactive MI from 

agarose particles for 24 hours (Figure 5B).  

Deploying agarose particles as carriers was instrumental for the efficient, bioorthogonal site-

directed surface modification with MI-PCL with negligible non-specific adsorption. The 

delivery device effectively released MI within 24 hours in response to MMPs and bioactivity 

of the cleaved fragments in the supernatant. The MI-PCL was designed for constitutive activity 

when surface bound (Figure 3B), which was experimentally corroborated by the inhibitory 

effect of the decorated (non-cleaved) particle surfaces on myostatin-induced SMAD 

phosphorylation in the luciferase reporter assay (Figure 5). Therefore, the design parameters 

translated into constitutively active particle surfaces, providing a DDS binding myostatin to the 
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decorated particle surface, while effectively showering the broader muscle(s) area following 

MMP-triggered release of MI in flare (Figure 5). It is for this dual feature – (i) constitutive 

silencing of myostatin within the immediate (paracrine) environment of the particles and (ii) 

cascade-like release of the MI in presence of index proteases for silencing more distant 

myostatin (e.g. in adjacent muscles) – that this system optimally translates local requirements 

into drug delivery kinetics. The encouraging in vitro data profiling MMP-responsive delivery 

of MI requires corroboration by future in vivo studies in relevant animal systems, particularly 

with a focus on the assessment of a possible benefit resulting from bioresponsive release versus 

constitutively particle-surface bound MI (not bioresponsively releasing). 

Another interesting finding was the MMP-responsive release of MI from OH-modified 

(control) PMMA particle surfaces and in spite of the fact that covalent binding was impossible 

in this setting (Figure 4). We speculate that the MI-PCL aggregated on the PMMA control 

surfaces with the MMP driving events leading to release of these aggregates. MI-PCL 

aggregation may be a result of the 3D structure of the PMMA particles composed of long-chain 

polymers and the general hydrophobicity of the material. Without deciphering the precise 

mechanisms behind, we consider these particles insufficient in serving as reliable bioresponsive 

release system for in vivo use. Changing from the PMMA to agarose particles with different 

surface texture removed the challenge of non-specific adsorption (Figure 5).  

We developed a versatile system for the delivery of therapeutics in response to myositis. 

Bioresponsive release profiles can be easily adapted by exchanging the PCL (aiming e.g. at 

more sustained delivery profiles or sensitivity to other proteases) or the therapeutic may be 

replaced by another drug. Current studies aim at combining the anti-catabolic stimulus through 

the MI (to remove the inhibiting effect of myostatin on myogenesis) with the anabolic activity 

of insulin-like growth factor I (IGF-I) [46, 47]. The intended setup features [MI – PCL – IGF-

I – PCL]n designs leading to simultaneous  bioresponsive delivery of both factors. Other 

approaches feature block designs with different PCL for the MI and IGF-I, respectively, in an 

effort to bioresponsively release first the MI, followed by IGF-I, etc.. 

Conclusion 

We developed a bioresponsive delivery system responding to injured muscle, flaring myositis. 

This platform approach - shown for myostatin inhibitors in combination with a release profile 

matching MMP-9 regulation in early inflammation - provides the necessary building blocks to 

adapt the DDS to future needs providing the flexibility to tune the (i) number of drugs released, 
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(ii) amount of drug(s) released, (iii) time-profile of drug(s) released, and (iv) fine-tuning of the 

dynamic ratio of surface-bound, active drug versus released drug. 
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Supplementary information 

Supplementary figures: 

 

 

Supplementary figure 1: RP-HPLC analytics and MALDI-MS spectra of the synthesized myostatin 

Inhibitors (MI) to assess functionality and purity: (A) Lysine-modificated variant for EDC/NHS 

chemistry, (B) Transglutaminase-modificated variant for enzymatic coupling, and (C) alkyne- 

modificated variant for copper-catalyzed azide-alkyne click reaction (CuAAC). 
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Supplementary figure 2: HPLC analytics of the cleavage products after incubation of the azide-

modified protease cleavable linker (PCL) with 16 nM matrix metalloproteinase (MMP)-1, -8 and -9 for 

(A) 3 hours  and (B) 24 hours, respectively. The peak areas were used to calculate the amount of cleaved 

fragments compared to non-cleaved linker. MALDI-MS spectra of PCL (C) in buffer, (D) exposed to 

MMP-1, (E) MMP-8, and (F) MMP-9 for 24 hours, respectively. The signal with a mass of [M+1H]+1 

= 1945.0 Da corresponded to the non-cleaved PCL with a calculated mass of 1945.5 Da, the cleaved 

fragment with the mass of [M+1H]+1 = 815.4 corresponded to the C-terminal fragment [IAGQ-PEG(6)-

A(N3), calculated mass of 849.9] and the fragment with the mass of [M+1H]+1 = 815.4 corresponded 

to the N-terminal fragment [Fmoc-FKG-PEG(3)-GPGQ, calculated mass of 1115.6]. The additional 

signal seen after exposure to MMP-8 with [M+1H]+1 = 1228.8 (e) suggested an additional cleavage site 

within the sequence for this protease, resulting in a Fmoc-FKG-PEG(3)-GPGQI fragment (calculated 

mass: 1228.9 Da). 
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Supplementary figure 3: MALDI-MS spectra of (A) myostatin inhibitor (MI), and (B) MI-protease 

cleavable linker (MI-PCL)-conjugate. Predicted interaction of the (C) MI and (D) MI-PCL with the 

myostatin dimer according to CABS-dock. The MI moiety is shown in blue, the PCL region in dark 

green and the two myostatin monomers in dark red and yellow, respectively. The docking prediction 

suggested that the MI (or MI-PCL, respectively) influenced the dimerization of myostatin by interacting 

with the interface of the monomers in a linear conformation. (E) Western Blot of anti-MyHC of cell 

lysates derived from 5 days differentiated C2C12 myoblasts. Cells were incubated in differentiation 

medium (DM) containing 20 nM myostatin (lane #1), 4 nM myostatin (lane #2), 20 nM myostatin 

combined with 6 µM MI-PCL (lane #3), 20 nM myostatin combined with 6 µM MI (lane #4) and in 

DM alone (lane 5, control). Lane 6 was loaded with protein size marker. MyHC expression was 

normalized to the loading control α-tubulin. (F) Fusion index of myotubes differentiated for 5 days. 

Data are expressed as percentage of control (first bar, no myostatin and myostatin inhibitor, *p < 0.05). 
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Supplementary figure 4: (A, B) Representative fluorescence intensity histograms of the PMMA 

constructs with (A) protease cleavable linker (PCL) and (B) MI-protease cleavable linker (MI-PCL) 

incubated with 8 nM MMP-1,-8 and -9 (+ MMPs) or buffer (- MMP) for 24 hours, respectively. (C) 

HPLC chromatogram of the supernatant collected from OH control particle surfaces with MI-PCL and 

the DBCO-MI-PCL construct exposed to MMP-1,-8 and -9 for 24 hours. No cleavage fragments were 

found in the supernatant for both, the OH-functionalized PMMA particle surfaces (control) and the 

covalently decorated surfaces (DBCO-functionalized PMMA particle surfaces). Exposure to MMP-1,-

8 and -9 under otherwise identical experimental conditions resulted in increased supernatant 

fluorescence, demonstrating bioresponsiveness to both, the adsorbed and the covalently bound PCL-

MI-dye constructs. 



2 Chapter 2: Matrix metalloproteinase responsive delivery of myostatin inhibitors 

 

86 

References 

[1] Roubenoff R, Hughes VA. Sarcopenia: Current concepts. Journals of Gerontology Series a-

Biological Sciences and Medical Sciences. 2000;55(12):M716-M24. 

[2] Egerman MA, Glass DJ. Signaling pathways controlling skeletal muscle mass. Critical Reviews 

in Biochemistry and Molecular Biology. 2014;49(1):59-68. 

[3] Trendelenburg AU, Meyer A, Rohner D, Boyle J, Hatakeyama S, Glass DJ. Myostatin reduces 

Akt/TORC1/p70S6K signaling, inhibiting myoblast differentiation and myotube size. American 

Journal of Physiology-Cell Physiology. 2009;296(6):C1258-C70. 

[4] Cohen S, Nathan JA, Goldberg AL. Muscle wasting in disease: molecular mechanisms and 

promising therapies. Nature Reviews Drug Discovery. 2015;14(1):58-74. 

[5] Tsuchida K, Nakatani M, Ueztjmi A, Murakami T, Cui XL. Signal transduction pathway 

through activin receptors as a therapeutic target of musculoskeletal diseases and cancer. 

Endocrine Journal. 2008;55(1):11-21. 

[6] Sriram S, Subramanian S, Juvvuna PK, Ge X, Lokireddy S, McFarlane CD, et al. Myostatin 

Augments Muscle-Specific Ring Finger Protein-1 Expression Through an NF-kB Independent 

Mechanism in SMAD3 Null Muscle. Molecular Endocrinology. 2014;28(3):317-30. 

[7] Yamaki T, Wu C-L, Gustin M, Lim J, Jackman RW, Kandarian SC. Rel A/p65 is required for 

cytokine-induced myotube atrophy. American Journal of Physiology-Cell Physiology. 

2012;303(2):C135-C42. 

[8] Reid MB, Li YP. Tumor necrosis factor-alpha and muscle wasting: a cellular perspective. 

Respiratory Research. 2001;2(5):269-72. 

[9] Lach-Trifilieff E, Minetti GC, Sheppard K, Ibebunjo C, Feige JN, Hartmann S, et al. An 

Antibody Blocking Activin Type II Receptors Induces Strong Skeletal Muscle Hypertrophy and 

Protects from Atrophy. Molecular and Cellular Biology. 2014;34(4):606-18. 

[10] Gilson H, Schakman O, Kalista S, Lause P, Tsuchida K, Thissen J-P. Follistatin induces muscle 

hypertrophy through satellite cell proliferation and inhibition of both myostatin and activin. 

American Journal of Physiology-Endocrinology and Metabolism. 2009;297(1):E157-E64. 

[11] Latres E, Pangilinan J, Miloscio L, Bauerlein R, Na E, Potocky TB, et al. Myostatin blockade 

with a fully human monoclonal antibody induces muscle hypertrophy and reverses muscle 

atrophy in young and aged mice. Skeletal Muscle. 2015;5. 

[12] Han H, Min H, Boone TC, inventors; Amgen Inc, assignee. Binding agents which inhibit 

myostatin patent #1581649, Priority claimed as of 20.12.02/USP435923. 2011 Apr 19 2011. 

[13] Schoser BGH, Blottner D, Stuerenburg HJ. Matrix metalloproteinases in inflammatory 

myopathies: enhanced immunoreactivity near atrophic myofibers. Acta Neurologica 

Scandinavica. 2002;105(4):309-13. 

[14] Fukushima K, Nakamura A, Ueda H, Yuasa K, Yoshida K, Takeda Si, et al. Activation and 

localization of matrix metalloproteinase-2 and-9 in the skeletal muscle of the muscular 

dystrophy dog (CXMDJ). Bmc Musculoskeletal Disorders. 2007;8. 

[15] Brenner DA, Ohara M, Angel P, Chojkier M, Karin M. Prolonged Activation of jun and 

collagenase genes by tumor-necrosis factor-alpha. Nature. 1989;337(6208):661-3. 

[16] Kherif S, Lafuma C, Dehaupas M, Lachkar S, Fournier JG, Verdiere-Sahuque M, et al. 

Expression of matrix metalloproteinases 2 and 9 in regenerating skeletal muscle: A study in 

experimentally injured and mdx muscles. Developmental Biology. 1999;205(1):158-70. 

[17] McCroskery S, Thomas M, Platt L, Hennebry A, Nishimura T, McLeay L, et al. Improved 

muscle healing through enhanced regeneration and reduced fibrosis in myostatin-null mice. 

Journal of Cell Science. 2005;118(15):3531-41. 

[18] Nadarajah VD, van Putten M, Chaouch A, Garrood P, Straub V, Lochmueller H, et al. Serum 

matrix metalloproteinase-9 (MMP-9) as a biomarker for monitoring disease progression in 

Duchenne muscular dystrophy (DMD). Neuromuscular Disorders. 2011;21(8):569-78. 

[19] Lutolf MP, Lauer-Fields JL, Schmoekel HG, Metters AT, Weber FE, Fields GB, et al. Synthetic 

matrix metalloproteinase-sensitive hydrogels for the conduction of tissue regeneration: 

Engineering cell-invasion characteristics. Proceedings of the National Academy of Sciences of 

the United States of America. 2003;100(9):5413-8. 



2 Chapter 2: Matrix metalloproteinase responsive delivery of myostatin inhibitors 

 

87 

[20] Steinhagen M, Hoffmeister P-G, Nordsieck K, Hoetzel R, Baumann L, Hacker MC, et al. Matrix 

Metalloproteinase 9 (MMP-9) Mediated Release of MMP-9 Resistant Stromal Cell-Derived 

Factor 1 alpha (SDF-1 alpha) from Surface Modified Polymer Films. Acs Applied Materials & 

Interfaces. 2014;6(8):5891-9. 

[21] van Rijt SH, Boeluekbas DA, Argyo C, Datz S, Lindner M, Eickelberg O, et al. Protease-

Mediated Release of Chemotherapeutics from Mesoporous Silica Nanoparticles to ex Vivo 

Human and Mouse Lung Tumors. Acs Nano. 2015;9(3):2377-89. 

[22] Pompe T, Salchert K, Alberti K, Zandstra P, Werner C. Immobilization of growth factors on 

solid supports for the modulation of stem cell fate. Nature Protocols. 2010;5(6):1042-50. 

[23] Ducry L, Stump B. Antibody-Drug Conjugates: Linking Cytotoxic Payloads to Monoclonal 

Antibodies. Bioconjugate Chemistry. 2010;21(1):5-13. 

[24] Zhao H, Heusler E, Jones G, Li L, Werner V, Germershaus O, et al. Decoration of silk fibroin 

by click chemistry for biomedical application. Journal of Structural Biology. 2014;186(3):420-

30. 

[25] Luehmann T, Jones G, Gutmann M, Rybak J-C, Nickel J, Rubini M, et al. Bio-orthogonal 

Immobilization of Fibroblast Growth Factor 2 for Spatial Controlled Cell Proliferation. Acs 

Biomaterials-Science & Engineering. 2015;1(9):740-6. 

[26] Eger S, Scheffner M, Marx A, Rubini M. Synthesis of Defined Ubiquitin Dimers. Journal of the 

American Chemical Society. 2010;132(46):16337-9. 

[27] Gutmann M, Memmel E, Braun AC, Seibel J, Meinel L, Lühmann T. Biocompatible Azide–

Alkyne “Click” Reactions for Surface Decoration of Glyco-Engineered Cells. ChemBioChem. 

2016;17(9):866-75. 

[28] Coin I, Beyermann M, Bienert M. Solid-phase peptide synthesis: from standard procedures to 

the synthesis of difficult sequences. Nature Protocols. 2007;2(12):3247-56. 

[29] Schense JC, Hubbell JA. Cross-linking exogenous bifunctional peptides into fibrin gels with 

factor XIIIa. Bioconjugate Chemistry. 1999;10(1):75-81. 

[30] Nagase H, Fields GB. Human matrix metalloproteinase specificity studies using collagen 

sequence-based synthetic peptides. Biopolymers. 1996;40(4):399-416. 

[31] Alland C, Moreews F, Boens D, Carpentier M, Chiusa S, Lonquety M, et al. RPBS: a web 

resource for structural bioinformatics. Nucleic Acids Research. 2005;33:W44-W9. 

[32] Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF 

chimera - A visualization system for exploratory research and analysis. Journal of 

Computational Chemistry. 2004;25(13):1605-12. 

[33] Schagger H. Tricine-SDS-PAGE. Nat Protocols. 2006;1(1):16-22. 

[34] Jonk LJC, Itoh S, Heldin CH, ten Dijke P, Kruijer W. Identification and functional 

characterization of a Smad binding element (SBE) in the JunB promoter that acts as a 

transforming growth factor-beta, activin, and bone morphogenetic protein-inducible enhancer. 

Journal of Biological Chemistry. 1998;273(33):21145-52. 

[35] Ebert R, Jovanovic M, Ulmer M, Schneider D, Meissner-Weigl J, Adamski J, et al. Down-

regulation by nuclear factor kappa B of human 25-hydroxyvitamin D-3 1 alpha-hydroxylase 

promoter. Molecular Endocrinology. 2004;18(10):2440-50. 

[36] Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative CT method. Nat 

Protocols. 2008;3(6):1101-8. 

[37] O'Connell JP, Willenbrock F, Docherty AJP, Eaton D, Murphy G. Analysis of the role of the 

COOH-terminal domain in the activation, proteolytic activity, and tissue inhibitor of 

metalloproteinase interactions of gelatinase B. Journal of Biological Chemistry. 

1994;269(21):14967-73. 

[38] Staros JV, Wright RW, Swingle DM. Enhancement by N-Hydroxysulfosuccinimide of Water-

Soluble Carbodiimide-Mediated Coupling Reactions. Analytical Biochemistry. 

1986;156(1):220-2. 

[39] Lienemann PS, Karlsson M, Sala A, Wischhusen HM, Weber FE, Zimmermann R, et al. A 

Versatile Approach to Engineering Biomolecule-Presenting Cellular Microenvironments. 

Advanced Healthcare Materials. 2013;2(2):292-6. 



2 Chapter 2: Matrix metalloproteinase responsive delivery of myostatin inhibitors 

 

88 

[40] Luehmann T, Haenseler P, Grant B, Hall H. The induction of cell alignment by covalently 

immobilized gradients of the 6th Ig-like domain of cell adhesion molecule L1 in 3D-fibrin 

matrices. Biomaterials. 2009;30(27):4503-12. 

