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ABSTRACT

Interest in the field of pure DNA manufacture has been driven in recent years by the explosion
of research into gene therapy. Gene therapy technology offers a new paradigm for treating
human diseases where defective cells are transformed with gene vectors capable of expressing
therapeutic protein. Administration is often via direct injection of naked or lipid-coated plasmid
DNA. Plasmid for gene therapy is usually produced in Escherichia coli. The challenge in
manufacturing plasmid is primarily the removal of impurities like proteins, lipids,
lipopolysaccharides, RNA, non-supercoiled plasmid variants, and host chromosomal DNA.
Long chain polymers, such as DNA, are uniquely prone to chain scission at moderate to high
fluid stresses that commonly occur in biotechnology equipment. Stress-induced degradation of
both plasmid DNA and host chromosomal DNA must be minimised to optimise plasmid yield
and purity. Such degradation plays a critical role during alkaline lysis, a key step in DNA
isolation. The effeét of lysis reagent on DNA stability, the required level of fluid mixing, the
effect of the resultant fluid stresses on DNA degradation, and the effect of DNA fragmentation
on subsequent downstream purification performance are all poorly understood. This thesis sets
out to characterise the effect of lysis reagent concentration on DNA so as to determine the
required level of fluid mixing during alkaline lysis, to characterise the effect of the resultant
fluid stress on DNA degradation and to determine the effects of stress-induced degradation on
downstream processing. The following paragraphs outline the key finding of the thesis, which

together provide a framework for the design of a robust lysis process.

Two novel HPLC-based procedures were developed, based on polyethylenimine and quaternary
amine anion exchange chromatography resins, capable of simultaneously measuring supercoiled
plasmid DNA and chromosomal DNA in process samples, in addition the form of the

chromosomal DNA.

Experiments using E. coli cells containing 6 kb to116 kb plasmids showed that cell lysate
should be maintained below 0.13 £ 0.03 M NaOH to prevent irreversible denaturation of
supercoiled plasmids and above 0.08 M NaOH to ensure complete conversion of chromosomal
DNA to single-stranded form. Conversion of chromosomal DNA to single-stranded form was
shown not to significantly affect its removal during alkaline lysis, but was advantageous for
subsequent purification. Complete conversion of chromosomal DNA to single-stranded form
enabled complete removal by a variety of inexpensive and scaleable purification methods,
significantly reducing the cost of plasmid DNA manufacture. Denaturation-renaturation of
DNA, either during alkaline lysis or further downstream, was shown to be an effective method

of removing non-supercoiled plasmid variants.
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The level of mixing required is highly dependent on the sodium hydroxide (NaOH)
concentration in the lysis buffer. More highly concentrated lysis buffer reduced the overall
lysate volume, but rapid mixing was essential to avoid irreversible supercoiled plasmid
degradation. Mixing tanks provided adequate mixing only at low NaOH concentrations.
Opposed jets provided excellent mixing characteristics for lysis buffer addition, and
concentrated NaOH could be used, significantly reducing the volume increase over alkaline
lysis. Opposed jets provided a suitable method for denaturing residual double-stranded
chromosomal DNA downstream of alkaline lysis. Hence, inexpensive methods for single-
stranded DNA removal could be utilised to remove all residual chromosomal DNA.
Computational fluid dynamics (CFD) simulations were used to develop appropriate scaling
rules for opposed jets, and the CFD predictions were verified against published experimental

data.

Capillary shear degradation studies with pure solutions of 6kb to 116 kb plasmids and
chromosomal DNA, determined that DNA degraded at capillary entrances, not internally. Large
plasmids degraded at significantly lower fluid flow rates than small plasmids. CFD simulations
were used to determine fluid flow properties (turbulent energy dissipation rates, shear stresses,
elongational stresses and pressure drops) at the entrance to, and within, capillaries and to
correlate breakage of chromosomal and plasmid DNA with fluid flow parameters. Results
indicated that elongational fluid stresses caused significantly more DNA degradation than shear
stresses. An assay to monitor plasmid degradation in dilute solutions was developed using
Picogreen dye, enabling different size plasmids to be used as probes for fluid stress-induced

degradation in large-scale industrial equipment.

