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Abstract 

Shear stress is commonly made responsible for protein aggregation but the reports remain 

contradictory.  Furthermore, the effect of cavitation occurring at very high shear rates in gear 

pumps, process pipes or valves was not addressed so far. Cavitation occurs when the local static 

pressure falls below the vapor pressure of the liquid resulting in boiling at ambient temperatures. 

Gas bubbles are formed providing vapor/liquid interfaces.  When the gas bubbles collapse, 

hydroxyl radicals are formed. It has been hypothesized that these radicals damage proteins. 

Hence, cavitation is a potential cause for protein aggregation. Hydrodynamic cavitation only 

occurs when the velocity gradient in a system is very steep. Consequently, the protein is exposed 

to high shear rates, vapor/liquid interfaces and hydroxyl radicals simultaneously. 

In this thesis a method was designed to generate cavitation using a micro-orifice. In order to 

dissect the influence of shear stress, vapor/liquid interface and hydroxyl radicals, each stress 

factor was addressed independently. To suppress cavitation inside the micro-orifice a flow 

restrictor was built to raise the downstream pressure. To mimic the effects of vapor-liquid 

interfaces on protein aggregation a foaming method was designed. The generation rate of 

hydroxyl radicals occurring from cavitation was tested by a fluorometric assays.  The stress 

factors were tested with nine proteins (alpha-Lactalbumin, two antibodies, fibroblast growth 

factor 2, granulocyte colony stimulating factor, green fluorescent protein, hemoglobin, human 

serum albumin, lysozyme) covering a wide range of protein sizes, isoelectric points, and 

conformational stabilities. The velocity field, shear rates, and appearance of cavitation was 

calculated by computational fluid dynamic (CFD) simulation and experimentally validated.  

The maximum shear rate in the micro-orifice at highest flowrates was calculated to be  

108  s-1. Although the shear rate was among the highest ever reported in literature, not a single 

protein showed increased aggregation behavior when cavitation was suppressed. However, 

hydrodynamic cavitation was identified as possible reason for protein aggregation. Three of the 

nine tested proteins aggregated under cavitational flow. The aggregation behavior could be 

correlated to the increase in surface area by vapor/liquid interfaces occurring from cavitation 

bubble growth. The concentration of hydroxyl radicals generated by vapor bubble collapse was 

found to be insignificant as a cause for protein aggregation. This work conclusively shows that 

isolated shear stress is not an issue when processing proteins but cavitation should be prevented 

at any time.  
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Zusammenfassung 

Obwohl hohe Scherraten in der Vergangenheit oft mit Proteinaggregation in Zusammenhang 

gebracht wurden, gibt es Arbeiten in denen keine Korrelation gefunden werden konnte. Der 

Einfluss von Kavitation, welche bei sehr hohen Scherraten in Pumpen oder Ventilen auftreten 

kann, wurde hingegen noch nicht beschrieben. Kavitation entsteht wenn der lokale statische 

Druck unter den Dampfdruck der Flüssigkeit fällt. Dabei entstehen Gasblasen bereits bei 

Raumtemperatur. Wenn der lokale Druck wieder zunimmt, werden die Blasen instabil und 

implodieren. Hierbei entstehen Hydroxyl-radikale, von welchen man annimmt, dass sie in der 

Lage sind, Proteine zu zerstören. Aufgrund der hohen benötigten Strömungsgeschwindigkeiten 

tritt Kavitation nur zusammen mit hohen Scherraten auf. Dadurch werden Proteine hohen 

Scherraten, Hydroxyl-radikalen und Phasengrenzflächen gleichzeitig ausgesetzt. 

Im Zuge dieser Arbeit wurden Kavitation, extrem hohe Scherraten und Phasengrenzflächen 

unabhängig voneinander betrachtet, um ihren jeweiligen Einfluss auf Proteine zu verstehen. 

Kavitation wurde mithilfe einer Mikromessblende erzeugt. Durch den Einsatz eines 

Druckerhöhers konnte Kavitation unterdrückt werden und hohe Scherraten isoliert betrachtet 

werden. Der Einfluss der Kavitationsphasengrenzfläche wurde mithilfe eines 

Proteinschaumversuches imitiert. Die Hydroxyl-radikalbildungsrate konnte mittels einer 

Fluoreszenzanalytik aufgeklärt werden. Es wurde eine große Anzahl strukturell unterschiedlicher 

Proteine getestet (Alpha-Lactalbumin, zwei Antikörper, Fibroblast growth factor 2,  Granulocyte 

Colony Stimulating Factor, Green Fluorescenct Protein, Hämoglobin, Humanes  Serum Albumin 

und Lysozym). Die Scherraten, welche in der Messblende erzeugt werden konnten, wurden 

mittels einer validierten Computersimulation, berechnet.  

Es konnte gezeigt werden, dass die vorliegende maximale Scherrate, bei maximalem Fluss  

(108 s-1), eine der höchsten jemals an Proteinen getesteten Scherrate war. Dennoch wurde bei 

keinem der ausgewählten Proteine erhöhte Aggregation festgestellt. Im Gegensatz dazu, führte 

Kavitation bei drei von neun Proteinen zur Aggregation. Darüber hinaus konnte gezeigt werden, 

dass die entstehenden Grenzflächen, welche durch Kavitationsblasen entstehen, für die 

Aggregation verantwortlich waren, und nicht Hydroxyl-radikale, wie bisher vermutet. Diese 

Arbeit demonstriert eindrucksvoll, dass Scherstress, auch auf sehr hohem Niveau, keinen Einfluss 

auf Proteinaggregation hat. Im Gegensatz dazu sollte die Entstehung von Kavitation in 

Bioprozessen zu jeder Zeit verhindert werden. 
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1 Introduction  

1.1 Proteins 

Generally, the demand for innovative drugs and sustainable medical treatment is high. By 2015 

almost 400 recombinant produced proteins were approved as biopharmaceuticals by the 

authorities. Furthermore, 1300 other candidates were in the pipelines of pharmaceutical 

companies were 50 % of these potentially new drugs were in pre-clinical and 33 % in the stage of 

clinical trials [1]. Due to the increase in antibody production which requires complex glycosylation 

more and more recombinant proteins are produced in mammalian cells. The ratio between 

productions in mammalian cell to not-mammalian changed from 37:63 in 1989 to 70:30 until 

2014 [2]. In 2016 11 out of the top 15 best-selling drugs worldwide were either proteins, peptides 

or recombinant vaccine-conjugates (Figure 1) [3]. Together, these 11 drugs came in with sales of 

81.8 b$. For the antibody Humira®, which is used to treat rheumatoid arthritis the sales growth 

from 2007 to 2016 was 900% (1.6b$ to 16.1) [3, 4].  

Although the outlook for biopharmaceuticals is promising there is a drawback. Until a certain 

pharmaceutical is approved by the regulatories it has to pass a pre-clinical and three clinical 

stages in which it must be shown to be safe for use and superior compared to the existing 

standards.  It was shown that from 2005 to 2009 out of an average of 24 newly developed drugs 

only a single one passed all trials and was finally approved by the FDA [5]. Therefore, it was 

estimated that the averaged costs for an approved biopharmaceutical is $615 million, $626 

million, and $1.2 billion for the preclinical period, the clinical period, and in total, respectively [6].  