[41] Huisgen R. Kinetics and Mechanism of 1,3-Dipolar Cycloadditions. Angewandte Chemie 

International Edition in English. 1963;2(11):633-45. 

[42] Agard NJ, Prescher JA, Bertozzi CR. A strain-promoted 3+2 azide-alkyne cycloaddition for 

covalent modification of blomolecules in living systems. Journal of the American Chemical 

Society. 2004;126(46):15046-7. 

[43] Lutz J-F, Zarafshani Z. Efficient construction of therapeutics, bioconjugates, biomaterials and 

bioactive surfaces using azide-alkyne "click" chemistry. Advanced Drug Delivery Reviews. 

2008;60(9):958-70. 

[44] Debets MF, van Berkel SS, Schoffelen S, Rutjes FPJT, van Hest JCM, van Delft FL. Aza-

dibenzocyclooctynes for fast and efficient enzyme PEGylation via copper-free (3+2) 

cycloaddition. Chemical Communications. 2010;46(1):97-9. 

[45] Chargé SBP, Rudnicki MA. Cellular and Molecular Regulation of Muscle Regeneration. 

Physiological Reviews. 2004;84(1):209-38. 

[46] Bikle DD, Tahimic C, Chang W, Wang Y, Philippou A, Barton ER. Role of IGF-I signaling in 

muscle bone interactions. Bone. 2015;80:79-88. 

[47] Bursac N, Juhas M, Rando TA. Synergizing Engineering and Biology to Treat and Model 

Skeletal Muscle Injury and Disease. In: Yarmush ML, editor. Annual Review of Biomedical 

Engineering, Vol 17. Annual Review of Biomedical Engineering. 172015. p. 217-42. 

  



 

89 



 

90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

91 

 

 

Chapter 3: Bioresponsive release of insulin-like growth factor-I 

from its PEGylated conjugate 

 

Alexandra C. Braun1, Marcus Gutmann1, Thomas D. Mueller2, Tessa Lühmann1 and     

Lorenz Meinel1,§ 

 

1 Institute for Pharmacy and Food Chemistry, University of Würzburg, Am Hubland, 97074 

Würzburg, Germany 

2 Julius-von-Sachs Institute, Department for Molecular Plant Physiology and Biophysics, 

University of Würzburg, Julius-von-Sachs Platz 2, 97082 Würzburg, Germany 

 

 
 

 

This chapter was originally published in Journal of Controlled Release, vol. 279, pp. 17-28, 

2018; DOI: 10.1016/j.jconrel.2018.04.009. With permission of Elsevier, license number: 

4347540115037. 



3 
Chapter 3: Bioinspired strategy for bioresponsive release of insulin-like growth factor-I 

from its PEGylated conjugate 

 

92 

Abstract 

PEGylation of protein ligands, the attachment of polyethylene glycol (PEG) polymers to a 

therapeutic protein, increases therapeutics’ half-life but frequently comes at the cost of reduced 

bioactivity. We are now presenting a bioinspired strategy leading out of this dilemma. To this 

end, we selected a position within insulin-like growth factor-I (IGF-I) for decoration with a 

PEG30 kDa-modified protease-sensitive peptide linker (PSL) using a combination of enzymatic 

and chemical bioorthogonal coupling strategies. The PSL sequence responded to matrix 

metalloproteinases (MMP) to provide a targeted release in diseased tissue. The IGF-PSL-PEG 

conjugate had different binding protein affinity, cell proliferation, and endocytosis patterns as 

compared to the wild type. Exposure of the conjugate to elevated levels of activated MMPs, as 

present in inflamed tissues, fully reestablished the wild type properties through effective PSL 

cleavage. In conclusion, this bioinspired approach provided a blueprint for PEGylated 

therapeutics combining the pharmacokinetic advantages of PEGylation, while locally restoring 

the full suite of biological potential of therapeutics.  
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Introduction 

PEGylation is a common method to improve the retention of therapeutic proteins in the 

circulation by increasing their hydrodynamic size and by reducing immunogenicity by masking 

surface epitopes from recognition by the immune system [1-3]. Numerous PEGylated proteins 

are in therapeutic use, e.g. interferon α2a, interferon α2b, granulocyte colony stimulating factor, 

erythropoietin or a fragment antigen-binding for tumor necrosis factor  [1, 4]. However, this 

pharmacokinetic (PK) improvements frequently come at the price of reduced bioactivity 

(pharmacodynamics – PD) [5, 6]. For example, a marketed product of PEGylated interferon 

α2a has approximately 7%  bioactivity of the wild type protein [7]. However, these losses in 

PD are offset by the improved PK profiles. Impaired efficacy of PEGylated therapeutics 

compared to the non-PEGylated wild type is typically assigned to unspecific coupling of the 

polymer to the therapeutic and recent studies highlight the importance of the PEGylation 

process and point out, that the number, shape and location of PEG chains conjugated to a protein 

affect the stability and limit efficacy of the drug conjugate [5, 8]. Using conventional 

conjugation approaches based on lysines or cysteines in the protein sequence, reproducible PK 

and PD performance is jeopardized [1, 9]. PEGylation near an active site can be critical to 

protein activity by causing a conformational change, sterically interfering or altering 

electrostatic binding properties [8]. Consequently, a lot of recent effort was placed on strategies, 

that result in the site-specific conjugation in order to avoid heterogeneous mixtures resulting 

from multi-PEGylated proteins and positional isomers of mono-PEGylated variants with 

potential reduction in protein bioactivity [10]. Selective conjugation can be achieved by 

introduction of artificial functional groups into the therapeutic proteins followed by 

bioorthogonal assembly with the polymer [11-13] or by enzymatic linkage of the polymer to 

the protein [14, 15]. 

A favorable method to site-specifically PEGylate therapeutic peptides or proteins is the  

transglutaminase-catalyzed cross-linking [10]. Transglutaminases (TGs) catalyze acyl-transfer 

reactions resulting in formation of ε-(γ-glutamyl)lysine cross-links [16]. In the absence of 

reactive amino groups, the enzymatic reaction with water leads to deamidation of glutamine 

side chains. Due to their high selectivity and mild reaction conditions, TG-catalyzed 

PEGylation  provides a beneficial strategy of bioorthogonal polymer attachment for proteins 

without multiple TG-reactive glutamines or lysines [14, 17-19]. Most frequently, microbial 

transglutaminases (mTGs) are used for this purpose, as they are more flexible in terms of amine 
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donor substrates, recognizing different molecules containing primary amino groups in addition 

to lysine, e.g. PEG-amine [14, 18]. However, the low substrate specificity of mTGs impede 

their biotechnological use as enzymes owing to cross-reactions with nontarget substrates [20]. 

Factor XIIIa – a human TG activated from Factor XIII by thrombin proteolysis during wound 

healing – is responsible for cross-linking fibrin monomers and plays an important role in ECM 

stabilization and promotion of cell adhesion and survival [16, 21]. Conjugation by FXIIIa found 

application in the incorporation of exogenous peptides into fibrin gels [22], the controllable 

cross-linking in biological or synthetic hydrogels, surface functionalization [23] and can also 

be deployed for efficient bioorthogonal protein PEGylation. 

In spite of these site-specific decoration strategies, a principal challenge remains. PEG – as a 

hydrophilic polymer – has a large hydrodynamic diameter, contrasting the small size of its 

protein cargo, e.g. in cases of growth factors or cytokines. Therefore, the bulky PEG shields at 

least in part protein cargo access to cellular surfaces, receptors, and other binding partners even 

in cases of optimized decoration sites. This balance illustrates the knife’s edge for successful 

PEGylated therapeutics buying PK improvements through PD costs. An avenue leading out of 

this dilemma is the removal of the polymer from the therapeutic at target sites to locally unfold 

the full spectrum of wild type characteristics including fully retained bioactivity or reestablished 

trafficking patterns of the cargo (Figure 1). 

Current approaches of reversible PEGylation mainly refer to spontaneously hydrolysable 

prodrugs, releasing the API by chemical hydrolysis in the circulation [27].  This strategy is 

frequently applied to peptides and small proteins showing reduced biological potency due to 

steric entanglement of polymer chains during ligand recognition [28]. Protein-polymer 

conjugates prepared by such approaches – mainly using bicine linkers [29, 30], substituted 

maleic anhydride or succinate linkers [31, 32] or thiol-reactive linkers  [33, 34] – undergo slow, 

spontaneous chemical hydrolysis at physiological conditions, releasing the active peptide or 

protein from the inactive conjugates over prolonged periods. Due to the drawbacks in terms of 

protein release during purification and shelf-storage [35] and toxicity of the chemical linkers 

[27], current approaches use peptide linkers susceptible to blood proteases for sustained release 

of the drug from the conjugate during residence in serum [36-38].  
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We are now providing a novel, generally applicable strategy for controlled release of the small 

size (7.5 kDa) insulin-like growth factor-I (IGF-I) from a (30 kDa) PEG triggered by disease-

associated proteases. IGF-I is a mitogenic growth factor controlling essential functions 

including growth, tissue repair and regeneration by stimulating anabolic processes within the 

tissue and is used for the treatment of dwarfism and acromegaly while having been profiled for 

various other applications including musculoskeletal diseases [39-41] or dexamethasone- and 

denervation-induced atrophy [42](Supplementary scheme 1). IGF’s short half-life has sparked 

interest in locally implanted IGF-I depot systems providing sustained localized activity e.g. for 

bone regeneration after implantation [43-49] or localized administration [50, 51]. Alternatives 

for locally implanted depots are systemically used IGF-PEG conjugates, however, leading to 

the aforementioned reduced PD characteristics [52, 53]. We designed a bioresponsive method 

of transient PEGylation of IGF-I striving to avoid the pitfalls associated with permanent growth 

factor PEGylation and making it possible to tune release kinetics to fit the medical needs. By 

incorporation of a proteolytically degradable linkage between polymer and biomolecule, the 

growth factor can be specifically released at the target site at the onset of musculoskeletal 

 

Figure 2: Pharmacologic effects of the IGF-PSL-PEG and the IGF-I fragment after proteolytic 

disintegration in diseased tissue. The IGF-PSL-PEG interacts with IGFBPs – thereby controlling its 

bioavailability – induces intracellular effects via IGF-I receptor signaling and is internalized via the 

IGF-IIR/Mannose-6-phosphate-receptor. Upon entry into the inflamed tissue characterized by increased 

MMP activity [24-26], the inter-positioned PSL is cleaved, releasing IGF from the polymer. The 

pharmacologic profile of the released growth factor is compared to the features of the PEGylated IGF-

I, regarding IGFBP affinity, IGF-I receptor-mediated effects and internalization rate. 
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diseases [54]. As skeletal myopathies are typically driven by NF-κB-regulated inflammatory 

responses, we linked bioresponsive IGF-I release to the increased activity of matrix 

metalloproteinases (MMPs). These inflammatory MMPs - and particularly the gelatinase 

MMP-9 – were reported to be strongly induced within 24 hours following muscle injury [25], 

in muscular dystrophies [24] and in various forms of arthritis [55-57], thereby enabling targeted 

IGF-I release in diseased tissues. 

Materials and methods 

Materials 

Recombinant human IGF-I was kindly provided by Genentech (San Francisco, CA) and Factor 

XIII (1250 I.U. Fibrogammin) was kindly provided by CSL Behring (Bern, Switzerland).  

Dibenzocyclooctyl-PEG30kDa (DBCO-PEG) was purchased from Dundee Cell Products, 

Dundee, UK. Monoclonal anti-insulin-like growth factor-I antibody (produced in mouse), 

Dulbecco's Modified Eagle Medium (DMEM) high glucose, Minimal Essential Medium Eagle 

(MEM), L-glutamine, 4’,6-diamidino-2-phenylindole (DAPI), 1-hydroxybenzotriazole hydrate 

(HOBt), N,N′-Diisopropylcarbodiimide (DIC) and N,N-Diisopropylethylamine (DIPEA) were 

purchased from Sigma Aldrich (Schnelldorf, Germany). N-α-(9-Fluorenylmethyloxycarbonyl)-

protected natural L-amino acids were purchased from VWR (Ismaning, Germany), Fmoc-NH-

PEG(3)-COOH, Fmoc-Rink-Amid PEG AM Resin (loading 0.52 mmol/g) were from Iris 

Biotech GmbH (Marktredwitz, Germany). Acetonitrile (HPLC grade) and trifluoroacetic acid 

(HPLC grade) were from VWR. Human neutrophil matrix metalloproteinases (MMPs) were 

from EMD Millipore Corporation (Billerica, MA). Penicillin G and streptomycin solution 

(Pen/Strep) were purchased from Biochrom AG (Berlin, Germany). Fetal bovine serum (FBS) 

was from GIBCO life technologies (Carlsbad, CA). Goat anti-mouse IgG secondary antibody 

Alexa Fluor® 488 conjugate (A11001), Coomassie Brilliant Blue G250, Mammalian Cell Lysis 

Buffer, BCA Protein Assay Kit and SuperSignal West Pico Chemiluminescent Substrate were 

from Thermo Fisher Scientific (Schwerte, Germany). Anti-phospho p-

44/42MAPK(Thr183/202/Tyr187/204), anti p-44/42MAPK, anti phospho-AKT (Ser473) and anti-AKT 

antibodies were from Cell signaling (Hitchin, UK). Water soluble tetrazolium (WST-1) was 

from Roche (Basel, Switzerland). Mowiol 4-88 and Roti-Block were from Carl Roth 

(Karlsruhe, Germany). Centrifugal ultrafiltration devices Vivaspin 500 were from Satorius 

(Goettingen, Germany). All other reagents were obtained from Sigma Aldrich and were at least 

of pharmaceutical grade unless otherwise stated. 
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Synthesis and purification of the α2PI1-8-PSL  

A protease-sensitive linker (PSL) with the sequence Ac-GNQEQVSPL-PEG(3)-GPQGIAGQ-

PEG(6)-A(N3) [58] was used, composed of (i) a substrate for Factor XIII (NQEQVSPL – 

derived from the N-terminus of α-2 plasmin inhibitor (α2PI1-8) [22]) and (ii) a MMP-responsive 

cleavable linker with the sequence GPQGIAGQ (derived from collagen type I [58]) separated 

by a triethylen glycol and a hexaethylen glycol spacer, respectively. The α2PI1-8-PSL was 

manually synthesized by solid phase peptide synthesis (SPPS) using Fmoc strategy as described 

[59]. In brief, Fmoc-Rink-Amid PEG AM Resin was used as solid support and following Fmoc-

deprotection using piperidine in DMF, amino acids were added, activated with HOBt/DIC in 

DMF and allowed to react for at least 3 hours.  

After cleavage from the resin, the peptides were purified by reversed phase chromatography 

using an FPLC system (GE Healthcare Äkta Purifier, Life sciences, Freiburg, Germany) using 

a Jupiter 15u C18 300A column (21.2 mm x 250 mm, Phenomenex Inc., Torrance, CA).  

Conjugation of IGF-I to the PSL in presence of activated transglutaminase  

FXIII (200 U/mL, Fibrogammin®, CSL Behring) was activated in the presence of 2.5 mM CaCl2 

with 20 U/ml thrombin in TBS (20 mM Tris HCl, 150 mM NaCl, pH 7.6) for 30 min at 37°C. 

Small aliquots (182 U/mL) of activated Factor XIII were stored at -80°C until further use.  

Lyophilized recombinant IGF-I (Genentech) was dissolved in TBS and incubated with fivefold 

molar excess of α2PI1-8-PSL in the presence of 10 U/mL Factor XIIIa at 37 °C for 30 min in 

100 μL reaction volumes in the presence of 2.5 mM CaCl2 and 20 mM Tris-HCl (pH adjusted 

to 7.6 at room temperature). The reaction products were analyzed using SDS-PAGE (under 

reducing conditions) and Western immunoblotting with a monoclonal mouse anti-IGF-I 

antibody. The course of the reaction was followed by HPLC using a Zorbax® 300SB-CN 

column (4.6 × 150 mm). For each time point, 3 samples were incubated at 37°C with gentle 

agitation and after incubation periods of 2, 5, 10, 30 and 60 min, respectively; the reaction was 

stopped by adding EDTA to a final concentration of 10 mM together with 0.01% TFA. 

MALDI-MS 

Samples containing IGF-I and α2PI1-8-PSL coupled in presence or absence of FXIIIa for 30 

minutes were desalted using ZipTipC18-tips (EMD Millipore corporation, Billerica, MA) 

following the manufacturer’s instructions. Matrix-assisted laser desorption ionization (MALDI-

MS) spectra were acquired in the linear positive mode by using an Autoflex II LRF instrument 
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(Billerica, USA). Mass spectra were calibrated externally with a protein standard I from Bruker 

Daltonics Inc. (Billerica, USA), containing insulin, ubiquitin, myoglobin, and cytochrome C. 

Site-specific PEGylation with DBCO-PEG30kDA 

The IGF-I conjugates were purified by reversed phase chromatography using an FPLC system 

(GE Healthcare Äkta Purifier, Life sciences, Freiburg, Germany) using a Source™ 15 RPC ST 

4.6/100 column (GE Healthcare, Freiburg, Germany) equilibrated with water containing 0.1% 

TFA and acetonitrile (ACN) containing 0.1% TFA (95:5 v/v). The IGF-I conjugate was eluted 

by a linear gradient of 5−60% ACN containing 0.1% TFA with a gradient of 1.5 % ACN/min 

and a flow rate of 1 mL/min. UV-absorbance was monitored at λ = 214 nm. Following solvent 

evaporation and lyophilization, the purified conjugate was reconstituted in PBS buffer and 

modified with equimolar amounts of Dibenzocyclooctyl-PEG30kDa (DBCO-PEG) at pH 7.4 for 

24 hours with gentle shaking. The PEGylated conjugates were purified by cation exchange 

chromatography using an FPLC system with a HiTrap SP-HP column (GE Healthcare, Life 

sciences, Freiburg, Germany). IGF-PSL-PEG was eluted with 50 mM sodium acetate buffer pH 

4.3 containing 1 M NaCl. After purification, fractions containing IGF-PSL-PEG were dialyzed 

against PBS, lyophilized and stored at -80°C. IGF-PSL and IGF-PSL-PEG concentrations were 

determined by BCA protein assay following the manufacturer’s instructions. 