Results showed that fluid stresses during alkaline lysis led to chromosomal DNA fragmentation.
Despite causing chromosomal fragmentation, it was shown that fluid stresses during lysis did
not significantly increase chromosomal contamination in cell lysates; chromosomal DNA
removal over alkaline lysis/neutralisation not being a strong function of chromosomal DNA
size. High levels of fluid stress during the neutralisation step were also shown not to increase
chromosomal DNA contamination. The effects of chromosomal DNA fragment size on its
removal in different downstream purification steps demonstrated which steps were sensitive to
DNA size, enabling better selection of downstream unit operations based on DNA

fragmentation upstream.

p4



TABLE OF CONTENTS

1 Introduction ..........eeeeeeeennranns cetessesessietesantsaesatsassesatsbasssaeesa s st asaaessassasnasanns 22
1.1 Gene therapy 22
1.1.1  Licensed gene therapies and gene therapy trials ............ccoccceoiiiinimnnnniniccs 23
T.1.2 0 GEINE VECTOTS. ..ttt ettt sttt ettt e r e b e s s ae b b e s ebs e te e e r e rens 23
113 DINA VECIOTS ..ottt st sttt ettt s ene s as e sra e e s er bbb ba bbb e 24
1.2 Plasmid DNA manufacture .......cccccevervanes crressstssseeresantessanesnsssssssissssnssnes 25
1.3 Alkaline lysis ceessnissstessesssrsnanssssasesrrsesssrenassnane 29
1.3.1  Problems with alkaling LySis.......cccoecerrmercriiniiiiicce et 30
14 Organisation and aims of the thesis 32
1.4.1  AImS Of the theSiS.....cciiiieiiiiiiei et s 32
1.4.2  Organisation Of the theSiS.........ccoueuieieeeriecrieiirceire e enrenenes 34

2 Mixing and stress in fluids .................. . . . 35
2.1 Introduction 35
2.2 Fluid mixing 35
2.2.1 Theory of fluld MIXINE.......covereereererrericree ittt 35
2.2.2  Mixing in StITed VESSEIS. .....cecveccriieciiiiiiiiiiite v 37
223  MiXing in OPPOSEA JES ..cccuiiiiiiriirceiriiiiini ettt e ettt 39
23 Fluid stress 41
2.3.1 Calculation of fluid SErESSES. .....cccerrereiriririiiiriieninci et 41
2.3.2 Overview of fluid flows in purification equipment and their associated stresses ................ 44
2.3.3  Fluid stresses in StITEd VESSELS ........cceereeeriricniiiiniiiiie it 45
2.3.4 Fluid stresses in OPPOSEA JELS ....coceurviriririiiiirisiinesiiie ettt sttt et e e ene s esns 46
2.3.5 Fluid stresses in capillamies........c.ccovviiniiiiiiiinii e 46
2.4  DNA degradation by fluid StIeSs .....ccccvveesrersecsissnessncsecsnesssssssassstessassasssrsssssssonnese 48
24.1 DNA conformation in stagnant SOIUtION ............cccuvureriicieriiiiniccteee e 48
2.4.2 DNA degradation by elongational fluid Stress...........oocoeoeieeiiiiciiniiiimccce s 52
2.4.3 DNA shear degradation in shear flow.........ccccciiiiiiiiiiiie s 54
2.4.4 DNA degradation in turbulent flOw ........cccccceriiiiinininininiii i 54
2.4.5 Other solution properties effecting DNA degradation ............ccccoveviniiniinniinnn, 55
2.5  Conclusion 56
3 Computational fluid dynamics:..........cceeeerververnne cereresaresennessnnessnnene 58
3.1 Introduction 58

pS



3.2 Computational fluid dynamics theory and methods 58
3.2.1 Flow geometry and computational grid SizZe. .........coccccvuiirceiiicininiiniicinn e 59
3.2.2  Navier StoKes EqUALIONS ........c..covreeieirireeiiicieciteciieie sttt r s sas s s sneseneas 60
323 Turbulence MOEIS......cccoeveuioermineiiireirice et 61
324 Boundary CONGItions ........c.cocccrieieeniniinneiirentrer ettt s s er s n e 62

