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Charge Neutralisation Electrostatic patch Bridging

Figurel4 - Scheme of polymer flocculation mechanisms.

Charge neutralisation occurs when an oppositely charged suspension
adsorbs highly charged polyelectrolytes. Consequently, the electric double
layer repulsion between particles is reduced, promoting aggredaioveen
particles. An electrostatic patch happens when the particles in the suspension
have a charged patch. Thus, a highly charged polymer only attaches to the
charged patch of the particlekastly, bridging appears when the polymer
can attach to more thn one particle, linking particles togeth@hou & V
Franks, 2006; Gregory & Barany, 2011)

Bridging is very efficient in creating stromgécs and is usually
promoted by linear polymers with high molecular weigHMW). These
polymer chains have loops and tails that can attach several particles, creating
large and robust flocs that are hard to be broken. Howeveilpogulation
of the boken flocs may be difficult in the event of floc breakage due to high
shearstress On the other hand, cationic polymers with high charge density
preferentially induce charge neutralisation and electrostatic patibbwing

more easily rélocculation(Lu et al, 2005; Gregory & &any, 2011)

The different flocculation mechanisms can changeler certain
conditions (e.g., ionic strength, particle concentration) and depends on
flocculant type and its characteristics. Alternatively, these mechanisms can
coincide. Zhowet al. demonstrated that a 40% charged polymer flocculates
silica particleshrough a charge neutralisation and bridging mechanism at
low shear rates. Nevertheless, the same polymer only promoted flocculation
by bridging under higher shear ra{@ou & V Franks, 2006)
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Szepessmtgyorgyi, 2004; Pearsa@t al, 2004a; Pearsoet al, 2004b; Liet
al., 2005)

The characteristics of the flocculating afge such as molecular
weight (MW), charge density and stiffness of the polymer chain, can impact
the floc structure. The negative charge of the cell surface adsorbs highly
charged cationic polymers with a flat conformation. High molecular weight
polymer ha more loops and tails to aggregate particles by bridging,
producing larger flocs. Also, the higher the macroion rigidity of the polymer,
the better flocculation action due to the formation of a thick adsorption layer
on the cell surface. Nevertheless, yrokrs with high hydrophobic character
generally have lower flocculation capacity. The high hydrophobic character
can decrease the polymer coil size due to intramolecular hydrophobic
interactions. Moreover, it promotes less affinity to the hydrophilic pattie

cell surfacgBarany & Szepesszentgyorgyi, 2004)
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However, theeffect offlocculating agent on the floc siaed strength
depends on particle collisigrwhich, in turn, depends on suspension
concentration and mixing shear ra(Barany & Szepesszentgyorgyi, 2004;
Zhou & V Franks, 2006)

High impeller shear rates and aging time allow better strength of the
flocs. The high shear environment promotes thewpsion of weak bonds
between the cell surface and polymer. Thus, the reconstruction of bonds with
a flatter conformation generates denser flocs. Furthermore, small aggregates
have the opportunity to fill large aggregates, promoting a natural selection of
flocs with more inteparticle contacts.However, floc can only regrow
toward reversible breakage. Irreversible breakage can occur when the
primary flocculation mechanism is bridgitigell & Dunnill, 1982b; Lat al,

2005; Zhou & V Franks, 2006)

The composition of thdermentation or cell culture medium or-re
suspending liquidalso determines the flocculation efficiency. The pH
controls the charge of theell surfaceand the flocculant ionic groups. The
presence of an electrolyte can screen the particle surface; reduce the electric
double layer; decrease the extension of the polymer in the particle surface
and the polymer effective charge. Both pH and dosirength impact the
conformation of the polymer in solution and, thus, the flocculation
mechanismBarany & Szepesszentgyorgyi, 2004; Peaes@ah 2004b; Liet
al., 2005; Soares, 2011; Stewart, 20Z8pu et al.described that high ionic
strength is advantageous for a polymer with low charge density, enhancing
flocculation by bridging. As high ionic strength compresses the electric
double layer, polymer loops and tadan pass through the electrical double
layer. Nevertheless, flocculation efficiency decreases with high ionic strength
when the polymer has a high charge density. High ionic strength screens
particles and polymer charge and inhibits electrostatic patchreaggion
(Zhou & V Franks, 2006)
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polymer interacted with cells until the cell binding sites were occupied.
Subsequently, the excess polymer was free to interact with the enzyme,
forming soluble polymeenzyme complexes. Enzyme denaturation was
discarded as a cause of enzyme loss as the pH was within the stable enzyme

pH range(Pearsoret al, 2004a)

Fermentation batchpreparation wasshown to have a significant
effect on enzyme yield. Batch variability affects the biomass concentration
and the amount of impurities, leading to a different interaction between

polymer and broth componen{®earsoret al, 2004a)

The pH of the suspension plays a vital role during flocculation.
Usually, a pH close to 7 is dptal for flocculation with cationic polymers
(Chatsungnoen & Chisti, 201®} that pH, cationic polymersave apositive
chargeand are ready to bind to cell debrtgpically negativeTable1.1). At
the same time, the pH also affects the interactions between the target protein
and the flocculant. If pH isigherthan the pl of the mtein, then the protein
has a net negative charge and can bind to the cationic polymer. With this in
mind,ideally, the pH should blewerthan the pl of the product to minimise

product losses.