High performance liquid chromatography 

IGF-I was assayed using a LaChromUltra UPLC system (VWR Hitachi, Tokyo, Japan) 

consisting of an autosampler (L-2200U), a column oven (L-2300), two pumps (L-2160U), and 

a diode array (L-2455U) detector. Separation was performed on a Zorbax® 300SB CN column 

(150×4.6 mm) at 40°C under gradient conditions at a flow rate of 1.0 mL/min. Two eluents 

were used, (A) consisting of 0.1 % TFA in water and (B) 0.1% TFA in acetonitrile. The solvent 

was initially composed of 95% (v/v) eluent A and changed over 30 min to 60% eluent B. Then, 

initial conditions were set to wash the column. IGF-I was detected at  = 215 nm and quantified 

by measuring the peak area. 

To analyze the cleavage efficiency of the PSL or IGF-PSL-PEG with respect to different MMP 

concentrations or time points, the samples were diluted with eluent A (0.1 % TFA in water) and 

analyzed on a Synergi™ 4 µm Hydro-RP 80 Å, 100 x 3 mm column. Peptide fragments and 

polymer conjugates were eluted by a linear gradient of 5−60% ACN containing 0.1% TFA with 

a gradient of 2 % ACN/min and a flow rate of 1 mL/min. Column temperature was kept at 40 
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°C and UV-absorbance was monitored at λ = 214 nm and λ = 280 nm. The same method was 

applied for the serum samples of IGF-I and IGF-PSL-PEG. 

SDS-PAGE and Western Blot for IGF-I variants 

The IGF-I conjugates after transglutaminase coupling and click reaction with DBCO-PEG were 

analyzed by tris-glycine SDS-PAGE under reducing conditions using a 12% polyacrylamide 

separating gel as outlined before [60]. Bands were visualized by both PEG-specific iodine 

staining based on Kurfürst’s method [61, 62], followed by Coomassie Brilliant Blue G250. 

Briefly, after fixation using a 5% glutaraldehyde solution for 15 min at room temperature, the 

gel was soaked in 25 mL perchloric acid (0.1 M) for 30 min, and then immersed in 5 mL of a 

5% barium chloride solution for 10 minutes. Then, iodine solution (1.3% I2 + 4% KI) was added 

and incubated for 5 min. The stained PEG bands appeared within a few minutes. Finally, the 

gel was left to destain in 0.05 M HCl for 30 min. The destained gel was put into a Coomassie 

Brilliant Blue G250 solution for protein visualization and documented using a FluorChem FC2 

imaging system (Protein Simple, Santa Clara, CA). 

For Western blotting, proteins were transferred to a nitrocellulose membrane using 80 V for 90 

minutes. The membrane was blocked with Roti-Block in PBS for 1 hour at room temperature, 

prior to incubation with monoclonal anti-IGF-I antibody in tris-buffered saline containing 0.1 

% (w/w) Tween 20 (TBST) at 4 °C overnight under agitation. The membrane was then washed 

with TBST and incubated with an anti-mouse HRP-conjugated secondary antibody for 1 hour 

at room temperature. Protein detection was performed using SuperSignal West Pico 

chemiluminescent substrate by a FluorChem FC2 imaging system (Protein Simple, Santa Clara, 

CA). 

Mass spectrometric characterization after trypsin digestion 

After coupling of IGF-I with a synthetic peptide (Ac-NQEQVSPL) for 10 minutes in presence 

of 10 U/mL Factor XIIIa, the conjugate was applied to SDS-PAGE and visualized by 

Coomassie Blue staining. The excised gel bands were destained with 30 % acetonitrile in 0.1 

M NH4HCO3 (pH 8), shrunk with 100 % acetonitrile, and dried in a vacuum concentrator 

(Concentrator 5301, Eppendorf, Germany). Digests were performed with 0.1 µg trypsin per gel 

band overnight at 37 °C in 0.1 M NH4HCO3 (pH 8). After removing the supernatant, peptides 

were extracted from the gel slices with 5 % formic acid, and extracted peptides were pooled 

with the supernatant. NanoLC-MS/MS analyses were performed on a LTQ-Orbitrap Velos Pro 

(Thermo Scientific) equipped with a PicoView Ion Source (New Objective) and coupled to an 
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EASY-nLC 1000 (Thermo Scientific). Peptides were loaded on capillary columns (PicoFrit, 30 

cm x 150 µm ID, New Objective) self-packed with ReproSil-Pur 120 C18-AQ, 1.9 µm (Dr. 

Maisch) and separated with a 30-minute linear gradient from 3% to 30% acetonitrile and 0.1% 

formic acid and a flow rate of 500 nL/min. MS scans were acquired in the Orbitrap analyzer 

with a resolution of 30000 at m/z 400, MS/MS scans were acquired in the Orbitrap analyzer 

with a resolution of 7500 at m/z 400 using HCD fragmentation with 30% normalized collision 

energy. A TOP5 data-dependent MS/MS method was used; dynamic exclusion was applied 

with a repeat count of 1 and an exclusion duration of 30 seconds; singly charged precursors 

were excluded from selection. Minimum signal threshold for precursor selection was set to 

50000. Predictive AGC was used with a AGC target value of 1e6 for MS scans and 5e4 for 

MS/MS scans. Lock mass option was applied for internal calibration in all runs using 

background ions from protonated decamethylcyclopentasiloxane (m/z 371.10124). 

Exposure of PSL and IGF-PSL-PEG to MMPs 

Pro-MMPs (MMP-1, MMP-8 and MMP-9) were activated with 4-aminophenylmercuric acetate 

(APMA) as described before [63]. Lyophilized PSL and IGF-PSL-PEG were dissolved in MMP 

buffer (50 mM Tris, 150 mM NaCl, 1 µM ZnCl2, 10 mM CaCl2, pH 7.4) to a final concentration 

of 1 µM. For the experiments targeting the time-dependent release profile, the solution was split 

and one half was incubated at 37°C in protease buffer with gentle agitation for different time 

points with one subtype of MMP (MMP-1, -8, -9 or -13, respectively) to reach a total protease 

concentration of 8 nM and the other half incubated in MMP buffer alone (without MMPs). After 

0.5, 1, 3, 6 and 24 hours during MMP exposition and buffer incubation of the control samples, 

respectively, protease activity was stopped by addition of 50 mM EDTA and heating to 95 °C 

for 5 minutes. The solution was injected into the UPLC to measure cleavage kinetics (vide 

supra). For the concentration-dependent cleavage, a dilution series of a mixture of MMP-8, -9 

and-13 was prepared and each dilution incubated for a period of 6 hours with IGF-PSL-PEG. 

Subsequently, protease activity was stopped by addition of 50 mM EDTA and the samples were 

analyzed by UPLC. 

For testing of the internalization rate of MMP-exposed compared to unexposed IGF-PSL-PEG 

conjugate, protease activity was inhibited afterwards by addition of 50 mM EDTA, which was 

subsequently removed by ultrafiltration, exchanging the buffer with at least two volumes of 

PBS, and using centrifugal ultrafiltration devices with 5 kDa cutoff. Following sterile filtration, 

the protein concentration was determined and the cleaved conjugate was added to the cells. 
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Cell culture 

MG63 cells (human osteosarcoma cells, ATCC CRL-1427, Manassas, VA) were cultured in 

growth medium (MEM containing 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin G and 

100 μg/mL streptomycin, 1% non-essential amino acids (NEA)) in 25 cm2 culture flasks. 

C2C12 myoblasts (ATCC CRL-1772) were maintained in growth medium (DMEM containing 

4.5 g/L D-glucose, 2 mM L-glutamine, 10 % heat-inactivated FCS, 100 U/mL penicillin G and 

100 µg/mL streptomycin) at 37°C and 5 % CO2.  

Cell proliferation assay (WST-1) 

For the measurement of biological activity of IGF-I variants in comparison to unmodified IGF-

I, a mitogenic bioassay with MG63 cells was performed. Briefly, 2*104 MG63 cells/well were 

seeded in 96-well plates (Greiner Bio One, Frickenhausen, Germany) in assay medium (MEM 

containing 0.5% BSA, 2 mM L-glutamine, 100 U/mL penicillin G and 100 μg/mL 

streptomycin, 1% NEA) and incubated for 24 h at 37 °C and 5% CO2. A dilution series of each 

IGF-I variant (IGF-I, IGF-PSL and IGF-PSL-PEG) from 0.01 nM to 100 nM in assay medium 

was prepared, added to the cells and incubated for 48 h at 37 °C and 5% CO2. For measurement 

of the potency of the variants in presence of IGFBPs, a combination of a fixed concentration of 

6.5 nM IGF-I, IGF-PSL or IGF-PSL-PEG, respectively, together with a dilution series of 

IGFBP-3 or IGFBP-5 from 0.16 nM to 160 nM was prepared, pre-incubated at 37 °C for 30 

minutes and subsequently transferred to the cells. After 48 hours growth factor exposure, the 

cells were treated with WST-1 reagent for 4 h at 37 °C. The absorbance of the soluble formazan 

product was determined at 450 nm using a Spectramax 250 microplate reader (Molecular 

Devices, Sunnyvale, CA).  

Cell signaling and Western immunoblotting 

For measurement of AKT and ERK phosphorylation of MG63 and C2C12 cells treated with 

IGF-PSL-PEG in comparison to wt IGF-I, 5*104 cells were seeded in assay medium in 96-well 

plates. After 16 hours in culture and around 70% confluence, the cells were serum-starved for 

6 hours and incubated with different concentrations of wt IGF-I (ranging from 0.01 nM to 100 

nM) in assay medium for 30 minutes at 37°C. After washing with ice-cold PBS, cells were 

lysed with M-PER Mammalian Cell Lysis Buffer and cell extracts were processed using 

standard SDS-PAGE and Western blotting procedures. Membranes were stained in Ponceau S 

reversible stain to verify protein transfer and then blocked for 1 hour in Roti-Block, followed 

by three washing steps using tris-buffered saline (TBS), containing 0.1 % (w/w) Tween 20 
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(TBST). For detection of phosphorylated proteins, the blot was cut and the upper half incubated 

overnight at 4°C with an anti-phospho p-44/42 MAPK (Thr183/202/Tyr187/204) antibody and the 

lower half with anti-phospho AKT (Ser473) antibody, both diluted 1:1000 in TBST. After 

incubation of the blot with a peroxidase-conjugated secondary antibody for 90 minutes at room 

temperature, signals were detected by chemoluminescence using a Super Signal West Pico 

Chemiluminescent Substrate and visualized by a FluorChem FC2 imaging system (Protein 

Simple, Santa Clara, USA). Subsequently, blots were stripped with 50 mM Tris-HCl, 

containing 2 % (w/w) SDS and 0.8 % 2-mercaptoethanol at pH 6.8 for 1 hour at room 

temperature before detection of total MAPK using an anti p-44/42MAPK antibody and detection 

of total AKT using anti-AKT antibody (1:1000 diluted in TBST). Spot intensity was quantified 

and the values of phospho-AKT and phospho-MAPK normalized to the values of AKT and 

MAPK, respectively. 

Serum stability 

IGF and IGF-PSL-PEG conjugate, respectively, were diluted with 10% (v/v) human serum 

(taken from a pool of healthy donors; Sigma Aldrich, Schnelldorf, Germany) to a final 

concentration of 5 µM and incubated at 37 °C with gentle shaking (350 rpm; Thermomixer, 

Eppendorf AG, Hamburg, Germany). Aliquots were analyzed after 0, 3, 8 and 18 h. Peptides 

were quantified using RP-HPLC by recording the absorbance at λ = 214 nm and referred to 

standard curves of IGF-I or IGF-PSL-PEG, respectively. Standards were prepared in inactivated 

serum and analyzed immediately. 

Surface Plasmon Resonance 

The binding kinetics of each IGF-I analogue to IGFBP-3 and IGFBP-5 was determined by SPR 

using a ProteOnTM XPR36 system (BioRad, Hercules, CA). HBS buffer (10 mM HEPES, 150 

mM NaCl, 3.4 mM EDTA, 0.005% (v/v) polysorbate 20, pH 7.4) was used as running buffer 

for measurements while immobilization of the ligands was performed with HBS buffer 

supplemented with 500 mM NaCl. For immobilization onto the chip surface, a ProteOn GLC 

sensor chip (BioRad) was activated by perfusing the sensor chip with a solution containing 20 

mM EDAC and 5 mM Sulfo-NHS (BioRad) for 360s at a flow rate of 30 µL min-1. Then 

IGFBPs were immobilized at a concentration of 10 µg/mL in 10 mM sodium acetate pH 4.0 

until densities of about 2000 resonance units (RU) were achieved. Free activated sites were 

quenched by perfusing the sensor chip with 1M ethanolamine pH 8.5 for 300s at a flow rate of 

30 µL min-1. To remove non-covalently attached proteins, the flow channels were washed for 
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300s with HBS500 buffer and subsequently for 60s with 100mM glycine pH 2.5. For all 

measurements of SPR data, the one-shot kinetic setup of the ProteOn XPR36 system was used. 

Here the flow cell unit is rotated by 90° compared to its orientation during immobilization, 

thereby providing six equivalent interaction spots allowing for simultaneous interaction data 

acquisition of up to six analyte concentrations. Bulk face effects and non-specific binding were 

removed from SPR data by subtracting the interaction of the analytes with the chip matrix either 

at the so-called interspots (non-coated spots within the flow channel resulting from the 90° 

rotation of the flow cell unit) or at a non-coated reference flow channel from the raw interaction 

data. Flow rate for SPR data acquisition was set to 100 µL min-1. IGF-PSL-PEG or IGF-I were 

perfused over the biosensor in six different concentrations (1.56, 3.13, 6.25, 12.5, 25, and 50 

nM), association was monitored for 120 seconds, dissociation was initiated by perfusing HBS150 

running buffer and was monitored for 100s. The sensor surface was regenerated by injecting 

first 0.3 M sodium citrate, 0.4 M NaCl pH 5.0 and subsequently perfusing 100 mM glycine pH 

2.5 for 60s. Binding affinities were calculated from the rate constants for association and 

dissociation using the ProteOnTM Manager 3.1 software (Bio-Rad) and applying a simple 1:1 

Langmuir type interaction model. Binding affinities and rate constants are provided as mean 

with standard deviation derived from at least three independent SPR measurements. 

IGF-II receptor-mediated internalization of IGF-I and IGF-PSL-PEG  

C2C12 cells were seeded at 5×104 cells/well and onto 12 mm glass cover slides (Menzel Gläser, 

Braunschweig, Germany) in 4-well plates coated with 2% gelatin and grown for 24 hours. After 

starvation for 5 hours, cells were stimulated with 100 nM IGF-I, IGF-PSL-PEG or MMP-

exposed IGF-PSL-PEG for different periods of time (5, 20 or 45 minutes) at 37 °C. 

Subsequently, the cells were washed with ice-cold PBS, followed by one washing step with 

acidic buffer (0.3 M sodium citrate, 0.4 M sodium chloride, pH 4.5) to remove non-internalized 

ligand, then immediately fixed with 4% paraformaldehyde for 10 minutes at 4°C and 

permeabilized using 0.1% Triton X in PBS for 15 minutes. Following 3 washing steps with 

PBS, non-specific binding was blocked with 5% BSA in PBS prior to incubation with mouse 

anti-IGF-I antibody and rabbit anti-IGF-IIR antibody at 4°C over night. The following day the 

samples were incubated with secondary antibodies conjugated with Alexa fluor 633 (anti-

rabbit) and Alexa Fluor 488 (anti-mouse) in PBS for 60 minutes at room temperature. Cell 

nuclei were counterstained with DAPI. In the second set of experiments, the same procedure 

was used, but cells were fixed using ice-cold methanol for 10 min at 4 °C, followed by 

incubation with mouse anti-IGF-I antibody overnight and Alexa-Fluor 633 (anti-mouse) 
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antibody conjugate in PBS for 60 min. Actin was visualized using Phalloidin staining (Alexa 

Fluor 488 Phalloidin, Thermo Fisher Scientific) prior to cell nuclei counterstaining using DAPI. 

The cells on the cover slides were mounted on microscope slides with Mowiol 4-88 before 

analysis on a high resolution AOBS SP2 confocal laser scanning microscope (Leica 

microsystem, Wetzlar, Germany) with a 63x N.A. 1.4-0.60 Oil I BL HCX PL APO I objective. 

To avoid cross-talk the emission signals were collected independently. Image processing was 

performed in ImageJ (http://imagej.nih.gov/ij/).  

For quantification of internalized ligands, C2C12 cells were seeded at 1×105 cells/well in 

gelatin-coated 6-well plates and grown for 24 hours. After starvation for 5 hours, cells were 

stimulated with 100 nM IGF-I, IGF-PSL-PEG or MMP-exposed IGF-PSL-PEG for 45 minutes 

at 37 °C. Internalization was stopped by washing with ice-cold PBS, followed by a washing 

step with acidic buffer (0.3 M sodium citrate, 0.4 M sodium chloride, pH 4.5) to remove non-

internalized ligand, and 2 additional washing steps with PBS. Subsequently, cells were lysed 

with Tris-based lysis buffer (100 mM Tris, 150 mM NaCl, 1 mM EDTA, 1%Triton X-100) and 

frozen at -80°C. Internalized IGF-I and IGF conjugates, respectively, were quantified using a 

human IGF-I ELISA Kit (R&D Systems, Minneapolis, MN) according to manufacturer’s 

instructions. For calculation of results, standard curves for IGF-I and IGF-PSL-PEG were 

created and sample amounts were calculated based on the curve fits. 