3.3  Modelling hardware and SOftware ........ccccceeceerssnesencsncsnens 63

3.4  CFD modeling of opposed jets lysis reactor 64
341 MOdel BEOMELTY. c.coviiieiiieicic ettt e s e 64
342 CFD mMOdel @QUAtiONS.......cccueueirieiirieririenieieree ettt e evs e et see e sasnssassaenne 66
343  Number of fluid PRASES ....c.cveririreiriririrctc ettt s 66
344 Initial conditions and boundard condtions ............ccccooviniiiiiiiini e 66
3.4.5 Fluid physical Parameters .........c..ccccccoriirirriciiisiie et st 67
3,46 Heat tranSfer......ccovvueererieieteeicinetr sttt s e 67
347 Surface sharpening algorithim ..........c.cccooeiirerreinnnini e 67
3.4.8 Solution convergence and grid-size indepenence. ............cocovvviciiiiniininiiniiiieiie e 67
3,49  MoOdel CONVEIZENCE ......cocueuiereeiieininietieeceet ettt st s saests sae b st shesas s e s s eneen s e 69
34.10 Submerged versus non-submerged SIMulations............cocovieiiininniiiine 70
34.11 Effect of turbulence mMOMEL. .........ccueeiereiiiiireieeeee ettt ee e neneneas 70
34.12 Effect of jet velocity, jet diameter, fluid viscosity and fluid density ...........ccccocevvvenenene. 70
34.13 NON-equal OPPOSE JELS.......covieeirieeierriciiierteeetiii et 71

3.5 CFD modelling of capillary shear device 72
351 Model BEOMELLY .....coevvviriiieiriiieceit ettt s s 72
352 MOdEl €QUALIONS.......eveevieererirecrcereeereeeeesmeesaesas e sttt s sttt ne e s et s nebaens 73
3.5.3 Number of fluid Phases........cccccvurrivcerincrirrinrircnciee e 73
3.5.4 Initial conditions and boundard condtions...........c.cecociveiivniiiiiiniiiici e 73
3.5.5  Heat tranS er.......c.oivereeveireeeeneeteete ettt st 73
3.5.6 Grid size convergence and solution CONVEIZENCE .........cvvuiimiinuiinicininiiiiineescan e 74
3.5.7 Effect of capillary diameter and fluid VelOCIty..........cccvvrivniiniiniiiiiicccee e 74

3.6  Post-simulation calculations: jets and capillaries w75
3.6.1  Shear rate CalCulations.........cccereirenieinirernteeeen e st ees 75
3.6.2  Streamling CAlCULAtIONS ......co.eeeeucvinuiuiuirinteireeeterete ettt s ere s 76