Product losses can also occur during the sbldid separatin step
after flocculation. For example, centrifugation and pumps expose the target
product to high shear levels, possibly damaging the prodesyecially if
hostile interfaces (e.g., diquid) are presenfThomaset al, 1979; Virkaet
al, 1981) Chatel et al.demonstrated that shear levels encountered in a
centrifuge did not damage domain antibodié€hatel et al, 2014)
Hutchinsonet al.showed no changes in the size and charge profile of the
monoclonal antibody due to exposed shear stress after centrifugation.
However,SECresuts suggested that monoclonal antibody was susceptible
to damage due to shear stress as a reduction of monomer peak was
observed. It was suggested to further investigate changes in product
properties due to sheassociated effect§Hutchinsonet al, 2006) Reidet

al. observedno changes in the postanslational modifications profile af
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(Pieracciet al, 2018) Depth filtration as the primary clarification step is more
variable with feed composition and has limited solids holding capacity.
Consequently, depth filtration is frequently used as secondary clarification

step after centrifugatio(Liu et al, 2010; Pieracat al, 2018)

A continuous disc stack centrifuge is an effective sladigid
separation unit operation that can handle higher cell concentra(i@nsish
& Lu, 2008; Liuet al, 2010) The selection of centrifugation is mainly
preferred when handlindpigh volumes (>20004000 L) (Liebert, 2014;
Pieracciet al, 2018) Furthermore, the process cost is IdRieracciet al,
2018) Whereas, the investment in manufacturing scale centrifuges is high
(Liuet al, 2010; Hadpet al, 2020) and scaledown studies are challenging
(Roush & Lu, 2008Moreover, the high shear environment can increase cell
lysis or disrupt sheasensitive material (e.g., flocs). A possible solution for
shearsensitive material is the use of leshear centrifuges. These are ko
as hydrohermetic centrifuges and are commonly used for cell recovery of
therapeutic proteingTebbeet al, 1996; Landeet al, 2005; Richardson &
Walker, 2018)

This thesis focuses on centrifugation, widely used for bacteria harvest
and clarification(Tripathi, 2016) Centrifugation is also advantageous for
macromolecules because membranes with large pores are susceptible to
fouling. Consequently, the use of filtration for primary clarification may often

require filter replacement which involves high cqstanderetal., 2005)

Disk-stack centrifugtion is the most used for microbial cell harvest
and cell lysate clarification. It usually operates in continuous mode and can
handle up to 30% (v/v) solids which is an advantagehi@ndlinghigh cell
density feedsommonly achieved in modern process@&/onget al, 1996;
Flickinger, 2010; Tripathi, 26).

Pretreatment of feed, such as flocculation, has been suggested to
increase clarification efficiendfFeloet al, 2013; Livet al, 2013; Buye&
Fischer, 2014; Le Merdy, 2014; Hadgteal, 2020)
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flocculation and USD centrifugation to investigate lasgale performance

and product profiles.

Berrill et al.describeda USD methodology fothe centrifugation of
flocculated material. In their studies, flocs of homogenigedoli were
subjected to varying shear levels to simulate the centrifugation shear
environment. Moreover, the effect of flocculant concentration addition
rate on centrifugation was explored. In the end, USD predictions were
validated at the pilot scale. They conclude that, at high solids content,
hindered settling correction factor and a dilution step between flocculation
and centrifugation mustebincluded for accurate USD predictio(Berrill et
al., 2008)

Chatelet al.compared the effect of different conditioning methods,
including flocculation, on continuotdw centrifugation. Fothat purpose,
their work used USD shear studies. It was shown the potential of USD
centrifugation to select conditioning methods for process development and
to test the shear sensitivity of domain antibodies. Nevertheless, no validation

at larger scalewas performedChateletal., 2014)

More recent Voulgariset alused USD centrifugation and filtration to
determine the impact ofharvest time andflocculation on fullscale
performanceln additionto the performance metrics of centrifugation and
filtration, the study inaded domain antibody recovery and DNA removal.

The USD predictions were verified at the pilot sc@feulgariset al, 2016)

Currently, there is no established USD tool for flocculation
centrifugation that simulates largeale operationsof these two linked
processesFlocculation is a complex process, and its effectivenessrabepe
on multiple parameters (e.gchemical,and mixing shear environmeht
Therefore, there is a need to set up USD flocculation and define a procedure
to scale up/down flocculation. The USD flocculation in tandem with USD
centrifugation must mimic the permance as well as product recovery for
both unit operations. This platfornshould aid theidentiication of

parameters that optimise the traddf between clarification and product
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media.The saltsl solutionadded 25 mM (NH,).SQ,, 50 mM Na;HPO,, 50
mM KH.PO,, and salts Il solution adde? mM MgSQ, and0.1 mMCacClk.
The SM6trace elements solutiowasadded as 10 mL tandhad the same
recipe described for the SM6G&nd MSM The amino acids solutiohad
five components to add a final concentratior8ad L* sodium glutamate).2

g L*L-lysine,0.2 g L L-arginine,0.2 g ! L-methionine, and.2 g L L-
threonine. The carbon sourceslution provide 0.5 g L* glucose andlO g
L* glycerolwhile deliveringl g L*lactosefor auto-induction Finally, 5 g L*
yeastextractand0.275 mL [* polypropylene glyco{antifoam)wereadded.
During growth andexpression optingation, modifications from the base
media described hemereperformed, mainly on carbon source and inducer
composition (modifications in seadn 6.2.). Moreover, fedbatch
fermentation had a feeding media composition identicalto the base
autoinduction mediaHowever,some modificationsvere employedto this
feeding mediasodium glutamateconcentrationwas boosted to 213 g1,
while glycerol and lactose concentrationgereincreased to 400 gtand 80

g L, respectively, and glucoseasno longer present.

