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Abstract 

 

Protein pharmaceuticals and proteins in general are subject to chemical and physical instabili-

ties leading to undesired modification, denaturation, aggregation and even precipitation.  

Beside chemical modifications protein aggregation represents probably the most common and 

troubling manifestation of protein instability, affecting the shelf life and bioactivity of the 

product as well as an increased activation of an immune response  

As increased amounts of aggregates do not meet pharmaceutical and regulatory requirements, 

the level of aggregation has to be controlled and minimized. This is normally achieved by 

choosing stabilizing excipients for the protein formulation. Stability itself has to be tested by 

ICH Guidelines in long-term studies and has to meet the desired regulative levels. As these 

stability studies might take months, accelerated stress conditions like vortexing, stirring, shak-

ing, rotation and shearing by concentric cylinder-based shear systems are used especially for 

the early stage of formulation development during screening. In order to be reproducible, 

quick, down-scalable and appropriate for high-throughput-testing a better understanding of 

these accelerated conditions is needed. Over the years it was found that small globular pro-

teins might not be sensitive to the shear itself in these devices but rather on the present inter-

faces (air-liquid). Nevertheless, e.g. shaking and stirring are numerously reported to lead to 

different aggregation results. Therefore the main aim of this thesis was to compare three dif-

ferent accelerated stress conditions in order to analyze differences and common features. 

From our studies we found that shaking, stirring and bubble aeration of human growth hor-

mone (hGH) shows differences regarding aggregation rates, particle size and shape but they 

all result in noncovalent binding aggregates with affinity towards hydrophobic dyes and show 

reversible refolding upon addition of chaotropic salts and are stabilized in the presence of 

surfactants. Therefore we conclude that in all three methods the air-liquid interface is the 

dominating factor influencing aggregation. 

Apart from hGH also the human granulocyte-colony stimulating factor (hG-CSF), a structur-

ally similar cytokine, was tested using stirring and bubble aeration. We see similarities regard-

ing hGH, whereas here a free cysteine is present and involved in covalent aggregation. 
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Zusammenfassung 

 

Generell gesehen sind pharmazeutische Proteine chemischen und physikalischen Instabilitäten 

ausgesetzt, welche zu ungewünschten Modifikationen, Denaturierung und Aggregation bis hin 

zur Präzipitation führen können. Neben chemischen Modifikationen ist die Aggregation die 

bedeutendste Beeinträchtigung der Proteinstabilität. Sie kann zu reduzierter Haltbarkeit, 

Wirksamkeit und auch zu erhöhter Immunantwort führen. Aus diesem Grunde ist der Gehalt 

an Aggregaten in Pharmazeutika beschränkt, weswegen deren Kontrolle und Vermeidung von 

großer Wichtigkeit sind. Eine Stabilisierung wird oft durch die Zugabe von Hilfsstoffen (= 

Formulierung) erreicht. Stabilitätstests werden normalerweise über Monate gemäß ICH Richt-

linien durchgeführt. Da dies gerade im anfänglichen Stadium der Entwicklung zu lange dau-

ert, werden hier oft für Screeningzwecke beschleunigte Stressbedingungen wie vortexen, rüh-

ren, schütteln, rotieren oder Scherexperimente in konzentrischen Viskosimetern durchgeführt. 

Da diese Methoden schnell, reproduzierbar und miniaturisierbar sein sollen, ist ein gutes Ver-

ständnis der Vorgänge während der Experimente nötig. 

Für kleine globuläre Proteine wird immer wieder berichtet, dass sie nicht empfindlich sind 

gegenüber Scherstress, sehr wohl aber auf Grenzflächen (gas-flüssig). Interessanterweise 

werden jedoch für Schüttel- und Rührexperimente immer wieder sehr unterschiedliche Ag-

gregationsabläufe und Ergebnisse veröffentlicht. Daher war es Ziel dieser Arbeit drei ver-

schiedene Stressbedingungen miteinander zu vergleichen und herauszufinden warum es zu 

Unterschieden kommt, und wo Gemeinsamkeiten liegen. In meiner Arbeit habe ich herausge-

funden, dass Schütteln, Rühren und Belüftung (Gasblasen) von humanem Wachstumshormon 

(hGH) große Unterschiede zeigen, was die Aggregationsraten, Partikelgröße und Form be-

trifft. Jedoch lässt sich auch zeigen, dass alle Aggregate nicht kovalent verbunden sind, hohe 

Affinität zu einem hydrophoben Fluoreszenzfarbstoff zeigen und nach Zugabe von chaotro-

pen Salzen reversibel rückfaltbar sind. Weiters führt die Zugabe von Surfactants zur Stabili-

sierung von hGH bei allen drei Stressmethoden. 

Daraus schließen wir, dass die gas-flüssig Grenzfläche der dominierende Faktor ist, welcher 

zur Aggregation führt. 

Neben hGH wurde auch der humane Granulozyten stimulierende Faktor (hG-CSF), welcher 

strukturell dem hGH sehr ähnlich ist, in Rühr- und Belüftungsexperimenten getestet. Wir se-

hen durchaus Ähnlichkeiten zu den Ergebnissen von hGH, obwohl hier eine neue Komponen-

te zu berücksichtigen ist: G-CSF besitzt ein freies Cystein, welche zu kovalenten Aggregaten 

führt. 
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1 Introduction 

 

1.1 Stability of Protein Pharmaceuticals 

 

The improved availability of proteins and the possibilities to produce them in large amounts 

by recombinant DNA technology increased the importance of biopharmaceuticals in the last 

decades (Manning et al., 1989). Dealing with proteins as active pharmaceutical ingredient 

(API) one has to investigate all kinds of protein instabilities. In general they are classified into 

chemical and physical instabilities.  

 Chemical instabilities cover numerous chemical reactions known to influence protein 

stability. Well known is deamidation of the side chain amide of Asn and Gln at higher pH 

values or elevated temperature (Cleland et al., 1993). Further oxidation of the amino acids 

His, Met, Cys, Trp and Tyr is reported as a product of light induced photooxidation or in con-

nection with the presence of metal ions as metal catalyzed oxidations (MCO) (Hovorka et al., 

2001; Manning et al., 2010). Proteolysis, hydrolysis, beta-elimination, racemization and disul-

fide exchange are also listed as chemical instabilities (Cleland et al., 1993; Manning et al., 

2010; Manning et al., 1989).  

 Apart from the reported chemical instabilities also physical instabilities like the inde-

pendent structural changes of the protein can lead to denaturation, aggregation, precipitation 

and adsorption (Manning et al., 2010; Manning et al., 1989). Denaturation goes along with the 

loss of the three-dimensional structure of the proteins or even the secondary structure. The 

chemical composition of the protein remains unchanged. So far thermal, cold, chemical, pres-

sure-induced denaturation as well as denaturation in the solid state (freeze-thawing) or intrin-

sically denatured proteins (IDPs) are observed (Manning et al., 2010; Manning et al., 1989). 

Aggregation is precisely spoken a microscopic phenomenon with precipitation as its macro-

scopic equivalent. In the following thesis we focused on protein aggregation and on adsorp-

tion at interfaces occurring during the application of accelerated stress conditions. 

Facing all these instabilities the challenge is to formulate an active pharmaceutical ingredient 

(API, protein) in a fashion that a shelf life of 12-24 months with minimal level of aggregation 

and high bioavailability is achieved (Cleland et al., 1993). 
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1.1.1 Protein Aggregation  

 

During the last decade, protein aggregation has increasingly gathered attention because of its 

role in the pathology of numerous neurodegenerative diseases (Bellotti et al., 1999; C M 

Dobson, 1999; Huff et al., 2003; Pastore & Temussi, 2012). These are connected with the 

presence of aggregates which consist of fibers containing misfolded proteins with a highly 

structured β-sheet conformation (amyloid) (Ross & Poirier, 2004). Amyloids are responsible 

for numerous neurodegenerative diseases, such as Alzheimer’s, Parkinson’s and 

Hungtington’s diseases and mechanisms are elucidated to enable treatment and prophylaxis 

(Dobson, 1999; Dobson, 2003; Stefani & Dobson, 2003). Recently the role of the fibrils and 

plaques as toxic species is re-thought, since low molecular weight oligomers of 

amyloidogenic peptides (Aβ oligomers) are more toxic in cell culture (Huff et al., 2003). Ad-

ditionally, it was shown that all amino acid sequences might potentially be able to misfold and 

form fibrils in vitro, however only a few proteins expose these structures in vivo (Dobson, 

1999; Huff et al., 2003). These findings suggest that aggregation can be seen as a general 

property of polypeptide chains rather than being restricted to a small number of specific pro-

tein sequences. Nevertheless, aggregation is not automatically dangerous in a physiological 

sense as shown by the formation of amyloid-like structures for cellular protein interactions or 

storage (Capstick et al., 2011; Dobson, 1999; Huff et al., 2003; Maji et al., 2009; Wang et al., 

2008).  

Apart from medical implication aggregation occurs during the production (Fink, 1998; 

Jungbauer & Kaar, 2007; Kopito, 2000; Mitraki & King, 1989) and processing of proteins 

(e.g. purification, formulation, freeze-thawing, freeze-drying, ultrafiltration, vial and syringe 

filling, pumping, transportation and storage) and influences the shelf life of biopharmaceuti-

cals (API) and is therefore of interest for biotechnology and pharmaceutical industry (Chi et 

al., 2003; Cleland et al., 1993; Cromwell et al., 1998; Mahler et al., 2008; Mitraki & King, 

1989; Rathore & Rajan, 2008; Schein, 1990; Simon et al., 2011; Wang, 1999; Wang et al., 

2010). Further the administration of protein aggregates may lead to increased immune reac-

tions occasionally leading to patient morbidity and even death (Cleland et al., 1993; 

Rosenberg, 2006).  

While we can conceptually understand why intrinsically unfolded proteins tend to ag-

gregate (Babu et al., 2011) it is more difficult to understand why globular proteins aggregate. 

In fact, literature mainly reports aggregation in combination with environmental perturbations 

and external effects like temperature, ionic strength, pH or stress conditions (Chi et al., 2003; 
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Y. F. Maa & Hsu, 1996, 1997; Mahler et al., 2008; Pastore & Temussi, 2012; Thomas & 

Geer, 2011; Virkar et al., 1981; Walstra, 2001; Wang, 1999).  

Prior to discussing aggregation and its major causes a clear definition of several terms 

might be necessary. Protein association is often described as a reversible process, where two 

or more native protein molecules associate and often lead to reversible precipitation (Cleland 

et al., 1993). Aggregation is considered to be often irreversible if no drastic changes in the 

solvent environment occur. The interacting proteins can be partially unfolded or even dena-

tured (Cleland et al., 1993; Philo & Arakawa, 2009). The definitions are summarized in Fig-

ure 1. 
 

 

Figure 1: Schematic description of association, aggregation and precipitation. While all 
steps until the association can be reversible, aggregation and precipitation are considered irre-
versible if no drastic changes of the solvent conditions are made. 
 

Protein aggregation is very complex and diverse, including different types of molecu-

lar assemblies. Recently a classification terminology was published in order to describe ag-

gregates using size (e.g. subvisible, µm), reversibility/dissociation, conformation, chemical 

modifications and morphology (e.g. shape, optical properties) (Narhi et al., 2012). Regarding 

their conformation protein aggregates can be categorized into native and nonnative, where 

nonnative is referred to aggregates of initially native folded proteins exposing now a 

nonnative protein structure (Chi et al., 2003). Further aggregates can be amorphous (e.g. in-

clusion bodies) or highly structured (amyloid fibrils) (Fink, 1998). Chemical modifications 

involve covalent aggregates formed by disulfide bonds; noncovalent interactions include hy-

drogen bonds, hydrophobic and electrostatic interactions originating from different pathways 

(Fradkin et al., 2009; Mahler et al., 2008; Manning et al., 2010; Philo & Arakawa, 2009; 

Weiss et al., 2009). In literature so far five to seven different pathways of aggregation are 

described (Philo & Arakawa, 2009) and shown in Figure 2:  
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1. Association of native monomers 

2. Association/aggregation of conformationally altered monomers – (partially) unfolded 

3. Unfolding and association/aggregation of the conformationally altered monomers 

4. Amyloidosis of intrinsically denatured proteins (IDPs) 

5. Surface induced aggregation 

6. Aggregation of chemically modified monomers (according to 2 or 3 and 7) 

7. Nucleation controlled aggregation after formation of a critical nucleus or seed (not 

shown) 

 

 

 

 

Figure 2: General mechanisms of protein aggregation. Adapted and extended from (Philo 
& Arakawa, 2009) by Dr. Michael Brunsteiner. 
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1.1.2 Surface Adsorption 

 

Proteins are amphiphilic biomolecules and so they can absorb to different types of interfaces 

like air-liquid, ice-water, biomolecular and solid interfaces (containers, steel, glass, stirrers) 

(Andrade et al., 1992; Colombie et al., 2001; Felsovalyi et al., 2011; Manning et al., 2010; 

Maste et al., 1996; Norde, 1986; Sadana, 1992; Su et al., 1998; Zoungrana et al., 1997). 

By molecular view mainly the tertiary structure and conformation are changed upon 

adsorption. In contact with hydrophobic air-liquid interfaces often at least partial unfolding 

and (reversible) denaturation occurs due to interactions between the surface and the (buried) 

hydrophobic protein core (Donaldson et al., 1980; Manning et al., 2010; Manning et al., 

1989). Whereas adsorption is often irreversible, two models are described in literature for 

reversible adsorption (Felsovalyi et al., 2011): (1) the classical 4 state reversible model in-

cluding adsorption, structural rearrangement (unfolding) and desorption into the bulk and re-

versible refolding (Figure 3, A) and (2) a two state model where only two species exist – the 

native protein and the unfolded adsorbed protein (lysozyme and fumed silica substrate) (Fig-

ure 3, B). Desorption of structurally perturbed proteins from the surface leads to nucleation 

and growth of particles (aggregation) in the bulk (Mahler et al., 2005; Manning et al., 2010).  

 

 

 

 

 

Figure 3: Reversible adsorption mechanisms (Felsovalyi et al., 2011). (A) Classical four 
state model. (B) Two state model (observed for lysozyme and fumed silica substrate). 
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Additionally, interfacial denaturation or unfolding is also dependent on several proper-

ties of the surface and protein: decrease in surface free energy, forces at the interface (surface 

tension), available surface area for adsorption, hydrophobicity and surface properties of the 

protein (hydrophobicity,charge patterns), number of disulfide bonds as well as the surface 

pressure against the molecule has to expand in order to unfold and the intrinsic protein stabil-

ity (Andrade et al., 1992; Donaldson et al., 1980; Maa & Hsu, 1997; Manning et al., 2010; 

Thomas & Geer, 2011; Townsend & Nakai, 1983; Walstra, 2001; Wilde, 2000; Yampolskaya 

& Platikanov, 2006).  
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1.2 Human growth hormone (hGH) 

 

1.2.1 Structure and function  

 

Human growth hormone (hGH, Somatropin) is produced from a precursor protein including a 

signal sequence which is further processed (Uniprot: P01241). The mature monomeric single-

chain protein consisting of 191 amino acids (22,125 Da) has a pI of 5.3 (Cleland et al., 1993; 

Pearlman & Wang, 1993). Further the protein shows a 4-helical cytokine fold and a up-up-

down-down architecture (Figure 4) with two disulfide bridges Cys53-Cys165 and Cys182-

Cys189 and is non-glycosylated (Chantalat et al., 1995; de Vos et al., 1992). With this fold it 

shares the structural features (4-helical cytokine fold) of a pharmaceutically relevant group of 

long chain cytokines (Hill et al., 1993). Interestingly, hGH has the tendency to form 

noncovalent dimers in the presence of metal ions e.g. zinc or other cations (Cunningham et 

al., 1991; Dienys et al., 2000). The zinc is bound by the solvent exposed residues His18, 

His21 (Helix 1) and Glu174 (Helix 4) (Cunningham et al., 1991). Further hGH is a bivalent 

ligand for its receptors and forms a 1:2 stoichiometry as shown in Figure 5 (Fuh et al., 1992; 

Horan et al., 1996). 

hGH is involved in the regulation of many metabolic and physiological processes in-

cluding the stimulation of cell growth and reproduction. In the human body it is secreted from 

the anterior pituitary gland under hypothalamic control and it is used for therapeutic treatment 

of growth disorders and dwarfism (Cholewinski et al., 1996; Cleland et al., 1997; Pearlman & 

Wang, 1993). Prior to the advent of recombinant production possibility of hGH (rhGH), the 

only source was a preparation (including a 20 kDa variant, deamidated, oxidized and aggre-

gated) from human cadaver tissue until this pituitary hGH was connected to the Creutzfeld-

Jakob syndrome (Cholewinski et al., 1996; Lewis et al., 1977; Pearlman & Wang, 1993). As 

the protein is non-glycosylated, E.coli can be used as a host organism (Crisman & Randolph, 

2010; Patra et al., 2000; Singh et al., 2005). Therefore, two variants of hGH are available: 

Methionyl hGH (Met-hGH, Somatrem) and the methionyl-free variant hGH (Somatropin) 

(Pearlman & Wang, 1993). 
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Figure 4: Structure of hGH. (left) Structure of hGH derived from PDB 3HHR (de Vos et al., 
1992) which shows higher similarity to the solution conformation of the non-bound protein 
(Kasimova et al., 2002) than 1HGU (Chantalat et al., 1995). The disulfide bridges are high-
lighted as spheres. (right) up-up-down-down architecture. 
 

 
 
 

Figure 5: Structure of the 1:2 hGH-receptor complex (3HHR). . 
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1.2.2 Degradation pathways  

 

Aggregation, deamidation, oxidation and amino-terminal degradation have been identified as 

major degradation routes for hGH in solution so far (Jones et al., 1997).  

 

 

Table 1: Most common degradation pathways for hGH in solution (Cholewinski et al., 

1996; Pearlman & Wang, 1993). 

Degradation Major factors Reactive sites 

Deamidation Neutral, basic pH, elevated T Asn149 rather than Asn 152 

Oxidation H2O2-incubation, UV light 
Met14, Met125 (not at 

Met170) 

Aggregation 

Process and production con-

ditions, air-liquid interfaces, 

freezing 

Whole molecule 

 

 

In previous studies deamidation of hGH with its 9 asparagines (Asn) and 13 glutamine 

(Gln) residues has been examined. Gln residues generally deamidate much slower than Asn 

residues and so an Asn site, in detail Asn149, was identified as the major site of modification 

(Ablinger et al., 2012; Becker et al., 1988; Cholewinski et al., 1996; Jenkins et al., 2008). 

However, an important point regarding deamidation of hGH has not been discussed yet, and 

this concerns the relationship between protein chemical modification and nonnative aggrega-

tion (Manning et al., 2010; Manning et al., 1989). Furthermore, deamidation is generally un-

desired because of the process-related impurities, degradation products and structural hetero-

geneity that it introduces to a given protein preparation (Doyle et al., 2007; Manning et al., 

1989; Manning et al., 2010). Furthermore the formation of the non canonical amino acid iso-

Asp can present a potential immunogenic risk (Catak et al., 2009; Jenkins et al., 2008). How-

ever, it has to be noted that the biological activity of deamidated hGH is known to be equal to 

that of the native protein (Becker et al., 1988; Riggin & Farid, 1990). 
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Numerous studies covering the aggregation of hGH were published so far (Bam et al., 

1998; Fradkin et al., 2009; Katakam & Banga, 1997; Maa & Hsu, 1996, 1997; Maa & Hsu, 

1996; Otzen et al., 2002). Based on SDS PAGE analysis it was shown that during agitation or 

vortexing only noncovalent aggregates are formed (Fradkin et al., 2009). If surfactants are 

supplemented aggregation can be prevented (Bam et al., 1998; Bam et al., 1996; Katakam et 

al., 1995; Katakam & Banga, 1997). From our results and other published studies (Maa & 

Hsu, 1997) we conclude that hGH is highly sensitive to air-liquid interfaces.  

Based on refolding and equilibrium unfolding studies DeFelippis and coworkers have 

stated a folding intermediate (Defelippis et al. 1993; Defelippis et al., 1995). This Intermedi-

ate is a monomeric structurally altered protein species which tends to self associate (IAssociate). 

Therefore (partial) unfolding and aggregation might use a similar pathway as shown in Figure 

6. 

 

 

 

 

Figure 6: Folding and refolding Mechanism of hGH.  
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1.3 G-CSF 

 

1.3.1 Structure and function  

 

The mature human granulocyte colony-stimulating factor (hG-CSF) is derived after splicing 

of a signal sequence (Uniprot: P09919). Similar to hGH hG-CSF is a monomeric singlechain 

protein of 174 amino acids (19,600 Da) and has a pI of about 6.1 (Hill et al., 1993; Zink et al., 

1994). hG-CSF shares with hGH the 4-helical cytokine fold and the up-up-down-down archi-

tecture (Figure 7), which is rather common among cytokines. Naturally occurring hG-CSF 

exists in a long and short variant due to different splicing patterns (Herman et al., 1996). In 

general two disulfide bridges (Cys36-Cys42 and Cys64-Cys74) are present and in contrast to 

hGH an O-linked glycosylation takes place in a loop region at Tyr133 (Hill et al., 1993). This 

glycosylation is reported to increase the stability of the protein due to reduced loop mobility 

around the glycosylation site (Hasegawa, 1993; Gervais et al., 1997; Oh-eda et al., 1990). 

Further a free cysteine C17 is present which is not essential for activity (Lu et al., 1992).  

In contrast to hGH, hG-CSF is a monovalent ligand but interestingly the receptor-

protein interaction occurs in a 2:2 stoichiometry. The dimerization was stated to origin from 

receptor-receptor interactions upon binding of hG-CSF (Horan et al., 1996). Receptor activa-

tion occurs probably via binding of the protein to the receptor followed by receptor dimeriza-

tion like shown in Figure 8 (Gervais et al., 1997; Aritomi et al., 1999). 

hG-CSF belongs to the group of hematopoietins which regulate the growth and differ-

entiation of various blood cell lines from progenitor stem cells. It is mainly produced in endo-

thelial cells, monocytes, macrophages and fibroblasts and shows high sequence similarity to 

members of the Interleukin-6 superfamily (Gervais et al., 1997). Further it induces the prolif-

eration of neutrophil colonies and differentiation of precursor cells to neutrophils, and it stim-

ulates the activity of mature neutrophils (Hill et al., 1993). hG-CSF is also used in oncology 

(chemotherapy, bone marrow transplants or treatment of acute myeloid leukemia) in order to 

increase production of white blood cells and reduce infection risks during chemotherapy 

(Bishop et al., 2001; Raso et al., 2005).  

In our study we used Filgrastim, a non-glycosylated rhMet-G-CSF Cys37-Cys43, 

Cys65-Cys75 and C18 variant lacking three residues at position 37-39 and derived from E. 

coli expression (Herman et al., 1996). Another glycosylated form prepared in CHO cells 

(lenograstim) is also available on the market (Gervais et al., 1997). 
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Figure 7: Structure of G-CSF. (left) Structure of G-CSF derived from PDB 1GNC (Zink et 
al., 1994). The disulfide bridges (bottom left, top right) and the free cysteine (bottom right) 
are highlighted as spheres. (right) up-up-down-down architecture. 