Statistical analysis 

Data were analyzed using Student’s t-test or one-way ANOVA followed by pair-wise 

comparisons using Tukey Kramer post-hoc test. SigmaPlot (Systat Software Inc., CA) or 

Minitab 16 (Minitab, Coventry, UK) was used. Results were considered statistically significant 

at p ≤ 0.05 (*; p ≤ 0.01 (**)) and results are displayed as mean with standard deviation (SD). 

http://imagej.nih.gov/ij/
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Results and Discussion 

Previous studies described the transglutaminase-mediated covalent binding of IGF-I through 

its lysine (K) in position 68 to components of the extracellular matrix (ECM) [53]. Taking 

advantage of this natural mechanism, we enzymatically decorated wild type IGF-I with full 

control of the decoration site contrasting unspecific chemistries or the need for genetically 

modifying the primary sequence [64]. The Lys-68 within the D domain of IGF-I is favored 

for conjugation, as it is not involved in binding to IGFBPs [65, 66] and its removal does not 

reduce receptor activation [67]. For that, IGF-I’s transglutaminase substrate domain served 

as attachment site for the protease-sensitive linker (PSL) modified with an alpha-2 plasmin 

inhibitor (α2PI)-derived donor peptide NQEQVSPL [68]. (Scheme 1A) We selected a MMP- 

sensitive linker from type I collagen with a C-terminal azide group for attachment of the 

PEG by Strain-promoted azide-alkyne cycloaddition (SPAAC)  [54, 58, 69, 70] (Scheme 

1B, Figure S1). The combination of these naturally occurring sequences is intended to 

reduce immunogenicity concerns and emulate mechanisms found in nature for regulation of 

protein activity [22, 71].  

 

 

 

 

 

Scheme 1: Schematic representation of the site-directed synthesis of the IGF-PSL-PEG conjugate. (A) 

Enzymatic conjugation of a protease-sensitive linker (PSL) to IGF-I by human FXIIIa. The linker is 

modified with a TG recognition sequence at the N-terminus (NQEQVSPL) and contains a PSL 

sequence enabling fast release in response to matrix metalloproteinase upregulation in inflamed tissues. 

(B) Strain-promoted azide-alkyne cycloaddition (SPAAC) of the IGF-PSL conjugate (from A) to 

DBCO-PEG30kDa leading to IGF-PSL-PEG with full control of decoration sites. Molecular graphics 

were created with Chimera [72]. 
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The enzymatic transamidation reaction between wild type IGF-I and the PSL was 

qualitatively assessed by gel electrophoresis followed by Coomassie staining and by Western 

blot indicating conjugation success (Figure S2A) and confirmed by RP-HPLC and MALDI-

MS analysis detailing a 1:1 stoichiometry (Figure S2B, C). The enzymatic coupling of PSL 

to IGF-I was rapid, leading to complete turnover within 5 minutes (Figure 2A). LC-MS/MS 

analysis after trypsin digest confirmed, that conjugation was confined to K68 (i.e. K27 

and/or K65 of IGF-I were not modified; Figure 2B). Following RP-HPLC purification of 

the IGF-PSL, PEG30 kDa was now conjugated to the C-terminal azide group of the PSL using 

SPAAC (Scheme 1B) [11, 13, 73], resulting in complete conjugation within 24 h and a 1:1 

stoichiometry (Figure 2C). Remaining unconjugated PEG and IGF-PSL were removed by 

purification using cation exchange chromatography resulting in at least 95 % purity (Figure 

2D, S2D). This TG-catalyzed crosslinking approach also worked for the decoration of 

agarose particle surfaces (Figure S2E). Using K68 – the natural attachment site of IGF-I to 

substrates – offered a bioinspired template for designing conjugates with ultimate control 

over decoration sites, high yield, and very rapid synthesis. Previous studies have introduced 

and detailed TG based enzymatic crosslinking for immobilization of therapeutic proteins 

[74-77] and for site-specific PEGylation [14, 19]. These approaches use an amino-derivative 

of PEG (PEG-NH2) as substrate for the enzymatic reaction to modify Gln residues of 

proteins. Depending on flexibility and accessibility of the Gln-containing regions, only one 

Gln is modified, resulting in site-specific PEGylation, as demonstrated for interleukin-2 [14]. 

However, this cross-linking results from two competing processes. The favorable reaction 

links the amino group of the PEG (acceptor) to the protein’s Gln donor. In parallel, a 

competing hydrolytic reaction deamidates Gln thereby abolishing donor function. 

Consequently, the hydrolyzed Gln is no longer available for conjugation resulting in 

moderate coupling yields and loss of valuable protein [18]. Most frequently, high excess of 

the PEG-amine is deployed to achieve satisfactory yields [19]. In contrast, we take advantage 

of the high natural reactivity of the K acceptor within IGF-I and use a Q donor PSL peptide, 

resulting in more than 90 % yield within 5 min (Figure 2A). These considerations can be of 

help for future enzymatic coupling strategies to maximize the yields, as protein conversion 

is not limited due to hydrolysis of the glutamine to glutamic acid [78].  
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Figure 2: Characterization of the IGF-PSL and IGF-PSL-PEG conjugate following synthesis and 

cleavage kinetics after MMP exposure. (A) Coupling efficiency of the FXIIIa-catalyzed transamidation 

reaction between IGF-I and PSL over time analyzed by RP-HPLC. (B) Trypsin digest of IGF-I modified 

with the α2PI1-8-derived peptide sequence confirmed K68 as the attachment site. (C) SDS-PAGE of 

IGF-I (lane #1), IGF-PSL (lane #2), IGF-PSL-PEG conjugate (lane #3) and IGF-PSL-PEG exposed to 

MMPs for a period of 24 hours (lane #4). The gel was stained with PEG-specific iodine (left) and 

Coomassie Brilliant Blue G250 (right). (D) RP-HPLC analysis of the IGF-PSL-PEG conjugate in 

comparison to IGF-PSL and unconjugated DBCO-PEG30kDa.  (E ) Concentration-dependent cleavage 

of IGF-PSL-PEG after 6 hours exposition to MMP-8, -9 and -13. (F) Comparison of cleavage efficiency 

of the PSL regarding MMP-1, -8, -9 and -13 at 37°C as a function of incubation time. (G) Time-

dependent cleavage of IGF-PSL-PEG exposed to MMP-1, -8, -9 and -13 and analyzed by RP-HPLC. 
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Thus, after having optimized the decoration site and synthesis of the construct, we analyzed 

PSL performances in detail [54, 79]. To assess the MMP concentration required for efficient 

cleavage of the conjugate, a dose escalation study with a combination of different activated 

MMP isoforms (MMP-8, -9 and -13) was performed (Figure 2E, S3A). Total concentrations 

of 4 nM resulted in almost complete cleavage of the IGF-PSL-PEG conjugate within 6 hours. 

The calculated EC50 for the 6 hour incubation period was found to be 0.423 nM. Next, we 

evaluated the response of different MMP isoforms towards the PSL and IGF-PSL-PEG 

(Figure 2F, G). For the PSL alone, cleavage was highest for MMP-9, followed by MMP-

13, MMP-8 and MMP-1 (Figure 2F, Table S1). The IGF-PSL-PEG conjugate performed 

similarly despite the presence of the bulky PEG when exposed to identical protease 

concentrations other than MMP-1 (Figure 2G, S3B-C). Following 24 hours incubation, 

cleavage was complete for MMP-8, -9 and -13 but – in contrast to the PSL alone – only 65 

± 14 % for MMP-1. In conclusion, the PEG impaired MMP-1 performance, but did not 

impact the other MMPs similarly to observations made before for PSLs on solid substrates 

[79]. The concentration range (Figure 2E) fits closely to levels of proteolytically active 

MMP-9 in synovial fluid of rheumatoid arthritis patients [55], activated MMP-1 in knee 

synovial fluid after joint injury [56], and increased MMP-9 activity in dystrophic or injured 

muscles, respectively [25]. For these diseases, MMP profiles allow reliable and reproducible 

discrimination of diseased from healthy tissues [57]. 

Activities of MMPs are precisely controlled, not only by their gene expression in various 

cell types, but also by activation of their precursors (proMMPs) [80-83] and inhibition by 

endogenous inhibitors, such as α2-macroglobulin (α2M) and tissue inhibitors of 

metalloproteinases (TIMPs) [84]. The local increase in proteolytic activity of MMPs was 

associated with the pathogenesis of various musculoskeletal diseases [85]. For example, a 

positive correlation of MMP levels and extent of cartilage destruction was found in 

rheumatoid arthritis [55, 86, 87] and enhanced MMP-9 immunoreactivity contributes to the 

progression of inflammatory myopathies [24]. According to several studies, the temporal 

pattern of MMP-3 – a powerful activator of other MMPs including MMP-9 [63] – and TIMP-

1 in synovial fluid of diseased joints displays a change from an excess of free TIMP-1 in the 

healthy joint to increased free MMP-3 in the injured joint [88]. It is assumed, that this 

imbalance in the expression of MMPs and endogenous TIMPs also contributes to the 

pathogenesis of musculoskeletal diseases [86, 89]. 
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As the disease-associated increase in MMP activity frequently results in elevated serum 

levels of proMMPs, various MMP isoforms are discussed as biomarkers for monitoring 

disease progression in Duchenne muscular dystrophy (DMD) or several kinds of arthritis 

[87, 90, 91].  

Next, we tested the bioactivity, long-term exposure (2 days incubation and proliferative 

response of MG63 cells; Figure 3A) and short-term exposure (AKT and ERK 

phosphorylation following 30 minute incubation in MG63 and C2C12 cells; Figure 3B-C, 

S4A-C). Cell proliferation after 2 days was comparable among groups with EC50 values of 

1.4 ± 0.3 nM, 2.2 ± 0.9 nM and 1.9 ± 0.4 nM for IGF-I, IGF-PSL and IGF-PSL-PEG, 

respectively (Figure 3A) and in line with previous reports [52]. However, the maximum 

growth promoting efficiency (Emax) was reduced for the conjugate as compared to IGF-PSL 

and IGF-I reaching 1.6 ± 0.04, 1.7 ± 0.07, and 1.4 ± 0.03 -fold increases for IGF-I, IGF-PSL 

and IGF-PSL-PEG, respectively. Short term exposure after 30 minutes was assessed by AKT 

and ERK phosphorylation, respectively (Figure 3B, C, S4A-C). AKT phosphorylation was 

comparable for the conjugate and IGF-I in MG63 cells (Figure 3B), and C2C12 myoblasts 

showed similar AKT and ERK phosphorylation as response to stimulation with the different 

variants (Figure 3C, S4A). We further analyzed the functionality of the conjugate compared 

to IGF-I using the two most prevalent IGF-I binding proteins – IGFBP-3 and IGFBP-5 – for 

competitive binding in C2C12 myoblasts (Figure 3D, E). IGFBPs are modulators of IGF-I 

action playing important physiological roles in regulating IGF-I bioavailability and activity 

in various tissues [92]. Typically, IGF-I has a 2- to 50-fold higher affinity for IGFBPs than 

for the IGF-IR, but proteolytic modification of IGFBPs (e.g. by MMPs) strongly reduces 

their affinity for IGF-I and therefore increases the amount available to bind to receptors 

resulting in enhancement of IGF-I activity [26]. Proliferative responses to IGF-I were 

abolished at IGFBP-3 concentrations exceeding 100 nM.  IC50 values of 15.0 ± 0.4 nM, 14.0 

± 0.8 nM, and 12.0 ± 1.2 nM were recorded for IGFBP-3 in presence of IGF-I, IGF-PSL, 

and IGF-PSL-PEG, respectively, corroborating comparable results reported by others 

(Figure 3D) [93]. However, the maximum growth promoting efficiency was significantly 

reduced for the conjugate (1.4 ± 0.03–fold) as compared to the IGF-PSL (1.8 ± 0.04) and 

IGF-I (1.9 ± 0.07). Essentially the same results were found for IGFBP-5 (Figure 3E). The 

similar biologic activity of the IGF-PSL compared to the native protein confirm the 

suitability of IGF-I’s D domain as conjugation site.  
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Figure 3: (A) MG63 cell proliferation assay of wild-type IGF-I, IGF-PSL and IGF-PSL-PEG (mean ± 

standard deviation, n = 3). (B) AKT phosphorylation in comparison to total AKT expression of MG63 

cells after treatment with different concentrations of IGF-PSL-PEG and IGF-I for 30 min in serum-

depleted medium as analyzed by Western blot analysis. (C) AKT phosphorylation of C2C12 cells 

normalized to total AKT expression. Cells were treated with different concentrations (ranging from 

0.001 to 100 nM) of IGF-PSL-PEG or IGF-I for 30 min and analyzed by Western blot analysis.  (D, E) 

C2C12 cell proliferation assay of 6.5 nM wild type IGF-I, IGF-PSL and IGF-PSL-PEG, respectively, 

in combination with a dilution series of (D) IGFBP-3 and (E) IGFBP-5, respectively (mean ± standard 

deviation, n = 3). (F) Stability of IGF-PSL-PEG in comparison to IGF-I in 10 % human serum at 37°C. 

. 
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Due to its high flexibility and the preservation of all high affinity receptor binding domains, 

C-terminal modifications of IGF-I are well tolerated [65, 67]. This finding is supported by 

the presence of a natural variant with an E-peptide at the C-terminus displaying retained 

biological activity and increased stability [94]. For this reason, the short peptide tag 

remaining after MMP cleavage is not expected to reduce the biologic activity of the growth 

factor (Figure 3A, E).  

Intending to prove the enhanced stability and favorable pharmacokinetic properties of the 

IGF-PSL-PEG, serum stability of the conjugate was analyzed in comparison to native IGF-

I (Figure 3F, S4D-H).  IGF-I and IGF-PSL-PEG remained stable for up to 8 hours when 

exposed to 10% human serum of healthy persons. Following 18 hours incubation, 63 ± 16 

% degradation was observed for IGF-I, while the IGF-PSL-PEG conjugate showed increased 

stability with only 17 ± 12 % degradation (Figure 3F; p < 0.05; t-test). 

These data provided evidence, that the PEG conjugation may increase circulatory half-life 

of IGF-I by increasing resistance to proteolytic enzymes, while mediating known advantages 

of PEGylation including improved solubility, decreased endocytosis and reduced renal 

filtration as shown for permanently PEGylated IGF-I [52, 95]. The increased stability 

provides the basis for a targeted growth factor release upon entering the diseased tissue. 

We also analyzed the binding affinities to IGFBP-3 and -5 by surface plasmon resonance 

(SPR) with the BPs being amine-coupled onto the sensor chip as previously described [96]. 

IGF-I binding resulted in affinities of Kd = 11 ± 7 nM and 11 ± 1 nM for IGFBP-3 and 

IGFBP-5, respectively (Figure S5A, B). The dissociation of IGF-I from IGFBP-5 was 

almost 2-times faster than from IGFBP-3 (Figure S5A, B). These differences in dissociation 

(koff) correlated with similar differences in the association rate constant (kon), which is why 

similar dissociation constant / affinity (Kd) were calculated for IGF-I to its BPs. Similarly, 

the IGF-PSL-PEG conjugate bound to IGFBP-3 and IGFBP-5 with affinities of Kd =10  2 

nM and 20  3 nM, respectively. However, signal amplitudes (RU) were lower for the 

conjugate than for IGF-I when perfused at the same concentration over the same flow cells, 

possibly reflecting partial binding and/or reduced association due to the larger size of the 

conjugate (Figure S5C, D). 
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We now studied the effect of PEGylation on endocytosis and cellular trafficking (Figure 4). 

Avalanches of data have demonstrated continued signaling of endocytosed receptor-ligand 

complexes and detailed its importance for IGF-I [97]. For example, receptor-mediated 

internalization of IGF-I is able to prolong the circulation, to control expression of IGFBPs, 

protein synthesis and to activate mitogenic responses through endosomes [98, 99]. 

The diverse roles of endocytosis in signal transduction are known for many growth factors 

[100]. IGF-I is internalized in a complex with the IGF-II/Mannose-6-phosphate receptor, 

what we confirmed for the conjugate as well (Figure S6) [98, 99]. Endocytosis of the 

conjugate was impaired,  but reestablished upon MMP exposure (Figure 4A-C). We 

corroborated these qualitative observations quantitatively by ELISA. The conjugate had 

 

Figure 4: Internalization of (A) wt-IGF-I, (B) IGF-PSL-PEG and (C) MMP-exposed IGF-PSL-PEG 

into NIH3T3 cells with IGF-I in red, actin in green, and cell nuclei in blue. (D) Quantification of 

internalized ligand in C2C12 cells after 45 minutes (n = 3, p < 0.05; ANOVA, Tukey test for post hoc 

comparison). 
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significantly lower intracellular concentrations (205 ± 28 pM) as compared to IGF-I (311 ± 

46 pM) and MMP incubated conjugate (275 ± 29 pM; Figure 4D).  

Future studies are required to detail these findings in in vivo studies, including efficacy of 

MMP cleavage in inflamed tissues, off-target effects and overall stability during circulation. 

Ultimately, this approach represents a novel concept of personalized medicine by enabling 

tailored treatment to individual patients. Based on expression patterns of enzymes associated 

with pathogenesis of a particular musculoskeletal disease, patients can be stratified 

according to enzyme activities driving the release of IGF-I for optimum therapeutic benefit. 