For the autoinduction medigalts | solution were sterilised in the
bioreactorat 60% of the final desired volumAfter cooling, the remaining
components were added. through a side p&@M6 trace elements were
sterilised usinga benchtop autoclave (Denley, UKMHowever, Salts I
solution,amino acids, carbon sources, inducer and yeast extract solutions
were sterilisediltered using a 0.22 um PES membrane (Stericup® Quick
Release Filter Millipore Express® PLUSMis sterilisation proceduravoids

Millard reactions and precipitation of ss(tCaCl with sulfates).

Kanamycin(30 ug mLt) wasadded beforenoculation ofany culture

The antibiotic addition allows for the selection of the seleceltisystem.
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vortex formation and create turbulence. The optimum baffle width should be
1/10 to 1/12 of the tank diameter. The impeller was located (C) at about
one-third of the tankdiameter (T) above the bottom of the tank. This impeller
position ensres that currentabove the impeller are bigger thabelow,
increasing the rate of distribution through the vessel. The impeller diameter
(D) was designed to be approximately ethéd of the tank diameter (T). To
keep similar geometry, the distance beemethe baffles and the bottom of
the tank was proportional between the different scales. For the Rushton
turbine, the blade width should be cfifth of the impeller diameter, with a
power number of 5.7 for the turbulent regi@oran, 1995)or a 45° pitched
4-blade, the blade width should also be difth of the impeller diameter,
with a power number of 1.27 for the turbulent regiamesh R. Hemrajani,
2003; Hall, 2012)These relationships affect the mixing power requiresient
The USD andaboratoryscale were designed as describdadrigure2.1 (a)

with baffles printesdn a 3D printer.The impellers for the USD system were
also designed and printed on a 3D printer. The pilot scale system was

adapted from an existing 10L bioreactor, as showhRigure2.1 (d).

Flocculationwith the same conditiongsectiors 2.5 and 3.2) was
conducted using the three scales (USBboratory and pilot scale) to
characteriseand compare the different scales. The same condition was run
within the same day, between different days, and between retfitfe
homogenate batches to understand the variability of each syf&Dwas
measured before and after flocculation to verify floc gromt8Dwas also
measured afteflocs were exposed tbigh or low sheastressto assess flocs
strength. The stronger the flocs, the more similar the PSD of flocs and
sheared flocs ard=igure 3.7, Figure 3.8 show the variability of flocculation
performance of USndpilot scale, respectivelyaboratory scale is shown

in Appendix 41, as it shows similar variability to USD system

The flocs generated at USD using a 45° pitcheblatle impeller

(Figure3.7) showed good repeatability within the same day. Therefore, the
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floc formation variability increaskewhen using another homogenate batch.

Batch D displagd smaller particles than batch C.

At the pilot scaleKigure3.8), the variability of flocs formation within
the same conditions was higheompared to the variability obtained from
the USD gstem. The flocculation variability was higher for batch C than in

batch D, indicating that the homogenate batdtoaffected the pilot scale.

Understanding the different system variability is vitakt@luate if
different systemsire comparablewithin their variability and how a change
in a parameter can significantly affect performanceThe comparison

betweenscales waperformed in sectiod.3.1
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USD flocculation and centrifugation
Mililitre of feed

Laboratory flocculation and centrifugation

Mimic large scale

Interaction flocculation and
centrifugation

Undarsianding scale Pilot scale verification

differences
Understanding of process

conditions impact and critical
parameters

Study flocculation mechanisms

Check prediction of USD

When more volume of feed is N . .
flocculation and centrifugation

required

Product profile and
performance comparison

Integration with other USD
units operation

Speed up bioprocess
evaluation

Product profile and
performance evaluation

Figure3.11 - USD flocculation and centrifugation development and its advantages.

The link of USD flocculation to USD centrifugation (secti®i.9
demonstrated that sheatress expected tencounterin the centrifuge feed
zone inpacted flocs, reflecting deteriorationof centrifugation clarification
and filterability. Additionally, the homogend&edaffected clarification and
total protein content. Therefore, neither the sheiessnor the homogenate
feed impacted protein yld. As a result, for further experiments, batch
homogenate should be employed as a variable, or each experimental set
should be performed within the same batch to understand the impact of other

variables.

The initial USD flocculation was designed and integrated with USD
centrifugationNeverthelessthe linkedUSD platform validation is required
by comparing it with the pilot scale. Moreover, there is a need to simplify the
interpretaton of the multiparameter data generated by the USD platform
These are addressed ohapter 4 (pilot scale verification and MVDA) and

chapter 5 (noveFloc quality and strengtimdeX).
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PCA, partial least square regression (PLS), and analysis of variance (ANOVA)
were usedas statistical evaluation toote find significant factors and patterns in the
data.When organising data for PCA and PLS analysis, rows should represent samples
or data points, and columns should correspond to factors and resportseslataset
can thenbe imported into the SIMCA programme, where thevatiables and Y
variables columns are labelldd.the case of PCA from question DHigure4.2, the
Y-variables include the PSD fanshearedlow and higksheared flocs for each data

point. In this wayfloc strength can be evaluated.

