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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, 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 Flussigkeit fallt. 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 zerstoren. Aufgrund der hohen benétigten Stromungsgeschwindigkeiten
tritt Kavitation nur zusammen mit hohen Scherraten auf. Dadurch werden Proteine hohen

Scherraten, Hydroxyl-radikalen und Phasengrenzflachen gleichzeitig ausgesetzt.

Im Zuge dieser Arbeit wurden Kavitation, extrem hohe Scherraten und Phasengrenzflachen
unabhédngig voneinander betrachtet, um ihren jeweiligen Einfluss auf Proteine zu verstehen.
Kavitation wurde mithilfe einer Mikromessblende erzeugt. Durch den Einsatz eines
Druckerhohers konnte Kavitation unterdriickt werden und hohe Scherraten isoliert betrachtet
werden. Der Einfluss der Kavitationsphasengrenzfliche wurde mithilfe eines
Proteinschaumversuches imitiert. Die Hydroxyl-radikalbildungsrate konnte mittels einer
Fluoreszenzanalytik aufgeklart werden. Es wurde eine groRe Anzahl strukturell unterschiedlicher
Proteine getestet (Alpha-Lactalbumin, zwei Antikorper, Fibroblast growth factor 2, Granulocyte
Colony Stimulating Factor, Green Fluorescenct Protein, Himoglobin, 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 s1), eine der hdchsten jemals an Proteinen getesteten Scherrate war. Dennoch wurde bei
keinem der ausgewahlten Proteine erhohte Aggregation festgestellt. Im Gegensatz dazu, fihrte
Kavitation bei drei von neun Proteinen zur Aggregation. Darliber hinaus konnte gezeigt werden,
dass die entstehenden Grenzflaichen, welche durch Kavitationsblasen entstehen, fir 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].1n 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 bS. For the antibody Humira®, which is used to treat rheumatoid arthritis the sales growth

from 2007 to 2016 was 900% (1.6bS 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].
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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 bS in 2016 are expected to enter the market by the end of 2018 when

the patent protection expires [10].



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].

Production
bioreactor

Inoculum
Plate or Stock Flask preparation
Culture at -80°C

Centrifugation or filtration  precipitation and/or liquid liquid
(cell harvesting) extraction

B-m B
I

Low resolution purification steps

Viral Polishi Viral : Formulation: Quality Final
Cromatography . _ ..~ olishing ral  Diafiltration ; ha
98P inactivation  cromatography filtration (SF;rl?telgrgtS;f;?\rt; imion c::é:’a';:g biophameceutical
y N + I
A=, o A =
> e om—p —rp. R > © .’;{‘. —p

i -
High resolution purification steps
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].



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 @ 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



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 AGuns
(Equation 1). It is a function of enthalpy (AHunf), temperature (T) and entropy (ASunt) 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.
AGunf = AHunf - TASunf (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 AGunf 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 AGyns of zero.
M

[F]

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

AGunf = —RTIn (2)

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 AGo [20]. Similar experiments can be performed to

describe protein stability towards changes in pH [21].



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 a-helical dominated proteins
tent to unfold around or even below 20 pN [25, 26] B-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}, respectively. In a follow up
publication Charm and Lai [29] described how shear stress inactivated catalase during
ultrafiltration at shear rates > 10000 s1. 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



rate (y) times incubation time (t) exceeded 10*(y 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. 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™* 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 108 s™. 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 2.6x10% s without noticing any loss
in activity after 1 h (y 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 10° s1. 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 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 10° s [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 10’ st in a 3
mPas solution. Although the conclusion that isolated shear stress in the magnitude below 107 s*
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.



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

distance between those (Ad).

L b
Y=775

Ad

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].

4Q

Ymax = 3 (3)

mr3
P R 8Q
Yavarage = 55 = 3713 (4)




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).

YYYVVY

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 p is the density of the liquid, v the linear flow velocity, d the diameter of the tube, and u
the dynamic viscosity.

pvd

Re = — (5)
1l

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 (y), the dynamic fluid viscosity (1) and the surface area of a protein on which this force
acts (A) [40].

F=vyuA (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 (yu) 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).

welocity

1 [

slow fast

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 19t century, the usage of
CFD is highly computationally demanding. Early work on numerical solution was published in the
mid of the 20" 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 (1) and the gravitational acceleration (g) times the difference in height (z) is constant in

a certain streamline for incompressible fluids (Equation 7).

v:Z p

Y + ; + gz = constant (7)
Assuming that the fluid is only transported horizontally the equation can be reduced to
Equation 8.

v:Z p

— 4+ = = constant (8)
2 p

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(1)-1;”) (9)
p*v

The equation relates the local static pressure in a liquid (p) to the vapor pressure of the liquid
(pv), the density (p), 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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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 (Fe?*) 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].

Fe?* H,0, = Fe3* + OH + OH (F1)
Fe3* H,0, > Fe?* + 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 ~ lle > Arg ~ Lys~ Val > Ser ~ Thr ~
Pro > GIn ~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 O, [73],
making a specific assay difficult. Dimethyl sulfoxide (DMSOQO) 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].

COOH COOH
OH
+ OH* ——
COOH COOH

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 B-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 a-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 B-sheet and B-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' 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 um (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 um. 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:

e Design of a suited experimental set up to test the effect of cavitation on protein
aggregation/destruction.

e 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.

e Separation of the effect of cavitation and shear rates.

e Since high shear rates above 10° s'* 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.

e Validation of the simulation data with experimental data

e Development of analytical methods to measure protein aggregation

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

combinations and concentrations.
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3 Results

The research work has been published in two scientific articles

Publication | (Duerkop M., Berger E., Dirauer 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 AKTA piston pump which was required to
overcome the large pressure drop. Above a flowrate of 12 mL min™? 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 10° s are far above any other shear rates reported in the literature. Since
cavitation was suppressed, the protein was only exposed to high shear rates.

® @ flow restrictor
= = sy

ultra-sonication micro-orifice i i
Fenton's reaction homogenizer

Fe?*+ H,0, -> Fed*

pump pump
reservoir reservoir reservoir reservoir
cavitation X X
hydroxyl radicals high medium low
air/liquid interfaces X X X

shear stress X X

Figure 10: Four different methods used in publication | 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 Il (Duerkop M., Berger E., Dirauer A., Jungbauer A., Impact of cavitation, high shear

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

The research interest of publication Il 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 |, 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 B-structured
antibodies as well as small a-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 | 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 |, 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 Il 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 um 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/pl 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 pl 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).

B
T =yu [Pa]
A= %nd2 [m? ]
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Virtual linker to suppress rotation

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(t) 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 10° s
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:

e Different methods were developed to independently describe the effect of shear stress,
cavitation and air/liquid interfaces.

e Within this work the effect of hydrodynamic cavitation generated by a micro-orifice on
proteins was described for the very first time.

e 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.

e 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.

e 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 Qutlook

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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Contribution to the publications:

In publication |, 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 Il, 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

density [kg m?3]

incubation time [s]

local pressure [Pa]

shear rate [s]

gas constant [8.314 kg m? s2 K mol!]
velocity [m s

viscosity [Pa s]

T <X T +DO
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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]. .....cceeeeeeeeirrrnnnnnee. 2
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
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Figure 3: Schematic diagram of a mechanical unfolding experiment and the force-extension
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of a single domain (3), unfolding of all domains (4). With the force (F) and the elongation distance
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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). ........... 9
Figure 5: Flow profiles in a tube: laminar flow (blue), transition (orange), turbulent flow (red) .10
Figure 6: Schematic description of an CFD simulation for the description of velocity inside a tube.
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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. ....14
Figure 8: Expected effect of cavitation on Proteins........cceeeeeeiiiiieiiiiiiciieeceeeee e 14

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

Figure 10: Four different methods used in publication | 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
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Figure 11: Four different methods used in publication Il 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 ..........cccccceeeiiiirriniien.l. 26
Figure 12: A protein in a shear gradient attached to the wall. The possible rotation of the protein
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Figure 13: Graphical summary of the thesis. Identification of possible aggregation pathways. 30
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Influence of cavitation and high shear stress
on HSA aggregation behavior

Neither the influence of high shear rates nor the impact of cavitation on protein
aggregation is fully understood. The effect of cavitation bubble collapse-derived
hydroxyl radicals on the aggregation behavior of human serum albumin (HSA) was
investigated. Radicals were generated by pumping through a micro-orifice, ultra-
sonication, or chemically by Fenton’s reaction. The amount of radicals produced
by the two mechanical methods (0.12 and 11.25 nmol/(L min)) was not enough to
change the protein integrity. In contrast, Fenton’s reaction resulted in 382 nmol/(L
min) of radicals, inducing protein aggregation. However, the micro-orifice promoted
the formation of soluble dimeric HSA aggregates. A validated computational fluid
dynamic model of the orifice revealed a maximum and average shear rate on the
order of 10 s7" and 1.2 x 10° s, respectively. Although these values are among the
highest ever reported in the literature, dimer formation did not occur when we used
the same flow rate but suppressed cavitation. Therefore, aggregation is most likely
caused by the increased surface area due to cavitation-mediated bubble growth, not
by hydroxyl radical release or shear stress as often reported.
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pumps). As a result of the velocity increase in these gaps, the
local pressure decreases as described by the Bernoulli equation

Irreversible mechanical stretching of proteins due to shear stress
and the resulting aggregation behavior is unclear in the liter-
ature. From the early stages of bioprocess engineering until
now, mechanical stress has been thought to be a real harm in
processing proteins [1—4]. However, more recent studies [5, 6]
have not supported these assumptions, and some studies have
attributed protein aggregation during processing to conforma-
tional changes in the protein at the air-liquid interface rather
than to shear stress [7, 8]. It has been hypothesized that, at re-
ally high shear rates, the effect of cavitation may be overlooked
and the possible effect misattributed to shear stress [9, 10]. In
bioprocesses, protein solutions are often pumped through nar-
row orifices (e.g., high pressure homogenizers, valves, or gear

Correspondence: Professor Alois Jungbauer (alois.jungbauer@
boku.ac.at), University of Natural Resources and Life Sciences, De-
partment of Biotechnology, Muthgasse 18, 1190, Vienna, Austria
Abbreviations: CFD, Computational fluid dynamics; HSA, Human
serum albumin; hTPA, Hydroxyterephthalic acid; SEC, Size exclusion
chromatography; TPA, Terephthalic acid; VOF, Volume of fluid

Eq. (1), where v is velocity, p the hydrostatic pressure, and p the
density of the liquid.

p+ %) v = const. (1)

Cavitation occurs when the local static pressure falls below
the vapor pressure of the liquid, resulting in the liquid boiling at
ambient temperatures. When the pressure increases downstream
of the orifice, these vapor cavities are unstable and collapse under
high pressure and temperature [11], resulting in the formation
of hydroxyl radicals [12]. The destructive nature of these radicals
generated by X-ray radiolysis of water or Fenton’s reaction on
certain amino acid side chains was reported previously [13-16].
The Fenton reaction is induced when ferrous iron (Fe(II)) is
present together with hydrogen peroxide at low pH [17]. When
studying the influence of hydroxyl radicals on proteins, Fenton’s
reaction can be used as a positive control due to the high radical
generation rate.