 

 

 

Figure 8: Structure of the 2:2 G-CSF-receptor complex 1CD9 (Aritomi et al., 1999). 
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1.3.2 Degradation pathways  

 
Most reports about degradation of rhG-CSF involve storage at elevated temperature. For bo-

vine G-CSF (bG-CSF, pI = 6.8) aggregation studies were performed from pH 2.9 to 6.2 at 

50°C (Bartkowski et al., 2002) and pH 4.5 and 7.5 (Roberts et al., 2003). Whereas at low pH 

soluble noncovalent high molecular weight (HMW) aggregates are found, at higher pH values 

precipitation was dominant. Studies examining the re-dissolution of aggregates formed at pH 

4.3 and 6.2 showed that the precipitates consist of covalent and noncovalent aggregates. SDS 

PAGE analysis confirmed that covalent aggregates are formed by disulfide bridges. As only 

one free cysteine is available, disulfide scrambling has to take place (Bartkowski et al., 2002). 

The pH dependency was explained by the fact that the free cysteine is partially solvent ex-

posed and so the necessary ionization (pKa) is highly dependent on the actual microenviron-

ment of the residue. 

Another possible explanation for the pH dependency can be derived from different 

mechanism for disulfide formation at neutral (alkaline) and acidic pH as shown in Scheme 1 

and 2 (Manning et al., 1989):  

 

 

R’S
- + R”S-SR” ↔ R’S-SR“ + R“S

- 

R“S
- + R’S-SR‘ ↔ R”S-SR’ + R’S

- 

 

Scheme 1: Disulfide exchange at neutral or alkaline pH. The reaction is catalyzed by 
thiolate ions, which perform a nuelceophilic attack on a sulfur atom of the disulfide bridge 
(Manning et al., 1989). 

 

 

 

R’S-SR’ + H
+ ↔ [R’HS-SR’]

+ ↔ R’SH + R‘S
+ 

 

R’S
+ + R”S-SR” ↔ R’S-SR” + R”S

+ 

R”S
+ + R’S-SR’ ↔ R”S-SR’ + R’S

+ 
 

Scheme 2: Proposed disulfide exchange at acidic pH. Here the exchange should take place 
through an attack of a sulfenium cation. 
 



14 

Whatever the exact mechanism of disulfide rearrangement might be, it was found that 

mutagenesis of the free cysteine C17A led to noncovalent aggregates only and slowed down 

the kinetics, but could not prevent aggregation (Raso et al., 2005). Thus, also conformational 

stability (ΔGunf) seems to be involved in the aggregation mechanism. It was found that G-CSF 

is conformationally most stable at pH 4.5 to 3.3 (Narhi et al., 1991). Spectroscopic studies 

indicate that pH dependent conformations exist between pH 5.0 and 7.0 (Narhi et al., 1991). 

Chi and coworkers have investigated aggregation of hG-CSF and proposed a general reaction 

mechanism for rhG-CSF (Chi et al., 2003; Krishnan et al., 2002). It suggests that aggregation 

occurred via a structurally expanded transition state species of the monomer, which forms due 

to increase of free energy. Irreversible dimerization was only possible upon the collision of 

two of the activated monomer species (Krishnan et al., 2002). At pH 7.0 aggregation seems to 

be controlled by the conformational stability of hG-CSF and the formation of the structurally 

expanded monomeric species. Interestingly a reversible dimer formation is observed, which is 

not involved in the aggregation mechanism (Krishnan et al., 2002). However, conformational 

stability at pH 3.5 is similar and therefore reduced aggregation cannot be explained. Here the 

role of colloidal stability of the protein was introduced using the second osmotic virial coeffi-

cient B22 as a parameter for attractive or repulsive protein-protein interactions. This coeffi-

cient is a measure of nonideal solution behavior originating from two-body interactions, and 

is derived from statistical mechanics (Chi et al., 2003). As hG-CSF is positively charged at 

pH 3.5 repulsion seems to be dominant and the formation of a dimer of tho structurally per-

turbed monomers is rate limiting (Chi et al., 2003). 
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Scheme 3: Aggregation mechanism of hG-CSF at pH 7.0 and 3.5. (left) Aggregation 
mechanism of hG-CSF at pH 7.0. The conformational alteration into an expanded transition 
state of the monomer is rate limiting (conformational stability dependent). (right) Aggregation 
mechanism at pH 3.5. The formation of the irreversible dimer in the presence of strong repul-
sive protein-protein-interactions (charge) is rate limiting (colloidal stability dependent). 
 

 

 

Based on this evidence the authors suggest to use this for stable formulation design (Chi et al., 

2003). In solutions where the conformational stability dominates, increasing ΔGunf decreases 

aggregation. Otherwise, if colloidal stability is dominant, solution conditions which reduce 

attractive interactions should be chosen (e.g. low pH and low ionic strength)  

This might explain why the stable commercially available formulation of hG-CSF is 

used at pH 4.0, where the protein is stable for over 2 years at 2-8°C (Herman et al., 1996).  
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ABSTRACT 

Shaking or stirring in a miniaturized device is often applied in the development of protein 

pharmaceuticals, serving as a test of stability under conditions that mimic the physical stresses 

of the real process. The overall purpose of these “stress tests” is to accelerate protein aggrega-

tion that would otherwise take place at a much slower rate, thereby enhancing experimental 

throughput to speed up the determination of critical process parameters of stability. Results 

are often used to determine critical parameters for formulation development. However, shak-

ing differs from stirring in the forces applied on proteins in solution and therefore, there is 

concern that characteristics of protein stability interrogated with each method may not be the 

same. We have performed a detailed, time-resolved analysis of nonnative aggregation of the 

human growth hormone (hGH), exposed to stirring and shaking in a well-defined and compa-

rable mini-reactor set-up. We show that aggregation of hGH is not the result of protein 

deamidation that occurs as accompaniment of the incubation conditions used. We also show 

that both under stirring and shaking, the protein undergoes phase transitions from solution 

into mainly circular particles, whereas only minor amounts of soluble aggregates are detected. 

The precipitate contains partly unfolded protein that has a substantial amount of hydrophobic 

surface exposed. An air-liquid interface, constantly renewed by stirring or shaking, was iden-

tified to be mainly responsible for aggregation of hGH under each of the stress conditions 

applied.  

 

Keywords: protein aggregation; stability; mechanical stress; stirring; shaking; air-liquid inter-

face; accelerated stress test 
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1. Introduction 

The shelf life of protein drugs is often critically impaired by chemical and physical instabili-

ties [1-3] of the active pharmaceutical ingredient (API). Formation of protein aggregates (na-

tive or nonnative) is a common manifestation of these instabilities [3-7]. Nonnative aggrega-

tion is described by the assembly of initially native proteins into aggregates exposing 

nonnative protein structures [4]. In terms of definitions we can also distinguish protein associ-

ation and aggregation. Protein association is often described as a reversible process, where 

two or more native protein molecules associate and often lead to reversible precipitation [7]. 

Aggregation is considered to be mainly irreversible if no drastic changes in the solvent envi-

ronment are performed. The interacting proteins can be partially unfolded or even denatured 

[7,8]. Even though nonnative aggregation has been emphasized particularly in association 

with protein formulation and storage, it constitutes a problem of drug manufacture in general. 

Aggregation potentially occurs in each phase of the production chain [1,9,10], including pro-

tein biosynthesis and purification as well as formulation [4,11,12]. Drugs containing 

nonnative protein aggregates may display reduced pharmacological activity or worse, their 

administration results in immune reactions [13]. Therefore, the amount of aggregates in the 

final product has to be monitored, reduced and controlled. 

Antagonizing and controlling API aggregation at all stages of production would seem 

to be a compelling solution. However, rational design of API production and drug formulation 

for suppressed protein aggregation is difficult due to the molecular [8] and kinetic [12,14-16] 

complexities of the denaturation pathways involved in the aggregation. Experimental deter-

mination of critical parameters regarding stability and composition of formulations is labori-

ous and therefore constitutes a potential bottleneck of the overall development. Therefore 

stressing times of 24-48 h would be preferred in the initial formulation development stage 

[17] in comparison to the ICH thermal stability testing guidelines of several months [18]. A 
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critical requirement is the availability of advanced methodology, allowing for fast (high-

throughput) measurement of protein aggregation at miniature scale, under conditions that re-

produce relevant features of the real process. A defining characteristic of the so-called “stress 

tests” is that they try to augment the denaturing conditions of different process steps (e.g. fill-

and-finish operations [10,19], mixing in general, transport, storage) [3,17,20-24] to accelerate 

the aggregation that would otherwise take place at rate by far too slow to enable data collec-

tion in a reasonable time. The external stresses used to enhance protein aggregation can be 

divided according to the possible involvement of interfacial effects in the denaturation. Fac-

tors such as temperature, pH, and additives are effective in the liquid bulk whereas stirring, 

shaking, and other types of agitation usually implicate interaction of the protein with different 

interfaces (gas, solid, liquid) [1,4-6,14,24,25]. 

In this study, we focus on stirring and shaking as the two most commonly used “accel-

erated stress” methods for examining the role of agitation on API stability [3,11,16,23]. Even 

though the actual forces applied on the protein are generally not well defined during stirring 

and shaking [20], there is consensus that the information on protein stability provided by both 

methods could be highly useful in the development of strategies for API stabilization 

[17,20,23,26]. However, recent studies of IgG1 antibody stability [17,23] revealed that insol-

uble protein aggregates produced by stirring and shaking differed not only in size but also in 

regard to the relative amount of non-covalent associates formed. Therefore, the pathways 

leading to aggregation under shaking and stirring may not be the same, and this raises the 

concern that the properties of stability interrogated by the two methods might be fundamental-

ly different. Therefore a critical evaluation and characterization of stirring and shaking might 

be needed regarding screening of stability and robustness of pharmaceutical proteins and for-

mulations. .Unlike shearing, which per se is thought to have minor effects on protein stability, 

shaking and stirring are usually performed in the presence of a gas-liquid interface as well as 

a solid/liquid interface [20,27], implying that various additional factors of protein denatura-
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tion come into play. Shaking is described to constantly renew the gas-liquid interface in the 

system. Protein may become adsorbed to this interface and undergo partial unfolding there. 

Aggregation may be part of the denaturation occurring at the interface, or it could also take 

place while or after the (partly) denatured protein has been transported back into solution 

[23,28-32]. Several studies have examined the role of the liquid fill level during shaking, con-

sidering that incomplete filling increases the gas-liquid interface [21,23,33].  

For stirring, the applied stress is usually thought to result from the combined effects of 

shear, protein-deforming forces at gas-liquid and liquid-solid interfaces, cavitation, and local 

temperature gradients [34]. A number of studies have attempted to disentangle the individual 

components of the overall stress of stirring [19,21,22,24,33,35,36]. A common conclusion is 

that shear does not constitute a dominant force [37-39]. It was shown that small globular pro-

teins are not sensitive to shear alone [21,22,36,40,41], and this view has recently been extend-

ed to antibodies [20]. Force calculations revealed that very high shear rates would be neces-

sary to deform most proteins, whereas air-liquid interfaces possess high deformation energies 

[24,42]. Recent studies showed that elongation flows in regions of shear gradients, e.g. during 

filling processes, can lead to aggregation even at moderate shear conditions [19,43].  

In summary, therefore, a number of important issues concerning the application of 

shaking and stirring as “accelerated stress” and screening tests for the analysis of protein sta-

bility require clarification. For practical use, it is perhaps most relevant to determine if the two 

methods, compared under suitable conditions, show equivalent denaturation. Considering that 

in the majority of the reported set-ups for stirring or shaking, hydrodynamic and interfacial 

forces were combined to a largely unknown extent [24], it is also vital to identify the dominat-

ing parameter of aggregation in these systems. This would also facilitate extrapolation of the 

results of “accelerated stress” tests between the different methods used as well as to the condi-

tions of the real process [14,15,44]. A critical requirement is, therefore, that shaking and stir-
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ring are analyzed in a comparable experimental design. We have performed this work, using 

the human growth hormone (hGH) as a model protein [45-47]. hGH was chosen because 

characteristics of its stability in solution have been very well characterized [48-50]. Denatura-

tion of hGH under conditions of vortex mixing [51,52], shearing [22] and shaking [26,53,54] 

has been examined, providing important information for the design of our experimental set-up 

and for selection of relevant analytical tools. Further these studies suggest that nonnative ag-

gregates are found due to the formation of beta-sheet enriched structures (nonnative aggre-

gates) [26,53,55]. Moreover, aside from being an important API itself, hGH also serves to 

represent the group of long-chain cytokines [56-58] that are collectively of substantial phar-

maceutical interest.  

A detailed time-resolved analysis of destabilizing steps involved in nonnative aggrega-

tion of hGH under stirred and shaken incubation conditions was carried out. One general as-

pect not addressed closely in previous studies concerns the possibility that physical denatura-

tion/unfolding is accompanied by chemical modification, and that these processes take place 

in a mutual dependence one of another. We show that in hGH, aggregation occurs uncoupled 

from deamidation, which is the major chemical modification of this protein in solution 

[47,59,60]. Even though biological activity of deamidated hGH is known to be equal to that of 

the native protein [60,61], deamidation is generally undesired because of the structural heter-

ogeneity that it introduces to a given protein preparation [1,2,62]. We further show that for 

hGH, during controlled shaking and stirring, the gas-liquid interface which is constantly re-

newed is mainly responsible for the aggregation under each of the stress conditions applied.  
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2. Materials and Methods 

2.1. Materials 

A recombinant preparation of hGH produced in E. coli, termed rhGH, was kindly supplied by 

Sandoz GmbH (Kundl, Austria). The protein was provided in 10 mM sodium phosphate buff-

er, pH 7.0. The pI of hGH is at approximately 5.3 [7,46]. The protein concentration of the 

stock solution was 10.0 ± 0.4 mg/mL. Prior to use, the bulk solution was filtered using 0.22 

µm PVDF filters from Millipore (Carrigtwohill, Ireland). Unless noted otherwise, all chemi-

cals were bought from Carl Roth (Karlsruhe, Germany). Fluorescein 5(6)-isothiocyanate 

(FITC) was from Sigma Aldrich (Vienna, Austria), and 8-anilino-1-naphthalenesulfonic acid 

ammonium salt (ANSA) was from Merck KGaA (Darmstadt, Germany). Molecular mass 

marker proteins were from GE Healthcare (Vienna, Austria). SlowFade® Gold Antifade Rea-

gent was from Molecular Probes (Eugene, OR, USA). Erlenmeyer flasks (25 mL, NS 14/23) 

were from Carl Roth. 

2.2. Accelerated stress methods 

2.2.1. Denaturation at elevated temperature  

Experiments were performed in miniature Erlenmeyer flasks (Supporting Figure S1). rhGH 

stock solution was diluted to a concentration of 3.4 ± 0.3 mg/mL using 10 mM sodium phos-

phate buffer, pH 7.0 (25 °C). Incubations were carried out at 45 ± 2 °C using static incubation 

conditions or stirring at 250 rpm on a Thermo Scientific Telesystem 60 magnetic stirring plate 

(Vienna, Austria). Note: the melting point of hGH was determined as 80 °C [54], implying 

that temperature stress of 45 °C should not promote complete unfolding of the rhGH used. 

The used magnetic stirrer bars were coated with polytetrafluoroethylene (PTFE) and had di-

mensions of 6  25 mm. An alternative set-up used stirring at 300 rpm on an IKA RCT mag-

netic stirrer (Staufen, Germany). Unstirred incubation at 25 °C was used as reference for all 
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experiments. Each experiment was performed at least in duplicate. Table 1 summarizes key 

physical parameters for the set-ups used: gas-liquid interfacial area, Reynolds number, and 

shear rate.  

To monitor the course of protein aggregation, samples (600 µL) were taken at certain 

times and analyzed with different techniques that are described below. Typically, UV absorb-

ance (280 nm) and turbidity (400 nm) measurements were performed. Size exclusion and re-

versed phase HPLC (SEC-HPLC; RP-HPLC) as well as anionic non-denaturing PAGE (na-

tive PAGE) were used.  

2.2.2. Shaking and stirring  

A jacketed miniature reactor fabricated from borosilicate glass 3.3 was used. The reactor had 

cylindrical geometry with a diameter of 32 mm with a filling level of 1.4 cm, corresponding 

to a liquid volume of 12 mL (Supporting Figure S1). The reactor was closed with a PP cap-

ping and a Teflon fitting during all experiments, but the sample solution was never in contact 

with the capping material. Under static conditions, therefore, the gas-liquid interface was cal-

culated as 804 mm² (Table 1). Experiments were performed at constant temperature (25 °C) 

that was controlled with a Julabo F25 Refrigerated/Heating Circulator (Seelbach, Germany). 

Stirring was done with a PTFE-coated magnetic stirrer bar (6  30 mm), using control from an 

IKA RCT basic stirrer. Shaking was carried out by fixing the glass reactor in a Sartorius 

Shaker Certomat BS-1 that was operated at an agitation rate of 300 rpm (shaking diameter: 5 

cm) with temperature controlled at 25 °C.  

For experiments with reduced air-liquid interface (190 mm²) an overall volume of 55 

ml (Supporting Figure S2 and Table 1) was used. Note: we took care that the volume change 

resulting from the number of samples taken did not cause large changes in the available gas-
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liquid surface area and therefore only 300 µL samples were taken over time (Figure S1, liquid 

level always within the three nozzles).  

The hGH concentration used was 3.4 ± 0.3 mg/mL. Incubations were performed over a 

representative time-span that varied between a few hours to several days, depending on the 

aggregation rate. Samples (600 µL) were taken at suitable times, centrifuged at 13,200 rpm 

for 10 min to remove precipitated protein, and the supernatant was used for further analyses. 

To test for reversibility of the observed aggregation [2], we used an aliquot of the sample to 

prepare a series of dilutions in buffer (undiluted, 1:2, 1:5, 1:10) and incubated these at 4 °C 

for a week.  

2.3. Analytical methods 

2.3.1. Protein concentration determination 

Protein concentration was determined using UV absorbance at 280 nm. In order to detect arti-

facts due to turbidity all measurements were carried out as wavelength scans. Furthermore 

turbid samples were centrifuged at 13,200 rpm for 10 min. A molar extinction coefficient of 

17,670 cm-1M-1 was calculated using the ProtParam tool at the ExPASy webserver [63,64]. A 

molecular mass of 22,125 Da was assumed.  

2.3.2. Turbidimetric analysis 

For turbidity measurements wavelength scans were carried out using a Beckmann DU 800 

spectrophotometer and the spectra were analyzed at 400 nm [52,65,66]. The instrument was 

calibrated against formazin reference suspensions [67]. All measurements were performed in 

triplicate at 25 °C.  
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2.3.3. Size exclusion (SEC)-HPLC and reversed phase (RP)-HPLC analysis 

A Zorbax GF-250 column (Silica, 4 µm, 250  9.4 mm) and a Zorbax 300 Extend C18 col-

umn (3.5 µm, 100  4.6 mm) were obtained from Agilent (Waghaeusel-Wiesental, Germany). 

Analyses were carried out using a Merck-Hitachi LaChrome LC system equipped with a L-

7250 autosampler and a L-7400 UV detector. All samples were centrifuged prior to analysis at 

13,200 rpm for 10 min.  

SEC-HPLC was used to detect soluble protein aggregates. It was done with the GF-

250 column at 30 °C, applying a constant flow rate of 1 mL/min. The mobile phase was 50 

mM NH4HCO3 in the pH range 7.8 - 8.2. Each sample was analyzed for 15 min. Absorbance 

detection at 214 nm was used. 

RP-HPLC was used to detect hGH variants that have undergone chemical modifica-

tion, in particular deamidation [60,61]. The C18 column was operated at 50 °C. A gradient of 

buffers A (10 % CH3CN, 10.5 mM NH4HCO3, 0.105 mM EDTA) and B (70 % CH3CN, 6.0 

mM NH4HCO3, 0.060 mM EDTA) was used for elution. A linear ramp from 60 % to 95 % 

buffer B within 23 min was used. Then, after a 2-min equilibration with 95 % buffer B, a line-

ar decrease to 60 % buffer B was applied in 1 min, and the analysis was continued under these 

conditions for 6 min. The flow rate was 1.0 mL/min, and absorbance was recorded at 210 nm. 

Before the analysis, all samples were diluted to a final protein concentration of 1 mg/mL, us-

ing glycine solution (20 mg/mL) of pH 7.0. Figure S2 shows an absorbance trace for a repre-

sentative hGH sample that was analyzed. It is known from previous studies that oxidized and 

deamidated forms of hGH partially overlap in RP-HPLC analysis under the conditions used. 

Therefore, we focused on the main deamidated protein form, resulting from conversion of 

Asn149 into Asp that is resolved well with the method applied. Further note that the exact iden-

tification of each deamidated or oxidized species was beyond the scope of this study. With the 

reasonable assumption that deamidation at Asn149 does not change the UV absorbance of 
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hGH, native protein was used for peak area calibration and for calculation of molar 

deamidation rates.  

2.3.4. Analysis by PAGE  

We performed non-denaturing anionic PAGE and non-reducing SDS PAGE, using 12.5 % 

acrylamide in each case. The protein loading was between 5 to 15 µg. Gels were stained using 

Coomassie Brilliant Blue. 

2.3.5. Fluorescence measurements 

Measurements were done on a software-driven Hitachi F-4500 fluorescence spectrophotome-

ter (Tokyo, Japan). Intrinsic tryptophan fluorescence was recorded at 25 °C, using an excita-

tion wavelength of 295 nm. Emission spectra were obtained in the range 300 – 500 nm. Slit 

widths of 5 nm were used. The centrifuged samples were diluted to a concentration of 0.5 

mg/mL. The native protein shows maximum emission at 333 to 335 nm, while for unfolded 

hGH, this value is at around 350 nm [46,68].  

Measurement of solvent-accessible hydrophobic protein surface was done with the 

fluorescent dye 8-anilino-1-naphthalenesulfonic acid ammonium salt (ANSA) as reported for 

hGH (Ali, Prakash, Kulkarni, Ahmad, & Bhakuni, 1999; Narendra B Bam et al., 1996; Hawe, 

Sutter, & Jiskoot, 2008). The dye was mixed with protein in a molar ratio of 10:1 [72]. There-

fore, 60 µL of ANSA solution (1.0 mM) were added to 600 µL of a solution of 0.25 mg/mL 

hGH (0.01 mM) at 25 °C. Excitation was at 388 nm, and emission was recorded between 400 

and 650 nm. The emission is shifted from about 490 nm in aqueous environment to smaller 

wavelengths in unpolar environment. Note: In order to avoid scattering artifacts due to turbid 

samples ANSA-binding measurements were carried out only using samples in which protein 

precipitate had been carefully removed by centrifugation. 
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2.3.6. Confocal laser scanning microscopy (CLSM) 

To visualize precipitated hGH by CLSM, labeling by FITC or ANSA was used. FITC was 

dissolved in DMSO and further diluted 1:5 with 10 mM sodium phosphate buffer, pH 7.0. 

Ten µL of this solution were incubated with 100 µL suspension of protein aggregate over 

night. Then, dialysis against buffer was performed. Labeling with ANSA was done in the 

presence of 10 mM dye. In order to prevent diffusion during the z-axis scan, all samples were 

dried and covered with Slow Fade Gold Antifade reagent. 

CLSM images were acquired with a Leica TCS SPE confocal system (Leica Microsys-

tems, Mannheim, Germany) equipped with solid state and UV lasers. The Images were gener-

ated by maximum projection of the individual confocal layers. ANSA measurements were 

carried out with laser excitation at 405 nm and detection of emitted light from 440 to 500 nm. 