Section4.3.3used aPCA to evaluate the overall floc strength obtained from
all 65 flocculatiorruns Figure4.2 A). The rationale for analysing tedfect of shear

on floc size is explained Figure4.3.

I I

Figure4.3 - Analysis othe effectof shearon flocs size distribution

PCA and PLS wre performed using SIMCA version 13.0.3.0 (Umetrics AB,
Umea, Sweden). ANOVA of historical data was performsith@gi Design Expert 11
(StatEase, Minneapolis, US).
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the USD and laboratory data, falling within the 95% confidence ellipse. This result

demonstrates the similarity of floc growth at different scales.

Figure4.4 (b) and(c) assess the low and higheared flocs of different scales
(marker shape) and homogenate batches (marker colour). The shEe&@ds the
final size expected to be processed by iadustrial disc stack centrifuge, reflecting
floc strength characteristic¥he model explains 82.6 % of the PSD variability at low
shear stress (Figure 44 (b)). The homogenate batch produced three clusters,
indicating thatthis parameteraffected floc strengthHowever, when higisheared
flocs were evaluatedFigure 44 (c)) PSDs from feed C and D wereonly
distinguished on the third principal component due to the difference in fines content
(Appendix 51). Batch Dhad more fines than batciZ, which was also detecteid
centrifugation performance in secti@3.4 Regardless of homogenate batch impact,
shearedpilot flocsfell into the 95 % confidence ellipse and overlapped the USD and

lab-scaledata. These resultgvealthat the floc strength is similar across the scales.

The benefit of using PCA was that scale comparisons for different feeds could
be performed cacurrently. It also allowethe testingof statistical similarity within
process variability using the full PSDnivariate analysi®f visual PSD inspection
(Figure4.5) was conducted for batch D to confirm PCA results anetlucidate the
advantage ofMVDA. In fact, different flocculation conditions are commonly
evaluatedthrough the comparison dSDplots (Chatelet al, 2014; Voulgarist al,
2016)

Figure 4.5 shows similar floc growth and breakage all three scalesThe
flocculation forned a monoidal belshape that gradually disrupted # shear level
increaseda to c) When the flocs were subjected to shear stress, the particle size was
reduced to less than 1jim, and fines reappearetdhese results supporteitie PCA
model. Nevertheless, the univariate analysis only allofeedhe evaluation of one
feed and required the average of biological repeats for a more thorough visual

inspection.
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sourced stocksT hisresultconfirmedthatbatch variabilityfrom theupstream process
affecs protein release during primary recoveiyhe impact of feed on flocculation
has also been highlighted in the literat(arany & Szepesszentgyorgyi, 2004,
Pearsoret al, 2004b; Chatedt al, 2014)

It is reported tlat a Camp number higher than®1i8 required to obtairthe
maximum floc strengtbapableof withstanding processhearnBell & Dunnill, 1982b)
It would be expected that an increagethe Camp number from 10to 1% would
significanly improve floc strength and centrifugation performanEer this case,
Camp number<10°) showeda lower correlation with centrifugation performance
and protein content than shear level and homogenate b#diigherCamp number
(>10°) showeda slightlyimproved clarification and filterabilityrhe possible reason
for this behaviour is thehemical environmendf flocculationwhich still needs to be
optimised. A Camp number higher thar? i9insufficient to guarantee strong flocs if
working away from ta optimal chemistry of flocculation. Thus, there is a need to find
a combination ofoptimal flocculaion chemistry (e.g., flocculant dose) and Camp
number to overcome the impact of feed and shst@esson floc structure creating

stronger flocs.

Answeringthe first questiorfrom Figure4.2, the homogenatdeed and shear
levek expected to beexperienced in a centrifugeere the major factors affecting
flocculation and centrifugatiorsubsequently, the data were separated by feed and
shear stress levebs stated irFigure4.2, to explore theimpact of other factorsAn
ANOVA was applied to each dataseThis analysis determineshe specific
relationship between each factor atloe responss, shown inTable 4.2. ANOVA
compares the variation between groups of samples to the variation within groups,
allowing the identification of a statistically significant factor for each resg&agghi,
2019) A factor with a pvalue < 0.05 was accepted as significant for the specific

response

As also detected by the PL¥able 4.2 reveals that Camp number impacted
flocculation anccentrifugation within each batch astiear stress leveHigher Camp
numbers provided a more clarified and eadfilter supernatant. Because flocs are

shear sensitive, the importance @amp number decreases as the shear level
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Figure4.10 - Difference inPSDbetween sheared anashsheared flocs
The gore contribution plot explains the variability demonstrated by theRi&in Figure4.9.

Figure4.10 shows thafflocs between 5.98nd 27.4 um were brokeup into
sizes belowb.95um when sheasstressexpected to be encountered am industrial
centrifuge feed zone was applied. Knowing the main chamg®$&D due to shear
stress all the sizes below 5.92n were used fothe floc strength analysis e final

step inFigure4.2.