Additionally, the bigger the market of a certain drug, the higher the probability competitor 

market entry once patent protection runs out. These generic substitutes of the originator drug 

are called biosimilars. Compared to chemical generics, biologically produced drugs can only be 

produced “similar” but not in an identical way. Due to the reduced R&D costs biosimilars are of 

immense interest [7].  



2 
 

Figure 1: Top selling drugs of 2015 and 2016 in billion US Dollar. Recombinant obtained drugs are opaque while chemically 

produced compounds are transparently colored [3].  

In April 2006, Omnitrope® (Novartis Pharma GmbH), a recombinant human growth hormone, 

was the first biosimilar gaining access to the European market [8] after approval. The first 

biosimilar antibody to be approved by the EMA was infliximab (Celltrion, Inc. and Hospira, Inc)  

targeting tumor necrose factor alpha, in 2013  [7].  In 2015, Zarxio® (filgrastim-sndz Novartis 

Pharma GmbH) became the first biosimilar product to receive approval from the FDA [9]. 

Manufactured by Novartis, Zarxio is a biosimilar to Amgen’s Neupogen® which is a granulocyte 

colony stimulating factor (GCSF). Although, it was already approved in the European Union since 

2009 it took almost 6 years to enter the US market. As described above the market for Neupogen 

is huge hence the potential conflict between different companies even bigger. First biosimilars 

of Humira with sales of 16 b$ in 2016 are expected to enter the market by the end of 2018 when 

the patent protection expires [10].  
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1.2 Production of proteins 

As mentioned before there is a huge cost pressure for the development of biopharmaceuticals 

nowadays. Hence, a lot of effort is spent to bring a certain biopharmaceutical to the market as 

quickly as possible in order to prolong the period in which the drug can be exclusively produced 

under patent protection. However, the process understanding and the definition of critical 

control parameters (CCPs) is therefore often underdeveloped, with dramatic effects on 

manufacturing efficiency [11]. In general the production of a certain biopharmaceutical is divided 

into up- and downstream (Figure 2). In the upstream the protein is produced in a genetically 

modified host like microbials, yeast or mammalian cell cultures.  While in the downstream the 

target protein is separated from host materials. This purification process is required to remove 

process related impurities such as host cell proteins (HCP), viruses, DNA or endotoxins. These 

impurities can cause patients side effects and must therefore be removed to meet authority 

requirements [12]. Also product related impurities with higher or lower molecular weight must 

be separated to ensure high potency per delivered drug dosage. The separation of undesired side 

products is based on the different physical properties of these impurities like size or charge. With 

each purification step at least one class of such impurities is addressed to be removed [13, 14].  

Figure 2: Schematic description of a possible bioprocess which includes the production of the biopharmaceutical with a host 

inside a bioreactor and the followed separation and purification [15]. 
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However, during or after fermentation the target protein is separated from the encapsulated 

environment of the host cell. This exposes the protein to physical stressors such as air/liquid, 

liquid/solid interfaces, shear stress, changes in pH, temperature or chemotropic chemicals. As 

will be described in the following chapters, all these properties are at least surmised to reduce 

protein activity at a certain level. Currently, process understanding and the prediction of how a 

certain protein behaves in a certain situation is still not accessible for industries [11]. Due to the 

increase in the complexity of target proteins and the high pressure on the pharmaceutical 

market, novel manufacturing approaches have to be found. The quality by design (QbD) concept 

promotes early understanding of the interplay between product quality and the manufacturing 

process. This emphasizes including quality through the process, not testing it in [11]. Hence 

process understanding and QbD are increasing in importance due to market pressure. 

1.3 Protein stability 

Although proteins are over 1000 times bigger than chemical pharmaceuticals they still have a 

highly ordered structure. This three-dimensional fold is characterized by the secondary, tertiary 

and quaternary structure [16, 17]. However, this three-dimensional folded state fluctuates with 

a limited number of preferred conformations. The conformation of a protein that possesses the 

least overall energy is also the most stable one and described as the native state. At this state the 

bioactivity of the drug is highest. Although there are some purification methods like precipitation 

and flocculation where this confirmation is reversibly altered for a short period of time to ensure 

selective purification, the native conformation must be given for the final biopharmaceutical.  

Several different interactions are responsible for the present folding state. There are electrostatic 

interactions, hydrophobic interactions, hydrogen bonding, van der Waals forces and intrinsic 

propensities. However, among those hydrophobic interactions were identified to be the most 

dominant force . Here hydrophobic amino acids of proteins do not favor to interact with polar 

water molecules surrounding the protein. Hence this uncharged and nonpolar residues tend to 

be located in the inside of the protein shielded from water whereas polar side chains are oriented 

towards water. Furthermore, it was suggested that the lack of hydrogen bond between nonpolar 

molecules and water, rather than favorable interactions between nonpolar groups themselves, 

is a major factor contributing to the structural stability of proteins and nucleic acids [18]. In 

biopharmaceutical industries protein aggregation must be prevented at any time because these 
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aggregates reduce the process yields therefore increasing the manufacturing cost per dose. 

Second, and even more import, protein aggregates must not be found in the final product 

because of immunogenic risk of the patients [19]. 

1.4 Temperature and chemically induced unfolding of proteins 

A good thermodynamical description of protein folding is the free energy of unfolding ΔGunf  

(Equation 1). It is a function of enthalpy (ΔHunf), temperature (T) and entropy (ΔSunf) changes. For 

proteins under moderate temperatures both enthalpy and entropy are negative. Here, the 

decrease in enthalpy overcomes the decrease in entropy. An unfolded protein has a higher free 

energy than a folded protein. Hence, protein folding occurs spontaneously to reach the native 

state which has the least free energy.   

∆𝐺𝑢𝑛𝑓 = ∆𝐻𝑢𝑛𝑓 −  𝑇∆𝑆𝑢𝑛𝑓                 (1) 

However, at higher temperatures the entropic term is more weighted favoring unfolding of 

proteins. With the assumption of a two stage reversible aggregation process (folded ↔ 

unfolded) and a given ΔGunf at a certain temperature the percentage of unfolded protein can 

directly be calculated (Equation 2), with R as the gas constant and U and F as fractions of unfolded 

and folded protein. In other words, at the midpoint temperature of unfolding (Tm) the ratio of 

unfolded to folded protein is 1:1 resulting in a ΔGunf of zero.  