For FITC measurements, a 488 nm laser and an emission bandwidth of 500 – 554 nm was 

used. All images were acquired with 400-fold magnification and with a picture size of 1024  

1024 pixel. Three-dimensional confocal models were created with the software IMARIS 7.0 

(Bitplane, Zurich, Switzerland). Data processing of the maximum projections was performed 

using ImageJ [73]. We chose circularity as shape descriptor of the insoluble protein particles. 

According to the software, this parameter is defined by C = 4π  [area] / [perimeter]2, and a C 

value of 1.0 indicates a perfect circle.  

3. Results and Discussion 

3.1. Involvement of chemical protein modification in aggregation of hGH 

Partial deamidation of asparagine and glutamine residues is a well-known chemical modifica-

tion of proteins that can occur at various stages of biopharmaceutical production as well as 

during transport and storage [1-3,7,74,75].  
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Table 1: Accelerated stress conditions used to examine aggregation of hGH.  

Stress type 
Volume 

(x 10-6 m³) 

Air-liquid  

interface 

(x 10-6 m²) 

Re number 
Shear rate 

(s-1) 

 

hGH aggre-

gation 

Control 11.4 800 0 0 None 

Temperature 11.4 1,200 0 0 
None, 

deamidation 

Temperature, 

Stirring [a] 
11.4 1,200 [c] 3,400 35-85 

Precipita-

tion,turbidity 

formation, 

deamidation 

Stirring [b]  11.4 1,090 [c] 4,800 40-100 [d] 

Precipita-

tion,turbidity 

formation 

Stirring [b] 54.7 190 4,800 40-100 [d] None  

Shaking 11.4 
n.d. 

(» 1,090) [c] 
5,500 90 [d] 

Precipita-

tion,turbidity 

formation 

Shaking 54.7 190 5,500 20 [d] None   

[a], [b] Stirring bar dimensions were 6  25 mm [a] or 6  30 mm [b]. 

[c] The surface area was calculated assuming a paraboloid of revolution; see the Supporting Infor-

mation under Table S1. For shaking, the surface area could not be determined (n.d.). Entrainment of 

air bubbles under conditions of shaking and stirring is shown in Figure S7, indicating that surface area 

produced by shaking is probably larger than that produced by stirring.  

[d] The Supporting Information shows determination of Re numbers and shear rates for the  

different conditions used [85-87]  
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For deamidation of hGH, Asn149 was identified as the major site of modification 

[47,60]. However, an important characteristic of deamidation of hGH has not been estab-

lished, and this concerns the relationship between protein chemical modification and aggrega-

tion. From studies of proteins other than hGH, it is not possible to infer a clear trend regarding 

the effect of deamidation on the aggregation propensity (increased or reduced effects) [1,7]. 

We therefore analyzed the deamidation of hGH at room temperature and under conditions of 

temperature stress (45 °C), applying static incubation or stirring at 300 rpm. Deamidation 

rates calculated from HPLC data were compared to the corresponding aggregation rates that 

were also measured (Table 2).  

 

Table 2: Asn
149

 deamidation rates in hGH exposed to stresses of elevated temperature 

and stirring. 

Conditions [a] 
Deamidation rate 

(µM/h) 

Non-agitated control (25 °C) 0.015 ± 0.002 

Shaking at 25 °C  0.028 ± 0.004 

Stirring at 25 °C 0.037 ± 0.004 

Non-agitated incubation at 

45 °C 

0.16 ± 0.01 

Stirring at 45 °C  0.16 ± 0.01 [b] 

[a] Incubations were performed in Erlenmeyer flasks (Figure S1) 

[b] t-test analysis showed that deamidation rates at 45 °C under stirred and non-agitated conditions are 

identical at P-level of 0.05. 
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We first applied non-denaturing PAGE to samples taken from the different incuba-

tions, considering that deamidation of hGH should be detectable overall by a corresponding 

decrease in protein mass-to-charge ratio, resulting in a greater mobility of the modified pro-

tein species in the gel [60,76]. Figure 1 shows that while hGH appears to have been complete-

ly stable at 25 °C, incubation at the elevated temperature went along with gradual transfor-

mation of the native protein into another, faster migrating form, as expected (lane 1-8). Fur-

ther it is shown that aggregation could be only detected if the samples were stirred (Figure 1, 

lanes 5, 7 and 8). Addition of stirring as a second stress factor did not significantly change the 

pattern of protein denaturation at 45 °C, as observable by PAGE.  

 

 

Figure 1: Chemical modification and aggregation of hGH monitored by non-denaturing 

anionic PAGE. Lanes 1-3: 45°C, no stirring; 0 h, 32.5 h, and 69.5 h. Lanes 4 and 5: 45 °C, 

stirring at 300 rpm; 32.5 h and 69.5 h. Lanes 6-8: 45°C, MSP stirring ; 0 h, 14 h, and 70 h. 

Lanes 9-11: 25 °C, no stirring: 26 h, 55 h, and 69 h.  

 

We therefore examined aggregation of hGH at the elevated temperature and show re-

sults of turbidity measurements in Figure 2. Interestingly, solutions of hGH incubated under 

static conditions remained clear, irrespective of the applied temperature (25 or 45 °C). By 

contrast, protein solutions subjected to stirring became turbid within about a day, and the rate 

of formation of turbidity appeared to have been independent of the temperature used. Results 

at 400 and 350 nm show similar trends and therefore we exclude possible artifacts like 
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chromophores [65]. Note that the observed aggregation of hGH was not detectably reversible 

upon cooling or dilution of the sample in the absence of agitation over 10 days [2]. Therefore 

we consider the observed aggregation to be irreversible, as long as we do not change the sol-

vent conditions or add cosolutes like SDS or chaotropic reagents [2,7]. We then applied anal-

ysis by RP-HPLC to clarify the suggestion from Figure 1 that incubation at 45 °C was respon-

sible for deamidation of hGH. Samples taken from non-agitated and stirred incubations were 

shown to have undergone deamidation at Asn149 to a substantial extent, up to 40 % (Asp149) 

after incubation for about 3 days. The HPLC data revealed a roughly linear dependence of 

conversion of Asn149 on the incubation time in the early phase of deamidation (Figure S3). 

We therefore calculated an apparent Asn149 deamidation rate for each of the different incuba-

tions carried out. The results are summarized in Table 2, showing that deamidation was accel-

erated (about fivefold) by the temperature increase 25  45 °C whereas the effect of stirring 

on the deamidation rate at constant temperature was hardly significant. The evidence present-

ed in Table 2 is interpreted to rule out deamidation of Asn149 as a relevant molecular factor on 

aggregation of hGH under the conditions used. Mechanical agitation by stirring clearly drives 

the aggregation of hGH, and the step or steps controlling the aggregation rate under these 

conditions are not strongly dependent on temperature in the range 25 – 45 °C.  
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Figure 2: Turbidity formation during exposure of hGH to stresses of at elevated tem-

perature and stirring  

Turbidity is measured as absorbance at 400 nm. Results are mean values and standard devia-

tion of triplicate experiments. Ref II and Ref IV are formazine reference measurements, 

shown as solid and broken line, respectively.  

 

We applied SEC-HPLC for the analysis of samples from stirring experiments that 

showed aggregation to a varying degree (Figure S4), examining the formation of soluble pro-

tein associates during aggregation. Figure S4 depicts a representative UV absorbance trace 

obtained with the method used. Even though we were able to detect the presence of 

oligomeric forms of hGH, we could also show that these soluble aggregates had accumulated 

in extremely tiny amounts. Now, one can always argue that the composition of the sample 

may have been altered during the (off-line) analysis, because of dissociation of the reversibly 

aggregated proteins in solution, for example. Even though this possibility remains in princi-

ple, it is not very likely considering that an alternative method of direct detection of soluble 

oligomers (non-denaturing PAGE) also failed to reveal soluble hGH associates. Moreover, we 

could also demonstrate that the result of the SEC-HPLC analysis was not affected by variation 
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in the protocol of sample preparation (e.g. use of variable centrifugal force for removal of 

precipitated protein). We therefore think that the formation of aggregation-prone protein spe-

cies during incubation of hGH under stirring is immediately followed by association into high 

molecular mass assemblies, which precipitate. The aggregation of hGH under agitated condi-

tions was therefore examined in detail, comparing shaking and stirring.  

3.2. Effects of shaking and stirring on soluble-to-insoluble phase transition for hGH 

All experiments were carried out using the miniature reactor described under Materials and 

Methods. Using UV absorbance of the supernatant removal of precipitated protein by centrif-

ugation, we first determined the change in soluble protein concentration in dependence of the 

incubation time. Figure 3 shows the results.  

 

Figure 3: Precipitation of hGH under stress of stirring and shaking at 25 °C 

The time axis for the non-agitated control and the stirring experiment is in h. The time axis for 

the shaking experiment is in min.  
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Shaking of the hGH solution went along with massive phase transition from soluble 

protein to an insoluble precipitate. Stirring also caused precipitation of hGH, however, less 

dramatic so than shaking. The non-agitated control carried out under otherwise identical con-

ditions was stable (no precipitation). The time course of precipitation of hGH under stirring 

stress (Figure 3) displayed a distinct lag phase over 35 h in which the concentration of the 

protein in solution appeared to have been stable. When shaking was used, the lag phase was 

also present, but it was much shorter and less distinct than in the shaking experiment. We de-

termined that the rate of precipitation of hGH was much (200-fold) higher during shaking as 

compared to stirring.  

Table 1 shows that differences in bulk fluid dynamics for the stirred and shaken sys-

tems used are unlikely to have caused the large differences in precipitation rate. Re number 

and shear rate were in a well comparable range for the stirred and shaken reactors. We will 

discuss later that dynamic characteristics of the air-liquid interface might be the relevant fac-

tor causing the observed differences.  

3.3. Characterization of hGH aggregates formed under stress of stirring and shaking 

We applied different techniques in the analysis of the stressed hGH samples, trying to get 

deeper insight into the observed protein aggregation. Firstly, the possible involvement of co-

valent bonding during insoluble hGH aggregate formation was addressed using non-enaturing 

PAGE [26]. We show in Figure 4 that overall sample (i.e. supernatant plus precipitate) taken 

from the shaking and stirring experiments contained also protein species having a molecular 

mass higher than that of native protein. Lane 1 is the control sample at 0 h and should there-

fore be the same for all PAGE examples. The supernatant obtained after centrifugation of 

sample consisted mainly of protein having the expected mass of the native hGH monomer. In 

Figure 4b lanes 5 to 7 document the loss of soluble protein due to shaking (also see Figure 3 

for comparison). Therefore, this indicates that protein oligomers present in the overall sample 
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are from the precipitate. Treatment of the sample with SDS in the absence of reducing agent 

resulted in complete dissolution of these oligomers, suggesting that they had been built exclu-

sively from non-covalent interactions between constituent hGH monomers.  

 

 

Figure 4: Aggregation of hGH under stress of stirring and shaking, analyzed by non-

denaturing and SDS PAGE 

panel A: Non-denaturing (lanes 1 to 6) and SDS PAGE (lanes 7 to 10) of stirred samples 

(1-3) hGH total sample: 0 h, 30 h, and 72.5 h; (4-6) supernatant after centrifugation: 0 h, 54 h, 

72.5 h; (7, 9, 10): 0 h, 54 h, and 72.5 h (total sample); (8) molecular mass standard. 

 

 

 

panel B: Non-denaturing (lanes 1 to 7) and SDS PAGE (lanes 8 to 11) of samples from shak-

ing  

(1-4) hGH total sample: 0 h, 10 min, 1 h, and 2 h; (5-7) supernatant after centrifugation: 0 

min, 1 h, and 2 h; (8-10) (total sample) 0 h, 1 h, and 2 h; (11) molecular mass standard. 
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Figure 5: Quantitative distribution of monomer, soluble aggregates and insoluble aggre-

gates for stirring. 

The amount of insoluble precipitate and soluble protein was determined using UV measure-

ments. The soluble protein fraction was further analyzed using SEC-HPLC analysis into mon-

omer and associates. 

 

Further, the finding of PAGE analysis that oligomeric protein was lacking in the solu-

ble fraction of the stressed samples was confirmed using SEC-HPLC where only negligible 

amounts of oligomers were found (Figure 5 and S5). Precipitation of hGH was irreversible 

upon dilution or temperature change. The precipitate was however dissolved completely upon 

addition of SDS. In conclusion, therefore, precipitation of hGH does not involve intermolecu-

lar covalent bond formation.  

A second approach was to apply spectroscopic probes of protein conformation in solu-

tion (intrinsic Trp fluorescence; binding of ANSA) to centrifuged samples taken from the 

stress experiments. ANSA fluorescence intensities normalized on protein concentration were 

unchanged over the time span of the experiment. Emission spectra for intrinsic Trp 
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fluoresence were hardly changed with respect to both emission wavelength and intensity in 

stressed hGH as compared to native protein. We conclude, therefore, that what remains in 

solution after the exposure of hGH to shaking or stirring is essentially the native protein mon-

omer.  

3.4. Comparison of time dependences of turbidity and precipitate formation 

It is interesting to compare the time course of “protein aggregation” measured as increase in 

turbidity with the time course of protein precipitation from supernatant (Figure 6). Turbidity 

increased during the lag phase of the protein precipitation time course, and the amount of tur-

bidity formed was slightly higher during stirring as compared to shaking (Figure 6). Note that 

in each experiment, the solution did not get turbid under conditions in which a high liquid 

level had minimized the air-liquid interface.  

Generally, turbidity measurements cannot give information about size, shape and 

number of the scattering particles [65]. However, turbid hGH solutions were clear after cen-

trifugation so that we can exclude artifacts of the measurement (e.g. Rayleigh scattering) 

[65,77]. Effective removal of turbidity by centrifugal force furthermore gives good evidence 

supporting the formation of high molecular weight hGH particles. Detailed size characteriza-

tion of the particles was beyond the scope of this study. However, the available evidence 

points to a hypothetical scenario of hGH aggregation in which protein is partly unfolded 

through denaturing effects of the air-liquid interface; and aggregation prone hGH species coa-

lesce rapidly into larger particles, generating the observed turbidity. The protein particles 

formed could also serve as nuclei for massive precipitation at later times during the incubation 

(see Colombie et al. (2001) for a similar denaturation pathway in lysozyme). 
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Figure 6: Comparison of time dependence of turbidity formation and protein precipita-

tion under the stress of stirring and shaking  

See Table 1 for the conditions used. The liquid fill level was 11.4 mL. 

 

 

3.5. Role of the air-liquid interface in promoting hGH aggregation 

In order to examine the proposed involvement of air-liquid interface in hGH denaturation, we 

increased the liquid level to decrease the interface (Table 1) and repeated the experiments for 

stirring and shaking. hGH did not precipitate under these modified conditions and appeared to 

be nearly as stable as in the non-agitated control, judging by data from PAGE analysis and 

turbidity measurements. These results support the idea that dynamic interactions between 

hGH and the air-liquid interface are mainly responsible for the observed aggregation and that 

the influence of the solid-liquid interface (reactor walls, magnetic stirrer) is only of minor 

importance (see also Table 1). Shaking and stirring with a reduced liquid level promote the 

renewal of the available interface and facilitate exchange of protein between liquid bulk and 

the interface. When no interface is present (high liquid level) or interfacial dynamics is lack-
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ing (no agitation), the basis for protein denaturation is removed and hGH is therefore stable. 

Observation that hGH did not aggregate under stirred conditions when the liquid level was 

high further serves to indicate that denaturing effects of the stirrer bar on hGH can be ruled 

out rigorously. It was shown in studies of other proteins that stirrer bar abrasion could be a 

relevant factor, and protein adsorption to the stirrer bar has also been reported [78-81].  

Observation that hGH aggregation (Figure 3: precipitation; Figure 6: turbidity for-

mation and precipitation) was by two orders of magnitude faster during shaking as compared 

to stirring when parameters of bulk fluid dynamics (Re, shear rate) were similar for both con-

ditions (Table 1; Table S1 in Supporting Information) can most probably be ascribed to dif-

ferences in the available air-liquid surface area. We show in Figure S7 that entrainment of air 

bubbles into the liquid appears to have been substantially higher during shaking as compared 

to stirring, providing one possible explanation for the different aggregation rates under the 

two stress conditions.  

3.6. Characterization of the hGH precipitate using CLSM 

To obtain insights into the nature (size, shape, hydrophobicity) of the formed protein particles 

during hGH precipitation, we examined the turbid solutions using CLSM. Labeling of protein 

with FITC or ANSA was used, and each sample from stirring and shaking was analyzed for 

both labeling conditions. Several pictures were acquired for ImageJ particle analysis in an 

area of 275  275 µm, using different dilutions of the labeled protein suspension. Note, how-

ever, that the analysis done is restricted to a two-dimensional space and was performed on 

dried samples. It is not possible, therefore, to compare particle size measurements from 

CLSM to a hydrodynamic diameter determined by DLS. Use of FITC and ANSA labeled 

samples gave consistent results, and we therefore report the mean values of both procedures.  
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We found that the particles formed were essentially round shaped, reflected by ≥ 60 % of the 

particles showing a circularity value of 1. Moreover, ≥ 74 ± 10 % and ≥ 75 ± 9 %  of the par-

ticles obtained by stirring and shaking, respectively, show a circularity of ≥ 0.8 (Figure 7). 

Concerning the area of the particles, we observed that 85 ± 10 % and 88 ± 10 % of the parti-

cles in the sample from stirring and shaking, respectively, displayed a size between 0.1 and 1 

µm² (Figure S9). A plausible explanation for the round shape and small area of the particles 

formed could be the particular shape of the air-liquid interface (dissolved air bubbles) that is 

present during stirring and shaking (Figure S7). The dynamics at the air liquid interface 

[82,83], the mechanism of aggregation, and even the mechanical forces applied could also 

influence the shape and size of the aggregates [84].  

 

 

Figure 8: Particle shape distribution for aggregates formed during shaking and stirring 

Comparison of the circularity of hGH precipitate formed during stirring (after 96 h) and shak-

ing (2 h), as determined by ImageJ analysis [73].  
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Three-dimensional models of the protein particles labeled with FITC (Figure 8) and 

ANSA (Figure S8) were highly similar one to another. In other words, detection of total pro-

tein (FITC) gave essentially the same result as measurement of exposed hydrophobic surface 

(ANSA). Therefore, this implies that hGH aggregates consisted mainly of unfolded (hydro-

phobic) protein. Properties of the aggregates did not change significantly depending on the 

stress method applied, consistent with the idea that protein unfolding at the hydrophobic air-

liquid interface presents the main factor leading to aggregation under stirring and shaking. 

 

 

Figure 8: Three-dimensional confocal models of hGH aggregates 

3D Imaris picture of covalently FITC-labeled aggregates formed by stirring (96 h, top) and 

shaking (2 h, bottom) at 300 rpm and 25 °C. 
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4. Conclusions 

Detailed comparison of the accelerated stress conditions “stirring” and “shaking” in a minia-

turized test system revealed that the presence of a dynamically renewed air-liquid interface is 

the major critical parameter of the hGH aggregation rate. When no interface is present (high 

liquid level) or interfacial dynamics is lacking (no agitation), the basis for protein perturbation 

is removed and hGH is therefore stable. A decrease in the interfacial dynamics resulting from 

the use of a size-reduced stirring bar leads to decreased aggregation under stirring stress. Fur-

thermore, deamidation does not accelerate or prevent aggregation of hGH in the analyzed 

time span of several days. Analysis of precipitated protein by CLSM reveals essentially round 

particles that contain partly unfolded hGH exposing a substantial amount of hydrophobic sur-

face, consistent with the notion of (partial) protein unfolding at the air-liquid interface preced-

ing the phase transition. We could also show that there is hardly any accumulation of soluble 

protein aggregates and that larger particles are formed rapidly from the unfolded precursors. 

Controlled shaking and stirring therefore give fully consistent results concerning the overall 

stability of hGH and the main critical parameter leading to aggregation.  
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Table S1: Reynolds number Re and shear rate for the different conditions used 

Method Re
1 Shear rate (s-1)2 

Temperature stress (45 °C), no agitation 0 0 

Temperature stress (45 °C), stirring (N = 5 s-1, di = 

0.025 m) 

3,400 35-85 

Control (room temperature, no agitation) 0 0 

Stirring (N = 5 s-1, di = 0.030 m) 4,800 40-100 

Shaking (N = 5 s-1, H = 0.014 m, Rshaking = 0.025 m, 

Rflask = 0.016 m) 

5,500 903 

Shaking at reduced gas-liquid interface (N = 5 s-1, H = 

0.068 m, Rshaking = 0.025 m, Rflask = 0.016 m) 

5,500 203 

Stirring at reduced gas-liquid interface (N = 5 s-1, di = 

0.030 m) 

4,800 40-100 

1 Reynolds number for stirring was calculated according to literature [1] using equation (1).   

Re = ρ N di²/μ          (1) 

where ρ is density in kg/m³, N is the stirring rate (300 rpm) in s-1, di is stirrer bar diameter in 

m, and µ is the viscosity in Pa s. Density of hGH solution was measured on a DSA 5000 M 

density meter (Anton Paar, Graz Austria). An MCR 300 rotational viscosimeter (Anton Paar) 

equipped with a double-gap cylinder (DG26.7) was used to measure dynamic viscosity. Den-

sity of the hGH solution was 0.996 g/mL, dynamic viscosity was 0.927 mPa s. Analyses were 

performed at 25 °C.  

Reynolds number for shaking was calculated according to [2] using equation (1), whereby d is 

the inner diameter of the shaken flask used, and N is the agitation rate (300 rpm) in s-1. 

 

2 Shear rate (γ) in turbulent regime under stirred conditions was calculated using equation (2), 

where Np is dimensionless power number. To the best of our knowledge, Np for stirrer bars are 
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not available in literature. We approximated Np for the magnetically stirred system used by 

assuming the true Np to lie between a value of 2 (paddle impeller) and 0.35 (marine propeller) 

[1,3].  

γ = (4 Np ρ di²/(π 3³ µ))
1/2 N3/2       (2) 

For shaking, we estimated γ from its general definition in Couette flow, where γ equals the 

ratio of fluid velocity and height, as shown in equation (3), with height being the difference 

between to plates. Velocity was calculated assuming an orbital movement of the shaker with a 

radius (Rshaking) of 2.5 cm. The flask radius (Rflask) was 1.6 cm. The liquid height (H) was 1.4 

cm. Using reduced gas-liquid interface, H had a value of 6.8 cm. The angular velocity was 

calculated according to ω = 2 π N, where N is the agitation rate in s-1. 

γ = ω (Rshaking + Rflask)/H       (3) 

 

3 Shear rates are smaller for systems having larger H, which is the case in our reduced gas-

liquid interface set-up. However, differences in γ are extremely unlikely to be responsible for 

the massive change in protein aggregation resulting from decrease in H from 6.8 cm to 1.4 cm 

(see Figure 3 and text in the main part of the paper).  
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Figure S1: Geometry of the Erlenmeyer flask and the double-walled glass reactors. From 

left to right: 25 ml Erlenmeyer flask with maximum diameter 4.2 cm and height of 7.0 cm 

(area 12.0 cm²), double-walled glass miniature bioreactor with a diameter of 3.2 cm (area 8.04 

cm²), and comparison with the reactor used for reduced air/liquid interfaces completely filled 

(area 1.90 cm², three nozzles). 
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Figure S2: RP-HPLC trace for partially deamidated sample of hGH. Oxidized and 

deamidated variants elute before the native hGH containing Asn149 elutes. Succinimide forms 

of the protein [4,5] (on the route to L-aspartyl-peptide or L-isoaspartyl-peptide) are also de-

tected. The Asp149 peak was further used to calculate protein deamidation rate in Area%/h and 

µM/h. 
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Figure S3: Course of chemical modification of hGH, measured as deamidation of Asn
149

 

during incubation at 45 °C and 25 °C. Time courses for deamidation of Asn149 to Asp149. 

