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Abstract

Shear stress is commonly made responsible for protein aggregation but the reports remain
contradictory. Furthermore, the effect @avitation occurring at very high shear rateggear
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 lhbbles are formed providing vapor/liquid interface When the gas kables collapse,
hydroxyl radicals are formed. It has been hypothesized that these radicals damage proteins.
Hence, cavitation is a potential cause for protein aggregatitydrodynamic catation only

occurs when the velocity gradient in a system is very steep. Consequéastfyrotein is exposed

to high shear rates, vapor/liquid interfaces and hydroxyl radisahltaneously

In this thesis a method was designed to generate cavitatisingia micreorifice. In order to
dissect the influence of shear stresgpor/liquid interface and hydroxyl radicals, each stress
factor was addressed independentlyo suppress cavitatiomside the micreorifice a flow
restrictor was built to raise thelownstream pressure. Tmimic the effects ofvaporliquid
interfaces on protein aggregation foaming method was designedlhe generationrate of
hydroxyl radicalsoccurring from cavitationwas tested bya fluorometric assays The stress
factors were tested with nine proteins (alph&actalbumin, two antibodies, fibroblast growth
factor 2, granulocyte colony stimulating factor, green fluorescent protegmoglobin, human
serum albumin, lysozyme) covering a wide rangepuadtein sizes, isoelectric poits, 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 thmicro-orifice at highest flowrates wasalculated to be

10 s?. Although the shear rate wammongthe 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 proteiis 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 collagse
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 ider Vergangenheit oft mit Proteinaggregation in Zusammenhang
gebracht wurdengibt es Arbeiten in denen keine Korrelation gefunden werden konDey
Einfluss vorKavitation, welche bei sehr hohen ScherratarPumpen oder Ventileauftreten

kann wurde hingegennoch nicht beschrieben. Kavitation entsteht wenn der lokale statische
Druck unter den Dampfdruck der Flussigkeit fallt. Dabei entstehen Gasblasen bereits bei
Raumtemperatur. Wenn derlokale Druck wieder zunimmtwerden die Blasen instabil und
implodieren. Hiebei entstehen Hydroxyladikale von welchen man annimmt, dass sie in der
Lage sindProteine zwzerstéren.Aufgrund der hoherbendtigten Stromungsgeschwindigkeiten

tritt Kavitation nur zusammen mit hohen Scherraten aDhdurch werden Proteindohen
Scherraten, Hydroxyhdikalen und Phasengrenzflachen gleichzeitig ausgesetzt.

Im Zuge dieser Arbeit wurden Kavitation, extrem hohe Scherraten und Phasengrenzflachen
unabhéngig voneinanddoetrachtet, um ihren jeweiligenEirfluss auf Proteine zwerstehen
Kavitation wurde mithilfe einer Mikromessblende erzeugt. Durch den Einsatz eines
Druckerhdhers konnte Kavitation unterdriickt werden und holke®aten isoliert betrachtet
werden. Der Einfluss der Kavitationsphasengrenzfliche wurde mithilfe seine
Proteinschaumversuchesmitiert. Die Hydroxyladikalbildungsrate konnte mittels einer
Fluoreszenzanalytik aufgeklart werddéts wurdeeine grof3e Anzahl strukturell unterschiedlicher
Proteine geteste{AlphaLactalbumin, zwelntikorper, Fibroblast growt factor 2, Granulocyte
Colony Stimulating Factor, Green Fluorescenct Protein, Hamoglobin, Humanes Serum Albumin
und Lysozym)Die Scherratenwelche in derMessblendeerzeugt werden konntenwurden
mittels einer validierten Computersimulatipherechnet

Es konnte gezgt werden, dass die vorliegend®maximale Scherratebei maximalem Fluss

(10° s1), eine der hochsten jemals an Proteingetesteten Scherate war. Dennochwurde bei
keinemder ausgewahlterProteine erhéhteAggregatiorfestgestellt Im Gegensatz daztiihrte
Kavitationbei drei von neun Proteinenur Aggregation. Darlber hinaus konnte gezeigt werden,
dass die entstehendn Grenzflachen welche durch Kavitationsblasen entsteheriiir die
Aggregation verantwortlich wan, und nicht Hydroxyltadikale wie bisher vermutet. Diese
Arbeit demonstriert eindrucksvollass Scherstresauch auf sehr hohem Nivegkeinen Einfluss

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

Bioprozessen zu jeder Zeit verhintlererden

[3]
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1 Introduction

1.1 Proteins

Generally, the demand for innovative drugs and sustainable medical treatment isByd115
almost 400 recombinant produced proteingere approved as biopharmaceuticalsy the
authorities. Furthemore, 1300 other candidatesvere in the pipelinesof pharmaceutical
companiesvere 50 % of these potentially new drugs were in-pliaical and 33 % in the stage of
clinical trial41]. Due to the increase in antibodygduction which requires complex glycosylation
more and more recombinant proteins are produced in mammalian cells. The ratio between
productions in mammalian cell to nohammalian changed from 37:63 in 1989 to 70:30 until
2014[2].1n 2016 11 out of the top 15 bestlling drugsvorldwidewere either proteins, peptides

or recombinantvaccineconjugategFigurel) [3]. Together, hese 11 drugs came in with sales of
81.8 b$.Forthe antibody Humira®, which is used to treat rheumatoid arthritis the sales growth
from 2007 to 2016 was 900% (1.6b$ to 1§31 4].

Although theoutlook for biopharmaceuticals ipromisingthere is a drawback Until a certain
pharmaceutical is approved by the regulatories it has to @apse-clinical and three clinical
stages in whicht must beshownto be safe for use and superior compared to the existing
standards.It was shown thafrom 2005to 20090ut of anaverageof 24 newly developed drugs
only a single ongassed all trials and/as finally approved by the FDf5]. Therefore, itwas
estimated that the averaged costs for an approved biopharmaceutical is $615 million, $626
million, and $12 billion for the preclinical period, the clinical period, and in total, respectiy@ly
Additionally, the bigger the market of a certain drug, the higher the probability competitor
marketentry once patentprotection runs out. Thesgeneric substitutes of the originator drug
are called biosimilar€Compared to chemical genesidbiologicallyproduced drugs can only be
LINE R dzO S R butirdtinaridetiddd way Due to the reduced R&D codimsimilarsare of

immenseinterest|[7].
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Figurel: Top selling drugs of 2015 and 2016 in billion US Dollar. Recombinant obtained drupgagigewhile chemically

produced compounds areansparentlycolored[3].