∆𝐺𝑢𝑛𝑓 = −𝑅𝑇𝑙𝑛
[𝑈]

[𝐹]
                  (2) 

Similar to temperature induced unfolding, chemical agents such as chaotropic salts can also 

induce unfolding of proteins. When a protein population unfolds, its fluorescence and circular 

dichroism spectra change. When the ratio of unfolded to folded protein at several unfolding 

agent concentrations is measured, a linear extrapolation can be set up to predict the free energy 

at a  concentration of zero unfolding agent ΔG0 [20]. Similar experiments can be performed to 

describe protein stability towards changes in pH [21]. 
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1.5 Mechanically induced unfolding of proteins 

The unfolding of proteins due to temperature, chemicals or pH can be described 

thermodynamically. However, a lot of effort was spent to compare thermodynamical parameters 

with mechanical strength to define which features of the underlying energy landscape modulate 

the force response of a protein. With this knowledge the behavior of a defined protein towards 

a certain force can be predicted and such knowledge would be useful for tailor-made proteins in 

the future. Unfortunately, no correlation was found between the thermodynamic stability of a 

domain and the force at which it is likely to unfold [22-24]. It was found that the unfolding force 

at which a certain protein unfolds depends on the amount to which it is extended indicating that 

unfolding is a kinetic and not a thermodynamic process [25].  Hence, the unfolding force is 

expected to depend on the activation energy that must be overcome to undergo the transition 

from the folded to the unfolded state. As a consequence a lot of effort was spent to determine 

the force which is required to unfold proteins mechanically. One promising approach is to 

immobilize proteins onto a surface and to use an atomic force microscope (AFM) to unfold 

proteins (Figure 3).  The tip of the AFM is pushed into the immobilized proteins and upon binding 

it is possible to both measure the unfolding force as well as the elongation distance when the tip 

is pulled back. Many studies have been conducted in this field and the unfolding force for 

different proteins was correlated to the secondary structure. While α-helical dominated proteins 

tent to unfold around or even below 20 pN [25, 26] β-strand dominated proteins being known to 

have a higher mechanical stability unfold  approximately one order of magnitude higher between 

180 to 220 pN [25, 27]. In theory it should be possible to use this knowledge of force required to 

unfold certain proteins and translate it to the force obtained by shear stress. If it is possible to 

correlate shear rates with unfolding forces, the threshold for shear induced protein unfolding can 

be drawn.  
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Figure 3: Schematic diagram of a mechanical unfolding experiment and the force-extension profile for different unfolding 

states. Protein binding (1), linearization of the protein (2), unfolding of a single domain (3), unfolding of all domains (4). With 

the force (F) and the elongation distance (D) given for each step in the insert [25]. 

1.6 Effect of shear stress on protein integrity 

Shear stress can be seen as a mechanical force acting on proteins to unfold them. Already in the 

1980’s,  Charm and Wong [28] reported the effect of shear stress on proteins. They used the 

catalytic activity of enzymes to address the influence of shear on the structural integrity of 

proteins. Catalase, carboxypeptidase and rennet were stressed either in a narrow gap coaxial 

viscometer or pumped through a narrow capillary. They found inactivation of rennet, catalase 

and carboxypeptidase already at shear rates of 9.15, 91.5 and 290 s-1, respectively. In a follow up 

publication Charm and Lai [29] described how shear stress inactivated catalase during 

ultrafiltration at shear rates > 10000 s-1. However, rennet did not show reduced catalytical activity 

under the same conditions. This behavior was attributed to the recovery of tertiary structure and 

activity after the end of ultrafiltration. They further showed that when the product of the shear 
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rate (𝜸) times incubation time (t) exceeded 104 (𝜸 t), inactivation of rennet occurred irreversibly. 

Tirrell and Middleman [30] found urease enzyme inactivation in a hydrodynamic flow already at 

shear rates of 48 s-1. The impact of a turbulent flow regime inside a capillary on protein 

aggregation behavior of heparin, fibrinogen and interferon was also addressed by Charm and 

Wong [28]. Their findings suggested that the turbulent flow regime induces protein aggregation 

even faster than laminar conditions. 

Contrary to the above cited publications, other reports showed no correlation between shear 

stress and protein aggregation. Thomas, Nienow [31] showed that there was no inactivation of 

alcohol dehydrogenase sheared at 30 °C in a coaxial cylinder viscometer at 683 s−1 for 5 hours. In 

the same year Thomas and Dunnill [32] further highlighted a lack of shear damage using urease 

and catalase when stressed in a capillary with shear rates of up to 106 s−1. They concluded that 

isolated shear alone was not enough to damage proteins and that other effects such as air/liquid 

interfaces inactivation must occur together with the shear stress. In concentric cylindrical 

viscometer study alcohol dehydrogenase was stressed with 2.6x104 s-1 without noticing any loss 

in activity after 1 h (𝜸 t = 9.4 x 107) [33]. Jaspe and Hagen [34] also did not find evidence for the 

inactivation or the unfolding of cytochrome c in a silicon capillary tube with shear rates of up to 

2 x 105 s-1. Additionally, they derived a bead based theoretical model to predict shear rates for 

protein unfolding. According to their calculations a protein with 100 amino acids would require 

shear rates of ~107 s-1 to unfold. This in turn would require a very high driving force inside the 

capillary and laminar flow conditions would not be given under this conditions. Also a detailed 

study on highly concentrated monoclonal immunoglobulin G1 did not yield protein aggregation 

at shear rates of up to 2.5 x 105 s-1 [35]. The authors also concluded that the entrapment of air-

bubbles, adsorption to solid surfaces, the contamination by certain particulates or pump 

cavitation stresses are much more important than isolated shear. They calculated the required 

shear force to unfold an antibody with a different theoretical approach to be 5 x 107 s-1 in a 3 

mPas solution. Although the conclusion that isolated shear stress in the magnitude below 107 s-1 

has no negative effect on protein integrity has been reached by most researchers, there remain 

dissenting voices.  A setup which can describe isolated shear rates without the entrapment of air 

and the test of several structurally different proteins is missing.  
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1.7 Calculation of shear rates 

When proteins are exposed to a velocity gradient like in a valve, a tube or close to an impeller 

tip, the differences in velocity result in a shear gradient (Figure 4).  This shear gradient (𝜸) is 

calculated by taking into account the difference in flow velocity (Δv) between two layers and the 

distance between those (Δd).  

 

 

 

 

 

 

 

Figure 4: Schematic drawing of a tube with a laminar flow profile. Shear rates can be calculated for each velocity layer. An 

antibody is schematically drawn into the shear field (purple). 

The shear rate is a local function with its maximum close to the wall and its minimum at the 

center of the tube. For an impeller the highest shear rate is close to the tip and the shear rates 

decrease with distance to the impeller. Shear induced damage to proteins might be caused by 

changes to their secondary and/or tertiary structures through unfolding.  

Also a disruption of the quaternary structure of multi subunit proteins is reasonable. Due to the 

irreversible stretching inside the shear field the protein might unfold resulting in a loss of 

enzymatic activity or protein aggregation.  

The maximum shear rate in a tube can be derived by taking into account the mass flow (Q) and 

the radius of the tube (r) (Equation 3)  [36]. Also the average shear rate under laminar flow can 

directly be calculated due to the parabolic flow profile (Equation 4) [34].  

𝛾𝑚𝑎𝑥 =
4Q

πr3
                   (3)  

𝛾𝑎𝑣𝑎𝑟𝑎𝑔𝑒 =
𝜕𝑃

𝜕𝑧

𝑅

3𝜂
=

8𝑄

3𝜋𝑟3
                 (4) 

  

∆𝑑 

∆𝑣 
γ =

∆v

∆𝑑
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In turbulent flow the steepness of the velocity gradient depends on the velocity and the geometry 

of the system. Therefore, the shear rates cannot be directly derived (Figure 5).  