The turbulent stirring on the sequential magnetic stirring plate (MSP) resulted in very high 

deamidation rates. Controlled stirring on a IKA RCT magnetic stirrer led to lower 

deamidation rates. 
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Figure S4: Formation of soluble protein associates during nonnative aggregation of hGH 

under stirred conditions. Total soluble protein was measured by UV absorbance, and solu-

ble aggregates were measured by size exclusion (SEC) HPLC. The SEC-HPLC data reveal 

gradual increase in soluble protein aggregates due to stirring stress. Up to 3% of total protein 

was found in these aggregates. By comparison, the total protein concentration was unchanged 

over 70 h, indicating that only little (within SD of UV measurements) insoluble protein was 

formed. Data presented in main manuscript show that turbidity (visible particles) increased 

over time of incubation.  
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Figure S5: Quantitative distribution of hGH monomer, soluble associates and precipi-

tate for the shaking experiment. The amount of precipitated (insoluble) aggregates was de-

termined using UV measurements (protein loss). For distinguishing between monomeric hGH 

and soluble aggregates we used SEC-HPLC data. The data indicate that the amount of soluble 

aggregates formed was negligible.  
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Figure S6: Size and shape of air bubbles during stirring and shaking 

Panel A: From left to right the air bubbles formed during stirring are shown. Air bubble size 

could influence the size and shape of the aggregates formed, next to other forces [7]. 

Panel B: Size and shape of air bubbles formed during shaking at 300 rpm and 25 °C. 

A 

B 
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Figure S7: Comparison of three-dimensional confocal models of aggregate hGH created by Imaris 7.0 (top: FITC; bottom: ANSA) 

panel A: Size and shape of aggregates formed by stirring for 96 h (300 rpm, 25 °C). No significant difference for FITC (top) and ANSA (bottom) 

labeling could be detected.  

A 
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panel B: Size and shape of aggregates formed by shaking for 2 h, 300 rpm and 25 °C. ANSA-labeled particles appear more flat than FITC-labeled 

particles. Otherwise no difference was found between FITC and ANSA-labeled particles. 

B 
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Figure S8: CLSM analysis with ImageJ software 

Data processing of two-dimensional projections was performed using ImageJ software [7]. 

The particle area range 0.1 - 1 µm² contained 85 ± 10 % and 88 ± 10 % of all particles ana-

lyzed in the sample from stirring and shaking, respectively. 
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ABSTRACT 

In this study a well-defined and comparable set-up was used in order to compare aggregation 

during stirring and bubble aeration. Despite the fact that the shear rate and the air-liquid inter-

face were comparable, bubble aeration led to a ~40 fold increased protein loss due to insolu-

ble aggregation. Upon analysis of aggregation rates at various protein concentrations (0.67 to 

6.7 mg/mL) it was found, opposite to expectation from literature, that protein loss rates were 

constant for bubble aeration (0.5 mg/h or 8.3 µg/min) and stirring (0.014 mg/h or 0.2 µg/min). 

We could further show that the strong foam formation in bubble aeration does not influence 

protein loss significantly. Furthermore we could demonstrate that aggregation rates for aera-

tion and stirring depend on the specific surfaces and show a linear and positive correlation. In 

order to understand the differences between aggregation rates for aeration and stirring we 

show that the absolute amount of present interface (dependent on observation time span) is 

relevant for aeration as well as the surface renewal rates (dynamic air-liquid interface) for 

both methods. The absolute amount of air-liquid interface is much higher for aeration as new 

bubbles are frequently formed.  

The amphiphilic (hydrophobic-hydrophilic; PPG-PEG) block-copolymer Pluronic F-

68 was shown to prevent aggregation at the air-liquid interface due to a protein surfactant in-

teraction. Further experiments with the individual building blocks PPG 2,000 and PEG 2,000 

and 8,000 showed that PPG 2,000 stabilized hGH during stirring, shaking and bubble aera-

tion, whereas PEG 2,000 and 8,000 could not suppress aggregation. For PPG 2,000 we sup-

pose a protein surfactant interaction or competition with hGH for the air-liquid interface. This 

knowledge can be used for the selection or design of stabilizing excipients as well as for de-

sign of production processes. 

Keywords: protein aggregation; adsorption; air-liquid interface; accelerated stress test; foam 

formation; surfactants. 
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1. Introduction 

Apart from medical implication in a number of pathologies [1-4] aggregation influ-

ences the production of proteins and the shelf life of biopharmaceuticals and is therefore of 

concern for biotechnology and pharmaceutical industry [5-14]. However, prediction and con-

trol of protein aggregation is challenging [15-20] and literature shows that general prediction 

of protein long-term stability based on short-term prescreening experiments (elevated temper-

ature, accelerated stress conditions) is difficult to extrapolate [18,20-23]. So a better under-

standing of prescreening experiments and their critical parameters is desired. 

Proteins are amphiphilic, surface active biomolecules which adsorb at several interfac-

es during production and processing [14,24-30]. On a molecular basis mainly the 3D and ter-

tiary structure is changed upon adsorption. At hydrophobic air-liquid interfaces often at least 

partial unfolding and (reversible) denaturation occurs due to interactions between the surface 

and the (buried) hydrophobic protein core [13,14,31]. Additionally the extent of interfacial 

denaturation is further dependent on factors like the decrease in surface free energy, forces at 

the interface, available surface area for adsorption, hydrophobicity and surface properties of 

the protein, number of disulfide bonds as well as the surface pressure against the molecule has 

to expand in order to unfold and the intrinsic protein stability [14,24,31-37]. After desorption 

of the structurally perturbed protein from the interface aggregation can take place in the bulk 

solution [14,38].  

Thinking of air-liquid interfaces probably air bubbles in liquid solutions come first to 

our mind. Bubble aeration was commonly used to study air-liquid interfaces during fermenta-

tion and processing e.g. filling processes [34,39,40]. However not all proteins seem to be 

equally sensitive to air-liquid interfaces like shown in several comparisons [34,41]. During 

bubble aeration the effect of foam formation and surface tension on protein aggregation is 

discussed, suggesting antifoam additives and surfactants for stabilization at the interface [34]. 
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Foam formation during commercial production (fermentation, mixing, ultrafiltration) can lead 

to protein damage and therefore aggregation [42]. Proteins as surface active molecules adsorb 

at the air-liquid interface, decrease the surface tension and stabilize the foam. Additionally 

they might undergo unfolding and surface denaturation at different time scales, influencing 

foaming propensity [24,33,34,42]. A recent study showed that apart from antifoam reagents 

optimum ionic strengths and pH can reduce the damage to the protein during foaming [42].  

In general surfactants are popular excipients as they can be used at very low concen-

trations, prevent or inhibit adsorption of the protein at surfaces as well as aggregation during 

several process conditions e.g. refolding or freeze-thawing through interaction with the pro-

tein and/or protection against the interface [43-47]. Nevertheless, it has been shown that 

nonionic surfactants like Tween (Polysorbates) stabilized proteins during agitation but during 

storage it accelerated aggregation [48] or chemical modification possibly by contaminants 

such as peroxides [47,49-51]. As there is no universal recipe against aggregation so far due to 

complex aggregation mechanisms [52], these information are of importance for formulation 

development.  

In general aggregation is protein concentration dependent [7,8]. For the involvement 

of air-liquid interfaces an inverse relationship between protein concentration and aggregation 

was reported (decreased protein concentration, increased aggregation) [42,48]. Normally, the 

transport of the protein to the interface should be diffusion controlled at least through the 

boundary layer and therefore dependent on the bulk protein concentration [36,53]. However, 

structural rearrangements are more likely if the available surface area is not limited by newly 

arriving proteins [53]. So for agitation studies the ratio of interface-to-protein, which is in-

verse to the protein concentration, seems to be critical and control aggregation. During quies-

cent shelf-life studies a correlation between protein concentration and aggregation is ex-

plained assuming an increased collisional frequency due to higher protein concentrations [48].  
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In our previous work we showed that human growth hormone (hGH), a 22 kDa globu-

lar therapeutic protein [54-56] only tends to aggregate in the presence of a dynamically re-

newed air-liquid interface due to stirring and shaking in accelerated stress prescreening exper-

iments. These experiments should represent conditions leading to instabilities like unfolding, 

denaturation or aggregation during processing steps in a comparable experimental design 

within days [8,34,35,38,57-61]. Here we investigate the aggregation behavior of hGH during 

bubble aeration and stirring. Further the influences of protein concentration and specific air-

liquid surface (m²/m³ = m-1) on aggregation where studied and gave interesting results, which 

allowed us deeper insights into interfacial phenomena. In general nonionic surfactants (Tween 

20, 80 and Pluronic F-68) were shown to have a stabilizing effect on hGH during aggregation 

at or above their critical micelle concentration (cmc) values, as they compete for surfaces or 

interact with the protein for the air-liquid interface. However it was also found that the con-

formational stability (thermodynamic) was decreased [43,62]. In literature the interaction of 

hGH and Tween 20 and 80 [45,46] was investigated and stated to be of a hydrophobic nature 

with little perturbation of the secondary structure. Further an interaction stoichiometry of 9-10 

and 8-9 was found for hGH and Tween 20 and 80, respectively [44]. In this study we tried to 

gain better understanding of the stabilizing effect comparing Pluronic F-68 and its hydropho-

bic (polypropylenglycole – PPG) and hydrophilic (polyethylenglycole – PEG) building 

blocks. 
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2. Experimental section 

2.1 Materials 

A recombinant preparation of hGH produced in E. coli, termed rhGH, was kindly supplied by 

Sandoz GmbH (Kundl, Austria). Unless noted otherwise, all chemicals were bought from Carl 

Roth (Karlsruhe, Germany). Fluorescein 5(6)-isothiocyanate (FITC) and Pluronic F-68 were 

from Sigma Aldrich (Vienna, Austria), 8-anilino-1-naphthalenesulfonic acid ammonium salt 

(ANSA) was from Merck KGaA (Darmstadt, Germany) and Polypropylenglycole 2,000 

(PPG), Polyethylenglycole 2,000 and 8,000 from Fluka (Buchs, Switzerland). SlowFade® 

Gold Antifade Reagent was from Molecular Probes (Eugene, OR, USA).  

2.2 Protein preparation 

Solutions of 10.4 ± 0.6 mg/mL hGH were obtained in 10 mM sodium phosphate buffer pH 

7.0. The protein was stored at – 20°C until further use. Prior to use, the bulk solution was fil-

tered using 0.22 µm PVDF filters from Millipore (Carrigtwohill, Ireland). Unless noted oth-

erwise the protein concentration was adjusted to 3.4 ± 0.3 mg/mL. The concentration was 

measured by absorbance at 280 nm, assuming a molar extinction coefficient of 17,670 M−1 

cm−1 (ExPASy ProtParam [63,64]) and a molecular mass of 22,125 Da.   

2.3 Accelerated Stress Methods – Experimental set-up 

2.3.1 Bubble aeration 

Bubble aeration was carried out with compressed air if not noted otherwise. Therefore we 

used a Stasto Automation pressure regulator (model R-M14-08-R; Innsbruck, Austria) fol-

lowed by a flow gauge in order to adjust constant air flow rate of 3 L/h. The air flow was 

piped into the protein solution with an autoclavable plastic tube LAB/FDA/USP grade VI 

with 4 mm inner diameter (Fig. S1). The liquid filling level was 14 mm. An evaporation of 
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about 10 % over 7 h was observed after using a pre-humidified air supply, but not further con-

sidered for calculations. We used hGH at 6.7 (300 µM), 3.4 (150 µM), 1 (45 µM) and 0.67 

(30 µM) mg/mL with a flow rate of 3 L/h to study the influence of the protein concentration 

on aggregation. 

In experiments at 3.4 mg/mL hGH where compressed air was replaced with N2, all other con-

ditions and set-ups were kept like described above. In several experiments Antifoam polypro-

pylene glycol 2,000 (PPG) was diluted (1:100) and 120 µL of this suspension were added into 

12 mL hGH (0.1 x 10-3 % (v/v)) in a protein to PPG ratio of 3:1 prior to bubble aeration. Over 

time aliquots of 600 µl were taken, cooled and centrifuged at 13,200 rpm for 10 min. After-

wards the samples were used for analysis. Further dilutions of the aggregates samples 1:10, 

1:5, 1:2 and undiluted were kept at 4°C over one week to show the reversibility/irreversibility 

of the aggregation by UV measurements.  

2.3.2 Stirring  

A double walled borosilicate 3.3 glass miniature bioreactors with a diameter of 32 mm (804 

mm²) was used at 25°C with a magnetic stirring bar at 300 rpm [65]. Furthermore a set of 

experiments was carried out using the same concentration range (6.7 to 0.67 mg/mL) of hGH 

as during aeration. 

2.3.3 Specific surface and procedural characterization 

The air-liquid interface as well as the Reynolds number and the shear rate for stirring were 

determined as previously described [65-67]. The calculated interface and the liquid volume 

were used to calculate the specific surface areas. Variation of the specific surface was 

achieved by usage of different fill levels (12, 16, 24, 32, 60 and 55 mL – with reduced inter-

face set-up; see Table S2).  
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Bubble size determination was carried out using a stroboscope and a digital camera. The im-

ages were analyzed using ImageJ Software. The surface at the top liquid level was calculated 

using the diameter (32 mm) of the glassreactor (top area see Table 1 control) [68]. A more 

detailed description is given in the Supporting Information (Table S1). Due to the strong foam 

formation the fill level could not be varied for bubble aeration. So the aeration rates were 

changed (1.5, 2, 3, 4 and 5 L/h; see Table S3).  

2.3.4 Combined stress from aeration and stirring 

Insoluble aggregates from combined experiments of aeration and stirring were analyzed using 

confocal laser scanning microscopy (CLSM). Therefore, 3.4 ± 0.3 mg/mL hGH was first aer-

ated for 7 h and afterwards stirred for 24 h. Over time (2 h, 15 h and 24 h) samples were taken 

and prepared for CLSM analysis. 

2.3.5 Stabilization by usage of surfactants (Pluronic F-68, PPG 2,000, PEG 2,000 and 8,000) 

3.4 ± 0.3 mg/mL hGH (150 µM) were supplemented with 2 mg/mL Pluronic F-68 (240 µM, 

below cmc) [69] in a molar protein to surfactant ratio of 1:1.6 prior to bubble aeration and 

stirring, respectively (24 h). These samples were further used for small angle X-ray scattering 

(SAXS) measurements. Additionally PPG 2,000, PEG 2,000 and PEG 8,000 were used in the 

same molar ratio during stirring, shaking and bubble aeration. 

2.3.6 Surface tension, viscosity and density determination 

Density was determined using a DSA 5000 M density and sound velocity meter from Anton 

Paar (Graz, Austria). For viscosity an Anton Paar MCR 300 (Graz, Austria) rotational 

viscosimeter with a double-gap cylinder (DG26.7) was used for dynamic viscosity. All meas-

urements were carried out in triplicate. 
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Surface tension was determined using an Easydrop FM40MK2 equippment from Krüss 

(Hamburg, Germany) with 3 measurements each. 

2.4 Analytical methods 

2.4.1 Turbidimetric analysis 

For turbidity measurements wavelength scans were carried out at 25°C using a Beckmann DU 

800 spectrophotometer and the spectra were analyzed at 400 nm [43,70,71]. The instrument 

was calibrated against formazin reference suspensions [72].  

2.4.2 SEC-HPLC  

Analyses were carried out like previously described [65] using a Merck-Hitachi LaChrome 

LC system equipped with a L-7250 autosampler and a L-7400 UV detector. All samples were 

centrifuged prior to analysis at 13,200 rpm for 10 min.  

2.4.3 Fluorescence measurements 

Measurements were done on a software-driven Hitachi F-4500 fluorescence spectrophotome-

ter (Tokyo, Japan). Measurements were carried out within 24 hours after sampling. Intrinsic 

tryptophan fluorescence was recorded at 25°C, using an excitation wavelength of 295 nm. 

Emission spectra were obtained in the range 300 – 500 nm. Slit widths of 5 nm were used. 

The centrifuged samples were diluted to a concentration of 0.5 mg/mL. The native protein 

shows maximum emission at 333 to 335 nm, while for unfolded hGH, this value is at around 

350 nm [56,73].  

2.4.4 Confocal laser scanning microscopy (CLSM) 

Visualization of the precipitated hGH by CLSM with FITC and ANSA was performed as de-

scribed [65]. CLSM images were acquired with a Leica TCS SPE confocal system (Leica Mi-

crosystems, Mannheim, Germany) equipped with solid state and UV lasers. Three-
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dimensional confocal models were created with the software IMARIS 7.0 (Bitplane, Zurich, 

Switzerland).  

2.4.5 Far-UV Circular Dichroism (CD) measurements 

hGH samples with Pluronic F-68 were stressed over 24 h (stirring, aeration, shaking) and 

prepared by diluting the protein samples to 0.5 mg/ml with sodium phosphate buffer pH 7.0 

for CD measurements. Measurements were carried out like previously described [71], howev-

er a 0.2 mm quartz cuvette was used at 25°C and Spectra were recorded between 190 and 260 

nm. The spectra were processed using CD tool software [74] and the secondary structure con-

tents were estimated using the CDSSTR program (set 4) on the online server DICHROWEB 

[75].  

2.4.6 SAXS measurements 

SAXS curves were measured with a SWAXS camera system (System 3, Hecus X-ray Sys-

tems, Graz, Austria) mounted on a sealed X-ray tube generator from Seifert (Ahrensburg, 

Germany) at 20°C as reported recently [71]. The exposure time was 1 h. SAXS patterns were 

recorded in a q-range between 0.19 nm-1 and 3.0 nm-1, where q = 4p sin(q/l) is the scattering 

vector, 2q the scattering angle and l = 0.154 nm the wavelength of the X-ray beam. The data 

were buffer background corrected, normalized to intensity and corrected for slit collimation 

geometry. The processed data were subsequently analyzed with the program package ATSAS 

2.3. Indirect Fourier transformation was performed with the programs PRIMUS [76] and 

GNOM [77] and the theoretical scattering curve for hGH in aqueous solution was derived 

from the crystal structure (PDB-code: 3HHR) using the program CRYSOL [78]. 
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3. Results and discussion  

3.1 Bubble aeration and stirring 

All experiments were carried out in the miniature glass bioreactors (Methods, Fig. S1). Com-

pared to our control sample (25°C, 0 rpm), which led to no observable aggregation, bubble 

aeration resulted in turbid samples where soluble hGH undergoes phase transitions to insolu-

ble aggregates. Following protein loss over time (UV measurements) we found that the for-

mation of insoluble aggregates was 40-fold faster for bubble aeration than during stirring (Fig. 

1). According to our characterization summarized in Table 1 (see also Table S1 and Fig. S2), 

these differences cannot be simply explained by shear rates and static air-liquid interfaces. So 

a detailed analysis of bubble aeration and the formed aggregates was carried out to identify 

the trigger for aggregation.  

 

Fig. 1: Time course protein concentration in the supernatant during aggregation 

Comparison of the protein loss and phase transition to insoluble aggregates for stirring (open 

cirlces) and bubble aeration (black circles) for hGH. The protein concentration was deter-

mined in the centrifuged supernatant. 
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 Analysis of the aerated samples (supernatant plus precipitate) using PAGE showed 

that also bubble aeration results in non-covalent insoluble high molecular weight aggregates, 

which vanish after treatment with SDS in the absence of reducing agents like recently report-

ed for stirring and shaking [65] (data not shown). As previously found for other stress meth-

ods no stable and soluble associates were detected (PAGE; SEC-HPLC data not shown). Ag-

gregation was found to be irreversible upon dilution and temperature change (4°C) monitored 

over one week (UV protein determination).  

 Additionally, centrifuged samples (supernatant) analyzed with intrinsic and ANSA 

fluorescence measurements as well as PAGE and SEC-HPLC analysis showed no significant 

structural perturbations or increased amounts of soluble aggregates. These results are similar 

to previous results for shaking and stirring [65]. 

 

Fig. 2: Turbidity (transmission) during accelerated stress conditions for hGH normal-

ized to the overall aggregation time. 

Time points for equal aggregation level are marked (open circle) for stirring and bubble aera-

tion.  
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 Interesting results were found measuring the turbidity of the samples. Although turbid-

ity measurements cannot give results regarding size, shape and number of particles formed 

[70], a clear difference to stirred samples could be detected. Whereas stirring led to a dramatic 

increase in turbidity early on, bubble aeration shows only slight increasing turbidity even at 

the same amount of protein loss (Fig. 2, open black circle). In Fig. 2 the results are shown as 

changes in transmission. Measurements were carried out using wavelength scans (250 to 660 

nm) and additionally after centrifugation the samples became clear and so we exclude other 

effects or artifacts. Based on these findings and visual inspection we state the formation of 

larger particles during bubble aeration compared to stirring.  

For CLSM analysis of bubble aeration labeling of the protein was done with FITC and 

ANSA as previously described [65]. Several pictures were acquired for ImageJ particle analy-

sis in an area of 275 x 275 µm, using different dilutions of the labeled protein suspension. 

Although we used dried samples and the effective hydrodynamic radius is underestimated, we 

can clearly detect differences regarding size and shape of the particles (Fig. S3). In a qualita-

tive comparison of stirring and aeration we found that extremely large particles are formed 

during bubble aeration. This effect was already observed during turbidity/transmission meas-

urements. There are several possible explanations for the size and shape of the aerated aggre-

gates. First of all strong foam formation is observed and so these large aggregates could be 

related to that and the large size of the air bubbles. Furthermore the aerated solution is less 

turbulent (Table 1) as a stirred solution and therefore these large complexes could be stable, 

whereas they are possibly destroyed during stirring. This will be further discussed later when 

aeration and stirring are combined. Altogether the use of FITC and ANSA labeled samples 

gave consistent results, and again mainly aggregates showing high affinity to hydrophobic 

dyes are found. The shape and size indicate amorphous aggregates [79]. We conclude that 

(partial) unfolding (ANSA binding) is an essential step in the aggregation of hGH induced by 

accelerated stress conditions.  
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Table 1: Accelerated stress conditions used to examine aggregation of hGH.  

Stress type 
Volume 

(x 10-6 m³) 

Air-liquid  

interface 

(x 10-6 m²) 

Re num-

ber[a] 

Shear rate[a] 

(s-1) 

 

hGH aggregation 

Control 11.4 800 0 0 None 

Stirring 

(300 rpm) 
11.4 1,090 ± 40 [b] 4,800 40-100 [a] 

Precipitation, 

turbidity formation 

Aeration  

(3 L/h) 
11.4 

960 ± 10 [c] 

156 ± 9 [d]  720 100 
Precipitation, tur-

bidity formation 
46,000 ± 3,000[e] 

[a] The Supporting Information shows determination of Re numbers and shear rates [65,66] for 

the different conditions used (Table S1 and S2). 

[b] The surface area was calculated assuming a paraboloid of revolution; see the Supporting In-

formation under Table S1.  

[c] Static “average” air-liquid interface: bubble surface area x frequency x life time + top liquid 

level surface  

[d] Static “average” air-liquid interface: only bubble area x frequency x life time 

[e] absolute (dynamic) air-liquid surface for 1 min: bubble area x frequency (min-1) x observation 

time span (min) = 42 ± 3 fold increased compared to stirring. 