In April 2006, Omnitrope® (Novartis Pharma GmbH), a recombinant human growth hormone,
was the first biosimilar gainingccess to the Europeamarket [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 201[3]. In 2015, Zarxio®ilgrastimsndzNovartis
Pharma GmbMHbecame the fst biosimilar product to receive approval from tHeDA[9].
al ydzFl OGdzZNBR o6& b2@I NIAa&aZ Y% NEWERhidaigrahulodyte 2 4 A Y A
colony stimulating factor (GCSRBJthough, it was already approved in the European Union since
2009 it took almost 6 years &nter 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 withsales of 16 b$ in 2016 are expected to enter the market by the end of 2018 when
the patent protection expire§l()].



1.2 Production ofroteins

Asmentionedbefore there is a huge cost pressure for the developmehbiopharmaceuticals
nowadaysHence, a lot of effort is spent to bring a certain biopharmaceutical to the maket
quicklyas possiblen order to prolong the period in which the drug che exclusively mduced
under patent protection However, theprocess understanding and the definition of critical
control parameters (CCPs3 therefore often undedeveloped, with dramatic effects on
manufacturing efficiencil1]. In general the production of a certain biopharmaceutical is divided
into up- and downstream(Figure2). In the upstream the protein is produced in a genetically
modified host like microbials, yeast or mammalian cell cultures. While inldkerstream the
target protein is separated from hosaterials. This purification process is required@move
process related impurities such as host cell proteins (HCP), viruses, DNA or enddtmeses.
impurities can cause patients side effecend must therefore be removed to meet authority
requirements [12]. Also product related impurities with higher or lowerolecularweight must

be separated to ensure high potency per delivered drug dosHgeseparation of undesired side
products is based orhe different physical properties of these impuritidse size or chargé/Vith
eachpurification step at least one class of such impuriteeaddressed to be removdd3, 14].

Production
bioreactor

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

<l-a-

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

- SIRE

Low resolution purification steps

Viral Polishin Viral : Formulation: Quality Final
Cromatograph 0 9 Diafiltration ;
og P inactivation cromatography filtration (SF;?T'SI'&S;';?‘:S*) Lichitzation c::é::;:g biophameceutical
] A 3
, — —

I. L

High resolution purification steps
Figure2: Schematic description of possiblebioprocessivhich includes the production of the biopharmaceutiosith a host

inside a bioreactor and the followed separation and purificatifits].




However, during or after fermentation the target protein is separated from the encapsulate
environment of the host cellThisexposesthe proteinto physicalstressors such aair/liquid,
liquid/solid interfaces shear stresschanges in pHemperature or chemotropic chemicalsAs
will be described in the following chapterdl| these properties arat leastsurmisedto reduce
protein activityat a certain levelCurrently process understandingnd theprediction of how a
certain protein behaves in a certain situation is still aotessible foindustries[11]. Due to the
increase inthe complexity of target proteins and the high pressure on the pharmaceutical
market, novelmanufacturing approaches have to be found. Teality by design (QbZpncept
promates early understanding othe interplay between product quality andthe manufacturing
process. Thigmphasizesncluding quality through the processnot testing itin [11]. Hence
process understanding ar@bDare increasing itmportance due to market pressure.

1.3 Protein stability

Althoughproteins are over 1000 times bigger than chemical pharmaceuticals they still have a
highly ordered structureThisthree-dimensionaffold is characterizethy the secondary, tertiary
andquaternary structurg16, 17]. However, this threadimensional falled state fluctuatesvith

a limited number of preferred conformations. Thenformation of a protein thapossesses the
leastoverallenergy is also the most stable one atelscribed ashe native stateAt this state the
bioactivity of the drug is highesAlthough there are some purification methods like precipitation
and flocculation where this confirmation is reversibly altered fonarsperiod of time to ensure
selective purification, the native conformation must be given for the final biopharmaceutical.

Several different interactions are responsibletioe present folding state. There are electrostatic
interactions, hydrophobic interactionshydrogen 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 interath \pblar

water molecules surrounding the protein. Hence this uncharged and nonpolar residues tend to
be located in the inside @he protein shielded from water whereas polar side chains are oriented
towards water Furthemore, it was suggested that thedk of hydrogen bond between nonpolar
molecules and water, rather than favorable interactions between nonpolar groups themselves,
is a major factor contributing to the structural stability of proteins and nucleic ddifls In
biopharmaceutical industries protein aggregation must be prevented at any time because these

4



aggregates reduce the process yields therefore increasing the manufacturing cost per dose.
Second, and even more impomprotein aggregates must not be fod in the final product
because of immunogenic risk of the patiefit$s).

1.4 Temperature anghemicallyinduced unfoldingf proteins

A good thermodynamical description of protefolding is the free energy of unfoldingy [
(Equationd). Itis a function o6 y (i K I funl),empematiire (TandS vy i NP kJ&harggsFor
proteins under moderate temperaturevoth enthalpy and entropy are negativélere, the
decrease in enthalpgvercomes the decrease in entropdn unfolded protein has a higher free
energy than a folded protein. Henggrotein folding occurs spontaneously to reach the native
state which has the least free energy.