An alternative source of hydroxyl radicals is ultra-sonication
[12]. In this method, ultrasound waves are transmitted through
the medium, compressing and stretching the molecular spacing

© 2017 The Authors. Engineering in Life Sciences published by Wiley-VCH Verlag GmbH & Co. KGaA 1
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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 [18]. Hydroxyl radicals occurring from ultra-sonication
were already associated with DNA degradation [19].

Cavitation can be detected and quantified in biopharma-
ceutical processes by the well-established terephthalic acid
(TPA) dosimeter [20,21]. Generated hydroxyl radicals react
with TPA, forming hydroxyl terephthalic acid (hTPA), a sta-
ble fluorescence-active, heat-resistant [22] chemical. We applied
this technique to compare cavitation intensity between an ultra-
sonic homogenizer, a micro-orifice, and Fenton’s reaction.

In fluid dynamics, the dimensionless cavitation number (Ca)
is used to predict cavitation Eq. (2). The equation relates the
local static pressure in a liquid (p) to the vapor pressure of the
liquid (p,), the density (p), and the flow velocity (v). Below 0.2
cavitation can be expected [23].

— 2(P_Pv)

Ca
p*V?

(2

According to this engineering correlation, a micro-orifice and
flow conditions were selected to achieve velocities high enough to
generate cavitation [24]. We also wanted to describe the shear rate
inside the micro-orifice. For laminar flow, the maximum shear
rate near the wall can be calculated using a stress approximation
Eq. (3) [25], where Q is the volumetric flowrate, r is the radius
of the tube, and y is the shear rate.

A (3)

ar

However, this equation is only valid when calculating max-
imum wall shear stress in laminar flow with a single velocity
component parallel to the wall. Reynolds equation Eq. (4) is
used to evaluate whether laminar flow is present, where p is the
density of the liquid, v the linear flow velocity, d the diameter of
the tube, and p the dynamic viscosity.

_pvd
o

Re (4)

We show that laminar flow conditions were not present for
our desired flow rates. Thus, a validated computational fluid
dynamics (CFD) simulation was set up to reliably calculate an
average shear rate for the whole micro-orifice cross-section.

The aim of the present study was to evaluate whether hydroxyl
radicals generated by cavitation resulting from a micro-orifice
are a possible source of protein aggregation. The radical genera-
tion rate was compared to that of ultra-sonication and Fenton’s
reaction. In addition, the influence of extremely high shear rates
with and without cavitation on HSA aggregation behavior was
studied.

2 Materials and methods
2.1 Protein standard

We selected HSA as the model protein due to its ability to
form soluble aggregates in buffered solutions. It was purchased

Eng. Life Sci. 2017, 00, 1-10

as highly pure lyophilized powder (A3782, Sigma-Aldrich, St.
Louis, MO, USA). We prepared 0.25 mg/mL HSA in 10 mM
sodium phosphate and 5 mM sodium chloride (pH 6.5) as stan-
dards. Standards were 0.2 pum filtrated and degassed with sterile
rapid flow units (566-0020, Thermo Fisher Waltham, MA, USA).
Every experiment was carried out in triplicate.

2.2 Size exclusion chromatography

The soluble aggregate content and concentrations of HSA sam-
ples were analyzed by high performance size exclusion chro-
matography. The runs were performed on an Agilent 1290 LC
system (Santa Clara, CA, USA). We used a TSKgel G3000SWXL
column (5 um, 7.8 mm id x 300 mm + 6 mm id x 40 mm guard)
from Tosoh (Shiba, Minato-Ku, Tokyo, Japan). Phosphate run-
ning buffer (13 g/L KH,PO,, 9.4 g/L K;HPO,, 14.61 g/L sodium
chloride pH 6.5) was used at a flow rate of 0.4 mL/min. Protein
samples were filtered using a 0.2 um filter and 20 ul directly
injected without any dilution.

2.3 Terephthalic acid dosimeter

TPA was purchased from Sigma-Aldrich (185361) and used as
a 30 mM stock solution in 0.2 M NaOH adjusted to pH 6.5 or
9 with phosphoric acid. To establish the relationship between
fluorescence signal and hydroxyl radicals, hTPA was purchased
from Sigma-Aldrich (752525) and three independent dilution
series prepared. For each dilution, 10 mg of hTPA was dissolved
in 100 g of 0.2 M NaOH previously adjusted to pH 6.5 using
phosphoric acid. The resulting 549 uM hTPA solution was di-
luted 1:10 twice, followed by dilution 1:3 six times. Finally, the
fluorescence signal was measured for the last five dilutions.

2.4 Fluorescence measurements

To evaluate different cavitation intensities with the TPA dosime-
ter, we used an Infinite® 200 PRO fluorescence detector
(TECAN, Maennedorf, Zuerich, Switzerland). Triplicate 150 uL
aliquots of each sample were measured in a Nunclon Delta Black
96 Microwell plate (137101, ThermoFisher) at excitation and
emission wavelengths of 315 and 425 nm, respectively. The elec-
trical gain was adjusted to 150 to easily compare results between
different plates.

2.5 Fenton’s reaction

For Fenton’s reaction, we mixed 1 mL of 0.12 M TPA in 0.25 M
NaOH, 1 mL of 0.5 M phosphate buffer (pH 9.0; pH 3.0 for
protein experiments), and 1 mL of 8 mM iron(II)chloride-
tetrahydrate in a 5 mL Eppendorf tube. To initiate the reaction,
we added 1 mL of 4% hydrogen peroxide (v/v). For protein
aggregation experiments, the TPA solution was replaced with
1 mg/mL HSA in 0.3 M phosphate (pH 9.0 or 3.0).

2 © 2017 The Authors. Engineering in Life Sciences published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 1. The protein stressing setup with the integrated micro-orifice. (A) Schematic drawing. (B) Photograph. The micro-orifice is located
at the top right. (C) side view onto the orifice. (D) Front view of the flow reduction.

2.6 Ultra-sonication

A UP100H ultra-sonic homogenizer (Hilscher, Teltow, Bran-
denburg, Germany) with an MS3 sonotrode was used at 60%
intensity in continuous mode to generate cavitation. Sample
solutions (60 mL) were sonicated in a jacketed 100 mL glass
beaker constantly cooled to 25°C by a F12-ED circulator (Julabo,
Seelbach, Baden-Wuerttemberg, Germany) connected with
silicon tubes.

2.7 Micro-orifice

T-4-SS micro-orifices (Fig. 1) were purchased from O’Keefe Con-
trols Co. (Monroe, CT, USA). These devices were delivered with
abarb connector on each side, which allowed an easy connection
to 1/16° tubes. The diameter reduction to 99 um generated a
back pressure of up to 30 bar at a flow rate of 26 mL/min. To
ensure a continuous flow rate with the described requirements,
we integrated the micro-orifice into the flow path of an AKTA
P-901 piston pump (GE Healthcare, Chicago, IL, USA) (Fig. 1).
At different flow rates through the micro-orifice, 60 mL of pro-
tein or TPA solution was recirculated for 90 and 1440 min. To
evaluate the influence of the pump on protein aggregation the
micro-orifice was replaced by a 2 m 0.75 um id tube. Hence, the
effect of the pump can be subtracted from the combined effect
pump and orifice. To suppress cavitation we increased the back-

pressure behind the micro-orifice with a 31.5 cm tube 0.25 mm
id PEEK tube (1/16 © od) (GE) glued into the tube exiting the
micro-orifice (1/16 © id).

2.8 Computational fluid dynamic simulation

To simulate the flow inside the micro-orifice and calculate an av-
erage shear rate over the flow reduction, a CFD simulation was
set up using the computer program Star-CCM+® (CD-adapco,
Melville, NY, USA). The geometry of the orifice was obtained
from a technical drawing by the manufacturer. The inlet diam-
eter through the barb connector was set to 1.2 mm. A continu-
ous conical narrowing from 1.2 mm to 99 um was adjusted in
0.25-mm increments. The orifice length itself was set to 0.33
mm. After the reduction, the diameter instantly expanded to
the diameter of the connected transparent Fluoroethenepropene
tube (1/16%, which is equal to 1.59 mm). We chose a three-
dimensional, steady, Eulerian multiphase including volume of
fluid (VOF) and cavitation-segregated flow, realized K-Epsilon
turbulence with Reynolds averaged Navier-Stokes model. The
minimum allowable wall distance and reference pressure were
set to 1.0 x 107°m and 1013 mbar, respectively. We picked a
cubic mesh to better resolve the contribution of both liquid and
vapor in each cell derived from the VOF model. Therefore, we
focused on reducing the cell size in the critical regions, including
the orifice reduction or the free jet region, after the device.