Along with improved diagnosis for prediction of the person’s response, this strategy has 

potential to allow treatment with precision and calculable risk-benefit ratio. The approach 

includes various options for individual adaptation. On the one hand, the release rate can be 

modified by exchanging amino acids in the sequence of the PSL, thereby increasing or 

reducing the sensitivity towards MMPs [58]. Additionally, the circulatory half-life can be 

changed by using PEGs with different molar weights or other polymers. Finally, this 

approach detailed for IGF-I can be extended to other proteins, peptides or small molecules. 

Conclusion 

By following bioinspired, enzymatic strategies, we developed an IGF-PSL-PEG construct 

with strict control of decoration sites and responding to MMPs by IGF-I discharge. The 

conjugate bound to IGFBP-3 and -5 with similar affinity as observed for IGF-I,  but lower 

association rates. Furthermore, submaximal proliferative cellular responses were recorded 

and endocytosis was reduced. PEGylation impaired IGF-I bioactivities and endocytosis, 

which was reverted through bioinspired separation of IGF-I from the PEG in response to 

upregulated proteases as found in inflamed tissues. This approach shown for IGF-I is paving 

the way for future growth factor and cytokine constructs leveraging the pharmacokinetic 

advantages of PEGylation with fully regained, local performances. 
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Supplementary information 

Supplementary tables: 

Supplementary table 1: Cleavage kinetics of the PSL and IGF-PSL-PEG conjugate  

 Protease Equation r2 

PSL 

MMP-1 0.9 +
(96.8 − 0.9)

1 + (
x

6.9)−3.1
 1.00 

MMP-8 1.9 +
(98.5 − 1.9)

1 + (
x

5.5
)−3.8

 1.00 

MMP-9 −1.2 +
(97.1 + 1.2)

1 + (
x

1.3
)−1.9

 0.99 

MMP-13 6.5 +
(98.5 − 6.5)

1 + (
x

3.3)−4.5
 0.99 

IGF-PSL-PEG 

MMP-1 −1.6 + 11774 ∗ 𝑥; 0.99 

MMP-8 101.1 ∗ (1 − 𝑒(−0.1∗𝑥)) 0.99 

MMP-9 
(103.5)

1 + (
𝑥

0.6)−0.7
 0.99 

MMP-13 
(107 − 4.4)

1 + (
𝑥

4.3)−1.4
 0.97 
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Supplementary schemes: 

 

Supplementary scheme 1:  Intracellular signaling of IGF-I. Binding to the IGF-IR activates both 

mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3-kinase (PI3K) pathways 

responsible for cell proliferation, modulation of tissue differentiation, and protection from apoptosis.   
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Supplementary figures: 

 

Supplementary figure 1: LC-MS analysis of the PSL for evaluation of peptide purity. 
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Supplementary figure 2: (A) IGF-I was crosslinked to the PSL by FXIIIa and analyzed by SDS-PAGE 

(lanes #1-3) and by immunoblotting using a monoclonal anti-IGF-I antibody (lanes #4, 5). The cross-

linking reaction in presence of FXIIIa (lane #3, #5) is confirmed by a shift to a ~2 kDa higher molecular 

weight compared to the IGF-I reference (lane #1) and the reaction performed in absence of FXIIIa (lane 

#2, #4). (B) HPLC analysis of the transamidation reaction of IGF-I and the PSL catalyzed by FXIIIa (C) 

MALDI-MS analysis of IGF-I incubated with the PSL for 30 minutes in absence (left chromatogram) 

and presence (right chromatogram) of Factor XIIIa. Observed average mass of the FXIIIa unexposed 

IGF-I 7,636.05, observed average mass of the FXIIIa exposed IGF-I 10,006.2; calculated average mass 

of the IGF-PSL conjugate 10,008.2 Da. (D) Purification steps of the IGF-PSL. After RP-HPLC and 

cation exchange chromatography (CEX), the fractions were analyzed by analytical HPLC. (E) 

Fluorescence microscopy images of PSL and IGF-I decorated particles labeled with anti-IGF-I antibody 

and Alexa Fluor 488 secondary antibody conjugate. Agarose particles were modified with DBCO-amine 

(1, 2) or ethanolamine (3, 4) followed by coupling with PSL and IGF-I in presence (1, 3) and absence 

(2,4) of FXIIIa, respectively. 
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Supplementary Figure 3: (A) HPLC curves of IGF-PSL-PEG exposed to a mixture of different total 

concentrations of MMP-8, -9 and -13 for a period of 6 hours. (B) RP-HPLC analysis of time-dependent 

cleavage of IGF-PSL-PEG following exposure to MMP-9 for 30 min, 60 min, 3 h, 6 h, and 24 h, 

respectively, in comparison to MMP-unexposed control. (C) MALDI-MS analysis of IGF-PSL and IGF-

PSL-PEG10kDa after exposure to MMP-9 for 6 hours. (Obs. average mass of IGF-PSL = 10011.76 Da, 

calc. average mass = 10008.2 Da. Obs. average mass of IGF-PSL after MMP-exposure = 9189.72 Da, 

calc. average mass = 9189.14 Da. Obs. average mass of IGF-PSL-PEG10kDa = 21020.03 Da, calc. average 

mass = 20021.7 Da. Obs. average mass of IGF-PSL-PEG10kDa after MMP-exposure = 9195.59 Da, calc. 

average mass = 9189.14 Da). 
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Supplementary figure 4: (A-C) Bioactivity of the IGF-PSL-PEG conjugate compared to wt IGF-I. (A) 

ERK phosphorylation of C2C12 cells normalized to total ERK expression. Cells were treated with 

different concentrations (ranging from 0.001 to 100 nM) of IGF-PSL-PEG or IGF-I for 30 min in serum-

depleted medium and analyzed by Western blot analysis. (B) AKT phosphorylation in MG63 cells and 

(C) AKT and ERK phosphorylation in C2C12 cells after 30 minutes stimulation with increasing 

concentrations of wt IGF-I and IGF-PSL-PEG, respectively. (D-H) Degradation of IGF-I and IGF-PSL-

PEG in serum. RP-HPLC curves of (D) IGF-I and (E) IGF-PSL-PEG after incubation for 0 h, 8 h and 

24 h in 10% human serum at 37°C. (F) Western Blot of the serum samples taken after 0 h, 1 h, 3 h, 8 h, 

F 

G H 

t = 24 h 

t = 8 h 

t = 0 h 
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t = 8 h 
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and 24 h incubation and visualized with a IGF-I antibody. (G, H) Calibration curves for evaluation of 

the degree of degradation. Different concentrations of (G) IGF-I and (H) IGF-PSL-PEG were prepared 

in inactivated serum and immediately analyzed using RP-HPLC. The peak areas of the serum samples 

(Supp Figure 4 D, E and Figure 3 F) were referred to these calibration curves to calculate the remaining 

IGF-I or IGF-PSL-PEG concentration, respectively. The peak area of IGF-I as a function of IGF-I 

concentration follows: 𝑓(𝑥) = 11088𝑥 + 727 (𝑟2 = 0.9938) and the peak area of IGF-PSL-PEG is 

related to the HSA peak as an internal standard. The ratio of IGF-PSL-PEG to HSA as a function of 

IGF-PSL-PEG concentration follows 𝑓(𝑥) = 0.048𝑥 + 6.3787 (𝑟2 = 0.9438). 

 

 

Supplementary figure 5: SPR interaction analysis of (A, B) wild-type IGF-I and (C, D) IGF-PSL-PEG 

with IGFBP-3 (A, C) and IGFBP-5 (B, D), respectively. IGFBPs were immobilized as ligands on the 

sensor surface via amine-coupling. Six analyte concentrations (IGF-I or IGF-PSL-PEG) ranging from 

1.56 to 50 nM were perfused over the biosensor. Equilibrium binding constants (Kd) were calculated 

from association and dissociation rate constants employing the equation Kd = koff/kon. Black lines 

indicate raw interaction data, red lines represent fitted data. 
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Supplementary figure 6: Time-dependent internalization of wt IGF-I, IGF-PSL-PEG and MMP-

exposed IGF-PSL-PEG through the IGF-II/Mannose-6-phosphate receptor visualized by confocal 

microscopy. C2C12 were incubated with the IGF-I variant at 37°C for (A) 5, (B) 20 and (C) 45 minutes, 

respectively, and immediately stopped by washing with ice-cold PBS. Staining of fixed cells was 

performed with a monoclonal IGF-I antibody and AlexaFluor488-conjugated secondary antibody (green 

fluorescence), and with IGF-II/Mannose-6-phosphate-receptor and AlexaFluor633-conjugated 

secondary antibody (red fluorescence). Cell nuclei were counterstained with DAPI (blue color). Images 

were taken with a Leica AOBS SP2 confocal laser scanning microscope by acquisition of 10 z-slices. 

(D) Calibration curves used for the calculation of internalized amounts of IGF-I and IGF-PSL-PEG, 

respectively. As antibody binding is lower for the PEG-conjugate, the slope of the equation is lower 

with f(x) = 1.4634x + 0.7793 (r2 = 0.9755) in contrast to IGF-I, following 𝑓(𝑥) = 2.0735𝑥 +

0.7655 (𝑟2 = 0.9798). 
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Abstract 

This manuscript addresses the capability of compendial methods in controlling polysorbate 

80 (PS80) functionality. Based on the analysis of sixteen batches, functionality related 

characteristics (FRC) including critical micelle concentration (CMC), cloud point, 

hydrophilic-lipophilic balance (HLB) value and micelle molecular weight were correlated 

to chemical composition including fatty acids before and after hydrolysis, content of non-

esterified polyethylene glycols and sorbitan polyethoxylates, sorbitan- and isosorbide 

polyethoxylate fatty acid mono- and diesters, polyoxyethylene diesters, and peroxide values. 

Batches from some suppliers had a high variability in functionality related characteristic 

(FRC), questioning the ability of the current monograph in controlling these. Interestingly, 

the combined use of the input parameters oleic acid content and peroxide value – both of 

which being monographed methods – resulted in a model adequately predicting CMC. 

Confining the batches to those complying with specifications for peroxide value proved oleic 

acid content alone as being predictive for CMC.  Similarly, a four parameter model based 

on chemical analyses alone was instrumental in predicting the molecular weight of PS80 

micelles. Improved models based on analytical outcome from fingerprint analyses are also 

presented. A roadmap controlling PS80 batches with respect to FRC and based on chemical 

analyses alone is provided for the formulator.
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Introduction 

Polysorbate 80 (PS80) is a frequently used surfactant for biopharmaceutical product 

formulation. This non-ionic emulsifier is typically formulated at concentrations of 0.01 - 

0.1% (v/v) for active pharmaceutical ingredient (API) stabilization, reduction of surface 

adsorption, or to avoid stress-induced aggregation (e.g., freezing, storage, transport, 

reconstitution of lyophilized products) [1-3]. Compendial grade PS80 is composed of 

polyoxyethylene sorbitan esters with fatty acids, at least 58% of which being specified as 

oleic acid  along with myristic, palmitic, palmitoleic, stearic, linoleic, and α-linolenic acid 

esters, respectively [4, 5]. Critical PS80 material attributes were derived from a focus on its 

impact on API or excipient stability, as e.g. residual peroxides within PS80 batches may 

drive oxidation. However, PS80 attributes were to a lesser extent selected based on galenical 

considerations / functionality related characteristics (FRC), an aspect which is thoroughly 

addressed here within. The batch-to-batch variability e.g. in residual peroxides was linked 

to the supplier’s manufacturing and purification processes, packaging, or storage [6]. 

Polysorbates are inherently prone to radical autoxidation, leading to hydrolysis [2, 7-9], and 

placing formulated proteins at risk of oxidative damage [10-12]. Apart from peroxides, 

variability is introduced by the type and amount of esterified and free fatty acids, unbound 

ethoxylates as well as the level of impurities [13-16]. Consequently, the United States 

Pharmacopeia (USP) and the European Pharmacopeia (Ph.Eur) specify the entire (free and 

esterified) fatty acid composition, the peroxide value as well as the acid, saponification, and 

hydroxyl value, respectively. In addition, ethylene oxide, dioxin and heavy metal content are 

specified [4, 5]. In more recent efforts, both pharmacopoeias allude to functionality related 

characteristics (FRCs; Ph.Eur. 5.15) or excipient performance (USP <1059>) in non-

mandatory sections, detailing an approach for reliable excipient performance through 

additional specifications designed on top of compendial requirements. Several studies within 

the context of PS80 suggest a need for such additional specifications. For example, the 

stability of biologic formulations during processing or storage has been linked to the surface 

activity of polysorbates [17]. Other reports detailed the impact of polydispersed 

oxyethylenes on colloidal properties [18, 19]. However, neither surface activity nor colloidal 

properties are monographed at present. It is for these exemplary selected reports on PS80 

that compliance with compendial specifications alone has been questioned before yielding 

stable formulation outcome [20, 21]. 
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Consequently, we are addressing the need to set additional PS80 specification.  We are also 

addressing the hypothesis, that monographed methods are sufficient in specifying PS80 

batches for stable outcome with respect to FRC, when these are released based on adequate 

models. In order to identify possible input parameters for model building, PS80 batches were 

broadly characterized by numerous methods. For that, we correlated galenical functionality 

from sixteen PS80 batches (CMC, cloud point, hydrophilic-lipophilic balance (HLB) value 

and micelle molecular weight) with batch composition from thorough analytical studies 

(PS80 fatty acid composition before and after hydrolysis [22], unbound PEGs, sorbitan 

polyethoxylates, and mono-and diesters) as well as with peroxide value.    

Experimental Details 

Materials 

Sixteen PS80 batches of 5 different qualities (qualities being different suppliers or different 

supplier grades being distributed from one supplier) were used for the study.  The 

polysorbate samples were from Croda (East Yorkshire, UK), Kolb (Hedingen, Switzerland), 

Merck (Darmstadt, Germany) and NOF (Tokyo, Japan). The order of the supplier names 

does not necessarily coincide with the order of the codes used within the manuscript. Grade, 

supplier and date of manufacture from each sample were detailed (Table 1). All samples 

were stored at room temperature, under nitrogen and protected from light and the 

experiments were conducted after storage times as indicated. Sorbitan monooleate 80 (Span 

80), methylene blue, paraffin oil were from Sigma-Aldrich (Taufkirchen, Germany). Type 2 

water (ASTM D1193, ISO 3696) was used (Millipore, Billerica, MA). All other chemicals 

or solvents were of at least analytical or pharmaceutical grade and obtained from Sigma-

Aldrich or VWR (Darmstadt, Germany). 

Sample preparation 

For the cloud point determination, the polysorbate 80 samples were dissolved at 3% (w/v) 

in freshly prepared 1M sodium chloride in water on a roller mixer to minimize foaming 

(SRT1, Sigma-Aldrich, Germany) until the solution was visibly clear and free from foam 

before further processing. Samples for surface tension measurement were dissolved in water. 
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Table 1: Overview of the PS80 batches. 

Quality Batch Months of storage 
Peroxide value at time of 

release* 

Peroxide value after 

storage 

A 1 26 0.6 8.2 

A 2 18 1.3 8.2 

A 3 21 0.2 9.2 

A 4 21 0.5 16.5 

B 1 17 0.4 21.2 

B 2 20 0.0 19.7 

B 3 31 0.6 16.1 

C 1 27 1.0 4.8 

C  2 27 1.0 3.7 

C 3 16 0.0 4.4 

D 1 10 0.1 4.9 

D 2 20 0.1 4.4 

D 3 18 0.8 2.9 

E 1 6 0.2 11.6 

E 2 18 1.3 3.9 

E 3 14 1.7 8.7 

* taken from CoA 

Critical micelle concentration (CMC) by surface tension measurement 

The CMC was determined by surface tension measurements using the Wilhelmy plate 

method with a Krüss K12 (Hamburg, Germany).  Temperature was controlled at 20 ± 0.5 °C 

(Fryka, G.Heinemann, Schwäbisch-Gmünd, Germany) and experiments were conducted at 

atmospheric pressure. The surface tension of water was determined prior to measurements 

of the surfactant samples and to ensure agreement (± 5 mN/m) with the reference value of 

72.75 mN/m [23]. Freshly prepared, serial dilutions of the surfactants each in about 75 - 80 

mL of water were equilibrated at 20 ± 0.5 °C for at least 30 minutes and then stirred for 60 

seconds [24], and again equilibrated for 5 minutes before measurement (n = 3). The surface 

tension was recorded from ten different dilutions per sample and the CMC was fitted from 

the intersection of the straight lines for the linear concentration-dependent section and the 

concentration-independent section using Krüss tensiometer software (version 5.05) [25-27].  

Cloud point  

The cloud point was turbidimetrically determined from a 3% (w/v) PS80 sample solution in 

1 M sodium chloride, measured in a water bath at increasing temperature. Vials with 8 mL 

of the surfactant solution were placed in the water bath with heating at a rate of 1.2 °C/min 

from room temperature to 45 °C and then at a rate of 0.3 °C/min. until the cloud point, 
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controlled with a thermometer accuracy of 0.2 °C. The cloud point was visually assessed by 

phase separation. Furthermore, the cloud point was confirmed by microcalorimetry. For that, 

3 mL of identically prepared samples as used for the turbidimetric method were heated at a 

rate of 0.5 K/min from 35 to 90 °C in the small volume sample vessel of a C80 calorimeter 

(Setaram, Caluire, France) and recorded against 3 mL of the identical solution without PS80 

in the reference cell. Cells were equilibrated at 35 °C until heat flow between the cells was 

constant. 