 

 

 

 

 

 

Figure 5: Flow profiles in a tube: laminar flow (blue), transition (orange), turbulent flow (red)  

To estimate the current flow regime inside a tube, the Reynolds Equation (Equation 5) is used, 

where ρ is the density of the liquid, v the linear flow velocity, d the diameter of the tube, and µ 

the dynamic viscosity.  

𝑅𝑒 =
ρvd

µ
                                                                                                         (5) 

Below 2300 the flow regime is assumed to be laminar, above there is turbulent flow. To describe 

the shear profile in turbulent flow and therefore to be able to calculate shear rates computational 

fluid dynamics simulations (CFD) can be used. 
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1.8 Unfolding force 

As previously mentioned for a laminar flow profile shear rates can be calculated rather simply. 

However, on their own they cannot answer the question which force is required to unfold a 

certain protein by shear. In recent years a lot of research was performed on atomic force 

microscopy (AFM) to answer this question [25, 27, 37-39]. To calculate the shear force (F) 

(Equation 6) which is necessary to unfold a protein by shear one has to take into account the local 

shear rate (𝜸), the dynamic fluid viscosity (μ) and the surface area of a protein on which this force 

acts (A) [40].  

𝐹 = 𝛾𝜇𝐴                   (6) 

While the viscosity and the area on which the shear acts does not change inside the observation 

point, the shear rate is a local function. It is expected to be highest the wall. The closer it is 

measured to the center of the tube, the lower the number becomes. The area on which this force 

acts is related to the structure of the target. Assuming proteins to be spherical particles the 

square radius of the target is proportional to the area on which the shear pressure (γµ) acts. 

Therefore, the size of the structure which is stressed is even more important than the magnitude 

of shear. Since particles can rotate in solution the amount of shear which is used to stretch and 

rotate the protein is difficult to define. However, with this simple description it is possible to 

correlate shear rates directly with mechanical unfolding forces when the ratio between protein 

rotation and elongation is defined. 
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1.9 Computational fluid dynamics  

The flow profile under turbulent conditions is difficult to predict a-priori, but computational fluid 

dynamics (CFD) can be used to overcome this limitation. CFD Simulation, also known as CFD 

modeling is an engineering based scientific process module which runs on Computational Fluid 

Dynamics theory and is applied for resolving different fluid flow related problems. It is able to 

describe flow velocity, density, temperature, and chemical concentrations for any area where 

flow is present. It’s a numerical method based on Navier-Stokes Equations for the calculation of 

nonlinear differential equations relating to fluid flow. Therefore, a certain geometry must be built 

virtually in computer aided design (CAD) and filled with defined finite volumes, called a mesh. 

After implementing border conditions for the setup the simulation is run (Figure 6).  

 

 

 

 

 

Figure 6: Schematic description of an CFD simulation for the description of velocity inside a tube. A cubic mesh was chosen to 

describe the velocity profile. 

While the Navier-Stokes Equations were available from the mid of the 19th century, the usage of 

CFD is highly computationally demanding. Early work on numerical solution was published in the 

mid of the 20th century with the advent of computers [41-44]. With increased computational 

capacity and decreased cost per flop CFD became more popular. Nowadays CFD simulation is 

used across various fields in order to achieve flawless product design by combining 

computational tools and the theory of fluid dynamics. CFD enables scientists and engineers to 

perform numerical experiments in a virtual flow laboratory without the need of an actual 

experiment. However, predicted solutions are more reliable when the input variables or border 

conditions are matched with experimental data [45, 46]. As mentioned, compared to laminar 

flow the description of local velocity, vortices or shear rates cannot be predicted by simple 

equations for turbulent flow. Hence a lot of effort was spent to describe flow profiles under 

turbulent conditions with CFD [41, 47-53] to overcome this limitation and to make CFD applicable 

for very challenging prediction problems.  
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1.10 Cavitation 

Bee, Stevenson [35] suggested that at extremely high shear rates the phenomenon of cavitation 

might occur. If cavitation has a negative influence on proteins but is not considered then the 

effect of cavitation can be misattributed to shear stress. Cavitation is a phenomenon in which the 

local static pressure falls below the vapor pressure of the liquid, resulting in localized boiling. The 

occurrence of cavitation can be described by both the Bernoulli equation and the Cavitation 

number. For Bernoulli, the sum of flow velocity (v), the local pressure (p) divided by the liquid 

density (µ) and the gravitational acceleration (g) times the difference in height (z) is constant in 

a certain streamline for incompressible fluids (Equation 7).   

𝑣2

2
+

𝑝

𝜌
+ 𝑔𝑧 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                 (7) 

Assuming that the fluid is only transported horizontally the equation can be reduced to  

Equation 8. 

𝑣2

2
+

𝑝

𝜌
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                 (8) 

If a certain fluid is pumped through a constriction such as a nozzle, the flow velocity increases 

under the assumption of equal mass transport. As a result the local pressure has to decrease 

according to Bernoulli. If it falls below the vapor pressure of the liquid, cavitation occurs  

(Figure 7). To predict cavitation in a certain flow path the cavitation number can also be used 

(Equation 9).  

𝐶𝑎 =
2(p−p𝑣)

ρ∗𝑣2
                                                                                                                        (9) 

The equation relates the local static pressure in a liquid (p) to the vapor pressure of the liquid 

(pv), the density (ρ), and the flow velocity (v). Below a value of 0.2 to 1.5 for the Ca, cavitation 

can be expected [54]. When the pressure recovers downstream of the orifice, the vapor filled 

bubbles collapse under enormous pressure and temperatures [55], forming microjets and 

hydroxyl radicals [56]. In material science the destructive nature of this phenomenon is well 

known [57-59]. For protein integrity the occurrence of vapor/liquid interfaces from bubble 

growth as well as the formation of hydroxyl radicals was not clearly addressed yet.  
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Figure 7: Schematic drawing of the occurrence of cavitation generated by an orifice inside a tube.  A steep increase in velocity 

leads to a decrease in local pressure below the vapor pressure. 

 

 

 

 

 

 

 

 

Figure 8: Expected effect of cavitation on proteins.  
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1.11 Hydroxyl radicals 

As previously mentioned, hydroxyl radicals are formed when vapor filled cavities generated by 

cavitation collapse under pressures higher than the vapor pressure of the liquid. This results in 

implosion of these cavities. The destructive nature of these hydroxyl radicals generated by X-ray 

radiolysis of water or Fenton’s reaction on antibodies and amino acid side chains was reported 

previously [60-64]. In the catalytic Fenton’s reaction one ferrous iron ion (Fe2+) reacts with 

peroxide to form ferric iron ion (Fe3+), one hydroxyl radical and one hydroxyl ion (Formula 1). In 

the backward reaction ferric iron reacts with peroxide to form ferrous iron, a hydroperoxyl radical 

and one H+ (Formula 2). In the backward reaction ferric iron is reduced to ferrous iron. Hence, 

only a little amount of ferric iron is needed to generate large amounts of radicals as long as 

peroxide and an acidic pH is present [65, 66].  