 

 

As bubble aeration went along with massive foam formation we investigated this ef-

fect in more detail. As proteins are amphiphilic polymers they decrease the surface tension 

and can stabilize foams against coalescence very effectively [33,42]. In literature [34] strong 

foam formation was previously reported as cause for aggregation, as most aggregates were 

found within. So the usage of antifoam reagents was suggested for prevention of aggregation. 

In our study we used the polymer PPG 2,000 to suppress the foam formation but our results 

showed that aggregation was not prevented if no foam is formed. PPG 2,000 reduces the sur-

face tension more (44.4 ± 0.3 mN/m) than buffer (71.2 mN/m) and the protein solution (56.5 
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± 0.4 mN/m) alone (Table S1). Therefore we assume that the proteins and PPG 2,000 compete 

for adsorption at the air-liquid interface and influence foam formation. Whereas during foam 

formation the air bubbles do not burst on the surface (Fig. S4) they do in the presence of anti-

foam. As the time course for both experiments is similar within experimental errors and even 

the aggregates look comparable (Fig. S5) we conclude that foam formation is not a critical 

parameter during aggregation. Further the bursting of the bubbles does not seem to influence 

aggregation of hGH as previously shown for pepsin, bovine serum albumin and human im-

munoglobulin G as the released energy is dissipated at a larger length scale compared to a 

protein molecule [40]. Bubble aeration experiments using N2 instead of compressed air were 

performed to check if the nature of the gas is of importance. Regarding aggregation propensi-

ty we could not detect a significant difference (Fig. 3) 

 

 

Fig. 3: Influences on bubble aeration. 

Bubble aeration was performed with compressed air and the influence of foam formation was 

studied using PPG 2,000. The comparison of aeration with compressed air and nitrogen gave 

no significant difference. 

.  
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3.2 Combined stress from aeration and stirring 

By monitoring the shape and size changes of aggregates formed during aeration if stirred for 

24 h, we found that stirring prevents the formation of large and complex structures (Fig. S6). 

A similar behavior was also found for polystyrene latex particles in literature [80]. From this 

we conclude that the difference in the size and shape of the aggregates does not necessarily 

imply a different aggregation mechanism.  

3.3 Static and dynamic air-liquid interfaces  

New insights into the processes at the air-liquid interface were gained, when the concentration 

of hGH was varied from 6.7 (300 µM) to 0.67 mg/mL (30 µM) (Table S1 and Fig. 4). As dis-

cussed in the introduction we would expect a dependency of the aggregation rate on the pro-

tein concentration [36,48,53]. In order to compare the data more easily we used the relative 

protein concentration and relative protein loss due to aggregation. So we observed that with 

higher protein concentration less aggregation was detected. Having a look on the absolute 

amount of protein lost per hour, however we found that for all four conditions approximately 

0.014 ± 0.002 mg/h (0.20 ± 0.03 µg/min) hGH precipitated during stirring independent of the 

initial protein concentration. For bubble aeration a rate of 0.50 ± 0.03 mg/h (8.3 µg/min ± 0.5 

µg/min) was determined (~ 40-fold increase). As the denaturability of the protein should not 

be changed our results indicate a scenario where reversible associates are formed which pro-

tect hGH at higher protein concentrations. The formation of reversible associates was recently 

investigated in NMR measurements for hGH [81]. So independent of the protein concentra-

tion only a certain amount (proteins in outer spheres), probably also limited by the available 

effective surface, can unfold and aggregate, although with increased protein concentration we 

would expect more partners for aggregation. This is contrary to reported results for pegylated 

megakaryocyte growth and development factor (PEG-MGDF), granulocyte colony-

stimulating factor (PEG-GCSF) and osteoprotegerin protein fused with the sequence from the 
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Fc portion from an immunoglobulin OPG-Fc [48]. The authors state an inverse relationship of 

protein concentration and aggregation at air-liquid interfaces. 

 

Fig. 4: hGH concentration versus surface tension. 

In our experiments hGH solutions with constant surface tension were used (> 30µM). 

 

The ~40-fold increased aggregation rate during aeration is generally difficult to under-

stand, if we compare the available (static) air liquid interfaces. According to Table 1 a perma-

nent static “average” air-liquid interface of 1,090 x 10-6 m² is present during stirring. For aera-

tion a similar static air-liquid interface was calculated for the bubble aeration (bubble area x 

frequency x average lifetime) and the top liquid surface (960 ± 10 x 10-6 m²). However, if we 

use the absolute available surface area by taking the area of one bubble times the formation 

frequency for e.g. a 1 min time span (Table 1), the difference in available surface is about 

~40-fold like the detected aggregation rate ratio. Further this would mean that the air-liquid 

surface is either not additionally renewed during stirring and bubble rising or with an equal 

rate. Further calculations carried out for 1 h of bubble aeration (bubble aera x frequency h-1 x 

h) indicate that the air-liquid surface during stirring has to be renewed ~70-fold per hour (1.2 
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min-1) to maintain this 40-fold detected difference in the aggregation rates. Here we have to 

note, that higher surface renewal rates during stirring could be compensated through surface 

renewal of the rising bubble. Additionally, the air-liquid interface on top (liquid level = 800 x 

10-6 m²) was neglected during bubble aeration because the air bubble surface seems to be the 

dominant interface due to its high formation frequency (see control, Table 1 and Fig. S1). 

Further we lack aggregation in our unstressed control experiment (25°C 0 rpm, liquid level = 

800 x 10-6 m²). Due to the rather low Reynolds number we assume that diffusion and convec-

tion to the top air-liquid interface is rather slow compared to the interaction with the bubbles. 

We also assume that the different curvatures of the surfaces (stirring and bubble aeration) do 

not have an influence on a microscopic level. Therefore we designed further experiments 

where the specific surface was varied for stirring and bubble aeration, which are discussed 

later. 

3.4 Influence of the specific surface 

As a constant amount of protein precipitates during stirring and bubble aeration respectively, 

the air-liquid interface was further investigated (Table S2 and S3). During our control exper-

iments with a flat air-liquid interface no protein aggregation was observed over 10 days. 

Transport to the interface might happen only by diffusion and from a hydrodynamic radius of 

~ 3 nm and the Stokes-Einstein equation a diffusion coefficient at 25°C of 10-10 m²/s was as-

sumed. This might explain why we do not detect aggregation at the air-liquid interface over 

10 days. During stirring, shaking or bubble aeration the transport to and fro the interface is 

accelerated by convection and mixing which increases the amount of absorbable protein. A 

variation in the specific surface (m²/m³ = m-1) led to a change in the aggregation rate. The 

overall trend indicated that with decreased specific surface aggregation decreased (Fig. 5). For 

stirring (after an initial lag phase of about ~ 20 h) we determined a rate of 0.0026 ± 0.0008  

µg/(min x m-1). For aeration we used the findings presented in 3.3 and calculated a dynamic 
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air-liquid interface for the time span of 1 min. So a rate of 0.0046 ± 0.0005 µg/(min x m-1) is 

obtained (~2-fold increased compared to stirring).  

 

 

Fig. 5: Dependency of aggregation rates on the specific surface for stirring and bubble 

aeration. For bubble aeration the specific surface was calculated by the bubble surface x for-

mation frequency for an observation time span of 1 min (Talbe 1 and Table S3). Values for 

stirring were derived from the static specific surface (Table 1 and Table S2).  

 

 

As this is only twice the number we obtained during protein concentration variations, this 

could be explained by the fact that about twice as many bubbles per second are formed if the 

aeration rate is increasing from 1.5 to 5 L/h. With the aeration rate also the shear rate is in-

creased (Table S3) but as the differences are little and as shear does not seem to be a predom-

inant force in aggregation, this fact was neglected. Further we assume an increase in mixing 

during aeration rate variations whereas the surface generation during stirring is probably 

slowed down with increasing distance (volume) from the stirrer. For stirring the overall air-
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liquid interface is not changed drastically even if the volume is increased. In general we could 

show that the air-liquid interface is a critical parameter for aggregation in accelerated stress 

conditions like stirring and aeration. As a static average air-liquid interface does not explain 

our findings, dynamics at the interface and surface renewal cannot be neglected. A linear and 

positive correlation between aggregation rates and specific surface (m²/m³) can be further 

used for stabilization strategies like design of production vessels or storage vials. We assume 

that stirring and bubble aeration can be compared regarding aggregation and the critical pa-

rameters. This can be further used for generalized stabilization strategies. As the air-liquid 

interface is of a hydrophobic nature [35] and our aggregates bind a hydrophobic fluorescence 

dye we further investigated possible excipients (amphiphilic, hydrophilic, hydrophobic) for 

stabilization. 

3.5 Stabilization by usage of surfactants (Pluronic F-68, PPG 2,000, PEG 2,000, PEG 8,000) 

In our study we could show that hGH is stabilized by the surfactant Pluronic F-68 used at 

concentrations below its cmc [69] for at least 24 h independent whether shaking, stirring or 

bubble aeration were applied. During this time period no significant protein loss or turbidity 

was detected (data not shown). However, SAXS measurements showed only a slight change 

in scattering curves (Fig. 6) and the pair-distribution function shows a more elongated sample 

(Fig. 7) indicating some interaction between hGH and Pluronic F-68. Therefore we assume an 

interaction between hGH and Pluronic F-68 and so only buffer was subtracted in the follow-

ing measurements. Furthermore analysis of the protein structure in the presence of Pluronic F-

68 supports a theory where hGH is preserved in its native structure. In a Kratky plot (Fig. S7) 

no unfolding not even partially is detected [82]. Results from SAXS measurements are sum-

marized in Table S4.  
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Fig. 6: Scattering curves (log I vs. q) for hGH and hGH + Pluronic F-68 (PF-68). The 

curves were shifted by the value of 2 from measurement to measurement for better visualiza-

tion. (PF-68) Pluronic F-68 in 10 mM NaPP pH 7.0 and (NaPP) 10 mM NaPP buffer pH 7.0 

subtracted as background; (A) aeration 3 L/h; (St) stirring 300 rpm; (S) shaking 300 rpm. 

 

 

Fig. 7: Pair-distribution functions for hGH and hGH + Pluronic F-68. A theoretical pair-

distribution function (crystal structure) is compared with hGH in solution and in the presence 

of Pluronic F-68 (PF-68). 
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CD measurements show that the secondary structure is unchanged (Table 2 and Fig. S8). This 

is interesting as reports in literature show that Pluronic F-68 can also stabilize unfolded pro-

teins in solution [45,83], which is not the case in our experiments.  

 

Table 2: Secondary structure of hGH in the presence of polymers (CDSSTR analysis, 

Set 4). 

Sample α-helix β-sheet turns unordered 

hGH 0.70 0.02 0.08 0.19 

+ Pluronic F-68 0.71 0.02 0.12 0.16 

+ PPG 2,000 0.70 0.03 0.06 0.20 

+ PEG 8,000 0.72 0.03 0.06 0.18 

+ PEG 2,000 0.75 0.02 0.05 0.18 

 

 

Pluronic F-68 reduced the surface tension less than PPG 2,000 (Table 3), however prevented 

aggregation in a close to 1:1 protein to surfactant ratio compared to reported higher values for 

Tween 20 and 80 [44,46]. Comparing Pluronic F-68 and Tween variants the first reveals a 

higher hydrophile-lipophile balance (HLB) number (Table S5) and should be therefore more 

hydrophilic. A close look at the structures reveals that Pluronics consists of two hydrophilic 

polyoxyethlylene (PEO, PEG) and one central, hydrophobic polyoxyproyplene (PO, PPG) 

segments, whereas Tween 20 and 80 mainly consist of PEOs and one hydrophobic tail (Figure 

S9). So hGH could be rescued by the large hydrophobic segment of Pluronic F-68 interacting 

with the hydrophobic air-liquid interface. This is further supported by our results showing that 

hGH is also stabilized by about equimolar PPG 2,000 (240 µM) as summarized in Table 3.  
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Table 3: Surface tension, foam formation and aggregation of hGH in the presence of 

different polymers (~ equimolar). 

Sample σ (mN/m) Foam formation Aggregation 
Relative aggrega-

tion rate[a] 

hGH 56.5 ± 0.4 Yes Yes 1 

+ Pluronic F-68 49.6 ± 0.2 No No 0 

+ PPG 2,000[b]  44.4 ± 0.3 No Yes 1 

+ PPG 2,000 39.2 ± 0.1 No No 0 

+ PEG 8,000 60.0 ± 0.8 Yes Yes 0.25[c] 

1[d] 

+ PEG 2,000 59.2 ± 0.5 Yes Yes 1 

[a] relative to rates for hGH without additives (stirring 0.014 mg/h; aeration 0.3 mg/h) 

[b] 0.1 x 10-3 % (v/v) PPG 2,000 a protein to polymer ratio of 3:1. 

[c] Comparison hGH pH 7.0 and hGH + PEG 8,000 stirring, shaking 

[d] Comparison hGH pH 7.0 and hGH + PEG 8,000 aeration 

 

 

PEG 2,000 and PEG 8,000 do not prevent foaming (bubble aeration) and aggregation (shak-

ing, stirring, bubble aeration) of hGH. Similar effects were seen upon heat denaturation in the 

presence of Pluronic F-68 and PEG 8,000 [83]. However, PEG 8,000 reduced aggregation 

rates during stirring and shaking about 4-fold. For bubble aeration it was found that although 

the solution remains rather clear all the protein is lost into foam denaturation in the same rate 

as for hGH alone. For PEG it was shown in several studies that this cosolute stabilizes the 

proteins via preferential exclusion from the protein surface [83-86] or by stated binding to the 

protein by hydrophobic and hydrophilic interactions [87-89]. However, PEG 2,000 and 8,000 

were not able to stabilize hGH against aggregation at the concentrations we used. Decreased 
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aggregation of hGH during stirring and shaking (not aeration) in the presence of PEG 8,000 

could be related to stabilizing preferential exclusion effects [85,86]. More likely PEG 8,000 

could influence the dynamics at the air-liquid interface and the adsorption at the interface 

(surface tension increased) as only stirring and shaking are affected, as during aeration con-

stantly a new interface is created. Contrary to PEG Pluronic F-68 obtains also hydrophobic 

segments. These are believed to interact with solvent exposed hydrophobic side chains of 

structurally perturbed proteins and release the protein in its native and fully hydrated confor-

mation [83]. For PPG 2,000 a similar mechanism as for Pluronic F-68 might be possible as 

well as surface tension values (Table 3) might also indicate competition for available surface 

between hGH and PPG 2,000 at the interface. This is further supported by the drastic decrease 

of the surface tension in the presence of PPG 2,000. In general all tested stress conditions 

gave comparable results for critical parameters and detectable stabilizing effects and are 

therefore comparable.  
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4. Conclusion 

In our defined experimental test-system we could show that in spite of application of similar 

overall stress parameters (shear rate, air-liquid interface) differences in the aggregation rates 

of stirring and bubble aeration were found (~ 40-fold). Our results can be explained if we con-

sider a dynamically renewed (increased) interface for bubble aeration instead of a strictly stat-

ic one. A positive and linear correlation between the aggregation rate and specific surface 

(m²/m³ = m-1) was found for both stress conditions and also the different rates can be ex-

plained (static and dynamic air-liquid interface areas). As differences in the aggregation rates 

can be correlated to the air-liquid interface itself in our set-up, we assume similar events initi-

ating aggregation independent of the stress method. Therefore also general stabilization strat-

egies for our different stress conditions should be possible like reducing the specific surface 

of the production vessels and storage vials.  

As a second general stabilization strategy we investigated aggregation of hGH in the 

presence of about equimolar concentrations of the amphiphilic surfactant Pluronic F-68 and 

its individual building blocks PPG 2,000 (hydrophobic) and PEG 2,000 and 8,000 (hydro-

philic). Stabilizing cosolutes (Pluronic F-68 and PPG 2,000) at the air-liquid interface de-

creased the surface tension and exposed hydrophobic segments in order to 1) interact prefer-

entially with the hydrophobic air-liquid interface or 2) hydrophobic protein intermediates 

states. Again our accelerated stress conditions deliver comparable conclusions for stabiliza-

tion strategies and do not intrinsically affect the results. 
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Figure S1: Geometry of the double-walled glass reactors. From left to right: Set-up for 

bubble aeration and for stirring. Bottom row: Set-up during the accelerated stress conditions 

bubble aeration and stirring. 
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Figure S2: Bubble formation and rising during aeration. These pictures were used for the 

calculation of the bubble surface [1]. 



99 

  

  
Figure S3: Characterization of the surface properties of aerated hGH aggregates (Imaris 7.0 - left: FITC - green; right: ANSA - blue) 

Image of the size and shape of aggregates formed by bubble aeration for 7 h (3 L/h, 25 °C). No significant difference in binding to the surface could 

be detected for both dyes. Therefore we conclude that the surface exposes hydrophobic domains of hGH, probably due to unfolding.
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Figure S4: The role of foam formation in aggregation during bubble aeration.  

(top): from left to right: foam formation during aeration.  

(bottom): bubble aeration in the presence of PPG 2,000 (left) and Pluronic F-68 (right). 

In the picture it can be clearly seen that caviation does not seem to take place if foam is 

formed. Upon addition of PPG 2,000 (antifoam) and Pluronic F-68 foam formation is sup-

pressed and bursting of the bubbles occurs on the surface. As the aggregation rate is not 

changed with PPG 2,000, we conclude that these bursts are not the main reason for aggrega-

tion. Pluronic F-68 protects the protein against aggregation.  
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Figure S5: Size and shape of aggregates formed during bubble aeration.  

(top): Aggregates shape and size upon bubble aeration with compressed air; (bottom): Aggre-

gation in the presence of PPG 2,000 (antifoam) in a protein to PPG ratio of 3 to 1. 
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Figure S6: Influence of stirring on particle 

size and shape. Aggregates formed by bub-

ble aeration for 7 h (top left), were stirred 

over for 2 h, 15 h and 24 h (top right to mid-

dle right). The analyzed pictures clearly 

show that the large and complex structures 

are destroyed and smaller particles are found 

like in stirring (bottom left: stirring 96 h). 
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Figure S7: Scattering curves and Kratky plot for hGH + Pluronic F-68. Kratky plot for 

hGH and Pluronic F-68 show that the protein still possesses its native folded structure in the 

presence of Pluronic F-68 and after 20h stress [5]. (PF-68) Pluronic F-68; (A) aeration 3 L/h; 

(St) stirring 300 rpm; (S) shaking 300 rpm. 

  



  104 

 

Figure S8: Circular dichroism (CD) spectra of hGH and in the presence of polymers and 

surfactants.  
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Figure S9: Chemical structures of common surfactants and building blocks 
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Table S1: Fluid characterization of the hGH test solutions 

Sample Re Mo (x 10-11) Eo σ (mN/m)* γ (s-1) 

6.7 mg/mL hGH 686 5.6 1.41 57.5 ± 0.5 102 

3.4 mg/mL 720 4.8 1.46 56.5 ± 0.4 105 

1.0 mg/mL 706 4.6 1.39 58.8 ± 1.0 104 

3.4 mg/mL + PPG 2,000 732 9.3 1.83 44.4 ± 0.3 106 

3.4 mg/mL + Pluronic F-

68 
712 7.4 1.64 49.6 ± 0.2 104 

* surface tension of 10 mM NaPP pH 7.0 was 71.2 ± 0.1 mN/m 

 

Density of the hGH solution was 0.996 g/mL, the dynamic viscosity was 0.927 mPa s and 

surface tension was 56.5 mN/m. All analyses were performed at 25 °C.  

Photographs taken of the bubble aeration were processed regarding bubble dimension using 

ImageJ [1]. The velocities were measured from digital photographic videos. All images and 

videos were recorded in a parallel plane to the bubble rising direction. According to Eötvös 

and Morton number a shape regime between wobbling and ellipsoidal regime is prevalent [2]. 

Although the air bubbles look rather ellipsoidal, over time a wobbling is detected in the pho-

tographs (Fig. S2). The characteristic numbers for all bubble aeration experiments are summa-

rized in Table S1. 

The shear rate was determined according to literature [3]. The flow index for a Newtonian 

fluid is 1. Further the consistency index K is equal to the viscosity in our set-up [4]. The su-

perficial gas velocity is defined as the volumetric gas flow rate divided by the cross sectional 

area of our glass bioreactor (800 x 10-6 m²). Local shear rates e.g. bursting of the bubbles 

where not taken into account here. But as shown in Fig. S2 and S4 bursting of the bubbles at 

the air-liquid interface seems to occur only in the presence of antifoam or surfactants. The 

decrease in surface tension after adding protein or antifoam or surfactant indicates accumula-

tion at the air-liquid interface. 
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The air bubbles were slightly elliptically shaped and had a mean diameter of 6.7 mm (charac-

teristic length), corresponding to the projected area of an equivalent sphere. Single bubbles 

raised from the pipe with an average characteristic flow velocity of 0.10 m/s and for 3 L/h e.g. 

a frequency of 4.4 s-1 without causing a visible wake. These numbers were calculated analyz-

ing videos frame by frame. 

The characteristic numbers are equal for all conditions analyzed and we could find no differ-

ence in the calculated shear rate either, although the aggregation rates are quite different. 
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Table S2: Fill levels and specific surfaces for stirring experiments 

Fill level  

(x 10
-6

 m³)* 

γ (s
-1

)** 

Air-liquid interface  

(x 10
-6

 m²)*** 

Specific surface 

(m²/m³) 

12 40 – 100 1,090 ± 30 96 ± 2 

16 40 – 100 1,020 ± 40 66 ± 3 

24 40 – 100 910 ± 40 39 ± 2 

36 40 – 100 940 ± 40 27 ± 1 

60 40 – 100 865 ± 20 15 ± 1 

55 40 - 100 190 3 ± 2 

* For the specific surface the fill levels were used for calculations. We have to note that 0.6 mL 

was subtracted for sampling at 0 h.  

** To the best of our knowledge, Np values for stirrer bars are not available in literature. We 

assumed the power number of the magnetic stirring bar to be between the most common stirrer 

types (paddle impeller = 2; marine propeller = 0.35) [3,4].  

*** The air-liquid interface was calculated assuming a paraboloid of revolution. Therefore the 

height was measured. 
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Table S3: Summary of the characterization of different aeration rates 

Aeration 

rate (L/h) 

γ (s
-1

) 

Air-liquid interface  

(x 10
-6

 m²)* 

Specific surface (bubble)* 

(m²/m³) 

1.5 74 27,400 ± 300 2,410 ± 30 

2 86 28,900 ± 900 2,530 ± 80 

3 105 47,000 ± 2,000 4,100 ± 100 

4 121 54,000 ± 2,000 4,700 ± 200 

5 135 64,000 ± 2,000 5,600 ± 200 

* 800 x 10-6 m² (surface bioreactor) + surface of the air bubbles (average value over time) 

** only surface of the bubbles (average value over time) 

 

For the determination of the air-liquid interface and the specific surface the dimensions of the 

aeration bubble and its frequency were derived from digital photographs and videos. From the 

dimensions of the air bubble a mean characteristic diameter was derived to calculate the vol-

ume and the surface of an assumed sphere. The volume times the frequency should approxi-

mately correlate with the set aeration rate, otherwise a correction factor was determined. 