Hydrophilic-lipophilic balance (HLB) value 

Determination of HLB values was performed using the “Blender-Centrifuge Method” [28], 

combining polysorbate 80 sample (HLB ~ 15), sorbitan oleate (Span 80; HLB ~ 4.3), paraffin 

(required HLB (RHLB) ~ 10.5 and water. In brief, stock emulsions of 25 mg emulsifier per 

gram emulsion were prepared by diluting the polysorbate sample with water and diluting 

Span 80 with the paraffin oil and mixing them in varying proportions, with stock A yielding 

a HLB of 12.33 and stock B yielding a HLB of 6.98, respectively. Stocks were homogenized 

for 2 minutes after addition of a small amount of methylene blue. A series of emulsions were 

prepared from stocks, bracketing the RHLB by weighing each stock emulsion into a 15 mL 

centrifuge tube to yield a total amount of 10 g emulsion. Tubes were shaken to ensure 

mixing, centrifuged at 4000 r.p.m. for 20 minutes and stored at room temperature. After 15 

days, the heights of the aqueous phase were measured and the HLB value of the emulsion 

showing the least phase separation was recorded as the RHLB value, from which the PS80 

HLB value was calculated. 

Static light scattering 

All static light scattering experiments were conducted at 23 °C using a CGS-3 MD 

Goniometer (ALV, Langen, Germany). The laser light source was a He-Ne laser operating 

at λ = 632.8 nm. All measurements were collected at scattering angles in the range of 30° - 

150° using 8 separate detectors. Serial dilutions of the PS80 samples in the concentration 

range between 1 and 5 g/L were freshly prepared and filtered through a 0.22 µm PVDF 

syringe filter (Carl Roth, Karlsruhe, Germany) prior to use. The refractive index increment 

of the sample dilutions was measured using a SEC-3010 refractometer (WGE Dr. Bures, 

Dallgow-Doeberitz, Germany). The micelle molecular weight and the second virial 

coefficient were calculated by means of the multiangular Zimm-Plot using ALV-Fit & Plot 

software. 
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HPLC-CAD 

Fatty acid composition and free fatty acid content were determined by high performance 

liquid chromatography with charged aerosol detection as described by Ilko et al. [22]. In 

brief, following hydrolysis with 1 M potassium hydroxide solution, the fatty acids were 

extracted with methyl-tert.-butylether (MTBE) modified from a previous protocol [29]. For 

the determination of free fatty acids, heptadecanoic acid was used as internal standard and 

mixed with the samples and MTBE followed by centrifugation and collection of the organic 

phase. Measurements were performed with a 1100 HPLC system (Agilent, Waldbronn, 

Germany) and a Kinetex C18 (100 x 3.0 mm, 2.6 µm particle size) analytical column 

(Phenomenex, Aschaffenburg, Germany). A gradient was applied (mobile phase A being 

0.05 % formic acid in water, and mobile phase B being 0.05 % formic acid in acetonitrile) 

starting with 75 % mobile phase B for 5 minutes followed by a linear increase to 85 % within 

10 minutes at a flow rate of 0.6 mL/min. Detection was performed with a Corona charged 

aerosol detector (Thermo Scientific, Idstein, Germany) using a gas inlet pressure (nitrogen) 

of 35 psi and settings set to no filter at an electric current range of 100 pA. 

Fingerprint analyses 

Fingerprinting was performed as described before with modification [30]. The separation 

was carried out on an LC1100 (Agilent) using a Kinetex C18 (100 x 3.0 mm, 2.6 μm particle 

size) analytical column. Mobile phase A consisted of 0.1% (v/v) formic acid in water and 

mobile phase B of 0.1% (v/v) formic acid and 5% water in acetonitrile. A gradient was used 

increasing the portion of mobile phase B from 10 to 100% within 12 min and holding this 

for further 12 min. The flow rate was 0.6 mL/min and the injection volume 10 µL. A CAD 

was used for detection with following settings: range: 100 pA, filter: “none”. 

Peroxide value 

Peroxide content was determined using a peroxide quantification kit (Pierce Quantitative 

Peroxide Assay Kit, Thermo Scientific, Rockford, USA). Samples were diluted with water 

to 2 % (w/v). 20 µL of the diluted samples were mixed with 200 µL of the reagent (250 µM 

ammonium ferrous(II) sulfate, 125 µM xylenol orange, 100 µM sorbitol in 25 mM sulfuric 

acid), incubated for 20 minutes at room temperature prior to reading at λ = 595 nm on a 

SPECTRAmax 250 automated microtiter plate reader (Molecular Devices, Sunnyvale, 
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USA). Hydrogen peroxide was used to prepare standard curves and peroxide levels in 

polysorbate 80 were obtained as peroxide equivalent to the hydrogen peroxide concentration. 

Statistics 

Comparisons were performed using one way ANOVA and normality was tested according 

to Shapiro-Wilk. Post hoc test was performed according to Tukey (pairwise comparison). 

The statistical software Minitab® 16 (Minitab, Coventry, UK) was used for analysis. 

Statistically significant results were concluded for p < 0.05 (the use of the term “significant” 

is exclusively used in a statistical way within the manuscript). Results are displayed as mean 

with standard deviation (SD) and measurements were in triplicate, unless otherwise noted.  

Linear models were derived, analyzed and plotted using the statistical framework R and 

associated packages. 
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Results 

Critical micelle concentration, cloud point, and hydrophilic−lipophilic balance 

values 

Sixteen PS80 samples from 4 suppliers (including two different qualities of one supplier, 

which are for simplicity categorized as if from two suppliers) were assigned A – E and 

numbers indicate the different batches from the respective supplier (e.g. E1 – E3 are three 

different batches from E).  Structural formulas are provided for polysorbate 80 and relevant 

molecules referred to within this manuscript (Figure 1).  

 

Figure 1: (A) Main structure of Polysorbate 80, (B) structure of oleic acid, (C) structure of palmitic 

acid, (D) structure of 11-hydroxy-9-octadecenoic acid, (E) structure of petroselinic acid. 
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The batches were sorted according to CMC outcome, covering a range from 13.4 ± 0.6 mg/L 

to 24.7 ± 1.4 mg/L (Figure 2A).  Batches E1 – E3 clustered at a low CMC range and were 

significantly lower as compared to all other samples apart from A1. Batches B1 – B3 were 

significantly different as compared to batches E1 – E3, or A4. C3 was significantly higher 

as compared to C1 and C2 and D1 was significantly lower as compared to D2 and D3. 

Therefore, significant within-quality differences were observed for A, C, and D but not for 

B and E.  

A similar distribution was observed for the results of the cloud point measurements (Figure 

2B) covering a range from 56.0 ± 0.2 °C to 65.3 ± 0.4 °C with the majority of samples 

ranging from 59.8 °C to 61.4 °C. Quality E was significantly higher as compared to all other 

qualities other than sample A1. Quality A had a high variability ranging from 56.0 ± 0.2 °C 

to 64.3 ± 0.1 °C, whereas qualities B and C had a narrow distribution in the range of 60.7 ± 

0.2 °C to 61.2 ± 0.2 °C and 60.4 ± 0.2 °C to 61.1 ± 0.1 °C, respectively. Within-batch 

variability was observed for qualities D and E (one batch being significantly different 

compared to the other two) and A (all batches differed significantly from each other) but no 

differences among samples as observed within B and C. 

Cloud points determined by the turbidimetric method (Figure 2B) correlated strongly with 

cloud point assessment by calorimetric measurements  

𝑇𝑐𝑡𝑢𝑟𝑏𝑖𝑑𝑖𝑚𝑒𝑡𝑟𝑖𝑐[°𝐶] = 0.89 ∗  𝑇𝑐𝑐𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑟𝑖𝑐[°𝐶] + 4.4 

(r2 = 0.95; Supplementary Figure 1A and B) and were consistently found 2 °C above those 

measured by the turbidimetric method, likely due to pressure differences (turbidimetric 

method was performed under isobaric while the calorimetric method was performed under 

isochoric conditions, respectively). 

HLB values scattered within 14.4 to 15.6 with the majority of the batches scattering within 

a range from 14.5 to 15.1 (n = 1; Figure 2C). Outcome from E suggested clustering of HLB 

values exceeding 15.0, in contrast to the other qualities which clustered below that threshold. 

A linear correlation following  

C𝑀𝐶 [
𝑚𝑔

𝐿
] = −1.25 ∗ 𝑇𝑐𝑡𝑢𝑟𝑏𝑖𝑑𝑖𝑚𝑒𝑡𝑟𝑖𝑐 [°𝐶] + 95 (r2 = 0.79)  

was observed between CMC and cloud point (Figure 2D). 
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We correlated HLB with CMC and cloud point for the reason that these physicochemical 

parameters reflect the amphiphilic structure of the surfactant and the variability in the 

hydrophilic or lipophilic moieties may impact both parameters [31-34]. Linear regression of 

CMC over HLB and cloud point over HLB demonstrated a poor correlation when fitted 

linearly (r2 = 0.47; Supplementary Figure 1C and r2 = 0.51; Supplementary Figure 1D), 

however, demonstrating a relationship among these parameters.  

 

 

Figure 2: (A) Critical micelle concentration (CMC) [mg/L], and (B) cloud point [turbidimetric; °C] 

of the different batches. (C) Hydrophilic-lipophilic balance (HLB) of the different batches (n = 1). 

(D) Correlation of CMC and cloud point. Please note that axes do not start at zero. 
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Impact of supplier/quality and storage on critical micelle concentration and 

peroxide value 

The CMC of batches from A scattered widely (Figure 3A) in contrast to qualities B and 

more strongly E. The CMC of E was significantly lower as compared to all other qualities. 

Generally, no trend (increase or decrease) in CMC was recorded with storage time (Figure 

3B). For example, E1 – E3 (covering storage of 6 to 18 months) were not significantly 

different in CMC whereas – in spite of identical storage times – batches A3 and A4 differed 

significantly. 

Peroxide values of the polysorbate batches were determined at the same time when all 

experiments were conducted (and do not reflect values as provided from manufacturers at 

the time of release at which all batches complied with specifications of the monograph at ≤ 

10 ppm according to the certificates of analyses [4]; Figure 3C; Table 1). 5 batches 

exceeded 10 ppm (Figure 3C). Generally, the peroxide values of the different batches 

covered a range from 2.9 to 21.2 ppm with storage times of 6 to 31 months. The highest 

peroxide values were observed for batches B1 – B3 (16.1 – 21.2 ppm) and A4 (16.5 ppm). 

Interestingly, no impact of storage time on peroxide value was detected (Figure 3D), with 

e.g. low-peroxide batches C1 and C2 being stored for 27 months in contrast to high-

peroxide-batches B1 and B2 being stored within 17 to 20 months.  

Peroxide value variability was strikingly different among suppliers, with C, and D, 

displaying low, A and E intermediate and B high variability, respectively (Figure 3E).  

A correlation between oleic acid content and CMC was apparent (Figure 3F). However, 4 

batches clearly deviated from the linearity and all these did not comply with the compendial 

specifications for peroxide value (≤ 10 ppm) and the relationship is further analyzed in more 

detail (vide infra). A potential trend of increasing peroxide value with elevated amount of 

polyethoxylate diesters may be postulated (Supplementary Figure 3E). At this point we 

concluded that oleic acid and peroxide value may be instrumental input parameters for model 

building of a predicted CMC.  
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Figure 3: (A) Critical micelle concentration [mg/L] as a function of the supplier/quality. (B) CMC 

as a function of months of storage. (C) Peroxide value [ppm] of the different batches. (D) Peroxide 

value [ppm] as a function of months of storage. (E) Peroxide value [ppm] as a function of the 

supplier/quality. (F) Correlation of CMC with the content of oleic acid [%; after hydrolysis]. 

Arrows in (B) and (F) highlight the low outcome variability of batches E1 – E3 in spite of different 

storage times (B) or oleic acid content (F). Arrowheads in (F) indicate supplier A which in spite of 

a narrow distribution of oleic acid content displays large variability in CMC. 
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Impact of the PS80 chemical batch composition on CMC 

Following hydrolysis, the fatty acid composition of all batches was analyzed by HPLC-CAD 

(Table 2). The monographs request oleic acid contents of at least 58 % upon hydrolysis [4]. 

The content of oleic acid complied with compendial specifications for all batches and ranged 

from 67.8 ± 0.7 % to 96.6 ± 1.3 % (Figure 3F), representing differences of up to 30% among 

batches. HPLC-CAD analyses were also conducted on non-hydrolyzed (i.e. crude) PS80 

samples, referred to as “free acid” in this manuscript ([15, 22, 35], Supplementary Figure 

2A). A general trend of increasing CMC with increasing free fatty acid content was observed 

(Supplementary figure 2B).  Batches from B and E had a significantly lower free fatty acid 

content as compared to the other qualities, and variability was strikingly low for B, D, and 

E and in contrast to A and C (Supplementary Figure 2C). Storage did not impact the 

amount of free fatty acids (Supplementary Figure 2D).  

Besides free fatty acid composition and fatty acid composition upon hydrolysis, the content 

of unesterified PEG/sorbitan polyethoxylates (peaks are reported together), sorbitan- and 

isosorbide polyethoxylate mono- and diesters, as well as polyoxyethylene diesters, was 

followed by “fingerprinting” analyses (Supplementary Figure 3A – D). Among qualities, 

some differences were observed especially in content of free PEGs and sorbitan 

polyethoxylates. For example, batches of E were low in terms of free PEGs and sorbitan 

polyethoxylates (Supplementary Figure 3A). Polyethoxylate-fatty acid diesters were found 

in batches of qualities A and B but only in selected batches of the other qualities 

(Supplementary Figure 3D). None of these parameters alone (unesterified PEG/sorbitan 

polyethoxylates, sorbitan-, isosorbide polyethoxylate mono- and diesters, polyoxyethylene 

diesters) correlated with CMC or peroxide value.  
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Table 2: Fatty acid composition of the PS80 batches after hydrolysis and liquid−liquid extraction 

(n=3). 

Supplier/

quality 
Batch 

Petro- 

selinic acid 

[%] 

Linoleic      

acid [%] 

Palmi-

toleic 

acid [%] 

Stearic       

acid [%] 

Palmitic         

acid [%] 

Oleic           

acid [%] 

Hydroxy

oleic 

acid [%] 

A 1 0.82 6.58 0.76 1.24 5.40 85.22 0.00 

A 2 1.20 9.59 0.52 1.40 5.38 81.92 0.00 

A 3 1.00 10.13 0.79 1.65 5.83 80.61 0.00 

A 4* 1.20 6.80 0.60 1.62 5.74 84.08 0.00 

B 1 0.00 0.00 0.00 0.38 0.82 96.58 2.24 

B 2 0.00 0.00 0.00 0.48 1.01 96.44 2.08 

B 3 0.00 0.00 0.00 0.35 0.67 95.29 3.69 

C 1 1.03 9.44 0.64 2.72 12.16 74.05 0.00 

C 2 0.87 7.10 0.49 2.94 10.56 78.04 0.00 

C 3* 2.65 10.74 0.66 3.55 14.58 67.84 0.00 

D 1 0.28 11.34 0.00 2.04 8.25 77.65 0.45 

D 2* 0.33 11.55 0.00 1.86 7.52 78.24 0.50 

D 3 0.25 11.79 0.00 2.01 7.38 78.09 0.54 

E 1* 1.16 1.06 0.00 2.66 2.53 92.62 0.00 

E 2 1.03 0.00 0.00 3.08 2.99 92.21 0.70 

E 3 0.96 0.00 0.00 2.80 2.41 92.25 1.60 

Specification 

Ph.Eur  (8th 

Edition) Not 

specified 
≤ 18.0% ≤ 8.0% ≤ 6.0% ≤ 16.0% ≥ 58% 

Not 

specified Specification USP 

37 NF 32 

* Data were previously reported  [22] and are repeated. 

Impact of supplier, critical micelle concentration, or fatty acid composition on 

micelle molecular weight (MMw) 

MMw was characterized for selected batches (Figure 4A), covering a range from 111.2 to 

126.8 kDa (n = 1) and the highest MMw was observed for batches C1 and B2. Substantial 

differences for MMw were observed within all qualities apart from supplier/quality E. MMw 

was correlated with oleic acid content (Figure 4B). In spite of a low variability in the oleic 

acid composition within qualities, substantial differences in MMw were found other than for 

E. In summary, oleic acid content alone is not adequately predicting MMw outcome (Figure 

4B). However, the pattern of variability as identified by the CMC (Figure 3A) was also 

reflected by the MMw (Supplementary Figure 4A and B). The static light scattering 

experiments with which the MMw was determined were also used to calculate the second 
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virial coefficient (B2) of the batches (Supplementary Figure 4C) and no correlation was 

found to any of the parameters mentioned above (data not shown).  

Model building for the prediction of CMC and MMw by the input parameters 

fatty acids, fingerprint data and peroxide value 

Our general inability to reliably predict CMC and MMw as galenical parameters for PS80 

performance by individual values (vide supra) prompted us to combine all input parameters 

for model building (Figure 5; Table 3). On the basis of outcome from all batches, a valuable 

prognostic model was built for CMC by use of oleic acid content and peroxide value (Figure 

5A). Both of these input parameters are specified in the compendial monographs. These 

results demonstrated that once both parameters were used in combination, a prediction of 

CMC is possible. They also demonstrated that independent use of these parameters - as 

currently done- did not necessarily control CMC.  A second model using data obtained from 

all batches proved valuable deploying the amount of polyoxyethylene diesters as additional 

input parameter (Figure 5B), thus refining the model based on peroxide value and oleic acid 

content alone (Figure 5A). Complicated models using more than four factors are not 

presented here due to their complexity likely rendering them useless in daily practice but are 

reported (Supplementary figure 5A).  