YO YO Y Q)

However at higher temperatures theentropic term is more weightedavoring unfolding of
LINEGSAYyad 2A0K (GKS FaadzyLliazy 2F | Gg2 adal 3
dzy ¥2f RSRO |fdRa dertaill tesdfeiturgtBe percentage of urded protein can

directly be calculate@&uation2), with R as the gas constaantdU and F as fractions of unfolded

and folded protein In other words, at the midpoint temperature of unfolding~jTthe ratio of

dzy ¥2f RSR (12 F2f RSR LIWBEZBAy Aada mYm NBadzZ GAy3a A
YO YUY &€ 2)

Similar to temperature induced unfoldinghemical agentsuch aschaotropic saltscan also

induce unfolding of proteinsWhen a protein population unfolds, its fluorescen@ad circular

dichroism spectra chang&Vhenthe ratio of unfolded to folded protein at several unfolding

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

ata concentration off SNRB dzy T 2 f {20y Simildr 8xPeyimients dan heerformedto
describe protein stability towards changes in [24].



1.5 Mechanically inducednfolding of proteins

The unfolding of proteins due to temperature, chemicals or pH can be described
thermodynamicallyHowever alot of effort was spent to comparhermodynamical paramters

with mechanical strength to define which features of the underlying energy landscape modulate
the force response of a proteiiVith this knowledge the behavior of a defined protein towards

a certain forcecanbe predicted and such knowledgeuld be useful fotailor-made proteingn

the future. Unfortunately, no correlation was found between ttieermodynamic stability of a
domain and the force at which it is likely to unf¢&P-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 procg®§. Hencethe unfolding force is
expected to depend on thactivation energythat must be overcome to undergdé transition

from the folded to the unfolded statéAs a consequence a lot of effort was spent to determine
the force which is required to unfold proteins mechanicalBne promising approach is to
immobilize proteins onto a surface and to use an atonoicd microscope (AFM) to unfold
proteins Figure3). The tip of the AFM is pushed into the immobilized proteamslupon binding

it is possible tdoth measure the unfolding force as well as the elongation distavioen the tip

is pulled backMany studies have been conducted in this field and the unfolding force for
RATFSNBYG LINRPGSAYya 61 & 02 NNSD thélidaSiaminged prateithS a4 SO 2
tent to unfold around or even below 20 ®5, 26]i -strand dominated proteins being known to
have a higher mechanical stability unfold approximately one order of magnitude higher between
180 to 20 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 induceigin unfolding can

be drawn.
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Figure3: Schematic diagram of a mechanical unfolding experiment and the fextension profile for different unfolding
states.Protein binding(1), linearization of the protein (2), unfolding of a single domain (3), unfolding of all domains (4). \
the force (F) and the elongatiorigance (D) given for each stépthe insert[25).

1.6 Effect of shear stress on protein integrity

Shear stress can be seen as a mechanical force acting on proteins to unfoldAthealy in the

M by nCham’ and Wong [38eported 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 stresgbdran 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 and296spectively. In a follow up
publication Charm and Lai [39described howshear stress inactivated catalase during
ultrafiltration at shear rates > 10006t sHoweverrennetdid notshowreduced catalytical activity
under the same conditiond his behaviowas attributed tothe recovery of tertiary structure and

activity after the end of ultrafiltration They further showedthat when the product of the shear



rate (5) times incubation time (t) exceeded 4(Q3t), inactivation of rennet occurreitreversibly
Tirrell and Middleman [J0found urease enzyme inactivation in a hydrodynamic flow already at
shear rates of 485 The impact ofa turbulent flow regime inside a capillary on protein
aggregation behavior of heparifibrinogen and interferon was also addressed®@yarm and
Wong [28. Ther findings suggested thahe turbulent flow regime inducgprotein aggregation

even faster than laminar conditions.

Contrary to the above cited publications, other reports showed no correlatiawdseen shear
stress and protein aggregatiomhomas, Nienow [Jishowed that there was no inactivation of
alcohol dehydrogenase sheared at°8Din a coaxial cylinder viscometer at 683a@r 5 hours. In

the same yeahomas and Dunnill [32urther highlighted a lack of sheaathage using urease
and catalase when stressed in a capillary with shear rates of upbte1dhey concluded that
isolated shear aloneasnot enough to damage proteins and that other effects such as air/liquid
interfaces inactivation must occur togethevith the shear stress. In concentric cylindrical
viscometer study alcohol dehydrogenase was stressed with 2!&&ithout noticing any loss

in activity after 1h (At = 9.4x 10") [33]. Jaspe and Hagen [Bdlsodid not find evidence for the
inactivation or the unfolding of cytochrome c in a silicon capillary tube widashates of up to

2 x 10° s, Additionally, they derived a bead based theoretical model to predict shear rates for
protein unfolding.According o their calculations a protein with 100 amino acids would require
shear rates of-10’ 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 immunoglob@if did not yield protein agggation

at shear rates of up to 2%510° s[35]. The authors also concluded that the entrapment of air
bubbles, adsorption to sali surfaces, the contamination by certain particulates or pump
cavitation stresses are much more important than isolated sh@&asy calculated the required
shear force to unfold an antibody with a different theoretical approach to bel®’ s'in a 3
mPa solution. Although the conclusion that isolated shear stress in the magnitude bels¥ 10
has no negative effect on protein integrity has been reached by messtarchersthere remain
dissenting voicesA setup which can describe isolated shear ratébout the entrapment of air

and the test of several structutgldifferent proteins is missing.



1.7 Calculation of shear rates

When proteinsare exposed t@ velocity gradient like in a valve, a tube or closatompeller

tip, the differences in velocityesult in a sear gradient Figure4). This sheagradient(7) is

calculated by taking into account the differenioef f 2 ¢ @St 2 OA (i & layérp @dthed S 6 S S
RA&aGlIYyOS 0SG.6SSy (K2aS o6pRO

Figure4: Schematic drawing of a tube with a laminar flow profile. Shear rates can be calculated for each velocity lay
antibody is schematicallgrawn into the shear field (purple).

Theshearrate is a local function with itmmaximum close to the wall and its minimum at the
center of the tube. For an impeller tHeghest shear ratés close to the tip and the shear rate
decreasewith distane@ 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 strething inside the shear field the protein might unfold resulting in a ffss

enzymatic activity or protein aggregation.