Based on these assumptions a surface per bubble of 1.4 ± 0.1 x 10-4 m² was determined and 

multiplied with the frequency (min-1) for a defined observation time span of 1 min. The sur-

face was divided by the liquid volume (11.4 x 10-6 m³) to give values for the specific surface. 

As the differences in the shear rates are little and as shear does not seem to be a predominant 

force in aggregation, this fact was neglected. 
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Table S4: Comparison of radius of gyration (Rg) and Dmax of hGH and in the presence of 

Pluronic F-68.  

Sample Rg (nm) Dmax (nm) 

hGH-crystal structure 1.85 6.0 

hGH 1.9 6.0 

hGH + PF-68[a]  1.9 8.0 

[a] PF-68 = Pluronic F-68; The buffer scattering curve of 10 mM NaPP pH 7.0 was subtracted from 

hGH + Pluronic F-68 as background. 
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Table S5: HLB values and MW of different surfactants and building blocks 

Excipient HLB* σ (mN/m) MW (g/mol) 

PEG-PPG-PEG, Pluronic F-

68 
       29**  8,400 

PPG 2,000  38.4 ± 0.3 2,000 

Tween 20 (PEG subunits)        16.7*  1,228 

Tween 80        15*  1,310 

PEG 8,000   60.9 ± 0.2 8,000* 

PEG 2,000  61.6 ± 0.8 
1,900 – 

2,200* 

* derived from Sigma-Aldrich Homepage 

** according to literature [6] 

 

The hydrophile-lipophile balance (HLB) numbers are calculated for nonionic surfactants and 

are between 0-20. HLB numbers >10 have an affinity for water (hydrophilic) and number <10 

have an affinity of oil (lipophilic).  
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ABSTRACT 

The unglycosylated form of the human growth hormone (Somatotropin; hGH) was previously 

shown to become strongly destabilized upon contact with air-liquid interfaces present during 

agitation and aeration. The consequent nonnative aggregation proceeded through phase transi-

tion into an amorphous precipitate, but did not accumulate soluble protein aggregates. We 

show here that chaotropic agents (urea, guanidine hydrochloride) at concentrations far below 

denaturation midpoint promote gradual resolubilization of the hGH precipitate by a processive 

“disaggregation” process, in which besides the native monomer soluble hGH aggregates are 

now released in large amount (up to 80% of total solubilized protein). Spectroscopic protein 

characterization using far-UV circular dichroism and fluorescence of the single tryptophan 

residue (Trp-86) in hGH reveals a pronounced native-like appearance of the resolubilized 

protein at different levels of structure, clearly indicating that the overall disaggregation has 

comprised protein refolding events. The soluble hGH aggregates resist dissociation into mon-

omers upon dialysis to buffer lacking chaotropic agent. To form the hGH monomer exclusive-

ly, the precipitate needs to be completely unfolded in 6 M guanidine hydrochloride prior to 

renaturation. The results emphasize that both native-like and nonnative types of aggregation 

impact on hGH stability; and that native hGH could be recovered from insoluble aggregate 

formed in agitated/aerated unit operations of the protein production process.  

Keywords: Native-like and nonnative aggregation; somatotropin; air-liquid interface; protein 

denaturation; refolding; folding intermediates. 
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Introduction 

Protein stability and shelf life is in general limited due to chemical or physical instabilities 

like deamidation, oxidation, aggregation and precipitation [1-5]. With the progress in recom-

binant DNA technology more and more therapeutic proteins are available for production in 

large amounts. However, aggregation is now also encountered due to folding and misfolding 

(inclusion body formation) during production and processing [3,4,6-14]. Formation of visible 

particles or (soluble) aggregates influences the shelf life of biopharmaceuticals [15], as ad-

ministration of protein aggregates can lead to reduced bioactivity and enhance immune reac-

tions [3,16]. This affects the quality of formulations regarding requirements for biopharma-

ceuticals and so improved control of the degree of aggregation is required [17]. Since so far 

no universal cure against aggregation is known a deeper insight into its numerous mechanisms 

would be desired in order to undertake counter measures [18]. For analysis and understanding 

of protein aggregation several definitions are of great importance: Protein association is often 

described as a reversible process, where two or more native protein molecules associate and 

often lead to reversible precipitation [3]. Aggregation is considered to be mainly irreversible 

if no drastic changes in the solvent environment are performed. The interacting proteins can 

be partially unfolded or even denatured [3,18]. Denaturation is often referred to as the altera-

tion of the global protein fold (3D structure) leading to a loss of tertiary and/or secondary 

structure [1,2,17]. In this work we refer to nonnative aggregation if initially native proteins 

(folded) form aggregates containing nonnative protein structure [6].  

 The single chain protein human growth hormone (hGH, Somatropin, UniProt P01241) 

consists of 191 amino acids (22.1 kDa) and exposes a 4-helical cytokine fold. Its physiologi-

cal role involves the regulation of many metabolic and physiological processes like the stimu-

lation of cell growth. Therefore, hGH is mainly used to treat growth hormone deficiency and 

dwarfism [19-21]. The abundance of studies on hGH make it an ideal model protein to inves-

tigate protein instabilities [19,21-34]. Structural data are available and most chemical instabil-
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ities (deamidation and oxidation) are described in detail [19,24,25,32,35-37]. As the protein is 

naturally non-glycosylated it can be expressed in E.coli into inclusion bodies and refolded 

[31,38-41]. For refolding of hGH from inclusion bodies besides chaotropic reagents also an 

oxido-shuffling system or mixed disulfides are necessary due to nonnative intramolecular 

disulfide shuffling [38-41]. In human pituitary glands Lewis and coworkers further report 

about 15% of a “dimeric 45 kDa hGH variant” which seems to be a mixture of several forms 

of noncovalent and covalent (disulfide and non-disulfide) dimers [25].  

In previous studies it was shown that hGH forms noncovalent aggregates if accelerated 

stress conditions are applied [28,30]. Those aggregates are irreversible under solution condi-

tions [42]. However, “reversible” refolding was achieved at high pressure [30] and combined 

with moderate amounts of urea and guanidine hydrochloride (GdnHCl) for aggregates pro-

duced by agitation [31,41]. The range of GdnHCl was chosen well below the concentration 

known to unfold or form molten globules [31,41]. From pH 5 to 8 and below a concentration 

of 8M urea seems to have only little effect on the tertiary structure of hGH [20]. Although 

urea and guanidine hydrochloride (GdnHCl) are both chaotropic reagents (disorder water 

structure; hydrophobic molecules are more easily solvated) which stabilize the unfolded state 

of a protein and show a chemically similar structure they denature proteins differently [43]. 

First of all GdnHCl is charged whereas urea is not. Further GdnHCl tends to react via stacking 

interactions (with itself or planar groups) and lacks H-bonding [43]. Studies on helical pep-

tides showed that GdnHCl can be 4-fold more effective than urea when planar amino acids are 

mainly contributing to helical stability. This could explain the higher tolerance of hGH to-

wards urea than towards GdnHCl. For urea a combination of direct interactions with the pro-

tein (polar residues and the peptide backbone) and indirect interactions (water structure, 

solvation of hydrophobic groups) were detected [43,44]. 

As pH 7.0 is far from the proteins isoelectric point of pH 5.3 [3,20] and the solubility 

is around 10 mg/mL and higher [20] we exclude that these aggregates were formed due to 
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salting out effects or isoelectric precipitation. For the latter it was shown that precipitation can 

be reversible upon pH change and aggregates retain the native conformation for several pro-

teins. However, hGH and also other proteins showed an increase in nonnative (beta-sheet) 

structure upon several kinds of aggregation (inclusion bodies, stress induced, heating) 

[12,30,31,33,41,45]. In the presence of excipients or Zn hGH seems to be able to form re-

versible insoluble [30,46] and soluble aggregates [46] without a significant change in second-

ary structures. A FTIR study on the structural similar proteins porcine GH (pGH UniProt 

P01248; 68% sequence similarity to hGH ) [47] and mink GH (mGH UniProt P19795; 67% 

sequence similarity to hGH using ClustalW) [48] showed that these proteins retain a native 

structure upon refolding or after reconstitution from freezing and lyophilization [49].  

In order to understand the formation of hGH aggregates we may have to look on the 

opposite event: protein (re)folding. No significant conformational changes are reported from 

pH 2 to 11 [34,47,50]. In general protein folding can occur by a common two-state model 

were only the native (N) and the unfolded (U) states are populated. By equilibrium denatura-

tion studies it was shown that hGH shows a similar folding pathway compared to that of other 

nonhuman growth hormones. Those refold with equilibrium intermediate states [51,52] which 

tend to self-associate and further lead to precipitation upon refolding [26,51,53-55]. Addition-

ally experiments at pH 7 to 8 showed that unfolding was irreversible (DSC) [34] and concen-

tration (intermediate level) dependent (DSC and GdnHCl unfolding) [34,51]. As aggregation 

was reduced if the polarity of the solution was changed (alcohol/water mixtures) [34] or in the 

presence of surfactants [56] it seems that self association is caused by hydrophobic interac-

tions. The monomeric intermediates found at acidic pH expose structural similarities to the 

“molten globule state” [51,56], whereas its stability is higher than expected for this state [57]. 

For hGH it was found that at acidic pH (acidic pH or neutral pH low protein concentration < 

0.5 mg/mL) a partially folded intermediate is present [53] with a Gibbs energy close (ΔΔGunf 

3 kcal/mol) to that of the native state [58]. This small energy barrier can be overcome and this 
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intermediate can be populated dependent on the solvent conditions like ligands, pH and tem-

perature. 

In this study we used insoluble hGH aggregates of different size, shape and aggregate 

level formed by three different stress conditions (shaking, aeration and stirring) and investi-

gated their refolding behavior. It was possible to refold all tested insoluble aggregates at least 

into soluble aggregates (3M GdnHCl and 6M urea) or also into monomer (6M GdnHCl). This 

was independent of how the initial insoluble aggregates were formed. As up to 80% soluble 

aggregates could be detected, a detailed structural characterization was possible.  
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MATERIALS AND METHODS 

Materials 

A recombinant preparation of hGH produced in E. coli, termed rhGH, was kindly supplied by 

Sandoz GmbH (Kundl, Austria). The protein was produced and delivered in 10 mM sodium 

phosphate buffer, pH 7.0. Prior to use, the bulk solution was filtered using 0.22 µm PVDF 

filters from Millipore (Carrigtwohill, Ireland). Guanidine hydrochloride (GdnHCl, ≥ 99.5 %) 

and urea (≥ 99.5 %, p.a.) as well as ZelluTrans regenerated cellulose dialysis membranes 

(MWCO 8,000 – 10,000) were bought from Carl Roth (Karlsruhe, Germany). Unless noted 

otherwise, all chemicals were bought from Carl Roth (Karlsruhe, Germany). 8-anilino-1-

naphthalenesulfonic acid ammonium salt (ANSA) was from Merck KGaA (Darmstadt, Ger-

many).  

Sample preparation reversible aggregation/refolding 

The hGH aggregates were formed by shaking, stirring and bubble aeration in 10 mM NaPP 

buffer pH 7.0 as previously described [42,59]. For refolding they were incubated in dilutions 

of urea (stock solution 8M in 10 mM NaPP pH 7.0) and guanidine hydrochlorid (GdnHCl 8M 

in 50 mM NaPP pH 7.0) from 1 to 6M with a final protein concentration of 0.5 mg/mL in 

eppendorf tubes. The aggregates were pipetted into the prepared chaotropic reagent dilutions 

of urea and GdnHCl. Fluorescence measurements over 1h showed that dissolution/refolding 

occurred within a few minutes for 6M urea and 6M GdnHCl. So incubation was carried out 

for minimum 1 h at room temperature. Samples were only centrifuged for 10 min at 13,200 

prior to SEC-HPLC analysis and protein measurements in the supernatant. 

In order to investigate the structure of the regained monomer, aggregates were incu-

bated in 6M urea or 3M and 6M GdnHCl pH 7.0 respectively (3 mL total volume), and dia-

lyzed against 10 mM NaPP pH 7.0 over two days at 8°C in a dialysis membrane with 3 buffer 
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changes. The dialyzed samples were always centrifuged prior to analysis for 10 min at 13,200 

rpm. 

All experiments were repeated at least three times on different days and samples were 

prepared fresh each time. All measurements were carried out within 48 h after sample prepa-

ration (urea and GdnHCl incubation or dialysis) in random order. 

Analytical methods 

Protein concentration determination and turbidimetric analysis 

Protein concentration was determined using UV absorbance at 280 nm. A molar extinction 

coefficient of 17,670 cm-1M-1 was calculated using the ProtParam tool at the ExPASy web-

server [60,61]. A molecular mass of 22,125 Da was assumed. For turbidity measurements 

wavelength scans were carried out using a Beckmann DU 800 spectrophotometer and the 

spectra were analyzed at 400 nm [23,62,63]. The instrument was calibrated against formazin 

reference suspensions [64]. In order to detect artifacts due to turbidity all measurements were 

carried out as wavelength scans. Furthermore turbid samples were centrifuged at 13,200 rpm 

for 10 min.  

SEC-HPLC 

A Zorbax GF-250 column (Silica, 4 µm, 250  9.4 mm) was obtained from Agilent 

(Waghaeusel-Wiesental, Germany). Analyses were carried out using a Merck-Hitachi 

LaChrome LC system equipped with a L-7250 autosampler and a L-7400 UV detector. All 

samples were centrifuged prior to analysis at 13,200 rpm for 10 min. All measurements were 

carried out using the GF-250 column at 30°C, applying a constant flow rate of 1 mL/min. The 

mobile phase was 50 mM NH4HCO3 in the pH range 7.8 - 8.2. Each sample was analyzed for 

15 min. Absorbance detection at 214 nm was used. 
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Fluorescence measurements 

Measurements were done on a software-driven Hitachi F-4500 fluorescence spectrophotome-

ter (Tokyo, Japan). Measurements were carried out as described within 24 hours after sam-

pling [42]. All samples were diluted to a concentration of 0.5 mg/mL. For turbid samples the 

concentration was derived from measurements in presence of 6M urea. Samples from 0 to 6M 

urea or GdnHCl were not centrifuged prior to analysis; dialyzed samples were separated from 

insoluble aggregates for 10 min at 13,200 rpm. The native protein shows maximum emission 

at 333 to 335 nm, while for unfolded hGH, this value is at around 350 nm [20,65]. 

Measurements of solvent-accessible hydrophobic protein surface were performed by 

adding the fluorescent dye 8-anilino-1-naphthalenesulfonic acid ammonium salt (ANSA). The 

dye was mixed with protein in a molar ratio of 9:1. Therefore, 60 µL of ANSA solution (1.0 

mM) were added to 600 µL of a solution of 0.25 mg/mL hGH (0.011 mM) at 25 °C. Dialyzed 

samples were centrifuged for 10 min at 13,200 prior to analysis of the supernatant. Excitation 

was at 388 nm, and emission was recorded between 400 and 650 nm [42]. The emission is 

shifted from about 490 nm in aqueous environment to smaller wavelengths in unpolar envi-

ronment. Unstressed but otherwise identical samples were used as controls. 

Far-UV Circular Dichroism (CD) measurements 

Samples of 0.5 mg/mL hGH with sodium phosphate buffer pH 7.0 were used as previously 

described for CD measurements [59]. Spectra were recorded at 25°C between 190 and 260 

nm and between 210 and 260 nm in the presence of urea or GdnHCl using a 0.2 mm quartz 

cuvette. The background spectra of the respective buffers were recorded and subtracted. For 

analysis of refolding (urea and GdnHCl) the total sample was analyzed and values at 222 nm 

were plotted [56,58]. After dialysis all samples were centrifuged prior to analysis for 10 min 

at 13,200 rpm and only the supernatant was further used. Six spectra were averaged and then 
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converted to delta epsilon values using a mean residue molecular weight of 115.838 Dalton in 

the CDtool software [66]. The secondary structure contents were estimated using the 

CDSSTR program and Set4 on the online server DICHROWEB [67]. 
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RESULTS AND DISCUSSION 

Effect of chaotropic reagents on native hGH and insoluble aggregates thereof 

We monitored unfolding of native hGH at a concentration of 0.5 mg/mL by urea and GdnHCl 

using circular dichroism (CD). We found that urea does not unfold our hGH preparation at 

concentrations up to 7M and that unfolding occurs with a midpoint concentration of 4.5M for 

GdnHCl (Figure S1). Our results are comparable to literature values [20,51].  

After studying the native protein we were interested in the behavior of aggregates of 

hGH formed under three different stress methods (shaking, aeration, stirring) in the presence 

of urea and GdnHCl. Results from refolding experiments monitored by UV-Vis wavelength 

scans (Figure S2) show that hGH aggregates formed during shaking and aeration regain their 

original clarity and absorbance spectrum at 3M urea and 2M GdnHCl respectively. For stir-

ring these values are around 4M urea and 3M GdnHCl. As these concentrations are below 

those necessary for unfolding of hGH, we assume that reversible refolding from insoluble 

aggregates does not involve complete unfolding of hGH. Therefore this might be rather de-

fined as deaggregation or dissolution of insoluble aggregates than refolding. 

The UV-Vis scans show the formation of one single and homogeneous protein peak at 

280 nm for urea and GdnHCl and so all samples were analyzed for their content of regained 

monomeric hGH. In Figure 1 the SEC-HPLC spectra in presence of urea and GdnHCl are 

shown. Here we have to note that until 3M urea and 2M GdnHCl (stirring 4M urea and 3M 

GdnHCl) also insoluble aggregates were present prior to HPLC sample preparation. The ar-

ea% values refer only to the supernatant after centrifugation. Further SEC-HPLC data for 

GdnHCl could only be used up to 3M. At higher concentrations the peaks changed size and 

shape and results for the monomer content started decreasing again. In Figure 2 we used the 

total protein concentration (UV and SEC-HPLC) to calculate the absolute amounts of insolu-

ble aggregate, soluble aggregate and monomer for aggregate formation and deaggregation.  
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Figure 1: SEC-HPLC spectra for re-solubilization (urea, GdnHCl) of insoluble aggre-

gates formed by shaking.  

SEC-HPLC spectra for soluble aggregates and monomeric hGH (supernatant) in dependency 

of the urea (top) and the GdnHCl (bottom) concentration. 
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Figure 2: Overview of insoluble and soluble aggregates formed by shaking as well as 

monomer hGH during refolding. 

Incubation of hGH samples after 2h of shaking with increasing urea (top) or GdnHCl (bot-

tom) concentrations lead to refolding/deaggregation of the insoluble aggregates into soluble 

aggregates and monomer.  
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Results from UV-Vis wavelength scans (increasing clarity) and SEC-HPLC (detection 

of soluble aggregates) show that the insoluble aggregates are transformed into soluble aggre-

gates in the presence of urea. Although the insoluble aggregates cannot be monitored using 

SEC-HPLC our data suggest that refolding or rather deaggregation is accompanied by “break-

ing down” of the aggregates (Figure 1 and Figure 2). Further the amount of soluble aggregates 

increases until all insoluble aggregates are dissolved and then decreases again (Figure S3). 

Interestingly, the SEC-HPLC “refolding” patterns look reproducible and similar within 48 h 

to 72 h for all aggregates independent of the aggregation initiating stress method but different 

for urea and GdnHCl, respectively. Only the overall percentage of soluble aggregates differs 

for the individual (stress method) aggregates.  

While we find only little amounts of soluble aggregates (~3-5 % of soluble protein) 

during our aggregation studies [42], during refolding large amounts of solube aggregates can 

be detected (Figure 2 and S3). The similar behavior regarding the presence of soluble aggre-

gates could be related to the fact that aggregation takes place at the air-liquid interface in all 

three investigated stress methods [42,59]. Therefore we assume similar aggregation initializ-

ing events like adsorption, (partial) unfolding and desorption. The detected differences in the 

overall percentage of the soluble aggregates (SEC-HPLC) at 6M urea (shaking 51 %, aeration 

28 % and stirring 15 %) (Figure S3) could correlate with the fact that different initial amounts 

of insoluble aggregates were present. For shaking we found irreversible precipitation with > 

95 %, for aeration 88 ± 3 % and for stirring 42 ± 3 % of insoluble aggregates [42, 59]. Differ-

ences between the soluble aggregate levels for aeration (6M urea = 28 %) and shaking (6M 

urea = 51 %), although their content of insoluble aggregates is similar, are not easy to explain. 

We do not have data about the exact size distribution of the aggregates, however from our 

previous studies we know that during aeration larger but fewer particles are formed than dur-

ing shaking [42,59]. As refolding occurs at comparable chaotropic concentrations and also 
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monomer is regained, we do not think that the insoluble aggregates are simply dissolved into 

“smaller” and soluble components.  

Spectroscopic investigation of the re-solubilization of hGH preparations 

As soluble aggregates were formed in significant amounts we were interested in their struc-

ture compared to the insoluble aggregates and the native protein. Intrinsic fluorescence meas-

urements (Trp86, Figure 3 and Figure S4) show that native hGH and hGH in presence of 6M 

urea give comparable spectra, whereas the protein unfolds in the presence of 6M GdnHCl. 

Based on these findings deaggregation in the presence of increasing amounts (1 to 6M) of 

urea or GdnHCl was monitored using fluorescence (Figure S5) and CD measurements (Figure 

S6).  

 

Figure 3: Structure of hGH (3HHR) and position of Trp86. The overall 3D structure 

shows that the Trp86 is buried in the core of the protein. (left) sideview; (right) topview. 

 

 

From 0 to 4M both chaotropic salts show similar results for intrinsic fluorescence 

(Figure S5) whereas at > 4M GdnHCl unfolding was detected. Unfolding was not observed in 

the presence of urea. We also observed during refolding at 295 nm that the fluorescence spec-

tra are slightly broader than that of the native protein (Figure S5). Further also the maximum 
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emission wavelength is shifted from 333 ± 1 nm towards 335 ± 1 for urea and for GdnHCl 

from 337 ± 2 nm (0 to 4M) to 350 nm (5 and 6M – due to unfolding Trp86 is solvent ex-

posed). We think this broadening in the spectra is due to the presence of different intermedi-

ates which are structurally slightly perturbed around the buried Trp86 residue. Due to strong 

signals of urea and GdnHCl in CD measurements below 210 nm, refolding could only be 

monitored from 260 to 210 nm (Figure S6). The signals at 222 nm show that ≥ 3M urea the 

signals equal to that of the native protein. For GdnHCl this was only observed up to 4M 

GdnHCl, afterwards the signal decreases due to unfolding. Based on these measurements we 

think that although soluble aggregates are formed they expose native-like secondary and ter-

tiary structure. The initial insoluble aggregates (0M) were used for CD measurements [68] 

and compared to the native protein. The spectra indicate a nonnative secondary structure 

(Figure 4).  

 

Figure 4: CD spectra of insoluble aggregates, soluble aggregates and native hGH. The 

native hGH and the dialyzed samples (D) show equal secondary structure independent of the 

presence of up to 50 % soluble aggregates (6M urea). Aggregates samples (S shaking; A aera-

tion; St stirring) show a different structure. 
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Although CD measurements in the presence of aggregates might lead to artifacts due 

to scattering [69], a nonnative structure is reported for the aggregates of hGH and structurally 

similar mainly alpha-helical proteins like granulocyte colony-stimulating factor (G-CSF) and 

interleukin-2 (IL-2) throughout literature. This nonnative structure (intermolecular beta-

sheets) was detected during incubation at elevated temperature [68,70,33], lyophilization [71], 

in the presence of antimicrobial preservatives [72], water-in-oil emulsions [45], shaking 

[31,41] or in inclusion bodies [12]. Additionally adsorption studies show that proteins “dena-

ture” at interfaces and these adsorbed structures are stabilized by changes in the native sec-

ondary and tertiary structure [73-76]. This would mean that addition of urea and GdnHCl be-

low its midpoint concentration for hGH transform originally nonnative aggregates, which also 

bind a hydrophobic dye [42], into soluble aggregates with a more native-like structure.  