Fe2+ H2O2 → Fe3+ + OH° + OH-                       (F1) 

Fe3+ H2O2 → Fe2+ + OOH° + H+                           (F2) 

It was possible to describe the relative reactivity of the 20 amino acids with hydroxyl radicals as 

followed: Cys >Met > Trp > Tyr > Phe > Cystine >His > Leu ∼ Ile > Arg ∼ Lys∼ Val > Ser ∼ Thr ∼ 

Pro > Gln ∼Glu > Asp ∼ Asn > Ala > Gly [64].  In a publication by Randolph et al., protein filled 

vials were dropped from varying heights to induce cavitation [67].  Protein aggregation increased 

with the drop height. On the other hand, consistent evidence for oxidative damage of the protein, 

measured by mass spectrometry, was not found. They still considered that hydroxyl radicals were 

the only possible driving force for protein aggregation under cavitational conditions. Another 

study in which the combined effect of cavitation and agitation was described did also not find 

evidence for hydroxyl radical mediated protein aggregation [68]. However, no correlation 

between protein aggregation and hydroxyl radical concentration generated by cavitation has 

been found so far.  

Another source of cavitation and hydroxyl radicals is ultra-sonication [56]. In this method, 

ultrasound waves are transmitted through the medium, compressing and stretching the 

molecular spacing of the medium. Thus, the average distance between the molecules varies as 

they oscillate about their mean position. When the distance between water molecules is 

extremely large, the local pressure undercuts the vapor pressure of the liquid and cavitation 

occurs [69]. At high intensities Hydroxyl radicals occurring from ultra-sonication were already 
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associated with DNA degradation [70]. The threshold at which hydroxyl radical concentration is 

high enough to alter protein integrity was not addressed so far. 

To measure hydroxyl radical concentrations in solution several methods can be used. Guaiacol 

can be used to detect these radicals from solutions [71] but it is cross sensitive to light [72]. Also 

with the amino acid Tryptophan the effects of hydroxyl radicals onto proteins could be mimicked 

very easily. However, Tryptophan is cross sensitive to other radical species such as singlet O2 [73], 

making a specific assay difficult. Dimethyl sulfoxide (DMSO) has potential for hydroxyl radical 

scavenging but experiments suggest that DMSO oxidation may be achievable by mechanisms 

unrelated to hydroxyl radicals [74, 75]. Also aromatic hydroxylation was used to measure 

hydroxyl radicals in vitro. One prominent compound is 2-hydroxybenzoat which is solely sensitive 

to hydroxyl radicals. However, from this radical reaction 3 different products are formed: 2,5-

dihydroxybenzoate 2,3-dihydroxybenzoate and catechol [76, 77]. These products must be 

separated by HPLC to calculate the amount of hydroxyl radicals. Hence, this method cannot be 

used to directly measure hydroxyl radicals from solution. The most prominent chemical to 

specifically sense hydroxyl radicals from solution without any cross sensitivity is terephthalic acid 

(TPA).  Here one hydroxyl radicals specifically reacts with the meta-position of the acid to form 

fluorescent active compound hydroxyl terephthalic acid (hTPA)  

( 

Figure 9). Compared to other chemical hydroxyl radicals dosimeters, hTPA is heat and light 

resistant [78] and its emits  a high fluorescents signal (425 nm) when excited at 315 nm [79]. This 

enables direct measurement from the sample solution. Over the past decades this method was 

validated and used for radical detection in many studies [78-82].   

 

 

 

 

 

Figure 9: Reaction of terephthalic acid with hydroxyl radicals to form hydroxyl terephthalic acid. 

Recent protein studies investigated the effect of hydrodynamic cavitation by dropping protein 

filled vials [67, 68]. Protein aggregation was found in both experiments but the mass 
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spectrometry data on hydroxyl radical mediated amino acid modification was inconsistent. Also 

the concentration of hydroxyl radicals occurring from this experiment was not determined. 

Till today, it remains unclear if the amount of hydroxyl radicals generated by hydrodynamic 

cavitation is high enough to reasonable influence protein integrity. Hence has to be proofen that  

hydroxyl radicals can indeed be seen as the driving force for the described protein aggregation 

or if the increase in surface area was responsible (Figure 8). However, cavitation mediated 

increase in surface area was not subject of a study so far. Furthermore, the effect of 

hydrodynamic cavitation as expected from pipe reductions or valves was not subject of a single 

protein study. 

1.12 Protein adsorption to surfaces 

Surface induced aggregation is regarded as critical for the processing of proteins. When proteins 

are exposed to air/liquid interfaces the proteins directly attach to these interfaces. This binding 

is most probably driven by hydrophobic interactions, due to the higher hydrophobic property of 

air compared to water molecules [83]. Upon contact with the surface the protein monomer 

undergoes conformational changes. Proteins degrading at air/liquid interfaces often produce 

fibre like aggregates. It increases the contact area with the surface and therefore unfolds. The 

behavior of Hemoglobin, Insulin, Gliadin, Ovalbumin, serum albumin towards surfaces and the 

negative impact of protein surface-interactions onto protein integrity was already described in 

the mid of the last century [84, 85].  However, it remains unclear whether these unfolded 

monomers attach to other unfolded monomers at the surface or if they attach when being 

released to the solution [86]. The use of surfactant can prevent this phenomenon. It is believed 

that the surfactant covers the air/liquid interface in a thin layer. This blocks the access of the 

protein to the air/liquid interfaces protecting it from aggregation [87]. On the other hand, the 

general use of surfactants to overcome surface mediated protein aggregation is not 

recommended due to several reasons. It can accelerate protein aggregation as shown in several 

studies [83, 88] due to a strong binding to the protein which inducing aggregation.  Also the 

oxidation of surfactants is reasonable and might result in the formation of hydro-peroxides which 

can in turn lead to an oxidation of the final product [89]. A Recent study suggested that the 

surface tension directly unfolds proteins [35]. Water without the addition of proteins, salt or 

surfactants shows a surface tension of 70 mN/m. If this force acts over a distance between two 
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to three nanometer, the resulting force would be 140 to 210 pN. This force is of the same 

dimension which is required to unfold proteins with AFM.  

However, it was considered that in many early stage  shear stress studies the effect of air 

entrapment was overseen and the resulting effect of air/liquid interfaces was misattributed to 

shear stress  [90, 91]. When cavitation occurs, the increase in surface area due to vapor bubble 

growth was not considered as possible protein aggregation source so far. Here vapor/liquid 

interfaces built up as long as the local pressure stays below the vapor pressure of the liquid. The 

destabilization of vapor/liquid interfaces can be achieved by the use of surfactant. The surfactant 

reduces the surface tension of vapor cavities, leading to destabilization of the cavities and 

therefore an early break up resulting in a reduced interfacial area [92]. So far, all cavitation 

associated protein aggregation studies focused on effect of hydroxyl radicals [67, 68, 70] but 

missed to address vapor/liquid interfaces. If the effect of cavitation is addressed in a detailed 

protein study it is important to use methods which are able to describe the effects of cavitation, 

shear and surface interactions independent from each other. 