© 2017 The Authors. Engineering in Life Sciences published by Wiley-VCH Verlag GmbH & Co. KGaA 3
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3 Results and discussion
3.1 Selection of a micro-orifice

We compared different methods to study the effect of hydroxyl
radicals on protein aggregation behavior. We used Fenton’s reac-
tion for a high radical generation rate per time, ultra-sonication
as a well-established method for the generation of detectable
amounts of radicals [18, 26, 27], and a micro-orifice with an
unknown generation rate. A stirring device to simulate protein
mixing processes at high revolution rates was also taken into
account but considered to not be feasible due to the resulting
vortex and air entrapment in the protein solution. Usinga micro-
orifice integrated into a pumping flow path overcomes the issue
of air inclusion due to the closed system. In addition, this setup
mimics the conditions downstream of a high pressure homog-
enizer quite well, or the slit between the rotor and the wall of a
fast rotating gear pump. We used the dimensionless cavitation
number (Ca) to roughly predict the required flow. Estimating a
downstream pressure of 106.3 kPa, assuming an orifice diameter
of 100 pwm, vapor pressure of water at 20°C of 2338 Pa, and
a density of water of 998 kg/m’, a linear flow rate of 33 ms™!
(15.6 mL/min) was required to be below the cavitation num-
ber threshold of 0.2, ensuring the occurrence of cavitation [23].
Thus, the T-4-SS micro-orifices with a nominal diameter of
99 um was suitable for generating cavitation with an AKTA sys-
tem pump. We further increased the flow rate up to 56.3 m/s
(26 mL/min) to increase the cavitation strength.

3.2 CFD simulation of shear rates

The prevailing flow inside a tube or orifice can be estimated by
the Reynolds number Eq. (4). A simple calculation of shear rate
is only possible when the flow is laminar [28-30]. Assuming
a liquid density of 998 kg/m’, a linear velocity of 56.3 m/s, a
micro-orifice diameter of 9.9 x 10~° m, and a dynamic viscos-
ity of 8.9 x 107" Pa, the resulting Reynolds number was 6250,
indicating turbulent flow. Additionally, the occurrence of a de-
fined vena contracta complicates the flow profile, requiring a
numerical solution by CFD [31]. To simplify the complex time-
and location-dependent turbulent flow, we used a steady sim-
ulation approach that averaged the turbulence over time. The
CFD simulation was validated by comparing the simulated and
experimentally determined pressure drops at several different
flow rates (Fig. 2). The accuracy of the pump was evaluated with
£1.3% in the range of 8 to 30 mL/min. We accurately predicted
the pressure drop with the CFD simulation. Although our sim-
ulations underestimated the measured pressure drop by 4% at
26 mL/min and overestimated the pressure by 9% at 8 mL/min,
we were able to precisely predict the minimum flow rate for cav-
itation (online supporting data Table 1). We observed both an
increase in fluorescence signal when using the TPA dosimeter
and the occurrence of noise produced by the implosion of vapor
cavities. The implemented cavitation model predicted a realistic
number of cells with vapor content at the corresponding flow
rates in the CFD simulation, concluding that cavitation was oc-
curring. However, at a flow rate of 11 mL/min, the simulation
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Figure 2. Pressure curve for the micro-orifice integrated into the
AKTA flow path and CFD calculation at six different flow rates.
Experimentally measured data (blue) and a quadratic fit of the
data (black) are shown. Simulation data are in green.

demonstrated some cells with vapor content, but we did not no-
tice any noise or increase in hTPA signal. Either the fluorescence
assay was not sensitive enough to detect this minor cavitation
level, or the simulation simply overestimated the reality. As the
simulation matched our experiments very well, we generated
110 cross-sections through the whole orifice reduction (every
3.2 um) in silico to estimate shear rates.

A plane section is a virtual two-dimensional space located
inside the geometry used to display physical values, such as pres-
sure or velocity, for all of the cells it contains (Fig. 3). For the
calculation of shear rates, we wrote a user script in Star CCM+
that derived the velocity vector perpendicular to the wall of each
cell to the next cell located closer to the center of the reduction
according to Eq. (5), where jis the shear rate, Av the velocity dif-
ference between two cells, and h the distance between these cells.

. Av
ST

We showed at the beginning of the vena contracta that the
maximum obtained wall shear rate was in the order of 10% s™!
(Fig. 3). Although studies on high shear rate-dependent aggre-
gation have been reported [5, 9, 32-35], the values from our
simulation exceed these values by a factor of at least 10. In ad-
dition, the maximum shear rate was 22-times higher than one
would expect from the laminar flow profile at the wall (4.5 x
10° s7'), which further indicates the importance of a validated
CFD simulation. However, the mass flow rate at the wall and,
thus, the amount of proteins sensing this extremely high shear
stress is rather low. Therefore, a mass flow-averaged shear rate
over the whole orifice reduction was required. We additionally
picked the velocity and density profiles of each cell, allowing us to
calculate the average shear rate () Eq. (6) by taking into account
the overall mass flow from all sections and cells (M,) the shear
rate contribution (y;), and the mass flow of each individual cell,
given by the velocity (v;), density (p;), and cell size (A;).

(5)

. 1
V= T Z VipiAiyi (6)
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This calculation enabled a detailed average description of the
shear rate inside the micro-orifice, which was not possible with
ordinary theoretical assumptions due to the focusing effect of the
vena contracta and the resulting complex velocity profile [31].
However, we calculated an extremely high average shear rate of
1.2 x 10° s~'. We obtained 5 x 10° s~' when averaging the shear
rate for all of the cells of the 110 cross-sections without taking
into account the reduced mass flow rate at the wall. Hence, the
mass flow averaged calculation provides a more realistic picture
because the averaged shear rate would have been overestimated
by a factor of 4. As we used a static simulation, the local shear
rates could even be higher due to fluctuations in the turbulence,
whereas our steady simulation averaged velocity and shear rates
over time.

3.3 Suppressing cavitation with a flow restrictor

To separate the influence of cavitation from the high demon-
strated shear rates, we suppressed cavitation by increasing the
downstream pressure of the orifice with a flow restrictor. We used
a31.5 cm Teflon tube with a diameter of 0.25 mm, increased the
downstream pressure to 21 bar. The resulting cavitation num-
ber was 1.3 and no increase in fluorescence signal was obtained
after 24 hours of pumping with TPA solution. We performed
another CFD simulation and obtained an average shear rate of
1.6 x 10° s™'. The 33% increase in the average shear rate can be
explained by the higher mass flow rate near the wall because no
gas phase is transported.

3.4 Calibration of hydroxyl radical formation with
hTPA

To investigate hydroxyl radical-mediated protein aggregation by
cavitation, we correlated the arising fluorescence signals of the
micro-orifice, the ultra-sonication homogenizer and Fenton’s
reaction with hydroxyl radical concentrations by analyzing the
reactant of the TPA reaction, hTPA. We obtained a linear cor-
relation for the stock solution and found that a gain of one
fluorescence unit corresponded to 59.3 =+ 3.8 pmol/L hydroxyl
radicals.

3.5 Hydroxyl radical formation by micro-orifice and
ultra-sonication treatment

Hydroxyl radical generation by the ultra-sonication sonotrode
and the micro-orifice was tested with the TPA dosimeter af-
ter 60 and 1440 min, respectively. With both devices, we vi-
sually detected cavitation (Fig. 4) by the characteristic bubble
formation at the exit of the orifice or the apex of the ultra-
sonication tip. The micro-orifice and ultra-sonic homogenizer
generated 2.09 and 189.7 fluorescence counts per minute. With
the micro-orifice, the flow rate determined the cavitation inten-
sity, whereas the time constant and power input were relevant
for the ultra-sonic homogenizer. The oscillating tip of the ultra-
sonic homogenizer resulted in a 90-times higher signal due to
the high local energy input [36]. Converting the fluorescence
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signals to moles of hydroxyl radicals using the calibration curve,
we found that 0.124 nmol/(L min) was generated by the micro-
orifice, whereas the ultra-sonication sonotrode was capable of
generating 11.25 nmol/(L min) which is in good agreement with
expectations from the literature [37]. We expected that the same
amount of hydroxyl radicals will result in similar levels of pro-
tein aggregation. To investigate hydroxyl radical-mediated HSA
aggregation, we picked an incubation time of 1 and 90 min for
the ultra-sonic homogenizer and micro-orifice, respectively.

3.6 Hydroxyl radical formation by Fenton’s reaction

To investigate the influence of high concentrations of hydroxyl
radicals on protein aggregation, we used Fenton’s reaction as
an additional radical source. Fe(II) reacted with hydrogen per-
oxide to form ferric iron (Fe(III)), one hydroxyl radical, and
one hydroxide ion [38]. To measure hydroxyl radical formation
with TPA, the pH was set to 9 to prevent TPA precipitation. In
addition, the catalytic back reaction of Fe(III) to Fe(II) was pre-
vented due to the high pH, resulting in the formation of insoluble
iron(IIT) hydroxide (K, 2.7 x 107%° mol*/L* [39]). Therefore,
hydroxyl radicals were the only radical species, which was nec-
essary to avoid misinterpreting the results. Although Fenton’s
reaction is normally conducted at pH 3, some researchers have
shown that an even faster hydroxyl radical release occurs at pH
9 [40]. After initiation of the reaction, we measured the fluores-
cence signal at 10, 30, and 60 min. The fluorescence signal did not
change after 10 min, indicating that the reaction was over after
a few minutes. A total of 381.56 nmol/(L min) hydroxyl radicals
were formed by this reaction, which was 34-times higher than
ultra-sonication and 3067-times higher than with the micro-
orifice (Table 1). The reaction might have been over after several
seconds but sample mixing and repeated plate reader analysis
required several minutes, hence the generation rate per minute
was probably even higher.