The maximum shear rate in a tube can be derived by takitmgaccount the mass flow (@nd
the radius ofthe tube (r) (Equatior8) [36]. Also the average shear rabeder laminar floncan

directly be calculated due to the parabolic flow profile (Equadd[B4].
r _ ®
[ — — (4)



In turbulent flow the steepness of the velocity gradient depends on the velocity argethvaetry
of the system. Therefore, the shear rates cannot be directly deriFeglie5).

YYYVVY

Figures: How profiles ina tube: laminar flow (blue), transition (orange), turbulent flow (red)

To estimate the current flow regime inside a tube, the Reynolds Equation (Eqétisused,
GKSNE °~ Aa GKS RSyaate 2F (GKS € Al dzuBezan®u ( KS
the dynamic viscosity.

YQ — (5)

Below 2300 the flow regime &ssumed to béaminar, above there is turbulent flow. To describe
the stear 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 rathey.simpl
However,on their ownthey 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 questif@b, 27, 37-39]. To calculate the shear force (F)
(Equation6) which is necessary to unfold a protein by shear one has to take into account the local
shearrate 0 = G KS Reyl YAO ¥t dzA Rare@dt @ptofeia dniwBich this force: v R
acts (A)4Q.

o1 "o (6)

While the viscosity and the area on which the shear acts doeshatgeinside the observation

point, the shear rate is a local function. It is expected to be highlestwall The closer it is
measured to the center of the tube, thewer the number becomed.hearea on which this force

acts is related to the structure of the target. Assuming proteins to be spherical particles the
dljdzhk N NI RAdza 2F (GKS (GFNBSG Aa LINPLRNIAZ2YI f
Therefore the size of thestructure 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,itlv this simple descriptionit is possible to
correlate shear rates directly thi mechanical unfolding forces when the ratio between protein

rotation and elongation is defined.

11



1.9 Computational fluid dynamics

The flow profile under turbulent conditions is difficult to pretie-priori, but computational fluid
dynamics (CFDjan be used to overcome this limitatio@FD Simulatiorglso known as CFD
modeling isan engineering based scientific process module whiafisron Computationafluid
Dynamics theory and is applied fasolving different fluid flow related problemét is able to
describeflow velocity, density, temperature, and chemical concentrations for any area where
Ft26 A& LINBASY (P basadda NavieBiblazs'Esdafodr the calcilatikrdfR
nonlinear differential equations relating to fluid flowwherefore, a certain geometry must be built
virtually in computer aided design (CAD) and filled with defined finite voluyoaded a mesh.
After implementing border conditions for the setup the simubatis run(Figure6).

welocity

1 [

slow fast

Figure6: Schematic description of a@FD simulation for the description of velocity inside a tudecubic mesh was chosen 1
describe the velocity profile.
While the NavieiStokes Equations were available from the mid of 188 century, the usage of
CFD isighlycomputationaly demandirg. Early work on numerical solution was published in the
mid of the 20" century with the advent of computer$41-44]. With increased computational
capaciy and decreased cost per flop CFD became mpoggular. Nowaday<FD simulation is
used acrossvarious fields in order to achieve flawless product design by combining
computational tools andhe theory of fluid dynamicsCFD enables scientists and engingers
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 daji4b, 46]. As mentioned, empared to laminar
flow the description of local velocity, vortices shear rates cannot be predicted by simple
equationsfor turbulent flow. Hence a lobf effort was spent ¢ describe flow profiles under
turbulent conditionswith CF041, 47-53] to overcome tlis limitation and to make CFD applicable

for very challengingrediction problems.
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1.10 Cavitation

Bee, &venson [3%suggested that at extremghigh shear rates thphenomenonof cavitation
might occur.If cavitation has a negative influence on protem# is notconsideredthen the
effectof cavitationcan bemisattributed to shear stres€avitation is a phenomenan whichthe

local static pressure falls below the vapor pressure of the ligegllingin localzedboiling. The
occurrence ofcavitationcan be described bipoth the Bernoulli equation andhe Cavitation
number. For Bernodullthe 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 streamlindor incompressible fluidéEquation 7.

— - Qd HEEi OMEOD (7)
Assuming that the fluid is only transported horizontally the equation can be reduced
Equation 8.

— - wéEEi OWEDO (8)

If a certain fluid is pumped throughaonstriction such aa 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 liqoaVitation occurs
(Figure7). To predict cavitation in a certain flow path the cavitation number atsobe used

(Equation9).
06 — ©)

The equation relates the local static pressure in a liquid (p) to the vapor pressure of the liquid
PV = GKS RSy a b eelodty (V). Beldvayr&tue 0fk230 15 for the Cagavitation

can be expected54]. When the pressure recovers downstream of the orifice, the vapor filled
bubbles collapseunder enormous pressure and temperatsrgs5], forming microjets and
hydroxyl radicalg§56]. In material science the destructive nature of this phenomeimnvell
known [57-59]. For protein integrity the occurrence of vapor/liquid interfaces from bubble

growth as well ashe formation of hydroxyl radicals was not clearly addressed yet
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Figure7: Schematic drawing of the occurrence of cavitation generated by an orifice inside a tube. Aisteepse in velocity
leads to a decrease in local pressurelow the vapor pressure.
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FigureB: Expected effect of cavitation on proteins.
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1.11 Hydroxyl radicals

Aspreviously mentionedhydroxyl radicals are formed when vapidted cavities generated by
cavitationcollapse undepressures higher than the vapor pressure of the liqikis results in
implosionof these cavitiesThe destructive nature of these hydroxyl radicals generdtgdkray

NI RA2feara 2F ¢l GSNI 2N CSyidi2yQa NBIFOlGA2Yy 2y |
previously[60-64]. LY G KS O G t & ( br@ fer®&syirinzoyf GE&*) rdaBd vaxki A 2 y
peroxide to formferric ironion (F€*), one hydroxyl radical and one hydroxyl igormula 1) In

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

and one H(Formula 2)In the backward reaction ferric iron is reducedferrous 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 pres¢®f, 66].