1.13 Analysis of protein aggregates 

To analyze protein structure alterations obtained from cavitation, shear or air/liquid interfaces 

several methods can be taken into account to address proteins in the supernatant, and insoluble 

aggregated protein. When analyzing the secondary structure of a protein in the supernatant 

curricular dichroism (CD) is a well-established routine analytic. CD is defined as the unequal 

absorption of right-handed and left-handed circular polarized light. When asymmetric molecules 

like proteins interact with both types of polarized light, they absorb left and right-handed 

polarized light to different extent. It was found that often a reason for the formation of insoluble 

aggregates was the presents of increased numbers of β-sheets [93, 94]. Similarly, a two-phase 

sequential dynamic change in the secondary structure was described when lysozyme adsorbed 

on solid substrates [95]. The first phase involved fast conversion of α-helix to random/turns. This 

happened within minutes, whereas the second towards an increased beta sheet content 

happened between 1 to 1200 minutes. Another study found the increase in β-sheet and β-turn 

content due to heat and acidic pH for and human serum albumin (HSA) [96]. It is therefore 

reasonable that once proteins are exposed to high shear, cavitation or air/liquid interfaces, they 

might undergo tertiary and/or secondary structure alterations due the rearrangement of amino 
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acids which in turn changes the CD Spectra. Hence, CD spectroscopy is a powerful offline method 

to determine structural alterations of proteins. However, when proteins are exposed to thermal, 

pH or mechanical stress the formation of soluble aggregates is reasonable. Here, depending on 

the aggregation mechanism, native or minutely structurally changed proteins attach to each 

other forming larger structures like dimers, trimers or multimers  [86]. If the protein 

concentration raises as intended in crossflow filtration the formation of soluble aggregates is also 

reasonable [97]. Although, it is important to track the formation of soluble aggregates, CD is not 

able to detect those minor formations if the protein structure of a single protein inside the di-, 

tri-, or oligomer complex has a very similar structure to the monomer. This was for example 

shown for HSA were a concentration of over 0.66 g L-1 must be exceeded to affect the CD signal 

[98]. Since the content of such soluble aggregates is mostly below 1% a change in the CD signal 

is not to be expected.  

An analytical method to overcome the limitation of undetectable soluble aggregates is size 

exclusion chromatography (SEC). With a high performance size exclusion chromatography media 

(HP-SEC) it is possible to precisely and reproducible separate soluble aggregates from monomer 

protein [99, 100]. Molecular separation by SEC is based on the molecular weight or more 

precisely the hydrodynamic radius given by the quaternary structure of the protein. Hence, the 

combination of CD and SEC is a powerful tool to describe soluble protein aggregation and 

structure alterations. However, insoluble aggregates cannot be reliably measured with these 

techniques. Due to the sedimentation of insoluble inhomogeneous aggregates a reliable 

detection might be very challenging by CD. Since insoluble aggregates are in the size range of 

several micrometer, in HP-SEC  analyisis such large molecules are filtered by the column pre-filter 

to avoid clogging the column.  

There are several different methods to characterize insoluble aggregates in solution. For example 

the use of dynamic light scattering (DLS) is possible. Here the Brownian motion is measured and 

correlated to the size of the observed molecules. The Brownian motion of a certain particle 

decreases with the size of the particle. To determine the size distribution of particles in solution 

an autocorrelation function is used to define the size distribution of the particles. However, DLS 

is limited to the sedimentation of the observed particles. Particles above 10 to 50 µm (depending 

on the density) are big enough to sediment with a higher velocity than the particles moving by 

Brownian motion. Therefore, size estimation by DLS becomes difficult [101, 102]. Microscopic 
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methods can also be used. Here the solution containing insoluble protein aggregates is 

transferred to a microscope slide and the size distribution is evaluated. However, the estimation 

of the size is often user dependent and the chance of particle destruction during sample handling 

is high. Another disadvantage of DLS and generally all offline size measurement techniques is that 

sampling must be accurately. The solution to be sampled must be carefully mixed to get a 

representative sample without shredding large size aggregates. To overcome such limitations 

different techniques were developed to monitor the insoluble particle distribution online. Here, 

focused beam reflectance measurement (FBRM) should be mentioned. FBRM measures online 

and in-time particle size distributions of any particle from 0.5 to 1000 µm. FBRM utilizes a highly 

precise chord length distribution measurement. A constantly rotating focused laser emits light 

into the sample solution. When particles pass by the window of the probe they reflect the light. 

A sensor detects the length of the particles by taking the rotational speed of the laser into 

account. The sum of all cord lengths is collected and a distribution displayed. Hence this 

technique is sensitive to both particle size and concentration while the change in the distribution 

is reported in real time without the need for sampling or sample preparation. However, no shape 

of the underlying structure is assumed but the technique can be applied at any process 

concentration. Hence due to the stated advantages FBRM is a suited technique to monitor 

insoluble particle formation in bioprocesses. 
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2 Objectives 

The working hypothesis is that shear stress cannot be seen as driving force for protein 

aggregation in bioprocesses. Therefore, the objective of this work was to clearly separate the 

influence of shear stress from the effect of cavitation and air/liquid interfaces which occur at high 

shear rates and might have been misattributed to shear stress in the past. Further it should be 

clarified if cavitation is a real harm for proteins and to identify the aggregation pathway behind. 

In order to meet the objectives it was necessary to develop a suited methodology, which was not 

available.  

Cavitation in pumps or pipes always occurs together with high shear. During cavitation, gas 

bubbles are formed and after the collapse of these gas bubbles, hydroxyl radicals are generated. 

In order to be able to cut up the different effect new methods had to be developed to study high 

isolated shear rates, air/ respectively vapor/liquid interfaces and effects of hydroxyl radicals 

independently.  

In order to challenge the research question/hypothesis the objectives were further divided: 

 Design of a suited experimental set up to test the effect of cavitation on protein 

aggregation/destruction. 

 The effect of cavitation should be addressed with respect to vapor/liquid interfaces by 

bubble growth as well as hydroxyl radical formation by bubble collapse. Hence, different 

methods should be developed to separately address both phenomena. To identify 

hydroxyl radical formation an adequate dosimeter must be developed to specifically 

sense those radicals.  

 Separation of the effect of cavitation and shear rates. 

 Since high shear rates above 106 s-1 cannot be generated under laminar flow conditions, 

a simple direct calculation is impossible. To address shear rates above this threshold a 

computational fluid dynamic simulation should be set up.  

 Validation of the simulation data with experimental data 

 Development of analytical methods to measure protein aggregation  

 To allow generalization, test cavitation with a high number of proteins at different pI/pH 

combinations and concentrations. 
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3 Results  

The research work has been published in two scientific articles  

Publication I (Duerkop M., Berger E., Dürauer A., Jungbauer A. ,Influence of cavitation and high 

shear stress on HSA aggregation behavior. Engineering in Life Science, Volume 18, Issue 3, March 

2018, Pages 169-178) 

A methodology was developed which was able to generate extraordinarily high shear rates and 

cavitation. While the creation of such high shear rates and cavitation would be feasible using an 

impeller, such a method would also lead to the entrapment of air. To exclude the additional effect 

of air/liquid interfaces, a closed setup was considered and a micro-orifice was selected. This 

micro-orifice was integrated into the flow path of an ÄKTA piston pump which was required to 

overcome the large pressure drop. Above a flowrate of 12 mL min-1 threshold, cavitation 

occurred. The measured flowrate for the occurrence of cavitation matched the calculated 

flowrate expected from the dimensionless cavitation number; it was below 0.5.  The effect of 

high shear rates and on proteins was investigated with the model protein human serum albumin 

(HSA).  