Kinetic stability of soluble aggregates and the effect of the individual chaotropic reagents 

In order to evaluate the efficiency and kinetic stability of the dissolved aggregates, 

samples incubated with 6M urea and 6M GdnHCl as well as 3M GdnHCl were dialyzed 

against 10 mM NaPP buffer pH 7.0. All samples showed little precipitation after dialysis. Our 

results are summarized in Figure 5. Dialyzed samples (D) are compared with samples in the 

presence of different chaotropic salt concentrations (3M and 6M GdnHCl, 6M urea) for each 

individual stress method. In general, we found that after dialysis the amount of soluble aggre-

gates is increased compared to before dialysis. Regarding the amount of soluble aggregates 

we notice (1) a negative correlation with the unfolding efficiency of the chaotropic reagents: 

6M urea > 3M GdnHCl > 6M GdnHCl and (2) a positive correlation with initial aggregate 

levels: shaking > aeration > stirring (Figure 5 and S7). Very low amounts of soluble aggre-

gates (≤ 0.7 area%) were only detected in our experiments using 6M GdnHCl (Figure 5 and 

Figure S7). Our results suggest that the re-solubilized samples are also kinetically stable to a 

certain extent if urea and GdnHCl are removed. However, an increase in the amount of solu-

ble aggregates after dialysis suggests that the soluble aggregates lead to further aggregation 
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upon the decrease of the chaotropic reagent concentration. As only minor amounts of soluble 

aggregates were detected during aggregation itself [42, 59], the following aggregation might 

have been shifted into an alternative pathway by re-solubilization and refolding. 

 

 

Figure 5: Comparison of the content of soluble aggregates (supernatant) in the presence 

of chaotropic salts and after dialysis for shaking, aeration and stirring.  

From left to right: 6M urea, 3M GdnHCl and 6M GdnHCl before and after dialysis. 

(Shaking) 2 h shaking at 300 rpm; (Aeration) 7 h aeration at 3 L/h; (stirring) 96 h stirring at 

300 rpm; (U) urea; (G) GdnHCl; (D) dialysis. We have to note that for 6M and 3M GdnHCl it 

is hard to define the exact amount of soluble aggregates due to changed SEC spectra. 

 

 

Structural characterization of the dialyzed sample preparations 

In the absence of urea and GdnHCl the dialyzed samples could be analyzed from 190 

to 260 nm (Figure 4 and Figure S8) and the secondary structure was calculated using the 

DICHROWEB server (Table 1 and Table S1). Deviations from the theoretical value of hGH 

(crystal structure PDB 1HGU, 3HHR hGH-receptor complex; DSSP value [77]) are probably 

due to an additional small helix found in the solution structure by NMR measurements [57]. 
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Comparing our data for refolded and dialyzed samples with the native hGH we found that the 

secondary structures are within experimental errors (protein concentration) equal (70 % alpha 

helix and no beta sheets). As some samples (shaking and 6M urea) contain about 50 % soluble 

aggregates we conclude that these soluble aggregates show no detectable significantly differ-

ent secondary structure compared to the native protein (Table 1).  

 

Table 1: Predicted secondary structure of hGH and refolded aggregates 

Sample alpha helix beta-sheet turns unordered 

PDB: 1HGU 0.45* 0   

PDB: 3HHR 0.64* 0   

hGH native 0.71 ± 0.04 0.02 ± 0.01 0.07 ± 0.03 0.19 ± 0.01 

D S 6M urea 0.70 ± 0.03 0.02 ± 0.01 0.08 ± 0.03 0.19 ± 0.01 

D S 3M GdnHCl 0.71 ± 0.04 0.04 ± 0.01 0.06 ± 0.02 0.20 ± 0.01 

D S 6M GdnHCl 0.73 ± 0.02 0.03 ± 0.01 0.05 ± 0.01 0.18 ± 0.01 

Values represent mean values n = 3 of independent experiments. 

* DSSP value [77] 

D dialysis against 10 mM NaPP pH 7.0 

S shaking 2h 300 rpm 

 

 

Fluorescence measurements at 295 nm show emission maxima around 333 ± 1 nm for 

dialyzed samples previously incubated with 6M urea or 6M GdnHCl and 335 ± 1 nm for 3M 

GdnHCl. The maximum emission wavelength for hGH is around 333 ± 1 nm. So the micro-

environment of the Trp86 residue in the hydrophobic core seems unchanged in the soluble 

aggregates (Figure 3). Fluorescence measurements using ANSA binding showed that samples 
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refolded with 6M GdnHCl and dialysis afterwards show spectra comparable to the native pro-

tein (data not shown). For samples where soluble aggregates are detected (dissolved by 3M 

GdnHCl and 6M urea + dialysis) the intensity is increased compared to the native protein but 

decreased compared to the initial insoluble aggregates (Figure S9). This shows that soluble 

and insoluble aggregates differ regarding their surface properties and the structural perturba-

tions of the involved proteins. A recent study about weak self-association of hGH suggests 

that one terminal helix is flexible and might be able to swap, but they could not reliably de-

termine which one. Whether domain swapping can explain the formation of soluble aggre-

gates and increased exposure of hydrophobic patches compared to the native protein has not 

been investigated so far [21]. Alternatively, DeFelippis and coworkers [58] found equilibrium 

folding intermediates, which tend to self-associate and show increased surface hydrophobicity 

and otherwise predominantly native-like structure. 

From insoluble towards soluble aggregates – possible mechanism 

In general we have generated insoluble aggregates with negligible amounts of soluble 

aggregates (3-5 area% supernatant) by accelerated stress conditions, which show a change in 

secondary structure (nonnative) compared to the native protein (Figure 4). Further ANSA 

binding demonstrates the increased exposure of hydrophobic patches and binding pockets 

(Figure S9). Upon addition of urea and GdnHCl below the midpoint concentration we propose 

that structurally perturbed monomeric hGH building blocks dissociate from the insoluble ag-

gregate, refold and reduce the unfavorable exposure of hydrophobic surface patches in solu-

tion. As shown in literature folding intermediates and monomer both can be populated de-

pendent on the solvent conditions [53]. Therefore we assume that this leads to the regain of 

monomer and formation of self-associated intermediates in the presence of urea and GdnHCl. 

This would also explain the more native-like structure of the newly formed soluble aggre-

gates. Further we observe that the levels of soluble aggregates differ significantly for shaking 

(6M urea = 51 %) and aeration (6M urea = 28 %), although both aggregate samples showed a 
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similar initial aggregate level (shaking: > 95 %, aeration: 88 ± 3 %). As shaking and aeration 

show differences regarding size and shape of their aggregates, this might influence the for-

mation of soluble aggregates. In general large (but fewer) particles expose a smaller overall 

surface than many small particles (same aggregation level). So the re-solubilized protein con-

centrations might differ locally and influence the formation of soluble aggregates (self-

association of intermediates). Reports about hGH intermediates which are able to self-

assemble or aggregate [34] cover various hypotheses like the involvement of flexible terminal 

helices [21], interaction between partially folded intermediates (terminal helices folded) [53] 

and solvent accessible helices (helix 3, least residue stability) [51,53] or a higher accessibility 

of the hydrophobic surface of the second and forth helices if partial unfolding of loop regions 

occurs [57]. Yet, there is common agreement that hydrophobic interactions are the main driv-

ing force for aggregation [56], which can be further used for stabilizing strategies. 

If hGH aggregates are completely unfolded in the presence of 6M GdnHCl we do not 

detect these soluble aggregates. Here we suppose that refolding of unfolded proteins takes 

place, which leads mainly to hGH monomers like described for the native protein [51].  
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CONCLUSION 

In our work we show that initially insoluble nonnative aggregates formed by exposure to air-

liquid interfaces during shaking, aeration and stirring undergo transformation into soluble 

native-like aggregates (secondary structure and microenvironment of the buried Trp86 resi-

due) in the presence of 6M urea and 3M GdnHCl, respectively. The chosen concentrations of 

chaotropic reagents are below the midpoint concentration for unfolding. The soluble aggre-

gates show increased binding of the hydrophobic dye ANSA compared to the native protein 

but reduced binding compared to the insoluble aggregates. We assume that insoluble aggre-

gates are formed by population of native-like folding intermediates, which tend to self-

associate. If the aggregates are incubated with 6M GdnHCl dissolution and unfolding takes 

place. After dialysis monomeric hGH is regained as expected for hGH refolding. This clearly 

shows that it should be possible to refold and reuse aggregates formed during process condi-

tions. Preparations with 6M urea and 3M GdnHCl showed an increase in soluble aggregates, 

which further increased after dialysis. For the structure of the intermediates several sugges-

tions exist in literature agreeing on the importance of hydrophobic interactions for self-

association and aggregation.  
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Figure S1: Effect of guanidine hydrochloride (GdnHCl) and urea on hGH monitored 

using Circular Dichroism (CD). Whereas hGH is stable in the presence of up to 7M urea [1] 

hGH shows unfolding > 4M GdnHCl [2]. 
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Figure S2: Turbidity decrease during aggregate refolding for shaking (S), aeration (A) 

and stirring (St). (Left from top to bottom): In these figures we show the reversible refolding 

or re-solubilization of hGH aggregates in the presence of urea. The transition from insoluble 

aggregates to soluble aggregates takes place around 3M urea. (right top to bottom) The figures 

on the right show refolding in the presence of GdnHCl at around 2M. 
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Figure S3: Refolding/re-solubilization of hGH aggregates by urea and GdnHCl moni-

tored using SEC-HPLC analysis. The supernatant after centrifugation was used for SEC-

HPLC analysis. (top) At ≥ 3M urea all insoluble aggregates are dissolved and only soluble 

aggregates and monomer remain. (Bottom) Complete dissolution of insoluble aggregates is 

reached at ≥ 2M GdnHCl. SEC Data above 4M GdnHCl showed strong change in the peak 

shape of the monomer. 
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Figure S4: Fluorescence spectra (Trp, 295 nm) of native hGH after incubation with 

GdnHCl and urea. Native hGH (0.5 mg/mL) shows similar spectra as hGH in the presence 

of 6M urea (U) and 3M GdnHCl (G). In the presence of 6M GdnHCl the protein unfolds and 

the wavelength maxima is shifted towards 350 nm indicating a solvent-exposed Trp residue.  
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Figure S5: Fluorescence spectra (Trp, 295 nm) of reversible aggregation of stressed hGH 

(shaking S) after incubation with 0 to 6M urea (U) and GdnHCl (G). (top) Re-

solubilization of insoluble aggregates in the presence of urea. At 0 and 1M there are still in-

soluble aggreagates and due to the turbidity and scattered excitation light spectra recording 

was started at 310 nm. Afterwards the spectra are unchanged up to 6M with an emission max-

ima aroung 335 ± 1 nm. (bottom) above 4M GdnHCl we can monitor unfolding and shift of 

the emission wavelength from 335 ± 1 nm to 350 ± 1 nm. In both figures we can see that the 

spectra during refolding are broader than for the native hGH (emission maxima 333 ± 1 nm). 
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Figure S6: Delta epsilon values (CD measurements) at 222 nm of hGH aggregates dur-

ing refolding. (top) Dissolution of insoluble hGH aggregates with urea in comparison of the 

native hGH in presence of urea (black dot). (bottom) hGH aggregates incubated with GdnHCl 

in comparison with the native hGH (black dots). At concentrations above 4M unfolding takes 

place.  
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Figure S7: SEC-HPLC spectra of soluble hGH aggregates after incubation in urea and 

GdnHCl and dialysis. The content of soluble aggregates of hGH was detected after dialysis 

(10 mM NaPP pH 7.0) of re-solubilized aggregates by 6M urea (top) and 3M and 6M GdnHCl 

(bottom), respectively. 
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Figure S8: CD spectra of refolded hGH aggregates after dialysis (D) against 10 mM 

NaPP buffer pH 7.0. (S) shaking 2 h 300 rpm; (A) aeration 7 h 3 L/h; (St) stirring 96 h 300 

rpm; (G) GdnHCl 3 or 6M; (U) urea 6M. 
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Figure S9: Comparison of ANSA binding to soluble (top) and insoluble aggregates (bot-

tom) of hGH. (top) soluble aggregates of hGH show slightly increased fluorescence intensity 

upon ANSA binding (blue shift) compared to the native protein but decreased compared to 

the insoluble aggregates (bottom). (S) shaking; (A) aeration; (St) stirring. 
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Table S1 

Sample alpha helix beta-sheet turns unordered 

PDB: 1HGU 0.45* 0   

PDB: 3HHR 0.64* 0   

hGH native 0.71 ± 0.04 0.02 ± 0.01 0.07 ± 0.03 0.19 ± 0.01 

D S 6M urea 0.70 ± 0.03 0.02 ± 0.01 0.08 ± 0.03 0.19 ± 0.01 

D A 6M urea 0.70 ± 0.03 0.03 ± 0.02 0.08 ± 0.02 0.19 ± 0.01 

D St 6M urea 0.70 ± 0.02 0.03 ± 0.01 0.08 ± 0.03 0.19 ± 0.01 

D S 3M GdnHCl 0.71 ± 0.04 0.04 ± 0.01 0.06 ± 0.02 0.20 ± 0.01 

D A 3M GdnHCl 0.69 ± 0.02 0.04 ± 0.01 0.06 ± 0.01 0.19 ± 0.01 

D St 3M GdnHCl 0.70 ± 0.02 0.04 ± 0.01 0.06 ± 0.01 0.19 ± 0.01 

D S 6M GdnHCl 0.73 ± 0.02 0.03 ± 0.01 0.05 ± 0.01 0.18 ± 0.01 

D A 6M GdnHCl 0.69 ± 0.04 0.04 ± 0.02 0.07 ± 0.02 0.20 ± 0.01 

D St 6M GdnHCl 0.72 ± 0.01 0.02± 0.01 0.06 ± 0.01 0.20 ± 0.01 

Values represent mean values n = 3 of independent experiments. 

* DSSP value [3] 

D dialysis against 10 mM NaPP pH 7.0 

S shaking 2 h 300 rpm 

A aeration 7 h 3 L/h 

St stirring 96 h 300 rpm 
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5 Nonnative aggregation of recombinant human granulocyte-colony stim-

ulating factor under simulated process stress conditions 
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1   Introduction 
 
Protein aggregation is a critical issue in  the 
phar- maceutical industry [1, 2]. The Interna-
tional Con- ference on  Harmonisation of  
Technical Require- ments for  Registration of 
Pharmaceuticals for  Hu- man Use   (ICH) guid-
ance requires protein-based medicines to be 
stable against any kind of degrada- tion for  at  
least 12  months of  storage [3].  These 
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standards serve to minimize patient risk 
consider- ing  that protein aggregates upon 
parenteral ad- ministration have the 
potential to  induce severe immunological 
reactions up to anaphylactic shock [4]. Protein 
aggregation represents a major factor 
determining a protein drug’s shelf life [5–8], 
and its prevention is vital in the development of 
therapeu- tic  protein formulations. Protein 
aggregation, therefore, has a strong impact on  
the design of the protein manufacturing 
processes and on  each unit operation applied 
[6, 7]. Methods allowing an accu- rate predic-
tion of protein aggregation at  changing 
conditions during the different steps of  the 
pro- duction process and storage would thus be 
of great value  to   pharmaceutical  producers  
[9].  An   im- proved understanding of the 
processes underlying the aggregation of 
proteins into non-native assem- 
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blies would facilitate the rational design of stabi-

lized high-quality protein preparations [8, 10, 11].

Human granulocyte colony-stimulating factor

(hG-CSF) has an important role in hematopoiesis

by regulating proliferation and differentiation of

neutrophils and neutrophil progenitor cells. hG-

CSF exists in two isoforms that result from alterna-

tive splicing, whereby the shorter variant lacks

residues 66–68 of the full-length form [12]. Thera-

peutically, hG-CSF is applied in oncology and

hematology [13]. The E. coli-derived short variant

of recombinant (r) hG-CSF used in this study has

methionine as the N-terminal amino acid and is not

glycosylated at Thr134 [14]. Structurally, rhG-CSF

shows high similarity to other long-chain cytokines

[15], adopting the canonical four-α-helix bundle

fold, with long overhand connecting loops. In rhG-

CSF, the α-helix bundle exhibits up-up-down-

down connectivity, as shown in Fig. 1 [16].

Like other cytokines, such as the human growth

hormone [17–19], rhG-CSF is somewhat prone to

aggregation irrespective of whether the chosen

conditions of incubation favor or perturb the native

state of the protein in solution [20, 21]. This has

negative consequences on the practical application

of rhG-CSF as it implies the requirement for strin-

gent formulation and refrigeration of the protein

during storage. Other factors potentially occurring

in essentially all unit operations of the manufac-

turing process can also drive non-native protein

aggregation. These involve contact of the target

protein with bulk gas and/or solid surfaces, as well

as various forms of hydrodynamic force applied to

the protein [5, 19, 22–24]. Despite previous ad-

vances [25], the relationship between key parame-

ters of the process operation and aggregation of

rhG-CSF is not well understood.

It is now generally believed that surface effects

at gas-liquid and solid-liquid interfaces represent

the principal cause for protein stability issues un-

der physical process stress conditions, including

shaking or stirring [24, 26]. However, the interplay

of interfacial and shear stresses can produce sig-

nificantly different stability patterns [19, 24]. We

therefore examined the aggregation of rhG-CSF

exposed to simulated process stress in the form of

stirring and bubble aeration. The protein aggrega-

tion triggered under these conditions was ana-

lyzed in a time-resolved manner, using different

probes for protein conformational stability and ag-

gregate structure. Important characteristics of the

aggregation process were elucidated. The applied

stress conditions were controlled so that each rep-

resented a different composition of surface effects

and hydrodynamic force. In the case of bubble aer-

ation, surface effects are much more pronounced

compared to those seen with stirring. Hydrody-

namic forces, however, can be considered roughly

equivalent since substantial shear stresses can

also be reached with aeration [24]. The rates of

stirring and aeration were therefore adjusted to

give comparable average shear rates, as well as

comparable and convenient precipitation rates. It

should be noted that a complete discrimination of

stress factors is very difficult and possibly not rep-

resentative. Since we consider that any unit oper-

ation of a biotechnological process contains hy-

drodynamic as well as surface effects, we decided

to look at different plausible scenarios instead of

discrete stress principles.

One molecular feature of rhG-CSF aggregation

that has only been partially resolved in prior stud-

ies [27] is the participation of the disulfide bond re-

arrangement in the formation of insoluble protein

assemblies. rhG-CSF has five cysteine residues, of

which only Cys18 is not engaged in a disulfide bond.

Cys37 and Cys43 as well as Cys65 and Cys75 are

linked together in the native structure of rhG-CSF

(Fig. 1) as confirmed here by MS. In addition, we

showed that breaking of the native disulfide bonds

and formation of new ones involving the originally

free Cys18 are prominent features of rhG-CSF ag-

gregation. The combined data thus identify Cys18 as

Figure 1. NMR structure of hG-CSF [16] with cysteine and tryptophan

residues highlighted. The two native disulfide bonds Cys37-Cys43 and

Cys65-Cys75, as well as the natively free Cys18 are indicated. Note the sol-

vent-exposed conformations of the two Trp residues (Trp59, Trp119).
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a promising molecular handle for inhibiting disul-

fide-mediated aggregation of rhG-CSF [28–31].

2  Materials and methods

2.1  Materials

rhG-CSF was kindly provided by Sandoz (Kundl,

Austria). Unless mentioned, all chemicals and

reagents used were from Carl Roth GmbH + Co. KG

(Karlsruhe, Germany). L-Glutamic acid, 8-anilino-

1-naphthalenesulfonic acid ammonium salt (ANS),

iodoacetamide, dithiothreitol, ethyl acetate, and

toluene were from Sigma-Aldrich. Potassium per-

manganate and potassium carbonate were from

Merck. Mini-PROTEAN TGX 4–20% resolving gels

for SDS-PAGE were from Bio-Rad. Novex® sharp

unstained protein standard was from Invitrogen.

Phast Gel Blue R Coomassie R350 stain was from

GE Healthcare.

2.2  Protein preparation

Solutions of rhG-CSF were prepared in 10 mM

sodium L-glutamate buffer supplemented with 5%

sorbitol. A pH of 4.4 was chosen to prevent non-na-

tive aggregation in the absence of external stress

[20, 32]. The concentration of the protein stock so-

lution was 1.39 ± 0.03 mg/mL. rhG-CSF was stored

frozen at −20°C until further use. The protein con-

centration was measured by absorbance at 280 nm,

assuming a molar extinction coefficient of

15 720 M–1 cm–1 (ExPASy ProtParam [33]) and a

molecular mass of 18.8 kDa for rhG-CSF [16]. The

isoelectric point of rhG-CSF lies at 6.0 [20].

2.3  Experimental set-up

A jacketed miniature reactor fabricated from glass

was used. The reactor had an inner diameter of

32 mm and a height of 125 mm. Temperature was

controlled at 25°C with a Julabo F25 refrigerated/

heating circulator. Stirring was performed with a

smooth PTFE-coated magnetic stir bar (30 × 6 mm)

using a fixed agitation rate of 400 rpm (see Sup-

porting information, Fig. S1A) for up to 47 h. For

stirring, the liquid filling level was 18 mm, corre-

sponding to 15 mL protein solution.

Bubble aeration was carried out by feeding

compressed air via a Stasto Automation pressure

regulator (model R-M14-08-R; Innsbruck, Austria),

followed by a flow gauge adjusting a constant air

flow rate of 3 L/h. The air flow was piped into the

protein solution (10 mL) through an autoclavable

plastic tube LAB/FDA/USP grade VI with 3.2-mm

inner diameter. The liquid filling level was 11 mm.

Aeration was performed for up to 12 h. A more de-

tailed system description in terms of fluid dynam-

ics and bubble characteristics, a description of the

fluid characterization and images of the different

set-ups are presented with associated references

in the Supporting information. Briefly, the average

shear rate of the stirred vessel was calculated to lie

between 60 and 248 s–1. The average shear rate of

our aerated vessel was 91 s–1. Local shear rates

could be taken into account here. The available air-

liquid interface under these conditions was esti-

mated to be 10.3 cm2, corresponding to the conical

boundary layer during stirring. Bubble dimensions

and velocities were measured from digital photo-

graphic images recorded in a plane parallel to the

direction of the rising bubbles. The air bubbles

were slightly elliptical and had a mean diameter of

4.7 mm, corresponding to the projected area of an

equivalent sphere. Single bubbles rose from the

pipe with a velocity of 0.14 m/s and a frequency of

4.7 s–1 without causing a visible wake. According to

the Eötvös number (5.3), Morton number (1.4 ×10-10)

and Reynolds number (590) (see the Supporting in-

formation), a shape regime between wobbling and

ellipsoid may be prevalent. The wobbling regime,

however, lies closer at the calculated values, al-

though the shape of the bubbles was rather ellip-

soidal in the photographs.

Each experiment was carried out in a minimum

of five replicates. The aggregation time course of

rhG-CSF was determined by withdrawing samples

(1 mL) from the reactor at suitable times. Precipi-

tated protein was carefully removed and collected

using centrifugation at 18 400 × g (10 min, 4°C).