3.7 Conclusion 77

4 Analytical develoPment...........uunonecneensrssesennrneesssssssssisssensssssnesssesssessessasns veeee 78

4.1 Brief summary of results 78

4.2 Introduction 78

4.3  Materials and methods 80

pé



431 MACHIALS....cooui et e s e 80
432  Laboratory €QUIPIENL ........cc.ccvueereeereuciireereeierintineeest et seseessr e sesen s s eessecncrssrenen 80
4.33  Standard buffer preparation ..........c..coccveverinnieiiiei e 81
4.3.4 Fermentation of plasmids and chromosomal DNA. ...........ccccoviiinminniiinnincineeeeenenennes 81
4.3.5  Standard lysis ProtOCOL........cccociririeeirrererinicmiieinecte et et et ee e 83
4.3.6 Standard clarification protocol............ccccociviiiininiin 84
4.3.7 Preparation of pure plasmid and chromosomal DNA standards.............cccoccveeiccnnnninnann. 84
4.3.8 Standard analytical teChNIQUES ......cccovrvevreereriiericceic e 85
4.3.9 HPLC assay develOPINENnt ............coccvreriiverirenniinrenricecie it ses e as s 87
43.10  Fluorescence assay develOPMENt .........c.cooriiriicrmieniin it 87
4.4  Gel electrophoresis development 87
4.5  Anion exchange HPLC development.......ccounnevccecnncracnce, 90
4.5.1 Poros 20 PLHPLC ..ottt e sr e sn e sn e 91
452 Q-Sepharose HPLC.. ..o s 103
4.5.3 Poros 50 HQ and NucleoPac anion exchange resins. ............coveeiveniiiiincnnirsennienncinnnes 106
4.6 Hydrophobic interaction chromatography development 107
4.6.1  BULYITESINS. ...oouiiiiieieiececeeecee ettt s r e sa s s s e s 107
4.6.2  SHHCA...ceemrtriereietci et et e e ren e nes 107
4.7  Fluorescence assay development 109
4.7.1 Quantification of sheared plasmid DNA using ethidium bromide..........cccoevririerninnncnne 110
472  Quantification of sheared plasmid DNA using PicOgreen .............cccoovveeieiiniincinnnes 111
4.8 Conclusion 116
5 Degradation of DNA by fluid stress............. weees 118
5.1 Brief summary of results 118
5.2 Introduction 119
5.3  Materials and methods for CFD simulations 121
5.4  Materials and methods for capillary flow experiments 121
5.4.1  EQUIPIMENL.....ocuierriririerenirirrieneeeesiee et ssessssscssvas e essesesasssnsssnansnas e esee e 121
5.4.2  Capillary flow deVICE .......coueuervrureerereiiiiiciiiiiie et 121
5.4.3 Determination of PEEK capillary internal diameter .............c.coooooiiiiiniiiiiiccee 123
5.4.4 Standard stress-degradation procedure for Rainin capillary shear device.............ccccc.e.. 124
5.4.5 Effect of capillary length on plasmid degradation rate ..............cccccccvrnniinnnnicniccnenns 125
5.4.6 Control 1: Testing fOr CAVItAION ....c.c.ccoviruimiiiniiiiiii it e 125
5.4.7 Control 2: Testing for plasmid degradation outside of capillary............cccccovriviririinina 127
5.4.8 Standard stress-degradation procedure for Hamilton capillary shear device..................... 127

p7



5.5 CFD simulation results 128
5.5.1  Grid SIZE CONVEIZEIICE .....eueeeeeieceeienerreriitn et seee e ereereernerte e seessesrssrnsssnesassasnasrssnes 128
5.5.2  Comparison of CFD results with analytical predictions. .........c.ccvivveciinniniiniiinnnnns 130
5.5.3  Effect of capillary diameter on fluid stress and entrance pressure drop...........ccecevuvuvunee 135
554 CaVItAtON .....c.ociiiiiiciec it e e et 138

5.6  Results: stress-induced degradation of plasmids 139
5.6.1 Determination of effective capillary internal diameters.............ccooecvciviiininiinininniiinn 139
5.6.2  Effect Of CAVItAtION.....cccecieieeeieie ettt s s st 143
5.6.3 Plasmid degradation without the narrow bore capillary present.............ccocvveveiiniiennnnnns 146
5.6.4 Effect of capillary length on plasmid degradation .............coccoeererienirrrnicncrennneieninnne 147
5.6.5 Correlation of plasmid degradation with fluid flow properties..............cccooniiiiniiiinnns 150
5.6.6  Effect of plasmid SIZ€.......cerveeereeeuirireiiicrcieinieeicc ettt e st 152