FE*H0,h & $OH+ OH (FL)
Fe*HO0,H & $00H+ H (F2)

It was possible to describe the relative reactivity of thea®@ino acidsvith hydroxyl radicalass
followed: Cys >Met > Trp > Tyr > Phe > Cystine >HisD Llew ArgD LyD Val > SeD ThrD

Pro > GIDGlu > AsfD Asn > Ala > Gl$4]. In a publication by Randolpét al., protein filled

vials were dropped from varying heights to induce cavitaf@®#). Protein aggregation increased
with the drop height. On the other hand, consistent evidence for oxidative damage of the protein,
measured bynass 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 descrilig¢clso not find
evidence for hydroxyl radical mediated protein aggregat{68]. However, no correlation
between protein aggregation and hydroxyl radical concentration generated by cavitiaéisn

been foundso fa.

Another source of cavitation and hydroxyl radicals is uffomication[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 pogiti. 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 intensitiesdHydroxyl radicals occurring from ultsmnication were already
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associated with DNA degradatipnQ]. The threshold at which hydroxyl radicancentration is
high enough to alter protein integrity was not addressed so far.

To measure hydroxyl radical concentratianssolution several methods can be us&laiacol
can be used to dete¢heseradicals from solutionf71] but it iscross sensitive to ligh72]. Also
with the amino acid Tryptophan theffects of hydroxyl radicals onto proteins colle mimicked
very easily. Howevermryptophanis cross sensitive to otheadical speciesuch asinglet Q[73],
making a specific assay difficuldimethyl sulfoxide (DMSQO) has potential for hydroxyl radical
scavenging but experiments suggest that DMSO oxidation may be achievable by mechanisms
unrelated to hydroxyl radical§74, 75]. Also aromatic hydroxylatiomvas used to measure
hydroxyl radicals in vitrdOne prominent compound ist®ydroxybenzoat whicls solely sensitive

to hydroxyl radicals. However, from thiadical reaction 3 different products are formed: 2,5
dihydroxybenzoate 2;8ihydroxybenzoate and catechg¥6, 77]. These products must be
separated by HPLC to calculate the amount of hydroxyl radidalsce this method cannot be
used to directly measure hydroxyl radicals from solution. The most promiokeinicalto
specificallysens hydroxyl radicalérom solution without any cross sensitivity exéphthalic acid
(TPA) Hereone hydroxyl radicals spediéllyreacts withthe metapositionof the acid to form

fluorescent active compound kyoxy! terephthalic acid (hTPA)
(

Figure9). Compared to other leemical hydroxyl radicals dosimeters, hTPA is heat and light
resistant[78] and its emits a higfluorescents signal (425 nmhenexcited at 315 nn{79]. This
enables direct measurement from the sample soluti@ver the past decadehis methodwas

validated and used for radical detectionmany studie$78-82].

COOH COOH
OH
+ OH* ——
COOH COOH

Figured: 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 inconsisisot.

the concentration of hydroxyl radicals occurring from this experiment was not determined.
Till today, i remains uncleaif the amount ofhydroxyl radicalgenerated byhydrodynamic
cavitationis high enougto reasonablanfluence protein integrityHence has to be proofen that
hydroxyl radicals camdeedbe seen as the driving force for the described protein aggregation
or if the increase in surface area was responsiblgure 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 aggregationriegardedas critical fothe processingf proteins Whenproteins

are exposed tair/liquid interfaces the proteins directlgttachto these interfaces. This binding

is most probably driven by hyophobic interactionsdue to the higher hydrophobic property of

air compared to water molecule83]. Upon contact with the surface the protein monomer
undergoes conformational changeBroteins degradig at air/liquid interfaces often produce
fibre like aggregatedt increases the contact area with the surface and therefore unfditie.
behavior of Hemoglobin, Insulin, Gliadin, Ovalbumin, serum albumin towsandacesand the
negative impact of protei surfaceinteractions onto protein integrity was already described in
the mid of the last centuny84, 85]. However, it remains unclear whether these unfolded
monomers attach to other unfolded monomers at the surface fathey attach when being
released to the solutiofi86]. 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 aggregatiofi87]. On the other handthe
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 tohe protein which inducing aggregation. Also the
oxidation of surfactants is reasonaldad might resultn the formation of hydreperoxides which

can in turn lead to an oxidation of the final prod&9]. A Recent studpuggested that the
surfacetension directly unfolds proteing35]. Water without the addition of proteins, salt or

surfactants shows a surface tension of 70 mmN/f this force actevera distance between two
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to three nanometer, the resulting forcevould be 140 to 210 pN. Thiforce is of the same
dimension whichs required to unfold proteins with AFM.

However it was considered that in many early stagehearstressstudiesthe effect of air
entrapment was overseen and the resulting effect of air/liquid interfaces was misattributed to
shear stresq90, 91]. Whencavitation occursthe increase in surface area due to vapor bubble
growth was not considered as possible proteggregation source so faHere vapor/liquid
interfaces built up as long as the local pressure stays below the vapor pressure of theThguid.
destabilization of vapor/liquid interfaces can be achieved by the use of surfactant. The surfactant
reduces thesurface tension of vapor cavities, leadity destabilization of the cavitieand
therefore an early break upesulting in areduced interfacial are§92]. So far all cavitation
associated protein aggregatistudies focued on effect of hydroxyl radicalgg7, 68, 70] but
missedto addressvapor/liquid interface. If the effect of cavition is addressed ia detailed
protein study it is important tarise methods which are able to describe the effects of cavitation,
shear and surface interactisnndependent from each other.