The last step irFigure4.2 assesses the influence of addition time, aging time,
and Camp number on floc strength for homogenat&PCA Figure4.11) simplified
the PSD comparabilityEach data point represents one flocculatiarjich includes

PSDsof unshearedlow and high sheared floc
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4.4.Conclusion

The USD flocculation and centfiilgation platform \as validated at the pilot
scale(section4.3.). The PSDsof both unsheared and sheared flocs were similar
across the scalefigure4.4). PCA simpified the PSD analysis and tested statistical
similarity within process variability. The univariate visual inspection of F&jre
45) did not addadditional information to the PCA. The supernatant quality and
protein contentof feed Dwere also comparable between sca(Egyure4.6). Overall,

the USD platform proved to be representative of the pilot scale.

The amount of data collected from USE3 complex to analyseusing
univariate analysis to extract meaningful information. The sequential M{g&phon
4.3.9 simplified data interpretation and visualisation, identifying amatameter
effects (Table 4.1). The sequential analysis revealed that homogenate feed and
process sheastress(e.g., resulting from centrifuge feed zone design) were the most
critical parameters for flocculation and succeeding centrifugatiégure 4.7 and
Figure 4.8). The Camp numberimpacted flocculation and centrifugation, although
with less significanc-igure4.8 andTable4.2). The studied conditions formed shear
sensitive flocs in which Camp number could not sufficiently enhance theigtiren
Large Camp values>(L(F) did not necessarily result in strong flocs. Flocculation
involves chemical and mixing parameters and their interactions. Hence, for this case,
the chemistryenvironmentof flocculation should be optimised to ensure robustdloc

capable of overcoming sheatresseffects and homogenate variability.

During flocculation, there was a loss of total protein contéheinvestigated
factors did not significantly affect the protein yield over flocculation and
centrifugationTable4.2).

The sequential analysis confirmed that the combined USD-démtrifuge

system predicted pilot scale performan@eable4.2).

Floc strength was determined by analysing changeRSD at different shear
levels (zero, low and high shear) in a PCA mdé&&jure 4.9). Investigating floc
strength by comparing PSD yielded the same results as evaluating floc centrifugation

performance parameters. Thus, future studies can be accomplished by comparing
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PSD at different shear exposures in a PCA. PCA analysis can replacestia¢ vi
inspection of PSD, simplifying and accelerating the analysis of-comditions.
Nevertheless, an innovative analysis of floc growth and strength that is more
automatic and does not require MVDA knowledge was developed and is explained

in chapter>s.

To sum up, the USD flocculation and centrifugation was validated bakey's
yeasthomogenateIn the next chapters (Chapter éa 7), other cell homogenate
would be used to test the established USD systérhe connection of USD with
MVDA was shown to maximise the analysis of experimental conditions and
responses. This combination can be used, in the future, to accelleeadevéopment

of primary recoveryprocesses.
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However, this work had to be conducted due to lack of cell paste stock from the
collaborator during COVID breakouthisis required to conduct USD studies tbe

two last chapters. For this reason, experimental steps were conducted to achieve this
goal,asdescribed irFigure6.3. Table6.4 present he summary table of these results

andthe decisions for each step
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The initial strategy focused on contrasting different media in flask studies to
increase cell density (experimental set8 Table6.4). The autoinduton media was
selected as demonstrated the best biomass generation wigh 6 The differences
observed were due to the composition of the media in terms of carbon sources. In
fact, autoinduction media is the only studied media that contains a catimof
glucose and glycerol for cellular growth. Additionally, lactose, used for protein
expression, can aid cellular growth. Because glucose is preferred for the metabolism
of E. coli(MartinezGomezet al, 2012; Breret al, 2016) it is primarily consumed,
giving an initial boost to the cell growth rate. Once the glucose is depleted, glycerol
and lactose are metabolised, genangtlarge amounts of biomass and expressing
recombinant protein simultaneous(fpa Silvaet al, 2013) In contrast, the other
medias require IPTG for protein expressi(@arciaArrazolaet al, 2005; Liet al,
2012a; Newtoret al, 2016) IPTG requires careful adjustmewntich can complicate
fermentation. Moreover, it shows other disadvantages, such as toxicity and cellular
growth inhibition(Donovanet al, 1996; Dvoralet al, 2015; Gomest al, 2020)

The second stage of this study (experinsrget 4Table6.4) aimed to scale
up from flasks to a 1.2 L bioreactor to increase biomass concentration. The
production in a stirred bioreactor allowed a 40ld increase iroptical density The
goalof achievingat least 20 gw L™ (ODsoo ~60) of biomassvas not met As a result,
two drategiesto further increase cell densityere compared: doubling the carbon
sources in the media composition (2x carbon sourcbatch modé versus glycerol
fed-batch.While the celldensityof both strategies was similéexperimental set 4
Table 6.4); the batch mode ended after 18 h, in contrast with the 38 h obiadh

mode.

The cell pastes from the double carbon source batch and glycerebdh
werealsoused for USD flocculation and centrifugation studies. The aim was to apply
the established USD system to evaluate the impact of fermentation on primary
recovery. Three flocculation conditions T@ble 6.2) were run through USD

centrifugation, testing supernatant turbidstyown inFigure6.5.
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to find extreme flocculation conditions (stronger and weaker flocs than conditions 1
and 2) to validate the USD platform. The next chapter (secti8ri.} will perform a
deeper characterisation of flocculation and centrifugation to find conditions for

validation.