5.7  Results: stress-induced degradation of chromosomal DNA..........ccccecerueieccenuneee. 153
5.7.1 Effect of strain rate on chromosomal DNA fragment Size........cccocvovveiriviiiinniiicnninens 153

5.8  DISCUSSION ccccvreruereniuecsressrnsnnssiesiessssasssessasssnssarsanssssassassasssassssssssnsssass werssesnnesneaesaene 154
5.8.1 Comparison of internal and external capillary strain rates...........cc.ccoceccrininnininniiinnennnn. 154
5.8.2 Comparison of degradation rates with literature ..........c.ccoceeivicvneivnnnnne 156
5.8.3 DNA stretching and SCISSION.........coveviceiiinieiincniicr it er e 159
5.8.4 Comparison of linear DNA and supercoiled plasmid DNA ..., 163

5.9 Conclusions 163

6 AIRGLINE IYSiS ..uuuueeeseecsniesurrcsnensersnnasssensesssenesssessancssansones . 165

6.1 Brief summary of results 166

6.2 Introduction 167

6.3  Materials and methods 167
6.3.1 Standard analytical techniqQUeS........c.ccccoccuiviiiiiiiiininiic e 167
6.3.2  CONtrol EXPEIIMENLS ......eeveurrrererenceeesieeeeneeercneeeer et s ersee e sbs i ae e s bssaesbebe bt saebesaraasaerens 169
6.3.3  Standard lysis ProtOCOLS ........ccovvcrerceiriiiiriniii it 170
6.3.4 Detergent concentration in Lysis buffer ..., 171
6.3.5 NaOH concentration in lysis buffer: denaturation of plasmid and chDNA ...................... 171
6.3.6  Denaturation tiIME..........ccceeeeereveereeceiretrieueesetertesesrreeessesesscsseenenesennesssreesssnsssssasssresness 172
6.3.7  FIUId MUXINZ . cceiviieerieereieieneeeie ettt ess e s sne s san e s s r e srssneersersaessnenne 172
6.3.8  Effect of fluid stress during lysis of plasmid-deficient cells. ..........cccocovnvnririinnnnnnnn, 174
6.3.9 Effect of fluid stress on the lysis of plasmid-containing cells............ccccoenmnnrinninniinnn, 175
6.3.10  Effect of fluid stress during neutralisation.............c.coooccviiiniiiiiniimnieneeceenes 175

6.4  Experimental results 176
6.4.1  CoNtrol EXPETIMENLS ........covveerererererriteteeieeeserateseeteese st et e seseessesse s reseesresaenesmaesasisresaesrns 176



6.4.2  Standard lysis ProtOCOIS ..........eererriemcrenmerice ettt easae s see s 178

6.4.3  Effect of detergent concentration in lysis buffer...........ccccoviiiinnnni 184
6.4.4 Effect of NaOH in lysis buffer: denaturation of plasmid and chDNA ...............ccococies 184
6.4.5  Denaturation tiME..........coevioirriiniirereeriiiniieniercerese st se st sse b e r et e ae e 189
6.4.6  FIUId MIXINEZ ....ooitiiiveiiririenirie ettt b bbb b et enesreas 191
6.4.7  Effect of fluid stress on the lysis of plasmid-deficient cells.........cocoeureeiriieni 196
6.4.8 Effect of fluid stress on the lysis of plasmid-containing cells...........ccoviiinniniinnnn 200
6.4.9 Effect of fluid stress during neutralisation ...........cc.ccccvvevieiiriiniiiniiniiee e 202
6.5 DISCUSSION cocuricrnrisniisesssrsssiosssssaresssessessassssssessssnsssssssessssssasessessassasssssssassaassasssassasasse 204
6.5.1 DNA denaturation and mixing reqUirements ............ccooueuervcrieniinsiiiense e 204
6.5.2  Fluid stress-induced DNA degradation..............ccooovciiiiiieniiiiiienecci e 205
6.6 Conclusions - 208