Additionally, the effect of hydroxyl radicals generated by ultra-sonication and Fenton’s reaction 

was additionally analyzed. The generation rate of hydroxyl radicals was monitored with a 

terephthalic acid dosimeter. The amount of hydroxyl radicals generated by ultra-sonication and 

the micro-orifice was set to the same level. If hydroxyl radicals were responsible for protein 

aggregation under hydrodynamic cavitation, a similar aggregation behavior of HSA would be 

expected. However, no indication for protein aggregation was found in the ultra-sonication 

experiments, which is contrary to the significant aggregation that was found when using the 

micro-orifice. However, the amount of radicals generated by Fenton’s reaction induced protein 

aggregation. Therefore, hydroxyl radical formation by hydrodynamic cavitation was evaluated 

not to be the driving force for cavitation associated protein aggregation. Hence another 

mechanism beside hydroxyl radical formation must be responsible for cavitation associated HSA 

aggregation. 

To identify whether shear stress inside the orifice or the surface generated by vapor/liquid 

interfaces was responsible for protein aggregation, a flow restrictor was integrated into the setup 

downstream of the micro-orifice to suppress cavitation. With this modified setup it was possible 
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to solely address the effect of shear stress. However, any direct calculation of shear rates in 

tubular systems is based on laminar flow conditions. Under the flow conditions inside the micro-

orifice, the Reynolds number indicated a turbulent regime. Thus, a CFD simulation of the orifice 

was set up and validated according to the experimental pressure drop and the minimal flow rate 

of cavitation occurrence. With the use of several CFD based virtual plane sections it was possible 

to calculate average shear rates for the entire micro-orifice. Extraordinarily high shear rates were 

found at the wall of the tube, while the center shear strain was still far above the shear rates 

expected in common bioprocesses. However, the mass transport of proteins in a tubular system 

close to the wall is rather low due to the reduced flow rate. An averaging function was developed 

which normalized the shear according to the mass flow. The resulting mass flow averaged 

average shear rates of 106 s-1 are far above any other shear rates reported in the literature. Since 

cavitation was suppressed, the protein was only exposed to high shear rates.  

 

 
Figure 10: Four different methods used in publication I to evaluate the effect of cavitation, hydroxyl radicals and shear rates 

on HSA aggregation behavior. Different mechanical stresses are plotted against different stressing methods. Pictures at the 

bottom were taken while proteins were stressed. Cavitation can be seen in the ultra-sonication homogenizer and the micro-

orifice experiment.  
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However, no indication for HSA aggregation under isolated shear conditions was found. Although 

extraordinarily high shear rates were described, no HSA aggregation occurred. Furthermore, the 

amount of hydroxyl radicals generated by hydrodynamic cavitation was evaluated to be too low 

protein aggregation. Hence the previously described aggregation can be solely attributed to the 

vapor/liquid interface generated by growing vapor cavities. To support the theory that 

vapor/liquid interfaces can be seen as the main driving force under cavitational flow further 

research with a larger set of proteins was suggested. 
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Publication II (Duerkop M., Berger E., Dürauer A., Jungbauer A. , Impact of cavitation, high shear 

stress and air/liquid interfaces on protein aggregation. Biotechnology Journal, 2018) 

The research interest of publication II was to investigate if vapor/liquid interfaces are the driving 

force for protein aggregation under cavitational flow and secondly, if shear stress can generally 

be neglected as reason for aggregation mechanism when processing proteins. To arrive at such 

a general statement, it was required to test a large set of structurally different proteins. In 

publication I, the effect of cavitation was described solely on HSA. For this part of the project, 

nine different proteins were selected according to their secondary structure. Large β-structured 

antibodies as well as small α-helical dominated proteins were selected. One protein that 

consisted mostly of a random coiled structure was used to expand the range of proteins and 

allow generalization. To confirm that hydroxyl radicals generated by cavitation can be neglected 

as the source for protein aggregation the micro-orifice treatment developed for publication I was 

tested on this larger set of proteins. When cavitation was generated by the micro-orifice, GCSF 

and two additional proteins (HSA and Hemoglobin) exhibited a loss in monomeric concentration. 

The different behavior between ultra-sonication and micro-orifice treatment, as seen in 

publication I, indicated that although the hydroxyl radical formation was similar, the generated 

vapor/liquid interface of both methods was different. Since vapor/cavities generated by 

cavitation either grow under pressures conditions below the vapor pressure of the liquid or 

collapse under pressures above this threshold, such cavities are unstable. Hence, a precise and 

accurate measurement of a generated surface by cavitation is very difficult. Due to this fact, a 

foaming method was developed to generated air/liquid interfaces (Figure 11). This method 

utilized a free jet of protein solution penetrating the surface of the reservoir. Thereby generating 

a large amount of air/liquid interfaces leading to protein foam. With this method the effect of 

air/liquid interfaces could be compared to vapor/liquid interfaces from the cavitation 

experiment.  

It was shown that the proteins being most sensitive to cavitation correlated with the aggregation 

rate in the foaming experiment. This indicated that vapor/liquid interfaces under cavitational 

flow are in fact as critical as air/liquid interfaces. Since all proteins showed aggregation towards 

air/liquid interfaces it we suggested that all of the tested proteins would show cavitational 

induced protein aggregation under prolonged conditions.  
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Figure 11: Four different methods used in publication II to evaluate the effect of cavitation, shear rates, air/liquid interfaces on 

the aggregation behavior of nine different proteins. Different mechanical stresses are plotted against different stressing 

methods 

The aggregation mechanism of the proteins towards cavitation was also addressed with this 

research. CD spectroscopy revealed no structural alteration of the protein, remaining in the 

supernatant after cavitational treatment. The CD signal of the stressed solution did not shift 

indicating that the aggregation occurred instantly. To identify what happened to the protein 

being lost by protein stressing experiments, FBRM measurements were established. It was found 

that the cavitation produced insoluble aggregates in the µm scale. Together with the CD 

spectroscopy findings, it was suggested that protein aggregation occurred instantly upon contact 

to vapor/liquid interfaces.  

The impact of cavitation under increased protein concentrations was also subject of this study. It 

was found that protein aggregation decreased with increasing protein concentration. This 

circumstance was explained due to the limited vapor/liquid interface provided by cavitation. At 

higher protein concentration these surfaces are saturated with protein very quickly. The higher 

the tested protein concentration, the lower the relative protein loss. This findings suggests that 

cavitation is most likely overlooked in bioprocesses at high protein concentrations. However, due 
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to the fact that protein aggregates serve as seeds for larger aggregation, addressing cavitation is 

crucial when designing bioprocesses. 