Total protein and enzyme recovery (sectidr3.9 was shown not to be affected
by shear stress ratexpected to bexperiencedduringcentrifugation. Consequently,
enzyme and total protein analysis are only required after flocculation, where
significant losses were observekth examination of enzyme losses will be shown in

the next chapter (section.3.1.2.

Lastly (section 6.3.3, an initial USD platform validation was executed,
comparirg with pilot scale flocculation and centrifugatidrne differences between
the ultra scaledown and pilot scale were found to be due to USéntrifugation
(Figure6.12). An investigation is required to refine USD centrifugation, returning to
the startof the flowchart in thé-igure6.1. This investigation will be presented in the

next chapter7.
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and, consequently, low filterability. Product analysis was only studied for flocculation
as it was shown that centrifugation has little effect on enzyme recovery (s6@ign

Details on risk analysis can be foundAppendix 81.

Based on therisk assessment study ippendix 81, four parameters for
screening design were investigated, as describ@@bie 7.1. For each flocculant, a
two-level factorial design with four centre points with a power of 84.3% allows the
investigation of 4 factors and their interactions. This design emp&oyew
experiments to determine the best path to take in the direction of the optimum
(Mandenius & Brundin, 2008)

Based on regression analysis for PEI as a flocculatil€ 7.6), the models for all
the responses were significant. The kdKit detects how well each model fits the
data. Models with a significant lack of fit should not be used to make predictions. The
adequate precisiomatio, which should be greater than 4, is used to calculate the
signalto-noise ratio(DesignExpert, 2021)All the models had an adequate precision
above 4, indicating that it Bcceptableto navigate the design space. The goodness
of the model was evaluated through the calculatidriR and adjusted R(Design
Expert, 2021) These values explain how well the response variability is explained by
the model(Mandenius & Brundin, 20085ome of the models had* Ralues below
0.8. This model predictions may be less accurate than for models with higher R
According to this analysis, the models cannot be used to make precise predictions.
This result is acceptable because the main goal of this first DOE was not a prediction.
Nevertheless, the predictor variables of the models still provided informatiomt abo
the responses, and it was possible to detect the main effects and select the direction

for further optimisation.

Details on the effect of the factors on responses is discusségpendix 82.
Briefly, the screening design revealed that (i) faster impeller speed is required in the
presence of high concentration of salt or flocculant, improving floc strength; (ii) the
increase on floculant concentration negatively impact floc strength and enzyme
recovery; (iii) high salt concentrations reduce PEI flocculation efficiency, but it

reduced enzyme losses in the presence of excess of PEI.
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usefulness. The models related to floc strength {R,F&) were significant and fitted

well with the data. However, half of the flocculation conditions in the DoE produced
unstable flocsvith a %RDS greater than 25%. For these particular run$&,Gh and

Rs« were set as 0, 2, 0 and 2, corresponding to bad flocs. Moreover, models for floc
strength are very complex for the number of observations, with the interaction
between the four fetors owning the lowest-palue (more critical). These models
complexity might lead to overfitting he predicted Rfor R and R were negative,
indicatingthat the model is worse than using the overall meBimus, these models
captured data noise insteaaf genuine relationships between the factors and the

responsegDesigRExpert, 2021)

These resultsuggestthat using pPDADMAC as a flocculant requires more
refined optimisation than PEI. Only thghSmodel could detect potential results of
good flocculation. Higher speed and mixitige, combined with lower pDADMAC
and salt concentrations, increased the strength of small flocs. When lower impeller
speeds and mixing times were imposed, thle Giteria were not metNevertheless,
pDADMAC did not significantly affect thgield of the dudied enzyme. Salt and
pDADMAC effect on flocculation and enzyme recovery is explainespipendix 8.3.

The direction for an optimised pDADMAC flocculation is showrrigure7.3 for a

high impeller speed and mixing time.
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Figure7.3 - Overlay plot for pPDADMAC screening design to find the direction to optimal
flocculation.

Design spacés represented by the green shadow where the boundary was sglt to (B5.
Impeller speed was set to 2000 rpm and mixing time corresponds to 90 min.
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Table7.7 - Model evaluation and identification of significant factors for each response: pDADMAC.

Model and factors are significant foralue < 0.05 Factors are ordered by ascendingalue.