3.7 Protein stress

The HSA solution was stressed by the micro-orifice, ultra-
sonication, and hydroxyl radicals generated by Fenton’s reac-
tion. We used a low protein concentration of 0.25 g/l in all
experiments. With this concentration structural analytics like
HP-SEC are less error prone because no dilutions have to be
done which decreases sample to sample deviations. Further, in
case dilutions are done it is well know that a protein could refold
and then we could make a false conclusion. Therefore, a direct

Table 1. Comparison of hydroxyl radical formation by different
methods

Treatment nmol/(L min) Proportion
Pumping + micro-orifice 0.12 £ 0.01

Ultra-sonic homogenizer 11.25 + 1.68 90
Fenton’s reaction, pH 9 381.56 + 81.25 34/3067

Data are presented as mean =+ SD. The proportion between different
treatments also indicated.

6 © 2017 The Authors. Engineering in Life Sciences published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 5. (A) HSA recovery of soluble HSA monomer before and after different treatments. 1: pumping (control); 2: pumping through the
micro-orifice; 3: ultra-sonication; 4: iron(ll)chloride at pH 9; 5: Fenton’s reaction at pH 9; 6: suppressed cavitation. Error bars represent
the standard deviation of three independent experiments. (B) SEC chromatograms of different HSA samples. Untreated HSA (green) was
compared to an HSA solution containing iron(ll)chloride (blue), HSA treated with Fenton's reaction at pH 9 (red), and Fenton’s reaction

at pH 3 (black dotted).

injections is less critical regarding interpretation. The concen-
tration of HSA monomers in the supernatant did not change
with ultra-sonication (Fig. 5). Treatment with the micro-orifice
reduced the HSA monomers by 3.3 £ 0.3 %, and the dimeric
form increased by the same amount (Fig. 6). Although both

© 2017 The Authors. Engineering in Life Sciences published by Wiley-VCH Verlag GmbH & Co. KGaA

systems generated the same amount of radicals, the aggrega-
tion behavior was different. We also increased the incubation
time for the ultra-sonication homogenizer to 30 min. After 30
min the hydroxyl radical concentration was similar to the Fen-
ton’s reaction after 1 min but we did not find increased HSA
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Figure 6. HP-SEC samples of HSA treated with the micro-orifice. Untreated HSA (green) was compared to an experiment with (red) and
without the micro-orifice (blue). The decrease in monomeric HSA and the increase in dimeric HSA by the micro-orifice treatment is visible.

aggregation. The Intensity of hydroxyl radicals per time is most
reasonable not high enough. However, we also processed a HSA
sample with the ultra-sonication homogenizer for 1 h. After this
time we could notice increased aggregation. Although we used
a circulation bath to cool the sample, the homogenizer pro-
duced a lot of heat. We measured the tip temperature after 1 h
and obtained 58°C. Therefore, aggregation in samples treated
longer than 30 min with this specific setup is most likely gen-
erated by the hot sonication tip and not related to cavitation.
In contrast, Fenton’s reaction at pH 9 resulted in 9.5 % =+ 1.6
% protein aggregation (Fig. 5). However, at alkaline pH we also
lose a certain amount of HSA due to co-precipitation with iron
hydroxide [41,42]. We showed that this effect occurred with-
out the addition of hydrogen peroxide at pH 9; thus, under the
prevailing buffer conditions, oxidation of Fe(II) to Fe(III) oc-
curs spontaneously. We lost 41.7 £ 2.1% of the HSA due to
this treatment, which is more than the amount obtained from
the effect of hydroxyl radicals. However, when adding hydrogen
peroxide to the protein solution, the additional 9.5% protein
loss was most likely due to the fast release of hydroxyl radi-
cals in Fenton’s reaction. Although a maximum of 2 mM iron
was available in the reaction solution, the spontaneous oxida-
tion of Fe(II) to Fe(III) without peroxide [43] may explain the
rather low generation rate of 3.82 pmol/L after 10 min. We also
performed Fenton’s reaction at pH 3, which resulted in total
protein aggregation without any undesired iron hydroxide
(Fig. 5). Unfortunately, we were not able to measure hydroxyl
radical formation due to the insolubility of TPA at acidic pH. We
assume that the amount of hydroxyl radicals generated by cavita-
tion is most reasonable not high enough to cause relevant protein
aggregation. Although the generation of hydroxyl radicals by cav-

itation is evident it is unclear if these radicals are the driving force
for protein aggregation or DNA fragmentation [12]. Protein ag-
gregation by cavitation was already described for an antibody and
recombinant human growth hormone (rhGH) [44]. No chemi-
cal modifications was found for the antibody while the data for
rhGH was inconsistent. Recent research on cavitation did also
not find radial associated oxidation of an antibody by cavita-
tion events [45]. However, in both studies protein aggregation
could be noticed, which indicates that the driving force behind
cavitation induced aggregation is more reasonable the gener-
ated surface area and not hydroxyl radicals. Additionally the de-
scribed aggregation could be suppressed with surfactant. Hence
we suggest that the aggregation mechanism towards air/liquid
interfaces by shaking and cavitation is similar. Further, we could
suppress cavitation inside the micro-orifice by inserting a flow
restrictor downstream of the micro-orifice, which allowed us to
investigate the influence of isolated high shear rates on protein
aggregation (Fig. 5). No additional HSA dimers were formed
and the monomer content did not change. Therefore, the de-
scribed generation of dimers obtained by the micro-orifice was
most likely due to the additional surface area generated by the
device. We observed that, although the cavitation intensity was
higher for the ultra-sonic homogenizer, the stability of vapor
cavities was higher with the micro-orifice; several bubbles were
still visible several centimeters downstream from the orifice. Al-
though the protein solution was degassed, the described sta-
bilization of vapor cavities downstream of the orifice was most
likely due to the protein. Thus, the aggregating effect of cavitation
is likely less correlated with hydroxyl radical intensity, but rather
with the surface area and stability of vapor cavities. Mechani-
cal stress in form of extensional flow was recently proposed as

8 © 2017 The Authors. Engineering in Life Sciences published by Wiley-VCH Verlag GmbH & Co. KGaA
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mechanism for aggregation [4]. However, the most relevant con-
trol experiment has not been conducted, namely the influence
of the plunger. Protein aggregation in those experiments most
reasonable occured due to the friction between the plunger and
the wall. In our experiments the impact of the shear, cavitation,
friction between the piston and sealing, and particle formation
by abrasion by the position of the pumps was corrected in order
to be able to observe the impact of the orifice. Although we did
not calculate the extensional flow strain due to the higher ve-
locity gradient it is above the described value. Hence, we think
that neither shear nor extensional force is able to unfold proteins
under isolated conditions. On the other side we came to the con-
clusion that the increase in vapor/liquid interfaces generated by
cavitation is a reasonable mechanism for aggregation. However,
for future work the focus should be set to analyze cavitation me-
diated protein aggregation with additional methods. Dynamic
light scattering analysis could be used to track insoluble particle
formation while circular dichroism could be used to get a better
insight into secondary structural alterations.

4 Concluding remarks

In the present study, we demonstrated that HSA did not aggre-
gate due to cavitation-mediated hydroxyl radicals, as insufficient
radicals were generated. Although hydroxyl radicals belong to
the most aggressive radical species, even the high energy input
of the ultra-sonic homogenizer did not have a high enough gen-
eration rate to alter HSA aggregation level. However, a change in
HSA aggregation behavior was observed when pumping through
the micro-orifice. Due to our validated CFD simulation, we cal-
culated an average shear rate and stress of 1.2 x 10° s~' and
1200 Pa, respectively. Although the shear stress applied to the
proteins was higher than reported elsewhere in the literature,
when cavitation was suppressed and the pumping rate the same,
HSA aggregation did not occur. We conclude that the impact
of isolated shear conditions on protein integrity is low. Never-
theless, we observed HSA aggregation when cavitation occurred.
Therefore, the increased surface area due to cavitation bubble
growth was identified to be responsible for aggregation. Our fu-
ture work will evaluate the effect of cavitation on the behavior of
structurally different proteins at different concentrations. Fur-
ther, we want to compare protein aggregation behavior during
cavitation with air/liquid interfaces and address the aggregation
mechanism.

Practical application

The influence of high shear rates and cavitation on the ag-
gregation/destruction of proteins is not fully understood.
We developed a methodology to mimic both cavitation and
extremely high shear rates to investigate protein behavior.
The method is able to discriminate the effects of both me-
chanical shear stress and cavitation and will serve as a tool
for root cause analysis when proteins aggregate during bio-
processing, as well as to predict if a protein is resistant to
cavitation and shear stress.
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Nomenclature

area of a certain mesh face front

m?]
Ca [-] dimensionless cavitation number
d [m] diameter of a tube
h [h] distance between two mesh cells
M [kg/s] mass flow average
p [kg/(m s?)] local pressure
pv [kg/(ms?)]  vapor pressure of a liquid
Q[m?®/s)] volumetric flow rate
[ ] radius of a tube
Re [-] Reynolds number
v [m/s] velocity

Greek symbols

p [kg/m*]  density
y [s7'] shear rate
w [kg/(ms)]  dynamic viscosity
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Online supporting data:

Table 1: Comparison of cavitation detection from experiment and simulation.

Detection method Flow rate, mL min
8 9 10 11* 12 16 20 26
Experimental Noise | no no no no yes yes yes yes
no no no no yes yes yes yes
CFD model no n.d. no ves/no  yes n.d. yes yes

*Several cells at the beginning of the reduction contained a small amount of vapor. n.d., not determined.