1.13 Analysi®f protein aggregats

To analyze protein structuralterationsobtained from cavitation, shear or air/liquid interfaces

several methods can be taken into accotmaddress proteins ithe supernatantand insoluble

aggregated proteinWhenanalyzing thesecondary structureof a proteinin the supernatant

curricular dichroism (CD) & wellestablishedroutine analytic. CD is defined as the unequal
absorption of righthanded and lefhanded circular polarized light. When asymmetric molecules

like proteins interact withboth types of polarized light, they abrb left and righthanded

polarized light to different extentt was found that often a reason for the formation of insoluble
aggregates was the gsents of increased numbers iofsheets[93, 94]. Similaty, a twophase

sequential dynamic change the secondary structure was described when lysozyme adsorbed
onsolid substratef95]. ¢ KS FANR G LIKIF a$S Ay @dixtar&BomAurng. ThisO2 y @S|
happened wihin minutes, whereas the second towards an increased beta sheet content
KFELIJISYSR 0SisSSy m (2 mMunn YAYydzZi-SESSHWBITRSNI a
content due to heat and acidic pH for and human serum albumin (FEBR)It is therefore

reasonable that once proteirare exposed thighshear, cavitation or air/liquid interfacethey

might undergo tertiary and/osecondary structure alterations duke rearrangement of amino
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acids which in turn change¢he CD Spectralence, CD spectroscopy is a powerful offline method

to determine structural alterations of proteinslowever, when prteinsare exposed téhermal,

pH or mechanical stress the formation of soluble aggregates is reasonable depesding on

the aggregation mechanismmative or minutely structurally changed protesattach to each

other forming larger structures like dimrs, trimers or multimers [86]. If the protein
concentration raises as intended in crossflow filtration the formation of soluble aggregates is also
reasonabld97]. Although, it is important to track the fmation of soluble aggregate€D is not

able to detectthose 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 HSAvere a comentration of over 0.66 g'imust be exceeded taffectthe CD signal

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

An analytical methodo overcomethe limitation of undetectable soluble aggregates size
exclusion chromatography (SEC). With a high performaizeeexclusioohromatographymedia
(HRSEC) 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
preciselythe hydrodynamic radius given by the quaternary structure of the protdance, the
combination of CD and SEC is a powerful tool to describe soluble protein aggregation and
structure alterations. However, insoluble aggregates cannot be reliably measuredhegb
techniques. Due to the sedimentation of insoluble inhomogeneous aggregadeseliable
detection might be very challengingy CD Since insoluble aggregates are lie tsize range of
several micrometetin HRSECanalyisisuch large molecules are filtered by the column-piter

to avoidclogginghe column.

There are severdifferent methods to characterize insoluble aggregates in solufi@m.example

the use ofdynamic light scattering (DLiSpossible 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 distributiparicles 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 30gm (depending

on the density)are big enough teediment with a higher velocity than the particleaovingby

Brownian motion Therefore, size estimation by DLS becomes diff[@@t, 102]. Microscopic
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methods canalso be used. Here the solution containing insoluble proteiggregates is
transferred to a microscope slide and the size distribution is evaluated. Hoythearstimation

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

is high. Another disadvantage of DLS and galheall 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 limitation
different techniques wre developed to monitothe insoluble particle distributiomnline. Here
focused beam reflectance measurement (FBRM) should be menti¢i&RIM measures online
and intime particle size distributios of any particlérom 0.5 to 1000 um. FBRM utilizes glily
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 tb&tional speed of the lasemto
account The sum of all cord lengths collected and a distribution displayed. Hence this
technique is sensitivio both particle size andoncentrationwhile the change in the distribution

is reported in real time withot the need for sampling or sample preparatiétowever no shape

of the underying structure is assumed but the technique can be applied at Enogess
concentration. Hence due to thsetated advantages FBRM is a suited technique to monitor

insoluble parttle formation in bioprocesses.
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2 Obijectives

The working hypothesis is thathear stress cannot be seen aglriving force for protein
aggregation in bioprocessesherefore the objective of this work was to clearly separate the
influence ofshear stres§rom the effect of cavitation and air/liquid interfaceghich occur at high
shear rates and might have been misattributed to shear stress in the pasgher it should be
clarified if cavitation is a real harm for protsiand to identify the aggregatiopathway behind.

In order to meet tke objectivesit was necessary to devel@suited methodology, whictvasnot
available.

Caviation in pumps or pipesalwaysoccurstogether with high shear. During cavitatiogas
bubbles are formed and aftehe collapse of these gas bubblgsydroxylradicalsare generated.
In order to be able teaut up thedifferent effect new methods had to be developed to studgh
isolated shearrates, airl respectively vapotiquid interfacesand effects of hydroxyl radicals
independently.

In order to challenge theesearchquestion/hypothesis thebjectiveswere furtherdivided

1 Design of a suitecexperimentalset up to testthe effect of cavitationon protein
aggregation/destructia.

1 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.

1 Separatiorof the effect of cavitation and shear rates.

1 Since high shear rates above® &3 cannot be generated under laminar flow conditions,

a simpé direct calculation igmpossible Toaddres shear rates above this threshold a
computational fluid dynamic simulation should be set up.

1 Validation of the simulation dataith experimental data

1 Development of analytical methods to measure protein aggtien

1 To allow generalizatigriest 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 publishednia $cientificarticles

Publicationl (Duerkop M., Berger E., Durauer dungbauer Alnfluence of cavitation and high
shear stress on HSA aggregation behaviemgineering in Life Scienad&glume 18, Issue 3, March
2018, Pages 16978)

A methodology was developed which was able to generate extraordynhigh 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 oflaexcludethe additionaleffect

of air/liquid interfaces a closed stup was considered and a micooifice was selected. This
micro-orifice was integrated into the flow path of an AKTA piston pump whichregsiredto
overcome thelarge pressure drop.Above a flowrateof 12 mL mirt threshold, cavitation
occurred. The measured flowrate for the occurrenceof cavitation matched the calculated
flowrate expectedfrom the dimensionless cavitation numhbeit was below 0.5 The effect of

high shear rateand on proteinsvas investigatedvith the model proteinhuman serum albumi
(HSA)