Further the impact of pH/pI ratio was investigated with this research. The closer HSA or GCSF 

were to their isoelectric point while under stress, the higher the level of aggregation. This was 

explained due to the lower charge of the protein resulting in increased protein affinity to 

hydrophobic surfaces. 

When stressing GCSF with the micro-orifice in the presence of surfactant, the aggregation 

dramatically dropped. The surface shielding effect of surfactants were identified as explanations 

for the reduced aggregation of GCSF. It could be concluded that surfactant reduces cavitational 

damage. Further, the impact of cavitational damage close to the pI of the proteins was highest. 

The aggregation behavior of proteins towards air/liquid interfaces was similar to cavitation. 

Finally, it was shown that the cavitational induced aggregation occurred instantly proofed that 

the vapor/liquid interfaces were responsible for aggregation and not hydroxyl radicals as often 

believed [67, 68]. Therefore, this research is a turning point in the literature. 

Although all nine proteins were expected to show increased aggregation behavior under 

prolonged cavitation conditions, a scientific correlation between the different aggregation 

behaviors was not clearly found. It was not possible to correlate the different aggregation 

behavior with differential scanning calorimeter data. The protein with the highest stability in 

cavitation experiments (alpha-lactalbumin) showed lowest temperature stability while HSA, 

which aggregated under cavitational flow, showed highest stability in DSC. Additionally, the 

reduction of surface tension by the protein itself was addressed. GCSF reduced the surface 

tension of the buffer the most while showing highest aggregation tendency under cavitational 

flow. When surfactant was added, the aggregation behavior was reduced but the surface tension 

was even lower. Hence, the different surface tensions seen by different proteins was also not the 

reason for the different behaviors. 

Cavitation was also suppressed using the method described in publication I. Although the shear 

rates experienced by the proteins were higher than reported elsewhere, not a single protein 

showed increased aggregation behavior compared to the control experiment. It could 

additionally be shown that high dimensionless shear cannot be seen as a critical process 

parameter, contrary to the scientific literature [28, 29, 103].  
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However, it was still unclear which level of shear rates would be required to unfold a certain 

protein. Hence, a simple model was derived within this work to answer at which level proteins 

will start to aggregate under isolated shear conditions (Figure 12).  

 

 Figure 12: A protein in a shear gradient attached to the wall. The possible rotation of the protein is suppressed by the linker. 

Calculation of shear force (F), using the shear stress(τ) and the surface area on which the force acts (A). 

A protein was virtually attached to the wall of a tube. This suppresses the rotational energy 

uptake of the protein. Therefore, the whole energy is used for stretching of the protein. 

The required shear rates to aggregate average sized proteins would be in the range of 109 s-1 

which is far above any possible bioprocess operation. Further, it was calculated that the driving 

force for shear induced aggregation is more dependent on the size of the protein than the 

amount of shear. For Proteins in the size range of an antibody, one order of magnitude higher 

shear rates than reported by this work would at least be required. When looking at bigger 

structures such as plasmids or cells the shear rates achieved here could be sufficient to destroy 

these structures. However, with this work it was clearly proven that isolated shear rates 

independent of the incubation time cannot be seen as a critical process parameter for 

bioprocesses. 
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In summary, it can be stated that the objectives of the thesis were met: 

 Different methods were developed to independently describe the effect of shear stress, 

cavitation and air/liquid interfaces.  

 Within this work the effect of hydrodynamic cavitation generated by a micro-orifice on 

proteins was described for the very first time. 

 The required concentration for hydroxyl radical associated protein aggregation was 

addressed within this work. A dosimeter methodology was developed to specifically 

measure hydroxyl radicals from solution. It was found that the generation rate of those 

radicals by hydrodynamic cavitation was not high enough to cause protein aggregation. 

 The driving force for cavitation associated protein aggregation was found to be the 

increase in surface area due to vapor bubble growth. The surface and protein aggregation 

properties of such vapor/liquid interfaces were found to be similar to air/liquid interfaces. 

Hence cavitation was identified as potential risk for processing proteins. To measure 

those alterations HP-SEC, CD and FBRM measurements were established. 

 The effect of shear stress was independently and carefully addressed with this work. A 

CFD Simulation of the micro-orifice was developed and validated. The simulation revealed 

that although the micro-orifice generated the highest ever reported shear rates, those 

share rates were still not high enough to lead to aggregation of even a single protein 

tested. Hence shear stress should not be regarded as a critical process parameter for 

proteins anymore. 
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Figure 13:  Graphical summary of the thesis. Top: Different stress methods tested with each protein.  

Bottom: Identification of possible aggregation pathways. 
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4  Outlook 

With this work the myth of shear associated protein aggregation was finally busted. However, 

owing to the simple setup the effect of isolated shear can be analyzed to stress larger structures 

such as plasmid-DNA or even microbial and mammalian cells. Due to the low required volume 

and simple micro-orifice this method can be used in almost any lab, if an adequate pump is 

available. A large pharmaceutical company is currently establishing the within this work 

established micro-orifice treatment for stability testing of larger biological structures. 

Furthermore, the effect of cavitation can be analyzed on any kind of protein or biological sample 

at low concentrations. Since vapor/liquid interfaces were found to be comparable to air/liquid 

interfaces the described cavitation method can build in to test proteins which are extremely 

sensitive to air/liquid interfaces like GCSF. With a stochastic, empirical, or chimeric protein 

mutation approach, the stability of such proteins can be increased and the new protein iteratively 

tested. Furthermore, the correlation between cavitation associated protein aggregation and 

protein structural properties causing this behavior should be solved. 
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I  Duerkop M., Berger E., Dürauer A., Jungbauer A. ,Influence of cavitation and high shear 

stress on HSA aggregation behavior. Engineering in Life Science, Volume 18, Issue 3, March 
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Contribution to the publications: 

In publication I, Mark Duerkop developed the methodology to differentiate between the effects 

of cavitation and shear, designed and validated a CFD simulation, developed 

the dosimeter for hydroxyl radical measurement and wrote the manuscript. 

In publication II, Mark Duerkop developed the methodology to compare vapor/liquid interfaces 

generated by cavitation with air/liquid interfaces. He developed both a CD 

structure determination and insoluble particle measurement protocol. Further 

he tested a large set of proteins on all the previously described methods. Finally 

Mark Duerkop wrote the manuscript. 

6 Abbreviations 

CCP critical control parameter 
CD circular dichroism 
CFD computational fluid dynamic 
Da Dalton (g/mol) 
DLS dynamic light scattering 
DMSO dimethyl sulfoxide 
FBRM focused beam reflectance measurement  
HP-SEC high performance size exclusion chromatography 
HSA  human serum albumin 
hTPA hydroxyl Terephthalic acid 
SEC size exclusion chromatography 
TPA Terephthalic acid 
 

7 Symbols 

  
ρ density [kg m-3]  
t incubation time [s] 
p local pressure [Pa] 
𝜸 shear rate [s-1] 
R gas constant [8.314 kg m2 s-2 K-1 mol-1] 
V velocity [m s-1] 
µ viscosity [Pa s] 
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