RESEARCH ARTICLE

Biotechnology
Journal

Protein Aggregation

www.biotechnology-journal.com

Impact of Cavitation, High Shear Stress and Air/Liquid

Interfaces on Protein Aggregation

Mark Duerkop, Eva Berger, Astrid Diirauer, and Alois Jungbauer*

The reported impact of shear stress on protein aggregation has been
contradictory. At high shear rates, the occurrence of cavitation or entrap-
ment of air is reasonable and their effects possibly misattributed to shear
stress. Nine different proteins (a-lactalbumin, two antibodies, fibroblast
growth factor 2, granulocyte colony stimulating factor [GCSF], green
fluorescence protein [GFP], hemoglobin, human serum albumin, and
lysozyme) are tested for their aggregation behavior on vapor/liquid
interfaces generated by cavitation and compared it to the isolated effects of
high shear stress and air/liquid interfaces generated by foaming. Cavitation
induced the aggregation of GCSF by +68.9%, hemoglobin +4%, and human
serum albumin +2.9%, compared to a control, whereas the other proteins
do not aggregate. The protein aggregation behaviors of the different proteins
at air/liquid interfaces are similar to cavitation, but the effect is more

catalase and fibrinogen at shear rates of
11555 ', whereas Tirrell and Middleman'®!
reported urease inactivation already at shear
rates of 50s™". In contrast to these results,
Thomas and Dunnill® did not find shear-
induced damage studying catalase and
urease, even at shear rates up to 10°s 1
Similar to these results, horse cytochrome c
could not be inactivated at shear rates
of 2x10°s ' and aggregation was not
observed ina concentrated antibody solution
at shear rates of 2.5 x 10° s ./ In contrast,
the aggregation of BSA, f2-microglobulin,
and GCSF induced by extensional flow was
described recently. Extensional forces act
solely in the flow direction. Hence the debate

pronounced. Air-liquid interface induced the aggregation of GCSF by
+94.5%, hemoglobin +35.5%, and human serum albumin (HSA) +31.1%.
The results indicate that the sensitivity of a certain protein toward cavitation
is very similar to air/liquid-induced aggregation. Hence, hydroxyl radicals
cannot be seen as the driving force for protein aggregation when cavitation
occurs. Further, high shear rates of up to 108s~' do not affect any of the
tested proteins. Therefore, also within this study generated extremely high
isolated shear rates cannot be considered to harm structural integrity when

processing proteins.

1. Introduction

Today the impact of hydrodynamic flow phenomena especially
shear stress regarding protein unfolding is still a controversial
debate. Charm and Wong!"! reported enzyme inactivation of
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continuesif elongational forces beside shear
rates can unfold proteins.

In general, the shear rate (y) in a certain
region is calculated by the fluid velocity
gradient perpendicular to the flow direc-
tion (v,) y=dv,/dx, whereas the shear
stress (1) is dependent on the described
shear rate and viscosity (1) 7= yp. The force
applied to a certain protein is the product of
both the shear stress and the area of the
protein (A) on which this pressure acts,
F=1A.") The force required to unfold
proteins as measured with atomic force
microscopy seems to be between below 20 to 220 pN for a-helical
and B-sheet dominated proteins.®!

The force applied by shear or extensional flow irreversibly
stretches proteins, but the unanswered question that remains
is at which shear rate the irreversible process starts. Bee,
Stevenson, Mehta, Svitel, Pollastrini, Platz, Freund, Carpenter, and
Randolph®®! calculated the required shear rate to unfold an
antibody with a force of 150 pN in a 3 mPas solutionas 5 x 10’ s,
whereas Jaspe and Hagen!*! developed a bead-based model that
predicted the shear rate required to unfold a 100 amino acid protein
in water to be 10 s ', Because such extraordinary high shear rates
were not reported the enhanced air/liquid interfaces in reactors
or rheometer experiments may explain the described protein
aggregation and not shear stress.”*'”

Furthermore, at extremely high shear rates, cavitation may
occur and the effect of this phenomenon may be misattributed to
shear stress.>*!! Cavitation occurs when the local static pressure
in a liquid falls below the vapor pressure of the liquid, forming
vapor filled cavities. These cavities are stable as long as the local
pressure remains below the vapor pressure. When the local
pressure recovers, these bubbles collapse leading to enormous

© 2018 The Authors. Biotechnology Journal Published by Wiley-VCH Verlag GmbH & Co. KGaA
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pressure and temperature spikes ', forming microjets and
hydroxyl radicals."” Due to the destructive nature of these
microjets, cavitation is a real harm for solid materials. In
bioprocesses, the occurrence of cavitation is reasonable in valves
and pumps or at the tip of high revolving impellers. If protein
interaction with vapor /liquid interfaces results in the same protein
aggregation behavior as described for air/liquid interface,
preventing cavitation in bioprocesses is crucial. In a previous
study we showed that the influence of cavitation derived from a
micro-orifice reduced the monomeric content of human serum
albumin (HSA) and enhanced dimeric HSA,!" whereas isolated
shear rates of up to 10°s ! had no influence on HSA aggregation
behavior. Furthermore, we hypothesized that the main driving
force for protein aggregation when cavitation occurs is most likely
the increased vapor/liquid interface due to cavitation bubble
formation and not the hydroxyl radical formation obtained from
bubble collapse as previously described.®!

The aim of the present study was to compare the effect of
cavitation with the effect of air/liquid interfaces to clearly
identify the protein aggregation mechanism of cavitation.
Therefore, we used a large set of proteins and a wide range of
concentrations. We developed a simple foaming methodology to
investigate the influence of air/liquid interfaces on the protein
aggregation of the same proteins. Thus, we were able to compare
the influence of vapor/liquid interfaces produced by cavitation
with foaming-associated air/liquid interfaces. When we used a
flow restrictor to suppress cavitation, shear rates were similar,
and we could describe the effect of extremely high isolated shear
rates on different proteins.

2. Experimental Section

2.1. Protein Standards

We used two IgG1 antibodies (antibodyl and 2) supplied as
clarified supernatants, the target and manufacturer of which
cannot be disclosed. Homogenized FGF-2 Escherichia coli
supernatant was provided by Gerald Striedner, and a highly
pure GFP solution (>99.5%) was obtained from Rainer Hahn
(both from the Department of Biotechnology, University of
Natural Resources and Life Sciences, Vienna, Austria). The
antibodies and FGF-2 were purified by MabSelect SuRe and
Heparin Sepharose 6 Fast Flow, respectively (GE Healthcare,
Chicago, IL, USA). The fractions from the elution peaks were
pooled from 50% peak maximum to 50% peak maximum for
both the antibody and FGF-2 runs to obtain highly pure
fractions. The two antibody pools were then neutralized. We
obtained GCSF (purity >99.5%) as a gift from a donor who
wishes to remain anonymous. We used Slide-A-Lyzer™ dialysis
cassettes (3.5K MWCO, 30mlL; ThermoFisher Waltham,
Massachusetts, USA) to change the buffer of the antibodies,
FGEF-2, and GCSF to the final buffer (10 mM sodium phosphate
and 5mM sodium chloride). The pH of the FGF-2 buffer was set
to 8.5, antibody1 was diluted in pH 6.5, antibody2 in pH 6.0, and
GCSF in pH 5.5. We incubated the dialyses cassettes in 500 mL
of the buffer at 4 °C for 18 h, replacing the buffer after 3 and 15 h.
The dialyzed protein solution was then loaded onto HP-SEC to
analyze the content and purity. Finally, the protein solutions
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were diluted with the final buffer to a protein concentration of
0.25 mg mL~". Lyophilized Hemoglobin (H2500), a-lactalbumin
(L6010), HSA (A3782), and lysozyme (L6876) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). A total of 0.25 mg
mL™" of each protein was dissolved separately in dialysis buffer
(pPH 6.5). Hemoglobin was prepared at pH 6. We also
gravimetrically prepared HSA standards of 0.08, 0.8, 2.5, 8.0,
and 25mgmL ™" in the described buffer at pH 6.5. We also
addressed aggregation tendency under different pH conditions.
Therefore, we separately prepared 1.0mgmL " protein stand-
ards of HSA and antibody2 in 1 mM phosphate buffer (pH 6).
For the experiments, we diluted these standards 1:4 in 10 mM
phosphate, 5 mM sodium chloride at varying pH. For HSA, the
buffer had a pH of 5.2, 5.7, 6.2, 6.7, and 7.4, and for antibody2
the pH was 5.8, 6.4, 6.9, and 7.4. A 10mM citrate buffer with
5mM sodium chloride was prepared for the experiments with
GCSF (pH 4.0, 4.7, 5.4, and 6.0) and a-lactalbumin (pH 4.3, 4.9,
5.5, and 6.1). To minimize process time-dependent protein
aggregation, the preparation and stressing of protein solutions,
SEC, and CD were all carried out on the same working day.

2.2. Size Exclusion Chromatography

Size exclusion analysis was performed on an Agilent 1290 LC
system (Santa Clara, California, USA). We used a TSKgel
G3000SWXL column (5 pm, 7.8 x 300 mm + 6 X 40 mm guard)
from Tosoh (Shiba, Minato-Ku, Tokyo, Japan). We used phosphate
running buffer (13 gL™' KH2P04,9.4g L' K2HPO4, 14.61 gL ™"
sodium chloride) at a flow rate of 0.4 mLmin '. The pH of the
running buffer was adjusted to the pH of the buffer of the protein to
be analyzed, ranging from 5.5 for GCSF to 7.5 for FGF-2. We
used pH 7.5 instead of 8.5 for FGF-2 due to the limited pH stability
of this resin. The protein samples were filtered through a 0.2 um
filter and 20 uL directly injected without any dilution. For HSA
samples with higher protein concentrations, the injection volume
was reduced to avoid detector saturation.

2.3. Circular Dichroism

We used a Chirascan (Photophysics Limited, Leatherhead,
Surrey, United Kingdom) CD spectrometer to analyze the
secondary structure of different proteins by far-UV spectroscopy.
The instrument was flushed with nitrogen at a flow rate of
6L min~". We measured between 180 and 260 nm using a 1 mm
path length, 1 nm spectral bandwidth, step size of 1 nm, and step
time of 10 s with undiluted, filtered (0.2 pm) protein samples at
0.25mgmL~". After recording a protein spectrum, it was
baseline corrected to the corresponding buffer.