Additionally, the effect ofhydroxyl radicals generated ytra-sonicai A 2y | YR CSy G2y Qa
was additionally analyzed. The generation rate bifydroxyl radicals was monitored with a
terephthalicacid dosimeterThe amount of hydroxyl radicals generated by ukomication and

the microorifice was set to the samkevel. If hydroxyl radicals were responsible for protein
aggregationunder hydrodynamic cavitatiora similar aggregation behavior of H&&uld be

expeded. However, o indication for protein aggregation was found inethultrasonication
experiments which is contrary to thesignificant aggregatiothat wasfound when using the
micro-orifice. | 2 3 SO@SNE GKS | Y2dzyd 27F NI RAcedpro@isy S NI (-
aggregation.Therefore, hydroxyl radical formation by hydrodynamic cavitation was evaluated

not to be the driving force forcavitation associatedprotein aggregation.Hence another
mechanism beside hydroxyl radical formation must be resfim@gor cavitation associated HSA

aggregation

To identify whethershear stress inside the orifice or the surface generated by vapor/liquid
interfaces was responsible for protein aggregat@fiow restrictorwas integrated into the setup
downstream of he micrgorifice to suppress cavitation. With this modified setup it was possible
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to solely address the effect of shear stress. Howesay, direct cakculation of shear rates in
tubular systems is based on laminar floanditions Under theflow conditionsinside the micre
orifice, the Reynolds number indicated a turbulent regime. Thus, a CFD siomutd the orifice
was set up and validated according to the experimental pressure drophamdinimal flow rate
of cavitation occurrencéVith the use of several CFD based virtual plane sections it was possible
to calculate average shear rates for the entire miordice. Extraordinaly high shear ratewere
found at the wall of the tubewhile the center shear strain was still far abave shear rates
expected in common bioprocesséfowever, the masgansport of proteins in a tubular system
close to the wall is rather lowue to the reduced flow rateAn averaging function was developed
which normalized the lsear according to themassflow. The resulting mass flow averaged
average shear ratesf 10 s* arefar above anyther shear rateseportedin the literature Since
cavitation was suppressed, the protein was only exposed to high shear rates.

! @ flow restrictor
=j= — —

ultra-sonication micro-orifice micro-orifice
Fenton's reaction homogenizer
Fe+ H,0, -> Fe3* @ OH T T
i O F O I
pump pump
reservoir reservoir reservoir reservoir

cavitation X X
hydroxyl radicals high medium low X
air/liquid interfaces X X X X
shear stress X X

FigurelQ Four different methods used in publication | to evaluate the effect of cavitation, hydroxyl radicals and shear
on HSA aggregation behavidifferent mechanical stresses are plotted against different stressing meth@tgures at the
bottom were taken while proteins were stressed. Cavitation can be sege ultra-sonication homogenizer and the micrc
orifice experiment.
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However, no indication for HSA aggregation under isolated shear conditions was found. Although
extraordinarly high shear ratewere described, no HSA aggregation occurred. Fumloeg, the
amount of hydroxyl radicals generated by hydrodynamic cavitation was evaluated to be too low
protein aggregationHence the previously described aggregation can be solely attributed to the
vapa/liquid interface generated by growing vapor cavities. $opport 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 I(DuerkopM., Berger E., Durauer A., Jungbauerlfpact of cavitation, high shear
stress and air/liquid interfaces on protein aggregatioBiotechnology Journa2018)

The research interest of publication Il wagnweestigateif vapor/liquid interfacesare the driving
force for protein aggregatiomunder cavitational flow and secolyd if shear stress cagenerally

be neglectedas reason for aggregatianechanismwhen processing proteing.oarrive at such

a general statementit was required to test a large sebf structurally different proteinsin
publication I, the effect of cavitation was describgalelyon HSAFor thispart of the project,
nine different proteins were selected according to their secondary structure. Lasgeictured
antibodies as well asmall h-helical dominatel proteins were selectedOne protein that
consisted mostly o& random coiéd structurewas usedto expand the range of proteins and
allow generalizationToconfirmthat hydroxyl radicals generated by cavitation can be neglected
asthe source for protein aggregatiahe micro-orifice treatment developedor publicationl was
tested on this larger set of proteins. When cavitation was generated by thero-orifice, GCSF
andtwo additional proteins (HSA and Hemoglobin) exhibitetisa in monomeric concentration.
The different behavior between ultraonication and micr@rifice treatment, as seen in
publication I, indicated thaalthough the hydroxyl radical formation was similar, the generated
vapor/liquid interface of both methods was different. Since vapor/cavities generated by
cavitation eithergrow underpressuresconditions below the vapor pressure of the liqud
cdlapse under pressures above this threshadch cavities aranstable Hence, grecise and
accuratemeasuremen of a generated surface bgavitationis very difficult Due to this fact, a
foaming method was developetb generatedair/liquid interfaces (Figure 11) This method
utilized afree jet of protein solution penetrangthe surface of the reservaiifterebygenerating

a large amount of air/liquid interfacdeading toprotein 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 sehadtto 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 itwe suggested that all of the tested proteins would show cavitational
induced protein aggregation under prolonged conditions.
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Figurell: Four different methods used in publicatiohtd evaluate the effect of cavitation, shear ratesir/liquid interfaceson

the aggregation behavioof nine different proteins Different mechanical stresses are plotted against different stress

methods

The aggregation mechanism of the proteins todsrcavitation was also addressed with this
research.CD spectroscopy revealed no structural alteration of the proteemaining in the
supernatant after cavitational treatment. The CD signal of the stressed solution did not shift
indicating that the aggmgation 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
spectioscopyfindings it was suggested that protein aggregation occurred instamplgn contact

to vapor/liquid interfaces.

The impact of cavitation under increased protein concentrations was also subjiés sfudy It

was found that protein aggregation dereased withincreasng 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 potein concentration, the lower the relative protein loss. This findings suggest

cavitation is most likelpverlookedin bioprocesses at high protein concentratiokwever, due
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to the fact that protein aggregates serve as seeds for larger aggoegatidressing cavitation is
crucial when designing bioprocesses.

Further he impact of pH/pratio was investigated with this research. The closer HSA or GCSF
were to their isoelectric point while under streste higher thelevel ofaggregationThis wa
explained due to the lower charge of the protein resulting in increased protein affinity to
hydrophobic surfaces.