7 Effect of DNA denaturation and fragmentation on downstream processing .... 209

71 Brief summary of results..... 209
7.2 Introduction.........ccceeeceeernercrnrennne 210
73 Materials and methods 210
0 70 S 211 ¢4 T o O OO OO PO IO OO 210
7.3.2  Precipitation using CTAB .........cccociiniiii e 211
7.3.3  Calcium chloride Precipitation .........coieviirniinniinentee ettt e sae e 212
7.3.4 Size exclusion chromatography using Sephacryl S1000............cooeiinniiiiinniniineen, 212
7.3.5 Anion exchange chromatography: Poros PI and Q-Sepharose ...........ccovvrcvenreccenccnnen. 213
7.3.6  Adsorption using Silica gel.........c..ocoviiiiiiiiiiiinii 213
7.4  Experimental results wee 214
7.4.1 Filtration of clarified alkaline lysates..........cccocvuemiiiiiiniiiiiiiiiinniee e 214
7.4.2  Precipitation using CTAB .......coevreerierircicniiste ittt ss b e s s es s e ne 214
7.4.3  Calcium chloride precipitation ..........c.cccovvrniririiieneeceei et 216
7.44  Size exclusion chromatography using Sephacryl S1000 SF ..o 219
7.4.5 Anion exchange chromatography: Poros PI and Q-Sepharose .........cccoouvnvivninninnnnnen. 220
7.4.6  Adsorption using Silica gel........cccceeiriiiiiiiiiiii i e 221
7.5 Conclusion 223
8 Design of an opposed jet mixer for alkaline lysis............... crssssessssssnnsssressessaseesass 223
8.1 Brief summary of results.........cccoccueeneeee 223
8.2  Introduction 223
83 Experimental materials and methods 223

p9



8.3.1 Jet MIXiNZ EQUIPITIENE .....cooevieriierieceee ettt s sttt n s e na e b ns 223

8.3.2 Pure plasmid DNA and NaOH miXing StUdies..........ccovvuiniiniriiiniiiccieeiisnireseesenes 223
8.3.3  Alkaline lysis mixing StUAIES .......cooemireeireruireirreceinicr e 223
8.4 Computational fluid dynamics results . 223
8.4.1 Materials and MEthodsS .........coveviieinirriierr s 223
8.4.2 Model 1: Equal diameter, SUb-SUMface JELS ..........ccccoveiiiniiininiiiiiiiciccceencinc e 223
MOdE]l CONVEIZEINCE ......ceeeveieiiiciiiieni ittt s e ae s easse b e 223
8.4.3 Model 2: Equal diameter, non-submerged impinging jets ..........cccovevvuverrrerueecnrecercnannns 223
Effect of turbulence model...........ocoviiieincnicreree e s 223
8.4.4  Effect of Jet Separation DIStanCe ...........ccoevcerirceciiiinininn e 223
8.4.5 Model 3: Different diameter, non-submerged impinging Jets......cocceeverrorerrereienierereneeens 223
8.5 Experimental studies .......ccccvrisneciinsnriuecssnissnnesnns 223
8.5.1 Jet mixing studies using pure supercoiled plasmid DNA...........ccocciiiiiinniiinniinenne. 223
8.5.2 Jet mixing studies using resuspended E. coli cells...........cccoviniiiniinininicninincinnnnnns 223
8.6 Discussion . 223
8.6.1 Convergence of CFD modEels..........ccccooiiiniiceiiininiiiirienene e 223
8.6.2 Comparison of CFD mixing with analytical and empirical equations ................cccoooeeuenene 223
8.6.3 Comparison of CFD Model 1 and Model 2 mixing results with experimental data .......... 223
8.7 CODCIUSION correnecenccrserrssseninressnnsancssecsaencssesssnsassansessrssssnssssasessasssnsssansossssssansssosssssass 223
9  Discussion.. eesssnnsessassassanas . resisssseancasscanessanasensnen N weeeen 223
9.1 Process research and design methodology 223
9.1.1  Analytical develOPImMENLt ........c.cvviimiiiciiiiniiinincir e 223
9.1.2 Computational fluid dyNamiCs ........ccceceerrerenierrerreeirimiiii s sas 223
9.1.3  Windows Of OPEration........cccueivireciminierimeneiniiesiei sttt sas et sae s 223
9.1.4  Probes for fluid SIIESS.......coceiriiiiviicniriiiiiiiiieiier e 223
9.2 DNA purification at manufacturing scale 223
9.2.1  Scale-up of AlKAHNE LYSIS. ..c.cuecereeereecercrenierirere s eaes 223
9.2.2 Downstream purification Strategies...........cocevuviiiireciivmminieiise s 223
10 CONCIUSIONS ..ceevensecsanesineessunsonns testseestesnetessnnessstssannsnaasannes 223
11 Future work........ ereneesessnnesesnnessnatessanatssssnane cosarensenes 223
11.1.1 DNA as a probe for fluid Stress ..........oeimvieiiiniiiinii e 223
11.1.2 Effects of solution properties on DNA degradation .............c.ccoccecovevinnnnnincinniennnn 223
11.1.3 Stress-induced degradation of large plasmids...........cccocevvvevivinincncrcnnnnneeeceeee 223
11.1.4 Investigation of opposed jets at larger scale ..o 223
11.1.5 Understanding chromosomal DNA flocculation .........cccooevrenieinrnienencnenecescncnnenn. 223
11.1.6 Improving downstream purification .............ccceveeiiniiiiiniciiic e 223