2.4. Micro-Orifice

T-4-S S micro-orifices were purchased from O’Keefe Controls Co.
(Monroe, Connecticut, USA). These devices were delivered with
a barb connector on each side, allowing easy connection to tubes
with an inner diameter of 1/16”. To provide a flow rate of
26 mL min " at high backpressures of up to 30 bar, we integrated

© 2018 The Authors. Biotechnology Journal Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 1. Different protein stressing setups. A) With a 100 mL reservoir, AKTA P-901 pump, pressure sensor, and micro-orifice to generate
cavitation and high shear stress. B) Same setup with an integrated flow restrictor to suppress cavitation but maintain shear stress. C) Witha 2 m
tube (green) for the generation of high dimensionless shear. D) With a PEEK tube (orange) ending above the protein solution surface to generate

protein foam.

the micro-orifice into the flow path of an AKTA P-901 piston
pump (GE Healthcare, Chicago, Illinois, USA) (Figure 1A). As a
negative control of cavitation, we replaced the micro-orifice with
a 2-m, 0.75-mm inner diameter (ID) tube. A total of 62mL of
each protein solution was placed in a 100 mL bottle (Duran,
Wertheim, Germany). The solution was pumped in a loop for
2min at 10mLmin~" while the bottle was gently shaken to
obtain a homogenous starting sample. After sampling 2 mL, the
remaining solution was pumped in a loop for 90min at
26 mLmin~! through the micro-orifice or the 0.75-pm ID tube.
In another experiment, we suppressed cavitation inside the
micro-orifice by increasing the backpressure behind the device
(Figure 1B). Therefore, we glued a 31.5-cm, 0.25-mm ID PEEK
tube (1/16” outer diameter) (GE) into the tube exiting the micro-
orifice (1/16” ID). Every protein stressing and corresponding
control experiment was carried out in triplicatesand duplicates,
respectively.

2.5. Device for High Dimensionless Shear

To investigate the influence of high dimensionless shear on
protein aggregation, we placed a 2-m, 0.25-mm ID PEEK tube
(GE) behind the pump (Figure 1C). After sampling 2mL as
described above, the remaining 60 mL of protein solution was

pumped through the tube in a loop for 195 min at 12 mLmin ",

2.6. Foaming Device

To further investigate the influence of surface area on protein
aggregation, we integrated a 30-cm, 0.25-mm ID PEEK tube (GE)
into the AKTA flow path. A free jet was obtained by placing the
end of the tube 5cm above the surface of the reservoir
(Figure 1D). As in the cavitation experiment, we prepared 62 mL
and sampled it prior to stressing as described above. The
remaining 60 mL of protein solution was pumped through the
device in aloop for 90 min at 26 mLmin~". The bottle was placed
on a magnetic stirring device and the foam given 10h to settle

Biotechnol. J. 2018, 1800062 1800062 (3 of 9)

and dissolve into the solution while stirring constantly at
100 rpm.

3. Results and Discussion

3.1. Protein Aggregation Induced by the Piston Pump

Our research covered a wide range of proteins with varying
composition to test on shear stress, cavitation, and air/liquid
interfaces. We selected different structural proteins like HSA
due to its ability to naturally form soluble oligomers"® and a
fibroblast growth factor 2 (FGF-2) mutant with its unique
random coiled structure. We used highly pharmaceutically
relevant proteins, including two different recombinant anti-
bodies and GCSF which is prone to spontaneous aggregation
under physiological conditions."”) We also selected lysozyme
and calcium-depleted a-lactalbumin, two structurally homolo-
gous proteins with different chemical stabilities,”® green
fluorescence protein (GFP), and hemoglobin to expand the
range of proteins and allow generalization.

To investigate the effect of shear, cavitation, and foaming, the
proteins solutions were cycled 39 times in four different stress
devices (Figure 1) using a piston pump. In order to avoid
misinterpretation due to the effects caused by the pump itself,
the proteins were cycled without these devices and used as a
control. For a-lactalbumin, the loss in monomeric protein
was not detectable (100.9 +1.1% recoveries) when stressing the
proteins without the micro-orifice. For HSA and GFP, we
measured 98.5 £ 0.2% and 98.5 + 0.4% recoveries. For lysozyme,
hemoglobin, and antibody1, the recoveries were 98.5+1.5%,
96.3 £ 0.9%, and 96.3 + 1.5%, respectively. The lowest recoveries
were found for GCSF (95.9 & 0.8%), FGF-2 (95.7 + 1.8%), and
antibody2 (94.7 £+ 0.1%). The reported aggregation is caused by
the piston pumps. Subvisible particles formed between the seal
and pump piston, reduced the amount of soluble protein.'***!
Although the loss of monomeric antibody2 was rather high
(5.3%), the cycle number must be taken into account. In 39
cycles the theoretical protein loss after each circulation is 0.14%,

© 2018 The Authors. Biotechnology Journal Published by Wiley-VCH Verlag GmbH & Co. KGaA
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which is hardly detectable by any analytical method. However it
is very important to address pump induced protein aggregation
to avoid misinterpretation of the data. Dobson, Kumar, Willis,
Tuma, Higazi, Turner, Lowe, Ashcroft, Radford, Kapur, and
Brockwell® addressed the impact of extensional flow on protein
aggregation but did not investigate the impact of the plunger
used for pumping. Hence it is not clear if the described
aggregation behavior was solely associated with extensional flow.
As seen from the data above, without control experiments the
effect of shear stress, cavitation, and foaming would be
tremendously overestimated for all the tested proteins.

3.2. Protein Aggregation Induced by the Micro Orifice

When we investigated the effect of cavitation and high shear
rates generated by the micro-orifice on all of the proteins, the
aggregation behavior varied strongly with the protein species
(Figure 2). The aggregation tendency was strongest with GCSF.
The soluble concentration of GCSF was reduced by 68.9 +1.4%
compared to the pumping control experiment. Further, 2% of the
remaining GCSF supernatant after the micro-orifice treatment
was found as soluble aggregates which was not present in the
control experiment. We also tracked the particle size distribution
for GCSF with and without the integrated micro-orifice; the
additional loss of 68.9% is most likely insoluble aggregates as
described with FBRM (SI Appendix, Figure SF1). We could show
that for GCSF the particle count of the pumping control
experiment after 39 circulations was only 20 while 840 particles
were formed during the micro-orifice treatment. The major
fraction of particles were in the range of 10-30 pm. The
generation of cavitation bubbles and aggregate formation after
passing the cavitation device was filmed (Video 1), and the slow
disintegration of large GCSF aggregates after vapor cavities have
collapsed can be seen clearly. Like shooting stars, protein
aggregates formed at the liquid/vapor interface of the vapor
cavities slowly disintegrate after the vapor cavities collapse.
Although GCSF protein aggregation also occurs spontaneously

8
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Figure 2. Comparison of protein aggregation from cavitation and
foaming for nine different proteins. Data points represent the means
of three experiments minus control + SD.
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when stored above pH 3.5,%% the amount of GCSF aggregation
due to the mechanical stress generated from the micro-orifice
was enormous. According to Krishnan, Chi, Webb, Chang, Shan,
Goldenberg, Manning, Randolph, and Carpenter,’”! the
expected initial aggregation rate for GCSF at a concentration
of 0.25gL ' in PBS (pH 6.9) is 4.5x10 *molL 'h'. As
expected from the literature, we did not observe any detectable
amount of GCSF aggregation after 30h storage at 0.25gL ™"
in pH 5.5 at 20 °C. However, the aggregation rate after stressing
GCSF with the micro-orifice was 6.0 £0.1 umol L ' h™', which
is 1340-times higher than the initial aggregation rate. We also
repeated the micro-orifice cavitation experiment with GCSF
and 0.5gL " Tween 80" and found the aggregation tendency
of GCSF reduced from 68.9+1.4% without surfactant to
2.2+ 0.8%.

Further, the concentration of hemoglobin and HSA was
reduced by 4 +1.1% and 2.9 + 0.6%, respectively, when stressed
with the micro-orifice. We found that 2.5% loss of HSA (out of
the 2.9% loss) could be attributed to dimerization. For the other
six proteins, we did not observe aggregation in the presence of
cavitation and high shear. Furthermore, lysozyme activity
assay did not show a loss of activity after the stress treatment
(SI Appendix, Figure SF2).

3.3. Effect of Shear Stress with Suppressed Cavitation

To determine whether cavitation and/or shear rates were
responsible for the aggregation of GCSF, hemoglobin, and
HSA, we used a flow restrictor downstream of the orifice, which
increased the backpressure. Therefore, cavitation was sup-
pressed and the maximum and average shear rates were 10® and
1.6 x 10°s 11" For all three proteins, aggregation was not
increased under the isolated shear conditions (Figure 3).
Although the applied shear rates were among the highest ever
reported in the literature and GCSF is a very mechanically

70 4 o L
I cavitation

3 isolated shear
3 dimensionless shear

60
10

decrease in monomer concentration
[ different stress treatments - control [%]]

e v\emog\°"‘° o
Figure 3. Comparison of protein aggregation behavior with three different
treatments. Human serum albumin (HSA), hemoglobin, and granulocyte
colony stimulating factor (GCSF) exhibited increased aggregation with
cavitation (blue bars), whereas isolated shear (green) and dimensionless
shear (gray) did not increase aggregation. Data points represent the
means of three experiments minus control & SD.
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sensitive protein there was no additional aggregation due to
shear stress. These shear rates used with this setup were 3-5
orders of magnitude higher than the shear rates expected in
common bioprocesses, yet not a single protein exhibited
increased aggregation. Due to the closed setup of our
methodology, the influence of the air/liquid interfaces could
be excluded. This is an advantage of this method compared to
shear stress generated in a rheometer or a stirred tank, in which
the generation of air bubbles cannot be excluded. These findings
suggest that the aggregation of GCSF, HSA, and hemoglobin
from the previous experiment being caused by cavitation rather
than high shear stress.