Responses Model Lack-of-fit Factors Interactions R Ad}-R® Adequ_ate
precision
Gn Not significant significant NA NA NA NA NA
[PDADMAC],
R significant | Not impellerspeed .~y o ADMAC] speedtime | 099 098 20
significant . mixing time,
[CaC})
- Not . .
Sh significant significant impeller speed [CaCl].[ pPDADMAC].speed.time’ 0.99 0.98 34
Not impeller speed
Ruc significant o [PDADMAC], @ [CaCl}].[ pDADMAC].speed.time’ 0.99  0.93 11
significant o
mixing time
% activity loss significant | significant [CaCtI;]r,nemlxmg [CaCl).time 0.83 0.80 12
. N Not -
0,
% protein loss significant significant [CaCl] [CaCl].[pDADMAC], [CaCl].time 070 061 8
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From a bioprocess perspective, pPDADMA@ay be a better flocculant than
PEI as it can simultaneously achieve high values,lof(§ood floc strength of small
flocg and, thus, higher clarifications without compromising enzyme yield
Neverthelessfor this work,PEIwas chosen as the flocculant to be studied because it
was themore interestingflocculant with observedgnzyme activitylosses which
allows for researchon the factors that influencehese lossesAdditionally, PEI
flocculation carproducestronger flocs in only 30 mires as opposed tdahe 90 min
required for pPDADMACThe optimisation of PEI flocculatiofirable 7.6) was solely
depencenton flocculation chemistry ([PEI] and [s@ltihereas mixing and chemistry
parametersappeaedto play a significant role in pPDADMAC flocculati¢fable7.7).
For all these reasons, the next steptailsdesigning ERSMfor optimisation ofPEl
flocculation(Table 7.2).

An [-optimal splitplot design was used for minimal ruidjorogeet al, 2017)
The salt concentration was set asa hardto-change factor because of the
experimental procedure. No aliases were found, and a fraction of design space (FDS)

was higher than 0.8 for a sigriatnoise ratio of 2.

Models for R. and Sh had an adjR? of 0.78and 0.8, respectivelyThe best
results with gh above land R. below 0.4were achieved for PEI concentrations
below 0.2%w/v (6.7 %w/ww.) With salt concentration below 20 mM orPEI
concentrations around 0.05 %w/v (19%W/Ww.) with 100 mM of saltin contrast
the model for optical density was found to bgaor model withan adjR? of 0.27.
The optical density model couldnly detectPEI concentration asn important
factor,with the best performance beifig05%w/v (1.7%w/Wuwe). As a resultit was
decided totestflocculation with0.05%w/v of PEI and no salt addition &he USD

scale.

The results showedhat the optical densitywas greaterthan 0.1 (0.188 +
0.0, N=3) when 0.0%%w/v of PEI was usedTlhis confirmed what was expected
by the model evaluation. Theptical densitymodelcould rot be used to define the
optimal condition.At 0.05 %w/v PEI concentration(1.7 %w/Wc), therewere
alreadyevidenceof underdosing thatvas not capturd by the RSMConsequently,

to validate this resultthe PEI concentration was increased to 0.1 %w(3.4
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of smaller particles (represented byhpwas higher for flocs produced using
MagPump and MagShot than for USD aralcon This result suggests thatagnetic
stirrersinfluencedthe aggregation of smaller particlésat should be investigated

furtherin future research

When the USD system was used for condition 3, the particles below the
critical diameter (represented bysJRwere stronger and the reappearance of small
particles (represented byl§ was smallethan for the other systemadditionally, a
higher variability in strengtivas observed when floosere created using MagShot
or Falcon The results suggest thhoth flocculant addition modend mixing shear
environmentplay a crucial rolén the formation of flocs under overdosing conditions
Under non-optimal conditions, MagPump, MagShot akdlcon are expected to
underestimate flocculation efficiency (higheg)R resulting in a decrease in

clarification perfomance.

Generated flocs were processed by USD centrifugation to investigate the

impact of the flocculation lab system on centrifugation performaApeendix8.8.
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Figure7.8 shows thesupernatanturbidity measurement®ptical densitywas
not measuredn this caseas a good correlation with turbidity is shownAppendix
88.
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Further investigation of thisnpact ofthe diferentflocculation lab system on
supernatanfilterability was executedsing two membranes (0.45 pm and 0.22 ,um)
and it is shownn Appendix 89. The results indicate thahe filterability of the flocs
from condition 3(weaker flocs)formed at the USD system decreaswith the
increasing of shear stress. In contrasindition 3 forthe other systems showed
filterability below 20 L mindependently of the shear stress exposure. For condition
4 (stronger flocs), filterabilitg less affected byhe different flocculation systems.
Additionally, the results suggest that 0.22 um memétaes better performance and
captures more easilythe filterability differencesdue to shear stresthan 0.45 pm
membrane The results on using different membranes for filterability give preliminary

insights for future investigations.

The enzyme losses and their respective activity losses were also compared

along the four flocculation systems as showFigure7.9.
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and reveals hidden patterns and relationshipsigh, 1993; Raraniyaet al,
2008; Faccoet al, 2020) The theory behind PCA is fully explained in
publications(Leigh, 1993; Bro & Smilde, 201#8ere, the goal is to explain
how to apply and interpret PCA.

As an illustrative example, a dataset with Mservations and 8
variables is represented Appendix 2.11. This example data is only used as
an illustrative example and is not applied in thissibelf PCA is used to
analyse particle size distributions, the size is theatxable, and each

observation is a PSD in percentage per volume.

X- variables

N observations
O N W bW N -
N OV EaE WN -

<

Appendix 2.1 - lllustrative example of the preparation of dataset to be used for a
PCA analysis.

The data is preprocessed before creating the PCA model. Mean
centering and scaling are typically used to improve interpretability of the
model and overcome range differees between the variables. The data is
subtracted by the mean of each variable and divided by its standard

deviation. This procedure is applied by default in SIMCA.