 

Figure 4: (A) Micelle molecular weight [kDa] as a function of different batches. (B) Correlation of 

micelle molecular weight with oleic acid content [%; after hydrolysis]. Arrows highlight the low 

outcome variability in (A) within quality E and for the correlation of micelle molecular weight with 

(B) oleic acids, respectively. Arrowheads (A and B) indicate supplier D which in spite of a narrow 

distribution of unsaturated fatty acid content displayed large variability in micelle molecular weight. 
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Table 3: Glossary (Input or output parameters for models are highlighted in bold) 

Parameter Method of measurement Impact on a model 

Critical micelle 

concentration (CMC, 

[mg/L]) 

Surface tension measurement 

Output parameter for models    

1 - 3 (Figure 5A - C);        

Input parameter for model 4 

(Figure 5D) 

Cloud point [°C] 
Turbidimetric / calorimetric 

measurement 
d 

Hydrophilic-lipophilic balance 

(HLB) 

Stability evaluation on 

emulsion series 
e 

Micelle molecular weight 

(MMW; [kDa])  
Static light scattering  

Output parameter for model 4 

(Figure 5D) 

Second virial coefficient 

(B2,[mol*L/g2]) 
Static light scattering e 

Peroxide value [ppm] FOX Assay (colourimetric) 
Input parameter for models 1 

and 2 (Figure 5A - B) 

Oleic acid content [%] 

Fatty acid composition 

determined after hydrolysis 

(according to monograph) 

using HPLC-CAD [22] 

Input parameter for models       

1 – 3 (Figure 5A - C) 

Hydroxy-oleic acid [%]a 
Input parameter for model 4 

(Figure 5D) 

Palmitic acid content [%] c 

Stearic acid content [%] c 

Palmitoleic acid content [%] c 

Linoleic acid content [%] c 

Petroselinic acid content [%]b - 

Free fatty acids [%] 
HPLC-CAD analysis on crude 

(non-esterified) material 
c 

Free PEGs and sorbitan-

polyethoxylates [%] 

Fingerprint analyses using 

HPLC-CAD [30] 

c 

Sorbitan- and isosorbide-

polyethoxylate monoesters 

[%] 

Input parameter for model 4 

(Figure 5D) 

Sorbitan- and isosorbide-

polyethoxylate diesters [%] 

Input parameter for model 4 

(Figure 5D) 

Diester-polyethoxylates [%] 
Input parameter for model 2 

(Figure 5B) 

a Oxidation product of Oleic acid (Figure 1D);  
b Double bond positional isomer to oleic acid (Figure 1E) 
c Had no significant impact on model (Supplementary Figure 5) 
d Was not used as an output parameter due to the correlation with CMC. 
e Could not be predicted by a model based on the input parameters addressed here within. 
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In a second set of model building for the prediction of CMC, we restricted the analysis to 

batches which complied with the release specifications of the pharmacopeias for peroxide 

values. Thereby, we excluded data from batches E1, B1 – B3 and A4 due to the peroxide 

values exceeding 10 ppm (as specified by the monographs). Interestingly, the 10 ppm value 

specification for peroxide content was sufficient to allow building of a valuable model with 

a single input parameter - oleic acid content – yielding a precise prediction of CMC (Figure 

5C).  

In more detail, the first model (Figure 5A) was  

𝐶𝑀𝐶 [𝑚𝑔/𝐿] =  48.2 − 0.4 ∗ 𝑐(𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑[%]) + 0.5 ∗ 𝑐(𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒𝑠 [𝑝𝑝𝑚]) 

(n = 16; r2 = 0.66; F = 12.4; model built with data from all batches; these and the following 

factors were rounded). In this model, all parameters were significant (p < 0.01).  

The second model was built from the same batches/samples and included 3 parameters as of  

𝐶𝑀𝐶 [𝑚𝑔/𝐿] = 52.1 + 0.8 ∗ 𝑐(𝑝𝑜𝑙𝑦𝑜𝑥𝑦𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑑𝑖𝑒𝑠𝑡𝑒𝑟𝑠 [%]) − 0.4 ∗

𝑐(𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 [%]) + 0.3 ∗ 𝑐(𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒𝑠 [𝑝𝑝𝑚])  (n = 16; r2 = 0.74; F = 11.3; Figure 5B). 

By involving polyoxyethylene diester content as additional parameter, the correlation 

resulted in increased accuracy (r2 = 0.74 as compared to r2 = 0.66) with comparable F value, 

indicating that the additional parameter and the associated increase in r² did not negatively 

impact the F value, as the evidence that the extended model did not result in overfitting (F 

= 11.3 compared to F = 12.4 for the first model with 2 parameters). The level of significance 

for polyoxyethylene diester content (p < 0.1) was lower as compared to the two parameters, 

peroxide value and oleic acid content (p < 0.05).   

For model building using readouts from batches complying with compendial specifications 

for the peroxide value (≤ 10 ppm), a (surprisingly) simple model was adequate as of 

 𝐶𝑀𝐶 [𝑚𝑔/𝐿] = 44.6 − 0.3 ∗ 𝑐(𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 [%])  (n = 11; r2 = 0.77; F = 29.6; Figure 5C).  

Oleic acid was a highly significant input parameter for the model (p < 0.001). Therefore, the 

specification by the monograph for the peroxide value at 10 ppm was sufficient to render the 

model independent of peroxide content (Supplementary figure 5B). 
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The CMC as measured input parameter also proved suitable for the prediction of the 

molecular micelle weight of PS80. For the prediction of MMw, building of a valuable 

prognostic model required 4 parameters (Figure 5D). By using the experimental CMC in 

combination with hydroxy-oleic acid content, amount of sorbitan- and isosorbide-

polyethoxylate monoesters and sorbitan- and isosorbide-polyethoxylate diesters,  

 

 

Figure 5: (A) Measured CMC [mg/L] versus predicted CMC [mg/L] including 90% confidence 

intervals calculated by oleic acid content and peroxide value for the complete data set from all 

batches (r2 = 0.66) and (B) with oleic acid content, peroxide value and amount of polyoxyethylene 

diesters for the complete data set from all batches (r2 = 0.74) and (C) with oleic acid content alone 

for reduced data (excluding batches not complying with compendial specifications for peroxide 

value; r2 = 0.77). (D) Measured MMw [kDa] versus predicted MMw [kDa] calculated by CMC, 

hydroxy-oleic acid content, amount of sorbitan- and isosorbide-polyethoxylate monoesters and 

sorbitan- and isosorbide-polyethoxylate diesters (r2 = 0.80). Please note that axes do not start at zero. 
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MMw was predicted by 

 𝑀𝑀𝑤  [𝑘𝐷𝑎] =  91.4 + 1.4 ∗ 𝐶𝑀𝐶 [
𝑚𝑔

𝐿
] − 0.7 ∗ 𝑐(𝑀𝑜𝑛𝑜𝑒𝑠𝑡𝑒𝑟 [%]) + 1.7 ∗

𝑐(𝐷𝑖𝑒𝑠𝑡𝑒𝑟 [%]) + 5.4 ∗ 𝑐(ℎ𝑦𝑑𝑟𝑜𝑥𝑦 − 𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 [%]) (n = 11; r2 = 0.80; F = 5.9; Figure 

5D). In this model, all parameters were significant (p < 0.05). Again, even more complicated 

models were not reported in detail here but are provided (Supplementary figure 5C). 

Discussion 

Striking physical, geometrical and chemical differences were observed among batches (in 

spite of complying with specifications), with some qualities (e.g. E) demonstrating 

significantly lower variability in outcome than others (e.g. Figure 3A). The supplier 

variability in CMC was neither a function of storage time nor predicted by one chemical 

parameter in isolation such as free fatty acid content (Supplementary Figure 2). As a result, 

one may conclude that a careful selection of the supplier is perhaps the most important 

parameter impacting the quality of PS80 containing formulations, and presumably at least 

as important as storage conditions or storage time at the supplier or the end user. The 

demonstrated homogeneity in chemical and physical properties e.g. observed for E suggested 

that refined manufacturing and purification processes lead to controlled physicochemical 

properties and overall low variability among all parameters tested.  However, a 

pharmaceutical manufacturer likely resists to rely on the supplier alone; instead one requires 

reliable and standardized methods to internally control/predict PS80 quality. The challenge 

in the previous sentence is the term “standardized methods”. For example, batches of quality 

A – demonstrating significant variability in chemical and physicochemical features – can be 

adequately controlled if additional release specifications are set on outcome from cloud point 

or CMC measurements, respectively. However, neither CMC, nor cloud point, nor static 

light scattering are compendial methods (Ph.Eur; light scattering is mentioned in method 

<851> of the United States Pharmacopeia (USP) [5]). It is easier for the manufacturer and 

supplier alike if specifications are set on methods known by the pharmacopeias. We studied 

the possibility to use compendial methods for the control over the CMC (with CMC serving 

as the surrogate to address functionality related characteristics (FRC) as it correlated with 

other physical parameters including cloud point (Figure 2D), HLB (Supplementary figure 

1C) but not readily detectable to MMw (Supplementary Figure 4A).  
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Surprisingly simple models were built, allowing easy implementation in manufacturers’ and 

suppliers’ laboratories. One of the models suggested, that if the peroxide value does not 

exceed 10 ppm (the specified threshold in the monographs), oleic acid content alone is 

sufficient and appropriate in predicting CMC outcome (Figure 5C). Hence, for those batches 

matching peroxide value specifications, precise determination of oleic acid content 

correlates with sufficient prediction of the CMC. An illustration is provided to demonstrate 

the potential use of the models outlined here within. For example, batches E2 and C3 

complied with compendial specifications regarding the peroxide value (3.9 versus 4.4 ppm, 

respectively; Table 1). Consequently, the model described as of 𝐶𝑀𝐶 [𝑚𝑔/𝐿] = 44.6 −

0.3 ∗ 𝑐(𝑜𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 [%]) (Figure 5C) would be selected for the prediction of the CMC and 

resulted in 17 mg/L and 24.5 mg/L for E2 and C3, respectively, with a difference of 7.5 

mg/L among batches. Experimental data indicated a mean CMC of 14 mg/L and 22 mg/L 

for E2 and C3, respectively (Figure 2A), hence a difference of 8 mg/L. The intercept with 

the ordinate as of 44.6 mg/L indicated, that extrapolation of the model outside the design 

space assessed here within might be misleading whereas prediction within the range used 

for model building was robust (67.8–96.6%, Table 2). Possibly, the model can be extended 

to the specification limit of 58% provided by the current monograph but more data are 

required to substantiate this extrapolation. This also corroborated the excellent compendial 

choice of 10 ppm for the peroxide value, not only from the perspective of oxidative stress 

on API/excipients, but also from a galenical perspective. Another conclusion is that the oleic 

acid content was linked to the respective CMC by a factor of 0.3. Therefore, batches 

complying with compendial specifications (range as of 58% to perhaps practically less than 

98% leading to a difference as of maximally 40%) have predicted differences in CMC up to 

12 mg/L (and accepting the extrapolation of the model to 58% as outlined above). The model 

built on outcome from all batches (including those with peroxide values ≥ 10 ppm), required 

the peroxide value as input parameter along with oleic acid content (Figure 5A). Therefore, 

we conclude that CMC (as a surrogate for FRCs) can indeed be adequately predicted by 

current compendial methods. We also conclude, that once peroxide values comply with 

compendial specifications (≤ 10 ppm), oleic acid content alone (for which a compendial 

method is described) is sufficient to control FRCs of polysorbate 80 with respect to micelle 

related processes / CMC. 

In each model, oleic acid concentration in batches was negatively correlated with CMC. 

Thermodynamic considerations may help to approach the fundamentals of this observation. 
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To assess the effectiveness of a surfactant, the free enthalpy balance between two processes 

may be discussed (i) of micelle formation and (ii) the migration of surfactant molecules from 

the bulk into interfaces [31-34]. One potential model is that during the process of micelle 

formation, the polar head groups of the surfactant remain in the polar environment of the 

aqueous environment (changes before and after micelle formation are negligible), whereas 

the hydrophobic chains get in close contact with each other (driving the change). Therefore, 

the change in Gibb’s free enthalpy – as a result of micelle formation – is mainly from the 

new hydrophobic environment and due to the arrangement of the hydrophobic tails within 

the spherical micelles. A possible entropy change due to arrangement of these tails within 

the micelles is ignored in this consideration as is any effect of changes of solvent molecule 

arrangements as a result of micelle formation. The adsorption at the interface/surface follows 

similar considerations as for micelles, but the hydrophobic element of the surfactant in the 

interface is between two phases and not within a micelle. Therefore, the packaging of the 

hydrophobic tail is different (like staked palisades) and likely more arranged as compared to 

the spherical micelles. The higher the degree of order the lower is the respective Gibb’s free 

enthalpy. In addition, the difference of the free enthalpies of the micelle formation process 

and the adsorption at the interfaces, respectively, directly correlates to the logarithm of the 

quotient of the CMC and C20 [36]. C20 is the concentration of the surfactant yielding a 

reduction of the surface tension by 20 mJ/m² starting off the pure solvent (C20; << CMC for 

polysorbate 80). C20 – a measure for the efficiency of a surfactant – is presumably less 

impacted by structural changes as a result of oleic acid content differences among batches, 

as C20 relevant events are at concentrations by far lower than the CMC (but typically in the 

area in which the maximal surface excess Γmax has already been reached in all experiments). 

To this point we assume, that enthalpic terms can be neglected (as suggested before [2]), that 

C20 as a characteristic for surfactant efficiency is equivalent among batches and, that entropy 

changes to the surrounding solvent molecules can be ignored. Based on these assumptions, 

one may speculate that the impact of “kinked” oleic acid (Figure 1) on the molecular order 

can be higher in the more ordered interface as compared to the less ordered micelles. In other 

words, the potential of the “kinked” structure to more effectively induce disorder in the 

relatively more ordered surface of the interface as compared to the (generally less ordered) 

micelle would explain a difference in entropy among batches with high versus low oleic acid 

content and as detailed (Table 2). Under these assumptions (vide supra), the indirect 

correlation of oleic acid content and CMC would be partially explained. Obviously, the 
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assumptions above reflect the simplicity of this explanation and the lack of required 

experiments to substantiate our explanation. With peroxide value being a parameter 

impacting many possible events within polysorbate 80 batches, we refrain from linking this 

to basic considerations based on the data set reported here within and leave this observation 

at an empirical level. Previous attempts have linked autoxidation to degradation products 

(generation of short chain ethoxylates), and linking the surface activity of these impurities / 

degradation products to differences in CMC [37].   

The model was further refined by integrating the next parameter, the amount of polyethylene 

glycol diesters (Supplementary Figure 5). The more complex model corroborated the 

negative correlation for oleic acid with CMC and positive correlation of peroxide value with 

CMC while in addition suggesting a positive correlation for polyethylene glycol diesters. 

Manufacturers are also confirmed by these models in their strong effort to control peroxide 

values until use, as the strong impact of this input parameter was again demonstrated in this 

multifactorial model. Lastly, a model was postulated for the prediction of the micelle 

molecular weight (MMw). The correlation of MMw with CMC alone was weak, with the 

model indicating that higher CMC may result in an increase in MMw (Supplementary 

Figures 5C and 4A). Notably, this model indirectly confirmed the predictive value of 

peroxide value and oleic acid content for the CMC. Similarly, the model suggested that fatty 

acid monoesters correlate negatively, while fatty acid diesters and hydroxy-oleic acid 

correlated positively.  

Conclusion 

Our data demonstrated that PS80 batches in spite of complying with compendial 

specifications demonstrated high variability in physical characteristics, as described by 

CMC, cloud point, HLB, and micelle molecular weight, respectively. The pharmaceutical 

manufacturer should translate this insight in that complying with compendial specifications 

alone may not necessarily yield reliable galenical outcome in instances in which a high 

reproducibility e.g. of CMC is desired. Homogenous outcome among batches is key in 

controlling PS80 quality, as demonstrated. Surprisingly, functionality related characteristics 

(FRC) – as demonstrated for CMC as a surrogate for micellar processes – were excellently 

predicted by oleic acid content alone, when the analysis was restricted to batches complying 

with compendial specifications for the peroxide values (≤ 10 ppm). Another conclusion from 

our data is that compendial specifications are elegantly set for peroxide value and oleic acid 
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content and no changes in the current specifications are needed based on the data reported 

here within. 
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Supplementary information 

Supplementary figures: 

 

  

 

Supplementary figure 1: (A) Cloud point [calorimetric; °C] as a function of different 

batches. (B) Correlation of cloud point measured by the turbidimetric method [°C] and cloud 

point determined by calorimetric measurement [°C]. (C) Correlation of CMC and HLB. (D) 

Correlation of cloud point [turbidimetric; °C] and HLB. 
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Supplementary figure 2: (A) Free fatty acid content [%; no hydrolysis] as a function of 

batches. (B) Correlation of CMC [mg/L] with free fatty acid content [%; no hydrolysis]. 