3.4. Effect of High Dimensionless Shear on Protein
Aggregation

The activity of several enzymes, such as rennet, catalase, and
carboxypeptidase, was reduced when the product of the average
shear rate and incubation time, also known as the Camp
number, was >10*/*"! When stressing proteins with the micro-
orifice, the Camp number was only 9.4 for one circulation since
the exposure time was only approximately 6us for each
circulation. To evaluate whether high Camp numbers can
indeed be a cause of protein aggregation, we pumped the
sensitive GCSF protein through a 0.25-um ID PEEK tube and
calculated the average shear rate. In laminar flow regimes the
maximum shear rate (y)/”) at the wall can be estimated with
Equation 1, where Q is the volumetric flow and r is the radius of
the tube.

4Q
=S (1)

For the described setup the maximum shear was 1.3 x 10°s™"
while the average shear rate being two-thirds of the maximum
shear rate which was 8.7 x 10*s .1l With an average exposure
time of 0.5s a dimensionless shear of 4.3 x 10* was produced.
Although the applied dimensionless shear was higher than the
required 10*, we did not observe GCSF aggregation (Figure 3). If
all 39 circulations were considered the dimensionless shear was
1.7 x 10%

3.5. Why do Proteins Not Unfold Under Simple Shear
Stress?

The shear force resulting from differences in local velocity are
thought to be responsible for changes in a protein’s secondary
and/or tertiary structures, resulting in unfolding.??! As the
proteins are in free solution, a large amount of energy
transferred by this velocity gradient is used to rotate the
proteins and not only to stretch them. Harrington et al.**
immobilized penicillinase and lactate dehydrogenase on the
inner wall of a nylon tube and stressed these proteins with shear
rates up to 10 350 s ! without any loss in activity. Although this is
not extraordinarily high compared to our work or other
studies,*>>** the applied shear force could not be transferred
to rotate proteins; thus, the proteins sensed maximum shear
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rates at any time. However, as already described, the force
required to unfold a protein was measured by atomic force
microscopy to be near 20 and 220 pN for an alpha-helical and
beta sheet dominated protein, respectively. The force applied to
the proteins by the micro-orifice can be estimated by taking into
account the shear stress and protein surface sensing this shear.
However, it is difficult to estimate the proportion between
rotation and elongation of a non-spherical protein, especially in
the turbulent flow generated by the micro-orifice. To estimate the
occurring force, we theoretically linked our proteins to the outer
wall of the device to mimic the results of Harrington et al. Due to
this virtual linker, the shear force at the wall is considered to act
on half of the protein surface. Considering the GCSF protein as
an aspherical particle with a hydrodynamic radius of 1.4 nm,?"!
stressed by the micro-orifice at maximum (10®s™') in a 1 mPas
solution, we obtained a force of 1.24 pN. For an antibody with a
hydrodynamic radius of 5nm, the applied force would be
15.71 pN. If we apply the same methodology to the average shear
rate and theoretically consistently prevent rotation, the average
force in the device would be 0.02 and 0.25 pN for GCSF and an
antibody, respectively. Without neglecting the rotational energy
uptake, the force utilized for protein stretching would be even
lower. Assuming that proteins in solution unfold between 20 and
220 pN, it is obvious that isolated shear rates cannot be harmful
to average-sized proteins in common bioprocesses. However,
resent research found BSA, P2-microglobulin, and GCSF
aggregation at extensional strain rates in the order of 10*s™".
Although the researcher reported protein aggregation, the
control experiment evaluating the impact of the plunger itself
was not carried out. A similar calculation to determine the
prevailing force in extensional flow can be derived but the
required flow will most likely never be achieved since laminar
flow regime must prevail.

Generally, the most important characteristics determining
whether shear or extensional forces are harmful is defined by the
size of the target based on the quadratic relationship more than
the amount of applied shear. For large molecules like von
Willebrand factor or plasmid DNA,? the impact of high shear
rates may be tremendous. However, for compact and non-sticky
proteins we do not expect any negative impact of isolated shear in
any common bioprocess.

3.6. Cavitation Induced Protein Aggregation at Different
Concentrations

The impact of hydrodynamic cavitation at different protein
concentrations has not been investigated thus far. For each
concentration a control experiment without cavitation was
carried out to exclude phenomena like oligomerization or
nonspecific surface binding. Under cavitational flow we found a
decrease in monomer content of 3.4% equal to 2.7 mgL ' at an
initial HSA concentration of 0.08 g L™ '. The relative aggregation
tendency decreased at higher concentrations and reached zero
for the 8 and 25 g L' experiments (Figure 4A). Thus, the relative
aggregation tendency of the protein under cavitational flow was
highest at low concentrations. Most reasonable vapor/liquid
interphases generated by cavitation bubbles were already
saturated with proteins, even at low protein concentrations.
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Figure 4. A) Human serum albumin concentration-dependent aggregation under cavitational flow. Data are presented as means of three experiments
minus control £ SD. B) Impact of pH on protein aggregation in cavitational flow. Comparison of the behavior of cavitational insensitive antibody 2
(green) and alpha-lactalbumin (gray), and the sensitive proteins GCSF (red) and human serum albumin (HSA) (blue). Data points represent the means

of three experiments minus control & SD.

When the interphase was covered with protein, no further
driving force was present at higher concentrations. If we assume
that 2.7 mg L™ is needed to cover the occurring surface with this
specific setup, the remaining concentration of the initial 25 g L™*
after the treatment would be 24.9973 g L™". This difference can
hardly be detected. We further found, that the amount of protein
lost in the control experiment associated with the AKTA pump
was 1.65 £ 0.9%, independent of the applied protein concentra-
tion. Therefore, the decrease in soluble HSA was most
reasonably driven by the diffusion of protein solution into the
sealing wash. Our results suggest that cavitation cavities are
saturated with proteins already at low concentrations and the
additional protein loss at higher concentration decreases. Hence,
an increase in recovery at higher concentrations can only by
explained by the constant surface area provided by cavitation.
Our findings indicate that cavitation in a certain bioprocess at
high protein concentrations is most likely overseen. According to
Torisu, Maruno, Hamaji, Ohkubo, and Uchiyama®’! aggregates
occurring from cavitation serve as a seeds for larger protein
aggregates when further stress, like air/liquid interactions,
occur. Therefore, addressing cavitation is crucial when designing
bioprocesses.

3.7. pl/pH Ratio-dependent Protein Aggregation in
Cavitational Flow

We initially considered that stressing should be performed at
least 0.5-1.0 pH units away from the pL.*®! However, when
cavitation occurs approaching a pH closer to the pI of a certain
protein may drastically increase the aggregation if the vapor/
liquid surface is responsible for aggregation and not hydroxyl
radical formation. To address this, we tested the cavitation-
sensitive proteins GCSF and HSA, as well as a-lactalbumin and
antibody2 to determine whether a pH closer to the pI might
also increase their aggregation tendency. We assumed a pl
of 5.2 for HSA, 7.4 for antibody2, 6.1 for GCSF, and 4.5 for
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a-lactalbumin. Neither antibody2 nor a-lactalbumin aggregated
at the plI (Figure 4B). Perhaps, the 5 mM of sodium chloride in
the experimental buffer and the limited generated surface
area already suppressed aggregation. However, GCSF and
HSA exhibited increased aggregation. At pI (5.2), 11+0.6%
HSA was lost by cavitation compared to 2.9 +0.6% at a pH 6.5
and 0.6+0.3% at pH 7.4, which is only 1/20 of the
aggregation at the pl. A similar trend was observed for
GCSF; at pH 4.0 the aggregation was 37.7 +2.4%, increasing
to 83.9+0.3% at pH 6.0. The finding also suggest the
decrease in protein charge close to the pl triggers protein
aggregation at the vapor/liquid interfaces of cavitation
bubbles. However, due to the closed setup of our methodology
and the defined amount of produced cavitation, it can be used
to evaluate both the pH and vapor/liquid stability of a certain
protein.

3.8. Comparison of Vapor/liquid and Air/liquid Interfaces

To compare the influence of vapor/liquid interfaces and air/
liquid interfaces on protein aggregation behavior, we setup an
experiment to generate protein foam. Protein species with a
propensity to aggregate in the micro-orifice experiments had the
greatest aggregation in the foaming experiment. The loss of
monomeric GCSF was 94.5+1.8% (Figure 2), hemoglobin
35.5+2.6%, and HSA 31.1 +2.3%. For HSA 20.7 +1.6% of the
monomer was converted to the dimeric form, whereas the other
10.4% was lost as insoluble aggregates as indicated by an
increase in turbidity. Further, only little protein foam built up as
the turbidity of the solution increased rapidly. Among all of the
tested proteins, only a-Lactalbumin did not show increased
aggregation upon contact to air/liquid interface. However, the
absolute values obtained by the foaming experiment should not
be overestimated because the generated air/liquid interface
produced in the foaming experiment was much larger
compared to the small vapor/liquid interface downstream of
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the micro-orifice. Nevertheless, we assume an increase in
aggregation for all the tested proteins with the exception of a-
Lactalbumin under prolonged cavitation conditions.