After preprocessing, the data is ready to be used in a PCA. The first
step is to selecthte number of principal components. In this case, as there
are eight variables, then eight principal components will explain 100% of the
data, as shown i\ppendix 2.12. However, the goal is to use the least
number of PCs to describe as much data variability as possible. The optimal
number of principal components is achieved when tRelées not change
signficantly. Consequently, principal components with low information can
be discarded from the model. Furthermore, when determining the number of

principal components, it is critical to determine whether the additional
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principal component adds insights to thdel. A R threshold of 785% is
commonly used. The requirement to raise the threshold from 75% to 95%
will increase the number of PCs required and should only be considered
when revealing valuable information to the model. Otherwise, a simple
model wih fewer PCs is preferred as the other variability is only data noise.
Another criterion that should be considered while selecting PCs is the
balance between Rand . The R show how much variability is explained

by the model. The ®determines if the maoel can be used to predict the
variability of the dataset and indicates data noise. Typically? gber than

0.5 indicates good predictability.
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Appendix 2.22 - lllustrative example of a summary fit for PCA model.

In theexample ofAppendix 2.12., a good prediction is achieved only
with 7 PCs. Nevertheless, after the fourth component, additional PCs do not
add signitant information to the model. If the PCA model is used for
visualisation of the data, the selection of four PCs is reasonable. However,

the model should not be used to predict.

The second step is to examine the score scatter plot in order to look

for paterns. The example score plot is showrAippendix 2.13 -

The score plot should be coloured by the differentafiables to

reveal hidden clusters or trends. In this example, three clusters are observed
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Appendix 2.4 - lllustrative example o loadings scatter plot for PCA model.

Loadings plot is useful to evaluate which variables are related to each
other. Variables close to each other are positively correlated. The variables
positioned with a difference of 180 degrees are negatively coeckl&inally,
the variables located at an angle of 90 degrees are not related. Using variable
X6 of the example and following the blue arrow, X6 is negatively correlated
with X1 and X8. Following the orange arrow, X6 and X7 are not correlated

with each othe

Another useful analysis is the use of the contribution score plots.
These plots compare the difference between an observation and the average
or between a group of observations to identify which are the variables that
contribute to that distinction. Arllustrative examplen Appendix 2.15. is

shown which compares the yellow and orange groupppendix 2.1.3
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Appendix 2.1 - lllustrative example of a contribution score plot for PCA model.
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The selection of the latent variable numberlsoasimilar to PCA but
analysing Rfor the Y-dataset. PLS has arf Bf the Xdata and Rof the Y-
data, which indicates how much of the input variables variability explains the
response variables. The?@3 obtained by crossgalidation to determine the
predictive power of PLS. As an example, a PLS model with two latent
variables that disclosed & of 0.40 and a RY of 0.6. The same PLS model
but with three latent variables has &R of 0.60 and a RY of 0.65. Both
models have similar aQThen, a snpler model with two latent variables is
preferred, in which 40% of the variability observed in predictor variables

explains 60% of the variability in output variables.

A loadings plot is required to interpret the PLS model. The Loadings
plot shows how edt X and Y variable contributes to the LVs and finds the
relationships between inputs and outputs variables. An illustrative loadings

plot is demonstrated idppendix 2.21.

|
06 - ® X5
04 TA®XT
= 0.2-
= ox4
0
®x3 Ay4
0.2 ®Xx8
@x1
_04 T T T T T - . 2 ; -
0.6 0.4 0.2 0 0.2 0.4

p[1]

Appendix 2.2 - lllustrative example of a loadings scatter plot for PLS model.

A PLS loadings plot is interpreted similarly to a PCA, but now there
are X and Y-variables. In this example, when arsghg Y1, X6 is positively
correlated with Y1 (close to each other), but X1 and X8 are negatively
correlated with Y1 (X1 and X8 are 180 degrees apart from Y1). Nonetheless,
X5 and X7 have little impact on Y1 (X5 and X7 are 90 degrees apart from
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Y1). Overall the responses Y3 and Y5 have low contributions to LV1 and
LV2. LV1 reveals that X4 and X3 account for the majority of the variability
in Y4. On the other hand, a combination of LV1 and LV2 detects that the
variability of Y1 is mostly related to X6, arfiat X5 and X7 are important

factors for Y2.

Variable influence on projection (VIP) plot gives an overall picture of
the important factors influencing overall responses. In another words, it
summarises the key variables that explain both X andaNability. A

representative example is given fppendix 2.2.2
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Appendix 2.2 - lllustrative example of a VIP plot for PLS model.

The terms with a VIP larger than 1 are the most meaningful. As a

result, X3, X4, X1, and X6 are the most important inputs for the PLS model.

If the PLS model is to be used as a predictive model, then a prediction
set should be defined to validate the modeéhe use of the PLS model should
be carefully interpreted depending on the objective of the study. If the goal
is to simulate Y using the model, then a more thorough analysis should be
performed, paying special attention to the root mean square errogasoss
validation (RMSECYV) for each response, Y observed vs predicted plot, and
residuals plot. Moreover, the?@nust be significantly higher (> 0.9) to be a
good predictive model. On the other hand, the PLS model can be used as a
screening tool for factrs and to determine an overall picture of the process.
In this case, models with low 2@an be used with caution, taking into
consideration how much of Y is explained by X. Even without predictive

power, this type of model can improve future experimeptahning and gain
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