Both the clear supernatant and the precipitate

were used in further analyses. Details on statistical

evaluation of analytical data are provided in the

Supporting information.

2.4  Analytical methods

2.4.1  Fluorescence spectroscopy
A Hitachi F-4500 fluorescence spectrophotometer

equipped with a Julabo F25 refrigerated/heating

circulator was used to analyze the supernatant of

centrifuged samples at 25 ± 1°C, stressed as de-

scribed above. Measurements were carried out

within 24 h after sampling. Intrinsic protein fluo-

rescence was recorded at 340 nm following excita-

tion at 280 nm or 295 nm. The protein concentra-

tion in the sample was 92 µg/mL. For measurement

of ANS binding to rhG-CSF, 10 µL ANS solution

(1 mM in water) was mixed with 500 µL rhG-CSF

solution (92 µg/mL) at room temperature, corre-

sponding to a molar ANS/protein ratio of 4. Exact-
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ly 5 min after the mixing, the fluorescence of the

solution was measured at 470 nm using excitation

at 388 nm. A 5-nm slit width was used in all fluo-

rescence measurements. Unstressed, but otherwise

identical samples were used as negative controls.

2.4.2  Size exclusion HPLC
A Merck Hitachi LaChrom liquid chromatography

system coupled to a model L-7480 fluorescence de-

tector was used. The rhG-CSF monomer and dif-

ferent non-native oligomeric assemblies of the

protein in the supernatant were separated using a

TSK-GEL G3000SWXL column that was equipped

with a guard column from Tosoh Bioscience. A so-

lution of 50 mM (NH4)HCO3 in water (pH 7.0) was

used as the mobile phase at a flow rate of

0.5 mL/min. The higher pH value compared to the

protein stock solution was chosen due to higher re-

producibility, sensitivity and column stability. Re-

sults were validated using SDS-PAGE in terms of

quality and linearity. Column temperature was held

at 30°C. Fluorescence was measured at 345 nm fol-

lowing excitation at 280 nm. Calibration of the rhG-

CSF monomer peak was performed between 0.8

and 0.1 mg/mL total protein concentration.

2.4.3  Mass spectrometry
Internal sequence information on the rhG-CSF

samples was obtained from LC-MS/MS. Protein

bands were excised from SDS polyacrylamide gels

and then digested with modified trypsin (Promega)

according to [34], or with 0.5 µg chymotrypsin

(Roche) in 50 mM ammonium bicarbonate and

10 mM CaCl2. The detailed experimental protocol

and the methods used for data processing are giv-

en in the Supporting information.

2.4.4  Confocal laser scanning microscopy
Precipitated rhG-CSF was suspended at a protein

concentration of 1.4 mg/mL, and 10 µL protein sus-

pension was analyzed by confocal laser scanning

microscopy (CLSM) after addition of 1 µL 1 mM

ANS. CLSM images were obtained with a Leica TCS

SPE DM5500 Q microscope at 630-fold magnifica-

tion. The excitation wavelength was 405 nm, and

the emission wavelength range was 450–470 nm.

Images were generated by projection of the single

z-level images from the particle layer in the prepa-

ration. Three to five images were taken from ran-

domly chosen spots of the preparation. The total

particle areas and particle counts were all normal-

ized to a total observation area of 1 mm2. Images

were carefully checked for the presence of air bub-

bles. To rigorously rule out artifacts resulting from

the presence of air bubbles in the sample, we per-

formed a control experiment in which the sample

was centrifuged for 2 min at 8000 × g prior to CLSM

analysis. The protein pellet was resuspended in

buffer and then analyzed. Nine centrifuged and

eight non-centrifuged samples were evaluated.

Centrifugation, which would be expected to remove

most of the air bubbles still present in the sample,

did not result in significant reduction of the ob-

served particle number. Contrary to expectation,

the centrifuged sample contained a greater number

of highly circular particles than unprocessed sam-

ple (Supporting information, Fig. S2). In summary,

these controls rule out concern about disturbance

caused by air bubbles in the CLSM analysis. The

program ImageJ [35] was used for image process-

ing and generation of size and shape distributions.

A representative image of the particles is shown in

the Supporting information, Fig. S3.

3  Results and discussion

3.1  Stirring and aeration both result in precipitation
of rhG-CSF

Solutions of rhG-CSF became cloudy within just a

few hours when stirred or aerated using the condi-

tions described in Section 2 (stirring: ∼2 h; aeration:

~6 h), and the protein gradually precipitated as an

insoluble aggregate that could be removed by cen-

trifugation. Figure 2A depicts the time courses for

the decrease in rhG-CSF concentration in super-

natants from the stirred and aerated incubations.

In both cases, loss of soluble protein to the precip-

itate was roughly linearly dependent on the incu-

bation time. Considering that formation of turbidi-

ty was visually observed earlier under stirring than

under aeration, it is interesting that the rate of pro-

tein precipitation under stirring stress (V = 22 ±

4 µg/mL/h) was significantly lower than that ob-

served under aeration stress (V = 42 ± 11 µg/mL/h).

By way of comparison, incubation of the same rhG-

CSF solution at 37°C under otherwise identical

conditions in the absence of stirring and aeration

did not produce detectable amounts of protein pre-

cipitate over a period of 7 days, clearly indicating

that the observed aggregation in Fig. 2A was exclu-

sively due to the effects of hydrodynamic and in-

terfacial stresses on the solution stability of the

protein.

Nonreducing SDS-PAGE was routinely used to

analyze the samples taken from the stress experi-

ments. The results for protein precipitates formed

during exhaustive stirring and aeration prior to 

and after the 7-day incubation at 37°C is shown in

the Supporting information, Fig. S4. In contrast to

 soluble protein, which existed predominantly as
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18.8-kDa monomer, the rhG-CSF precipitates pre-

sented additional oligomeric species, which ac-

cording to their molecular masses could be ex-

plained as multiples of the monomer mass. The

protein bands present in the precipitate produced

by stirring stress were not well focused in the SDS-

PAGE (Supporting information, Fig. S4, lane 4),

suggesting a high heterogeneity in the protein ag-

gregates formed under these conditions. The use of

reducing conditions (10 mM DTT) during sample

preparation for SDS-PAGE resulted in the com-

plete disintegration of the aggregated protein

species previously seen in the rhG-CSF precipi-

tates. This suggests that non-native aggregation of

rhG-CSF exposed to aeration and stirring involved

formation of higher oligomeric assemblies linked

by disulfide bonds.

3.2  Conformational distortion of rhG-CSF during
non-native aggregation, analyzed by
fluorescence spectroscopy

Intrinsic protein fluorescence and fluorescence re-

sulting from binding of ANS to solvent-exposed hy-

drophobic regions of the protein were used as re-

porters of conformational changes in the soluble

rhG-CSF that occur in solution during non-native

aggregation [36]. Figure 2B depicts the time cours-

es of the ANS fluorescence intensity under stirring

and aeration conditions. The corresponding time

courses of the intrinsic fluorescence intensity are

shown in the Supporting information (Fig. S5).

Both analytical methods were capable of capturing

the significant conformational distortion in the sol-

uble rhG-CSF that took place as result of the ap-

plied hydrodynamic and interfacial stress. Controls

in which rhG-CSF was incubated at 37°C in the ab-

sence of additional stress did not show changes in

either of the fluorescence signals used within lim-

its of the experimental error. It should be noted that

the observed increase in intrinsic protein fluores-

cence intensity (Imax; Supporting information,

Fig. S5) was not accompanied by a shift in the wave-

length of maximum fluorescence emission (λmax),

which was constant at about 338 ± 2.5 nm. Consid-

ering that the intrinsic fluorescence properties of

rhG-CSF are probably determined by the only two

tryptophan residues present in the protein (Trp59,

Trp119; Fig. 1), the constant of λmax and increasing

Imax could be explained by the fact that each Trp is

already relatively exposed to solvent in the native

structure of rhG-CSF [37, 38]. The observed in-

crease of Imax upon induction of stress can be ex-

plained by loss of quenching effects or conforma-

tional flexibility after unfolding. The change in ex-

citation wavelength from the usually used 280 nm

to 295 nm did not affect the spectrum of fluores-

cence emission, but did result in a significant low-

ering of Imax due to the elimination of resonance

energy transfer via tyrosine. The increase in ANS

and intrinsic protein fluorescence intensities was

substantially higher under conditions of aeration

as compared to stirring. This suggests that the ef-

fect of increased interfacial stress on the distortion

of the native conformation of rhG-CSF was by far

greater than the corresponding effect of shear with

reduced interfacial stress (Fig. 2B). Under aeration

conditions, the appearance of hydrophobic protein

Figure 2. (A) Dependence of rhG-CSF precipitation on incubation time under stress by aeration (n=5) and stirring (n=6). Duplicates of rhG-CSF concentra-

tion were measured in the supernatant (mean ± SD). (B) Dependence of ANS fluorescence (intensity; arbitrary units) of soluble rhG-CSF on incubation

time under stress by aeration (n=5) and stirring (n=6) (mean ± SD).
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surfaces, measured by ANS fluorescence, in the sol-

uble protein corresponded with precipitation of

rhG-CSF from solution. Stirring, by contrast, pro-

moted precipitation of rhG-CSF in the apparent

absence of exposure of a corresponding amount of

hydrophobic protein surface area in the soluble

fraction. We show below that aerated samples of

rhG-CSF contained a substantial number of solu-

ble aggregates, whereas such aggregates were

scarce in the stirred samples. Therefore, it seems

plausible that protein unfolding and aggregate for-

mation in solution could mainly be responsible for

the observed rise in fluorescence under the condi-

tions of aeration stress. Negative controls, consis-

tence with SEC results and the stability of fluores-

cence signal refute the possibility that the qualita-

tive nature of the ANS fluorescence data could

have been biased by induced unfolding or aggrega-

tion of rhG-CSF [39].

3.3  Non-native aggregation of rhG-CSF in solution
monitored by SEC

High-performance SEC coupled to fluorescence

detection was employed to analyze the super-

natant of samples taken from the stress experi-

ments. SEC monitored the occurrence of rhG-CSF

forms differing from the native protein monomer

with regard to their molecular size. Figure 3A dis-

plays a superimposition of the fluorescence traces

obtained upon analysis of a representative sample

from the aerated and the stirred incubation. With-

in limits of resolution of the analytical method, the

starting material comprised only the monomer

(≥99%). The results reveal that aeration resulted in

a greater number of aggregated protein species

and overall amount of soluble aggregates than stir-

ring. We are fully aware of the potential limitation

of this analytical method, in that the samples were

exposed to bulk conditions slightly different from

those used in the stress experiment. Choice of con-

ditions was dictated by optimal analytical per-

formance. However, even though we cannot rigor-

ously rule out secondary effects occurring as result

of the analysis, such as partial refolding of rhG-

CSF and changes in soluble aggregate content, it is

very likely that the comparison of the two samples,

with respect to the corresponding results from

SDS-PAGE and fluorescence, gives a fully repre-

sentative picture. Using the peak area for relative

concentration determination, we calculated the

absolute concentrations of soluble aggregates with

respect to the total soluble protein (280 nm meas-

urements) after various periods of incubation

(Fig. 3B). Soluble aggregate formation was much

more pronounced with aeration as compared to

stirring. Of note, protein precipitation occurred to

a massive extent under both stress conditions.

Therefore, different mechanisms may underlie the

aggregation of rhG-CSF induced by aeration and

stirring. At the very least, stirring must lead to an

increase in growth rate of soluble aggregates com-

pared aeration, so that the observed level of insol-

ubility is reached when applying the stirring

stress. This is corroborated by our fluorescence

data, which also support different aggregation pat-

terns for the two simulated stress extremes.

Figure 3. (A) SEC chromatograms of soluble rhG-CSF in samples from aeration and stirring experiments. The native monomer, aggregated dimer and sol-

uble aggregates can be distinguished. (B) Dependence of total number of soluble aggregates in soluble rhG-CSF on incubation time under stress by aera-

tion (n=5) and stirring (n=6) as determined by SEC. Mean ± SD of duplicate measurements. Peak area was used for quantification.
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3.4  Disulfide bridge rearrangement during
non-native aggregation

Protein assemblies, identified as distinct bands in

the SDS polyacrylamide gels used for elec-

trophoretic characterization of the rhG-CSF pre-

cipitate, were excised from the gel, digested with

trypsin or chymotrypsin, and subjected to peptide

sequencing by LC-MS/MS analysis. Tables contain-

ing the sequences of identified peptides in each

band, ion scores, mass errors, the number of pep-

tides found per band, sequence coverage and Mas-

cot scores can be found in the Supporting informa-

tion.

rhG-CSF was located in all analyzed bands.

From the sequence coverage of peptides identified

in the individual protein bands, we concluded that

rhG-CSF had most likely remained intact during

non-native aggregation, confirming the opinion

obtained from SDS-PAGE done under reducing

conditions. Moreover, no significant chemical mod-

ification of rhG-CSF aggregates was detected in the

protein oligomers on applying error-tolerant Mas-

cot searches of Unimod modifications. However, by

tracking the changes in protein disulfide bridges

that accompanied the conversion of the native rhG-

CSF monomer into the heterogeneous mixture of

protein assemblies constituting the precipitate, we

obtained relevant insight into the structural distor-

tions underlying the process of non-native aggre-

gation. For this purpose, we alkylated free cysteines

in the precipitate prior to nonreducing SDS-PAGE

to inhibit disulfide rearrangement during analysis.

After in-gel digestion of mono- and oligomeric pro-

tein bands and LC-MS/MS, free cysteines were

identified by their mass shift through car-

bamidomethylation in decoy Mascot searches. Pep-

tides cross-linked via disulfide bridges were

matched to custom-made databases of linearized

disulfide cross-linked peptides of digested rhG-

CSF produced by the xComb software. Table 1

shows all novel disulfide bonds. Disulfide cross-

linking and detected fragment ions of the two bold

entries in Table 1 are shown in the Supporting in-

formation, which also gives a detailed interpreta-

tion of MS/MS spectra, identifying different disul-

fide cross-linked peptides. The native pattern of

disulfide bonds and the free Cys18 was observed in

all protein bands, suggesting that breaking or re-

arrangement of the original disulfide bridges was

not a stringent requirement for rhG-CSF to become

trapped in the precipitate. However, stress-induced

aggregation, especially that triggered by stirring,

was clearly associated with partial breaking of the

original disulfide bridges because in each samples

analyzed, one or more free forms of the natively

bound Cys residues were identified (Supporting in-

formation, Table S1). Concerning the initial events

of the structural distortion in stressed rhG-CSF, the

monomer bands observed after aeration and stir-

ring contained a free Cys that must have resulted

from disruption of the Cys37-Cys43 disulfide bridge;

free Cys43 was detected in the sample from aera-

tion, and Cys37 in the sample from stirring. Of the

new bonds formed, a Cys18-Cys75 linkage was pre-

dominant in the different aggregate bands

(Table 1). However, the high molecular mass aggre-

gate formed under aeration contained an array of

disulfides involving Cys18. The presence of Cys18-

Cys18 disulfide bridges indicates that aggregation

can occur through intermolecular cross-links be-

tween rhG-CSF monomers. Interestingly, a greater

number of novel free cysteines and fewer novel

disulfide bridges were detected in stirred samples

compared to the aerated samples. Previous work on

bovine G-CSF has provided evidence, based on

data from SDS-PAGE, that intermolecular disulfide

cross-links are formed during non-native aggrega-

tion [27].

3.5  Characterization of rhG-CSF precipitates by
CLSM

Precipitated rhG-CSF was stained with ANS and

visualized using CLSM. Samples taken after vari-

ous lengths of incubation were analyzed, and re-

sults obtained after image processing are displayed

in Fig. 4. rhG-CSF formed amorphous precipitates

under the stress conditions used. No fibrillar ag-

gregates were observed (for detection and charac-

Table 1. Novel disulfide bonds in rhG-CSF subjected to stress by stirring or aeration, as revealed by MS. ‘x’ indicates that the fragment was detected upon

stressing with the respective method.a)

Sequence Ion score Mass error [Da] S-S bridge position Digestion Aeration Stirring

CLEQVR-CLEQVR 52 0.0024 C18-C18 Trypsin x

LLKCL-EQVRKIQGDGAALQEKLCATY 18 0.129 C18-C37 Chymotrypsin x

LLKCL-QLAGCL 20 0.0026 C18-C75 Chymotrypsin x x

LLKCL-QLAGCLSQL 20 0.0046 C18-C75 Chymotrypsin x

a) Entries in bold represent cross-links with detected fragment ions and MS spectra that are provided in the Supporting information.
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terization of protein fibrils by CLSM, see [40–42]).

The number of particles and their total areas in the

sample increased with increasing incubation time,

irrespective of the type of stress applied to the rhG-

CSF. The total number of aggregate particles per

sample varied between 363 and 7539. Due to the

high skewness of the particle size distribution to-

wards small particles (Fig. 4A), it would have been

inappropriate to compare the samples based on

arithmetic means of the particle area; therefore the

entire distribution for size and shape had to be con-

sidered. In all of the samples analyzed, the vast ma-

jority of particles (≥92%) had a size of 1 µm2 or

smaller. Despite the increasing particle number, the

size distribution did not change dramatically over

time, with most of the particles having a size be-

tween 0.1 and 0.2 µm2 (Fig. 4A).

Circularity (C) was chosen as the shape descrip-

tor for the insoluble protein particles. It is defined

by the relationship, C = 4π × area / perimeter2, and

a C value of 1.0 indicates a perfect circle. Elongated

shapes are indicated by substantially lower C val-

ues. Figure 4B shows that the majority of the rhG-

CSF particles were circular at all times and that this

was independent of the type of stress applied. A

slight bias towards small and circular particles

needs to be accepted for the fraction of vertically

pictured, stick-shaped aggregates. However, a clear

trend towards the formation of non-circular parti-

cles at longer incubation times could be deduced

from the data. Additionally, slightly higher numbers

of non-circular particles were found in the aerated

as compared to stirred samples. Local differences

in shear stress from friction or bubble disruption,

differences in disulfide shuffling, coalescence, sur-

face area, surface dynamics or energy input are

possible explanations for these findings.

3.6  Mechanistic considerations of non-native
aggregation of rhG-CSF and their implications
for stabilization

From the evidence presented here, factors promot-

ing non-native aggregation of rhG-CSF can be cat-

egorized broadly according to the severity of their

effect: combined hydrodynamic and interfacial

stress caused by aeration > predominantly hydro-

dynamic stress caused by stirring > elevated tem-

perature stress (37 °C). Exposure of rhG-CSF to air-

liquid interfaces should thus be reduced to a mini-

mum at all times. Non-ionic surfactants capable of

protecting proteins against denaturation at the wa-

ter-air surface might be useful stabilizers of rhG-

CSF [43]. The potential damage to rhG-CSF caused

by fluid agitation due to stirring, shaking or pump-

ing should also be considered. Despite the signifi-

cant differences in soluble aggregate formation,

turbidity and protein unfolding observed here un-

der the different stress conditions, we still assume

that surface effects were the principal trigger for

aggregation in all our experiments. In fact, shear

alone has only rarely been shown to cause severe

protein damage [24]. It is possible that the coales-

cence of monomers, dimers and oligomers in solu-

tion might be accelerated by stirring as compared

to aeration. This fast coalescence of denatured, yet

soluble species could partly compensate for lower

unfolding rates under stirring than under aeration,

so that eventually both stress conditions give simi-

lar precipitation rates. However, a more detailed

Figure 4. (A) Area distribution of rhG-CSF aggregate particles under stirring and aeration determined by CLSM. (B) Shape distribution of rhG-CSF aggre-

gate particles under stirring and aeration determined by CLSM; 1 = perfect circle, 0 = stick shape.
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analysis of the kinetic pathways underlying aggre-

gation under the different conditions used was be-

yond the scope of this study.

The characterization of the different protein

forms by MS present in the rhG-CSF precipitate in-

dicated that the disruption of the native Cys37-

Cys43 disulfide bond (Fig. 1) may be one of the ear-

ly events of denaturation (i.e. a nucleation step).

Aggregated monomer containing free Cys43 was

found under aeration and with free Cys37 under

stirring. The absence of the stabilization given by

the Cys37-Cys43 disulfide bond is likely to affect the

conformation of the large central loop of rhG-CSF

(Fig. 1), which is partially fixed in place by Cys65-

Cys75 bond. The additional presence of free Cys65

and Cys75 in a trimeric aggregate contained in the

protein precipitate obtained under stirring would

be consistent with a denaturation process that pro-

gresses from the Cys37-Cys43 to the Cys65-Cys75

disulfide bond.

In addition to the disruption of the native disul-

fide bridges, the formation of several non-native

disulfides bonds was observed in rhG-CSF precip-

itates. The involvement of the originally free Cys18

in all of these new disulfide linkages provides a

compelling molecular explanation for observations

from previous studies that mutation or PEGylation

of Cys18 correlates with changes in the conforma-

tional stability and aggregation behavior of rhG-

CSF [28–31]. Of note, Cys18-PEGylated rhG-CSF

did not form covalent assemblies during non-na-

tive aggregation [31]. Proteins structurally related

to rhG-CSF, such as interferon-β and interleukin-2,

also undergo non-native oligomerization via thiol/

disulfide interchange. This may therefore be con-

sidered a common feature of aggregation of long-

chain cytokines [44]. While the Cys18-Cys18 disul-

fide linkage can only result from intermolecular

cross-linking, the origin of the other disulfides,

Cys18-Cys37 and Cys18-Cys75, is less certain. As can

be seen from the structure of rhG-CSF (Fig. 1), the

formation of an intramolecular Cys18-Cys75 disul-

fide is conceivable for a structurally expanded in-

termediate of unfolding that has retained the 4-α-

helix bundle fold. Unless massive disintegration of

this secondary structural core of rhG-CSF oc-

curred, the Cys18-Cys37 disulfide would rather be

formed by an intermolecular reaction. The seem-

ingly high reactivity of Cys18 is somewhat surpris-

ing considering that, at the pH of 4.4 used here, the

thiol side chain should be fully protonated and thus

unreactive as a nucleophile. Since disulfide ex-

change under acidic conditions may involve an

electrophilic mechanism, this can proceed in the

absence of a thiolate nucleophile [44]. Neverthe-

less, the increased heat stability of rhG-CSF at

pH 4.4 compared to neutral pH [25] could originate

from the lower propensity to form covalent aggre-

gates. In any case, the addition of external thiols

may help in preventing aberrant disulfide bond

formation in rhG-CSF [6].

4  Concluding remarks

This work presents a detailed characterization of

non-native aggregation of rhG-CSF under stress

caused by gas-liquid interfacial contact and expo-

sure to hydrodynamic force. The observation of dif-

ferent types of aggregation behavior related to the

varying forms of hydrodynamic and interfacial

stress adds significantly to the substantial body of

evidence on spontaneous aggregation of the pro-

tein in solution. The results suggest that under the

pH conditions used in the commercial formulations

(pH 4.4), surface and agitation-mediated aggrega-

tion could be important factors determining the

stability of rhG-CSF. Despite its relative simplicity,

we believe that the set-up used here enables the

simulation of further combinations of stress factors

for future investigations of the relevance of unit

operations in terms of protein aggregation.

Although the “accelerated” aggregation experi-

ments of the type described here provide useful in-

formation for practical applications, it must be rec-

ognized that the transferability of the results to the

conditions of real processes is limited. The design

of process-stress experiments that would support

quantitative extrapolation remains a major chal-

lenge in the field.
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