3.9. Cavitation Induced Protein Aggregation Mechanism

Protein integrity was analyzed by SEC, which is a robust method
that assesses the quaternary protein structure. However, slight
changes in the structure which might have occurred due to
hydroxyl radial modifications may not lead to a change in
diffusivity because it is related to the cubic root of the size of the
molecule and, thus, may not be detected. Therefore, we
additionally analyzed secondary structure using far-UV CD
(Figure 5) for the 0.25g L™" micro-orifice experiments. GCSF,
hemoglobin, and HSA exhibited increased aggregation due to
cavitation. We recorded the spectra before and after stress
treatment. The spectra of the remaining protein in solution did
not indicate any structural changes, which would appear as a
shift in the curve pattern. As a result of the occurrence of
insoluble aggregates, which were removed by the syringe filter
before measurement by CD, only the absolute signal was

www.biotechnology-journal.com

reduced. Due to the lack of stable intermediate structures,
protein aggregation generated by cavitation seems to occur
spontaneously on the vapor/liquid interface. Similar to our
results, instant aggregation behavior onto cavitation was recently
suggested in a study were the combined effect of cavitation and
shaking was analyzed.””) No hydroxyl radial associated changes
in the antibody structure could be measured with mass
spectrometry.

In the experiment were Tween 80" was added to a GCSF
solution cavitation associated aggregation could almost fully be
suppressed. Tween shields proteins in solution from attaching to
the interfaces and additionally reduces the surface tension.>** Tt
is also known that surfactant reduces the growth of cavitation
bubbles leading to early break up of cavitation clusters.*® Hence
proteins have less time to attach to the bubble interfaces.
Hence only 2.2% of GCSF was lost when cavitation occurred in
the presence of Tween 80".

We further tried to correlate aggregation behavior to intrinsic
protein properties. We addressed thermal stability of the proteins
by measuring unfolding temperatures with differential scanning
calorimetry (SI Appendix, Figure SF4). a-lactalbumin showed
the lowest temperature stability while HSA was found to be most
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Figure 5. A) CD spectra of different proteins from 195 to 260 nm. Due to the structural similarity of both antibodies, only antibody 2 is shown. CD spectra
before and after treatment for B) different GCSF samples. Here “TO control” represents the sample before the control experiment, while “T90 control”
and “T90 cavitation” represent sampling after the treatment. The fitted line (black dotted) represents the red line scaled up to the TO control (green) at

215 nm. C)HSA, D) Hemoglobin.
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stable of all tested proteins. Thus it was not possible to link
thermodynamic stability of different protein species to mechan-
ical unfolding induced by cavitation. It was also considered that
the surface tension decrease due to the protein itself could
explain the different behavior toward cavitation. However, no
valid correlation between surface tension and protein aggrega-
tion could be drawn (SI Appendix, Figure SF5-6). Hence the
intrinsic parameter for the different protein aggregation
behavior should be subject of further studies, especially
hydrophobic properties.

4. Conclusions

Three out of nine tested proteins were sensitive to the
described cavitation method. Hemoglobin exhibited an
increase in insoluble aggregates, whereas HSA and GCSF
additionally exhibited an increase in soluble aggregates upon
exposure to cavitation. The closer the pH of these protein
solutions was to pl, the higher the tendency for aggregation
when exposed to cavitation. However, when we suppressed
cavitation in the presence of high shear rates, we did not
observe aggregation of proteins sensitive to cavitation. Thus,
extremely high shear rates associated with cavitation were not
responsible for protein aggregation. Since a large set of
proteins was tested, we hypothesize that the extremely high
maximum and average shear rates of up to 10° and
1.6 x 10°s~* should not be considered harmful for an average
sized protein in common bioprocesses. However, the increase
in vapor/liquid interface due to bubble growth generated by
cavitation caused protein aggregation. The proteins that were
sensitive to cavitation also exhibited the greatest aggregation in
a foaming experiment in which a large air/liquid interface was
built up. Therefore, we consider the impact of cavitation on
protein aggregation to be similar to air/liquid-mediated protein
aggregation. Thus, cavitation associated protein aggregation is
driven by vapor/liquid interfaces and not by radicals as
reported elsewhere. However, at high protein concentrations
the effect of cavitation was lower. This behavior is most
reasonable due to the fast protein saturation on the surface of
vapor cavities. Based on our results, the occurrence of
cavitation in gear pumps, pipe valves, or at stirrer blades
should not be underestimated, whereas the effect of shear
stress at levels found in common bioprocesses is not relevant
for protein aggregation as long cavitation does not occur. The
methods may also aid in developing new proteins with
improved stability.
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5.1 Focus beam reflectance measurement

A G400 (Mettler Toledo, Columbus, Ohio, USA) focus beam reflectance measurement (FBRM) probe was
used to analyze the particle size of insoluble aggregates. The probe was put into the 100 mL Duran bottle
and the particle set tracked over 90 minutes of incubation. To ensure sustainable mixing near the probe
window, we used a magnetic stirring device at 100 rom. FBRM measurements of GSCF samples treated
with and without the micro-orifice are shown in Supplementary Figure 1. The formation of insoluble

aggregates is clearly visible by a steep increase in particles larger than 1 um.
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Supplementary Figure 1: GCSF particle distributions according to focus beam reflective measurement after 90
minutes of treatment. Particle formation obtained by cavitation (red) was different from the control (green)
and isolated shear experiment (blue).



5.2 Lysozyme activity assay

A lysozyme activity assay was purchased from Sigma-Aldrich (LY0O100-1KT). Samples were diluted as
instructed by the manufacturer and the decrease in absorbance at 450 nm measured in a Cary 60
photometer (Agilent). It can be seen that the treatment of Lysozyme with the micro orifice did not reduce

the activity of the enzyme.
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Supplementary Figure 2: Lysozyme activity assay. Data are presented as the means of three experiments
+ SD.



5.3 Increasing cavitation strength by increasing the flow rate

It was shown that aggregation initiated by the micro-orifice was promoted by cavitation because isolated
shear had no impact on any tested protein. However, cavitation intensity is flow rate-dependent. It
increased with elevated flow rates, which was visually detectable (Video 2). Due to the altered formation
rate of vapor cavities at higher flow rates, the vapor/liquid area sensed by proteins increased. In addition,
the area in which these vapor cavities were stable increased due to a larger area in which the local
pressure was below the vapor pressure. Thus, the additional surface area can be sensed by proteins before
these cavities collapse. To analyze whether the increase in the vapor/liquid interface also increases GCSF
aggregation, we varied the flow rate inside the micro-orifice but kept the number of cycles constant. At a
flow rate of 8 mL min, which is below the flow rate at which cavitation occurs , the aggregation rate after
39 cycles was similar to the control experiment without a micro-orifice at a flow rate of 26 mL min?
(Supplementary Figure 3). In the absence of cavitation, only the already described pump-induced
aggregation was noted. Beyond the micro-orifice cavitation threshold of 12 mL min™, GCSF aggregation
increased with increasing flow rates. The amount of GCSF that aggregated after 39 cycles at the highest

flow rate of 30 mL minwas 85.4 + 1.6%.
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Supplementary Figure 3: Flow velocity-dependent GCSF aggregation. Increased aggregation at higher

flow rates (blue) compared to a control experiment without cavitation (green). Data are presented as
the means of three experiments + SD



5.4 Differential scanning calorimetry (DSC)

Protein samples were prepared at a concentration of 1.0 mg/mL according to the method description
(2.10 protein standards) in the corresponding buffer. Samples were loaded into the sample cell of a TA-
Instruments (New Castle, DE,USA) Nano DSC instrument (model: 602000). Depending on the tested
protein the reference cell was loaded with the corresponding buffer. Thermoscans of each protein were
conducted as triplicates from 25 °C to 100 °C with a scan rate of 0.7 °C/min. The resulting thermogram
data were analyzed using the TA Instrument s NanoAnalyse software. Between each run the system was
flushed several times with water followed by the required buffer. When switching protein species an
additional cleaning treatment with 0.5 M NaCl, 0.1 M acetic acid followed by water was performed to
ensure total protein removal. The sample cell was incubated with the cleaning solution for 1h at 30°C,
followed by flushing with 1 L of water.

It was shown that the lowest unfolding temperature was seen for a-lactaloumin which did not show
protein aggregation neither in the cavitation nor in the foaming experiment. Contrary, HSA which was
heavily prone to aggregation in both experiments showed highest temperature stability.

Hence, the results obtained by this method could not be correlated with the aggregation tendencies.
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Supplementary Figure 4: DSC Data from all different protein species. Bars with a grid represent proteins

being sensitive to cavitation. Data are presented as the means of three experiments + SD.



5.5 Surface tension measurement

We additionally analyzed the differences in surface tension occurring from different protein species to
evaluate if this correlates with protein aggregation behavior. Protein solutions were prepared according
to the method description (2.1 protein standards) in the corresponding buffer. Samples were analyzed
with a Kriiss (Borsteler Chaussee 85,Hamburg, Germany) DSA30 contact angle goniometer.

Drops were generated with a 1.835 mm Syringe in hanging drop mode with a final drop size of 20 pL. The
surface tension decrease was recorded for 5 minutes. Both the final surface tension as well as the first
reaction constant k were plotted (Supplementary Figure 5 and 6). As a control both water and a 10 mM
phosphate buffer pH 6.5 containing 5 mM NaCl were also analyzed in triplicates. Both water and the buffer
delivered reasonable surface tensions with 72.1 + 0.45 and 72.8 + 0.32, respectively. GCSF and
Hemoglobin showed highest aggregation behavior in the micro-orifice treatment although the generated
the lowest surface tension. When GCSF was mixed with 0.5 mg/mL Tween © the surface tension was
lowest over all tested protein. However, since the aggregation behavior of GCSF with surfactant was found
lower than without surfactant a correlation between protein intrinsic surface tension and cavitation
associated protein aggregation is not reasonable. Also the formability, which can be described by the

decrease in surface tension (k) could not be correlated to protein aggregation.
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Supplementary Figure 5: Plot of surface tension against protein aggregation in the micro-orifice
treatment. Data are presented as the means of three experiments * SD.
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Supplementary Figure 6: Plot of decrease in surface tension against protein aggregation in the micro-
orifice treatment. Data are presented as the means of three experiments + SD.