pl0



12 References ....aisnisisissessanns w223

pll



List of Figures

FIGURE 1.1. SCHEMATIC REPRESENTATION OF SUPERCOILED, OPEN-CIRCULAR, AND LINEARISED PLASMID

DINA ettt e e e e ra et st e e et e e s e e b ebe e s b e e es e b e A e e R b eA bt oAt e ke b et e e Rt e e Rt e teebeabeebeabenteseeaaereereens 25
FIGURE 1.2. MACROMOLECULES IN E. COLI BY % DRY CELL WEIGHT. ADAPTED FROM INGRAHM ET
AL., 1983. 26
FIGURE 1.3 SCHEMATIC OF E. COLI RECOMBINANT CELL SHOWING STRUCTURE OF CELL WALL. ......... 31

FIGURE 2.1. PLOT SHOWING THE INCREASE OF POWER INPUT TO A STIRRED TANK OF WATER IN ORDER TO

MAINTAIN A CONSTANT MACRO-MIXING TIME OF 1S OR ALTERNATIVELY TO MAINTAIN A CONSTANT

MICRO-MIXING TIME OF 0.3S, AS THE TANK VOLUME INCREASES. .....ccotveeveiinrneeeestnenreriserinneesisneensnees 39
FIGURE 2.2. SCHEMATIC OF OPPOSED JET ALKALINE LYSIS MIXER.......cccviviiviieeiiinrerenrerreeinneeesnneecneennes 40
FIGURE 2.3 SCHEMATIC OF CAPILLARY ENTRANCE FLOW.......ovviiiueieieiieteeeeeecertenneeeeseeeessnneesssssesesssees 47

FIGURE 3.1 LEFT: SCHEMATIC OF OPPOSED JET MIXER; FOR EQUAL JETS THE REGION MODELLED IS

SHADED. RIGHT: SCHEMATIC SHOWING THE SHOWING BOUNDARY CONDITIONS. ..cc.cocvereerernnereenne 65