(C) Fatty acid content [%] as a function of supplier or (D) storage [months]. Arrows indicate 

batches with low, arrowheads batches with high variability. 
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Supplementary figure 3: (A) Content of non-esterified polyethylene glycols and sorbitan 

polyethoxylates [%]; and (B) sorbitan- and isosorbide-polyethoxylate monoesters [%]; and 

(C) sorbitan- and isosorbide-polyethoxylate diesters [%]; and (D) diester-polyethoxylates 

[%] of the different batches. (E) Correlation of diester-polyethoxylates [%] and peroxides 

[ppm]. 
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Supplementary figure 4: (A) Correlation of micelle molecular weight [kDa] and CMC 

[mg/L]. (B) Micelle molecular weight [kDa] as a function of supplier. (C) Second virial 

coefficient [𝑒−8 (𝑚𝑜𝑙 ∗ 𝐿) 𝑔2]⁄  as a function of different batches (n = 1). Arrows indicate 

batches with low, arrowheads batches with high variability. 
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Supplementary figure 5: (A) Parameter selection for model building with calculated r2 as a 

function of considered parameters for (A) CMC prediction for the complete data set from all 

batches and (B) from the data set excluding batches not complying with compendial 

specifications for peroxide value, and (C) for MMw prediction based on the complete data 

set from all batches. For example, using oleic acid content alone in panel (A) yielded an r2 

of 0.22, using the peroxide value in addition increased r2 to 0.66, including PEG diesters on 

top resulted in a model with a r2 of 0.74, etc. Thereby, the reader can see the impact of the 

various outcomes reported here within on model building. For each output parameter, the 

best possible model was identified (Figure 5). 
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Conclusion and outlook 

The rapidly increasing prevalence of sarcopenia calls for efficient and widely applicable 

therapy to protect affected patients from frailty, risk of the loss of independence, impaired 

quality of life, and increased mortality [1]. The underlying pathophysiological conditions are 

attributed to lower tissue concentrations of anabolic growth factors including insulin-like 

growth factor I (IGF-I), and/or upregulated inhibitory cytokines including myostatin – a 

strong repressor of muscle differentiation and inductor of skeletal muscle atrophy [2-5]. For 

this reason, several possibilities of therapeutic intervention were developed, predominantly 

using the potent growth factor IGF-I [6]. Due to its versatility and anabolic functions in 

various tissues, the benefit of IGF-I treatment is indicated in many different musculoskeletal 

diseases, such as muscle atrophy, growth failure, cartilage lesions, fracture repair, 

osteoporosis or arthritis [7]. Other therapeutic approaches focused on anti-catabolic 

treatment, e.g. by targeting the ActRIIB receptor, using the endogenous inhibitor follistatin 

or scavenger antibodies against myostatin [8-10]. However, the translation of the therapeutic 

potential of these therapeutic molecules into clinical settings is impeded by the 

pharmacokinetic (PK) shortcomings and substantial safety issues associated with strong side 

effects in various tissues [6]. This thesis describes novel delivery strategies for the anabolic 

growth factor IGF-I and a peptide inhibitor of myostatin addressing these limitations in order 

to compensate the imbalance of catabolic and anabolic stimuli in dystrophic muscles and to 

provide a safe and efficient therapy. Strategies include development of depot delivery 

systems using bioorthogonal conjugation to improve the pharmacokinetic features of IGF-I 

and a targeted release of the therapeutics from the conjugates, thereby improving the benefit-

risk profile of these potent therapeutics.  

Although several strategies were presented to adequately address PK issues, including 

biotechnological modifications such as PEGylation [11], microparticle conjugation or 

functionalization of implants [12-15], reproducible and efficient therapeutic outcome is 

frequently challenged by the heterogeneity of these conjugates. This work addresses two 

heterogeneity issues of current pharmaceuticals: (i) unspecific coupling strategies applied 

for production of protein conjugates jeopardizing the biological performance of APIs, and 

(ii) the heterogenous composition of formulation components impacting the performance of 

the biotherapeutic in the formulated product. Ever since the recall of batches of PEGylated 

proteins due to deviations in bioactivity and the withdrawal of first-generation antibody-drug 



 Conclusion and outlook 

 

166 

conjugates (ADC) owing to the ineffectiveness and safety concerns, problems of unspecific 

conjugation became obvious [16, 17]. Novel site-directed coupling strategies for therapeutic 

proteins were summarized and critically evaluated in this work. Benefits and limitations of 

each chemical and enzymatic conjugation strategy were outlined and guidance for selection 

of the suitable strategy for certain applications, e.g. polymer attachment, intermolecular 

protein conjugation, generation of ADCs or biomaterial immobilization was provided. Based 

on this comprehensive compilation of recent methods, general rules have been derived 

regarding applicability of strategies to a certain protein or use. For example, the 

exceptionally fast reaction kinetics of copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC) comes at a price. Among other restrictions, protein PEGylation is impaired by 

complexation of copper ions, aggregation of proteins with free thiol groups is facilitated, and 

sensitive proteins or living organisms suffer from cytotoxicity due to formation of reactive 

oxygen species (ROS) [18-21]. Cu(I)-induced ROS formation was associated with DNA 

strand breaks, oxidative processes, and the cleavage and cross‐linking of amino acids in 

proteins [19, 22]. Regarding ROS sources, not only copper exposure during conjugation, but 

also the formulation composition should be taken into consideration. As detailed in the last 

part of this work, contaminating oxidants may derive from various sources, including 

formulation excipients such as polysorbate 80 (PS80). Residual peroxides found in certain 

PS80 batches were reported to cause oxidative degradation and covalent aggregation of 

proteins during processing and storage [23-25]. These chemical and conformational 

instabilities possibly result in loss of biologic activity of the therapeutic protein. All in all, 

these chapters intend to raise awareness of the different aspects, which should be taken into 

account when designing delivery systems for biological drugs to preserve their integrity and 

bioactivity over long storage periods for a successful therapy. 

Despite the PK improvements of several sustained release systems recently proposed for 

IGF-I and myostatin inhibitors, the entire therapeutic potential was not fully exploited due 

to pharmacodynamic impairments [26]. Principal reasons for this reduced therapeutic 

efficacy comprise insufficient targeting to diseased tissues and limited biologic activity 

owing to masking of essential ligand binding sites of the conjugated protein [16, 27, 28]. 

These considerations were translated into innovative delivery systems, locally releasing the 

active biomolecules in response to a stimulus at the site of need. Two advanced strategies 

were developed (i) a DDS with immobilized myostatin inhibitor (MI) based on 

microparticles for local administration and (ii) soluble polymer-IGF-I conjugates for 
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systemic administration. In the first study, biocompatible agarose particles served as carriers 

for immobilization of the MI with inter-positioned protease-sensitive linker (PSL). Among 

the different coupling strategies tested – CuAAC, strain-promoted azide-alkyne 

cycloaddition (SPAAC) and transglutaminase(TG)-catalyzed crosslinking – SPAAC and 

TG-mediated conjugation proved more advantageous compared to CuAAC, as copper 

species triggered MI aggregation as reflected in reduced bioactivity. Immobilization of MI 

on the particle surface translated into a constitutively active delivery device able to bind and 

inactivate elevated myostatin levels in atrophic muscles. In addition, integration of the PSL 

enables this system to optimally respond to inflammatory conditions by massive release of 

MI for silencing myostatin in adjacent muscles as well. As inflammation typically preludes 

the onset of myositis flares, localized matrix metalloproteinase (MMP) upregulation was 

used as a surrogate marker driving MI release from the particles in order to build up clinically 

relevant MI concentration gradients within tissues of need [29, 30]. The delivery device 

effectively responded to elevated MMP levels by sustained release of bioactive MI within 

24 hours exposition to the index protease, thereby complying with the kinetics of MMP-9 

and myostatin upregulation during myositis [31, 32]. The in vitro data confirmed bioactivity 

of cleaved MI following MMP-triggered release by antagonizing myostatin-mediated 

catabolic effects. However, in vivo studies in relevant animal systems have to be performed 

to assess the benefit resulting from bioresponsive MI release, but the promising in vitro data 

encourage us to follow up on the strategy of bioresponsive MI delivery. Novel approaches 

for tissue repair and regeneration could be based on biomaterials – either using 

biodegradable implants or exploiting endogenous extracellular matrix (ECM) for local 

immobilization and disease-driven release of the MI. Ongoing research focuses on in situ 

MI immobilization on ECM for capturing locally upregulated myostatin to prevent its 

negative actions on tissue regeneration. 

For IGF-I, the development was extended to novel systemic delivery systems using 

reversible PEGylation as a biomimetic strategy.  Therefore, a proteolytically cleavable linker 

was placed between IGF-I and the PEG polymer for targeted IGF-I release from the 

conjugate upon cleavage at the disease site, thus exerting its anabolic role in a strictly 

confined manner. Such targeted IGF-I delivery deploying bioresponsive linkers represents 

an attractive strategy, since inflammatory diseases are usually associated with upregulated 

protease activity [29]. Conjugation of IGF-I to the PSL and subsequent modification with 

the 30 kDa-PEG was realized using dual enzymatic and chemical conjugation strategies. As 
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IGF-I has an inherent TG substrate domain, which is not required for its biologic functions, 

I took advantage of this natural reactivity by deploying TG-catalyzed transamidation for 

connection to the PSL [33]. The subsequent site-specific attachment of the PEG using 

SPAAC resulted in homogenous IGF-I conjugates. Previous studies showed, that 

systemically administered IGF-PEG conjugates were able to improve half-life and to reduce 

the hypoglycemia risk of the growth factor in vivo [11]. On the other hand, these conjugates 

did not show the full suite of biologic actions due to the delicate control of IGF-I activity in 

vivo [26]. The in vitro results confirm, that the IGF-PSL-PEG conjugate shows impaired 

insulin-like binding protein (IGFBP) interactions, submaximal proliferative cellular 

responses and altered endocytosis pattern compared to the native growth factor. On the basis 

of this complexity of IGF-I’s actions, I selected the bioresponsive strategy of transient 

PEGylation to avoid the PD restrictions of permanent PEGylation. The IGF-PSL-PEG 

conjugate was able to improve serum stability of IGF-I, but upon exposure to MMPs the 

growth factor was readily liberated from the PEGylated conjugate. Following release, the 

full pharmacologic profile of IGF-I was restored with unaffected bioactivity compared to 

wild-type IGF-I. This work showed the feasibility of the controlled release strategy for 

reduction of dosage frequency combined with temporal and spatial activation of the growth 

factor to deliver its full anabolic potential. In the future, these innovative IGF-I delivery 

systems will have to be tested in conclusive animal models to reliably predict features such 

as PK properties, release profile following MMP upregulation and therapeutic efficacy. 

Innovative approaches should focus on the conjunction of the anti-catabolic stimulus through 

the MI – to counteract the inhibiting effect of myostatin on myogenesis – with the anabolic 

activity of IGF-I. This synergistic activity has great potential to rebalance the homeostasis 

of muscle loss and regeneration [34].  The intended design using integrated cleavable linkers 

enables simultaneous bioresponsive delivery of both factors. This massive release of both 

anti-catabolic and anabolic drugs upon entering diseased tissue has great potential to 

overcome current challenges of sarcopenia therapy, such as the lack of targeting, rapidly 

depleted local concentrations and substantial safety issues associated with the side effects of 

systemic growth factor therapy [7]. A variety of design concepts arise from this strategy for 

development of innovative co-delivery systems. For a local therapy, biomaterials such as 

biodegradable scaffolds, extracellular matrix (ECM) components or silk fibroin could prove 

beneficial to serve as carriers for the therapeutics [35-37]. Soluble conjugates could be 

prepared based on biocompatible polymers or dendrimers for improved PK [38, 39], and 
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modifications with targeting moieties – such as folate or antibodies – or with cell-penetrating 

peptides (CPPs) add additional functionalities to the drug delivery system, including 

targeting specific cell types or the ability to reach intracellular targets [40, 41]. Innovative 

approaches also feature “carrier-free” systems by connecting the therapeutics in series like 

pearls in a necklace. This concept can also be realized using block designs with different 

PSLs for the MI and IGF-I, respectively, in an effort to bioresponsively release first the MI, 

followed by IGF-I, etc. 

 
Figure 1: Scheme of the “Necklace” drug delivery system. 

These ideas illustrate the numerous possibilities, which can be readily implemented by this 

modular system. The versatility and potential for transfer to other therapeutic proteins allow 

the design of advanced delivery systems with multiple options for individual adaptation. In 

case disease progression is associated with upregulation of a certain protease (or a certain 

stimulus such as changes in pH, redox potential or hydrogen peroxide levels [42-44]), 

optimized linkers can be designed, which are effectively cleaved at the site of need. 

Bioresponsive release profiles can be easily adapted by exchanging the PSL (aiming e.g. at 

more sustained delivery profiles or higher sensitivity to the protease/stimulus [45]) or the 

PK features can be modified by selecting the carrier, e.g. a linear or branched PEG with 

certain molar weight [46]. 

The ultimate goal of these concepts is gaining better control over drug action and, thereby 

laying the first stone for a personalized medicine strategy. For instance, on the basis of 

expression patterns of enzymes associated with pathogenesis of a particular disease, patients 

can be stratified for optimum therapeutic benefit. The vision exits, that one day the 

appropriate therapy for an individual person can be systematically selected and the outcome 
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can be reliably predicted based on valid surrogate markers in serum or tissue and/or 

characteristics of the disease. This evidence-based approach enables tailored treatment to 

individual patients, contrasting current trial-and-error approaches of standard therapy. 

Evaluation of the pharmacodynamics in affected tissue (e.g. assessment of the cleavage rate) 

could be realized by integration of a mass tag into the PEG moiety. After cleavage and 

concomitant release of the mass tag, quantification in urine or blood allows the estimation 

of released protein levels at the disease site. Thereby, the therapeutic outcome can be 

predicted and allows early intervention in case of insufficient response of the patient. 

Together with the prediction of the formulation performance of excipients for stabilization 

and prevention of the bioactivity of the therapeutic – as presented for PS80 through analysis 

of the chemical composition – a well-defined therapeutic agent can be applied to the patient. 
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ACN Acetonitrile 

ActRIIB Activin receptor IIB 

ADC Antibody drug conjugate 

AKT Protein kinase B 

α2PI α-2 plasmin inhibitor 

ANOVA Analysis of variance 

API Active pharmaceutical ingredient 

au Arbitrary units 

BCA Bicinchoninic acid 

BSA Bovine serum albumin 

CAD Charged aerosol detection 

CBD Collagen-binding domain 

CBT Cyanobenzothiazole 

CEX Cation exchange chromatography 

CMC Critical micelle concentration 

CPP Cell-penetrating peptide 

CSR Click sulfonamide reaction 

CuAAC Copper(I)-catalyzed azide-alkyne cycloaddition 

DAPI 4´,6-diamidine-2-phenylindol 

DAR Drug-antibody ratio 

DBCO Dibenzocyclooctyne 

DDS  Drug delivery system 

DIBAC Dibenzoazacyclooctyne 

DM Differentiation medium 

DMD Duchenne muscular dystrophy 

DMEM Dulbecco’s modified Eagle’s medium 

DMSO Dimethyl sulfoxide 

DTT Dithiothreitol 

ECM Extracellular matrix 

EDC 1-Ethyl-3-(3dimethylaminopropyl) carbodiimide 

EDTA Ethylenediaminetetraacetic acid 

EGF Epidermal growth factor 

eGFP Enhanced green fluorescent protein 

ELISA Enzyme-linked immunosorbent assay 

ERK Extracellular Signal-Regulated Kinase 

ESI-MS Electrospray ionization mass spectrometry 

FBS Fetal bovine serum 

FDA Food and Drug Administration 

FGE Formylglyine-converting enzyme 

FGF Fibroblast growth factor 

FPLC Fast protein liquid chromatography 
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FRC Functionality related characteristic 

GDF-8   Growth differentiation factor 8 

hGH Human growth hormone 

HLB Hydrophilic-lipophilic balance 

HPLC High performance liquid chromatography 

IC50 Half maximal inhibitory concentration 

IGF-I Insulin-like growth factor I 

IGFBP Insulin-like growth factor binding protein 

IL-1β Interleukin 1β 

Kd Dissociation constant 

LC-MS Liquid chromatography - mass spectrometry 

MALDI-MS  Matrix-assisted laser desorption ionization mass spectrometry 

MAPK Mitogen-Activated Protein Kinase 

MEM Minimal essential medium Eagle 

MI Myostatin inhibitor 

MMP Matrix metalloproteinase 

MMw Micelle molecular weight 

MSTN Myostatin 

mTG Microbial transglutaminase 

MyHC Myosin heavy chain 

NEA Nonessential amino acids 

NF-κB Nuclear factor-kappa B 

NHS N-hydroxysuccinimide 

PBS Phosphate buffered saline 

PCL Protease cleavable linker 

PSL Protease sensitive linker 

PD  Pharmacodynamic 

PEG Polyethylene glycol 

Pen/Strep Penicillin and streptomycin 

Ph.Eur. European Pharmacopeia 

PK Pharmacokinetic 

PMMA Poly(methyl methacrylate) 

PS80 Polysorbate 80 

RHLB Required hydrophilic-lipophilic balance 

RLU Relative light unit 

ROS Reactive oxygen species 

RP-HPLC Reversed-phase high performance liquid chromatography 

RT-PCR Real time polymerase chain reaction 

SBE SMAD binding element 

SC Satellite cell 

SD Standard deviation 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SF Silk fibroin 
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SLS Static light scattering 

SPAAC Strain-promoted azide-alkyne cycloaddition 

SPANC Strain-promoted alkyne-nitrone cycloaddition 

Span 80 Sorbitan monooleate 

SPPS Solid phase peptide synthesis 

SPR Surface plasmon resonance 

TBS Tris buffered saline 

TBTA Tris((1-benzyl-4-triazolyl)methyl)amine 

TCEP Tris(2-carboxyethyl)phosphine 

TFA Trifluoracetic acid 

TG Transglutaminase  

TGF–β   Transforming growth factor beta 

THPTA Tris(3-hydroxypropyltriazolylmethyl)amine 

TIMP Tissue inhibitor of metalloproteinases 

TNFα Tumor necrosis factor α 

uAA Unnatural amino acid 

UPLC Ultra performance liquid chromatography 

USP United States Pharmacopeia 

VEGF Vascular endothelial growth factor 

WST-1 Water soluble tetrazolium 
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