When stressing GCSF with the miordice in the presenceof surfactant the aggregation
dramatically droppedThe surface shielding effect of surfactants were identified as explanations
for the reduced aggregation of GC8Fould be concluded that surfactant reduces cavitational
damage. Further, the impact of cavitational damage close to the pl of the protgiashighest.
The aggregation behavior of protainowards air/liquid interfaces was similar to cavitation.
Finally it was shown that the cavitational induced aggregation occurred instgmbofed that

the vapor/liquid interfaces were responsible for aggation and nohydroxyl radicals as often
believed[67, 68]. Therefore, this researdl a turning point in the literature.

Although all nine proteins were expected to show increasegjregation behavior under
prolonged cavitation conditions, a scientific correlation between the different aggregation
behaviors was notlearly found It was not possible to correlate the different aggregation
behaviorwith differential scanning calorimet data. The protein with the highest stability in
cavitation experiments (alphkctalbumin) showed lowest temperature stability whiHSA
which aggregated under caviianal flow, showed highest stabilijy DSC Additionally, the
reduction of surfacednsion by the protein itself was addressed. GCSF reduced the surface
tension of the buffer thanost 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 psateis also not the
reason for the different behaviors.

Cavitation wasalsosuppressedisingthe method described in publication I. Although the shear
rates experiencedby the proteins were higher than reported elsewhere, not a single protein
showed increasg¢ aggregation behaviorcompared to the control experimentit could
additionally beshown that high dimensionless shear cannot be seenaaseritical process
parameter contrary to the scientific literaturg28, 29, 103].
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However it was still unclear whickevel ofshear rates would be required to unfold a certain
protein. Hence, a simple model was deriveihin this workto answer at which level proteins
will start to aggregate under isolated shear conditi¢Rgure 12)

B
T =yu[Pa]
A=-md? [m?]

F= 14 [kgms™?]

Virtual linker to suppress rotation

Figure1l2 Aprotein in a shear gradient attached to the walthe possibleatation of the protein is suppressebly the linker.

I §£0dA GA2y 2F &AKSENI F2NDS 6C03 dAaAy3d @BKS aKSFNI adNBaao_ o
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 stretcluhghe protein

The required shear rateso aggregate average sized proteiwsuld be in the rangeof 10° st

which is far above any possible bioprocess operation. Furthems calculated that the driving
force for shear induced aggregation is more dependent on the sizbeoprotein than the
amount of shearFor Poteins in the sig range of an atibody, one order of magnitude higher
shear rates than reported by this work woudd leastbe required.When looking at bigger
structuressuch agplasmids or cells the shear ratashieved here coulfle sufficientto destroy
these structures.However, with thiswork it was clearly proven that isolated shear rates
independent of the incubation time cannot be seen as a criticalcgge parameter for
bioprocesses.
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In summary, it can be stated that the objectives af thesis were met:

T

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

Within this work the effect of hydrodynamic cavitation generated by a masifice on
proteins was describefbr the very first time

The required concentration for hydroxyl radical associated protein aggregation was
addressed within this workA dosimeter methodology was developed to specifically
measure hydroxyl radicals from solutidbwas found that the geegration rate of those
radicals by hydrodynamic cavitation was not high enough to cause protein aggregation.
The driving force for cavitation associated protein aggregation was found to be the
increase in surface area due to vapor bubble growth. The sudiaggrotein aggregation
properties of such vapor/liquid interfaces wefiind to besimilar to air/liquid interfaces.
Hence cavitation was identified as potential risk for processing pratdinsmeasure
those alterations HISEC, CD and FBRM measuremeet® established

The effect of shear stress was independersthd carefullyaddressedwith this work.A

CFD Simulation of the micuarifice wasdevelopedand validatedThe simulationrevealed

that althoughthe microorifice generatedthe highest ever reprted shear ratesthose
share rates were still not highenough to leado aggregation of even aingle protein
tested Hence shear stress should not begardedas a critical process parametér

proteins anymore
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Figurel3 Graphical summanpf the thesisTop: Different stress methods tested with each protein.
Bottom: Identification of possible aggregation pathways.
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4 OQutlook

With this work the myth of shear associated protein aggregation fively busted. However
owing to thesimple setup the effect of isolated shear can be analyzed to slmegsr structures
such as plasmi®NA or evermmicrobialand mammalian cells. Due to the low required volume
and simple micreprifice this method can be used almostany lah if an adequate pump is
available. A large pharmaceutical company is currently establishimg within this work
established micrarifice treatmentfor stability testing of larger biological structures.

Furthemore, the effect of cavitation can be analyzed on any kind of protein or biological sample
at low concentrations. Sinoeaporliquid interfaceswere 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 sibility of such proteinsanbe increased and the new proteiteratively
tested. Furthemore, the correlation between cavitation associated protein aggregation and
protein structural properties causing this behavior should be solved.

5 List ofPublications

|  Duerkop M., Berger E., Durauer A., Jungbaueinfluence of cavitation and high shear
stress on HSA aggregation behavi&ngineering in Life Sciend&lume 18, Issue 3, March
2018, Pages 16978

Il Duerkop M., Berger EDurauerA., Jungbauer Almpact of cavitation, high shear stress and
air/liquid interfaces on protein aggregationBiotechnology Journal, 2018
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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 I, Mark Duerkop developed the methodology to compare vapor/liquid interfaces
generated by catation with air/liquid interfaces. He developed both a CD
structure determination and insoluble particle measurement protocol. Further
hetesteda large set of proteinsn 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
HRSECigh performance size exclusiohromatography
HSA human serum albumin

hTPA hydroxyl Terephthalic acid

SEC size exclusion chromatography

TPA Terephthalic acid

7 Symbols

density [kg ]

incubation time [s]

local pressure [Pa]

shear rate [3]

gas constant [8.314 kgZa?2 K! mol]
velocity [m &

viscosity [Pa s]

ET<XTaT ™
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