FIGURE 3.2 TOP: SCHEMATIC SHOWING MODEL GEOMETRY USED FOR EQUAL VELOCITY AND DIAMETER
JETS (UPPER RIGHT QUADRANT). BOTTOM: SCHEMATIC SHOWING MODEL GEOMETRY USED FOR NON-
EQUAL JETS (UPPER LEFT AND RIGHT QUADRANTS). ...cveuvirereerrererenseressesessessesnnessessnessassesasssssasesserssnens 65

FIGURE 3.3. GRID DISTRIBUTION FOR EQUAL OPPOSED JET SIMULATIONS. DUE TO SYMMETRY, ONLY THE
UPPER RIGHTMOST QUADRANT WAS MODELLED FOR EQUAL OPPOSED JETS. THE GRID USED WAS
COARSE AT THE EXTREMITIES OF THE MODEL, BECOMING SIGNIFICANTLY MORE FINE IN THE REGION
WHERE THE JETS IMPINGE. .....ceututeteutereeesenessnsaeeeseentanereestosessssansesessessseesessensceseanesssnsasesensentssssensssenses 69

FIGURE 3.4 SCHEMATIC SHOWING THE CAPILLARY SHEAR DEVICE (TOP DIAGRAM). USING FLOW AND
GEOMETRY SYMMETRY ARGUMENTS, ONLY THE TOP HALF OF THE GEOMETRY NEEDED TO BE
MODELLED (BOTTOM DIAGRAM).......ctrututeuemermererieeeraeeeesaesessteesaeseesssaessensssessas soessenssenessenersecsensscenees 73

FIGURE 3.5. SCHEMATIC OF CAPILLARY MODEL GEOMETRY SHOWING THE GRID DISTRIBUTION..........c...... 74

FIGURE 4.1 AGAROSE GEL STANDARD CURVE USING IMPROVED METHOD WITH LOW MELTING POINT
AGAROSE IN SAMPLES. THE ERROR BARS INDICATE 95% CONFIDENCE INTERVALS. ....cccccvvuerrerereenne 89

FIGURE 4.2 AGAROSE GEL COMPARING THE FLUORESCENCE OF DOUBLE-STRANDED VERSUS SINGLE-
STRANDED DNA BY ETHIDIUM BROMIDE. ......ccciririieciiiiiiinieiin et et eesss e sesssssneessiessnsanens 90

FIGURE 4.3 Poros PI HPLC CHROMATOGRAM OF ULTRA-PURE CHROMOSOMAL DNA SAMPLES. 1)
CHROMOSOMAL DNA, DOUBLE-STRANDED; 2) DENATURED CHROMOSOMAL DNA.........cccocevvirrrnen. 92

FIGURE 4.4 AGAROSE GEL ELECTROPHORESIS ON HEAT DEGRADED PLASMID DNA SAMPLES,
CONTAINING OPEN-CIRCULAR AND SUPERCOILED PLASMID DNA. 1) A-DIGEST, 2) 0.0 M NAOH, 3)
0.04 M NAOH, 4) 0.08 MNAOH, 5) 0.12 M NAOH, 6) 0.16 MNAOH, 7) 0.20 M NAOH
DENATURATION CONCENTRATION. .....utiiiiiiitieiiteinieaeteesieteeitessaeesneesasesebeeaeesueeeenateemeeeenessaaeeesaseesneens 93

FIGURE 4.5 EFFECT OF NAOH DENATURATION CONCENTRATION ON THE DOUBLE-STRANDED DNA
HPLC PEAK. «..outiiieiieceetente e stent s eeee st st st ssne e e e e s s eat e seesteaeesae st ems e st et e eeseeabe b eat et erasaneneearesanrees 93

FIGURE 4.6. CHROMATOGRAMS OF SUPERCOILED PLASMID DNA, CHROMOSOMAL DNA, A MIXTURE OF
PLASMID AND CHROMOSOMAL, AND THE MIXTURE AFTER DENATURATION TO CONVERT THE

CHROMOSOMAL DNA TO SINGLE-STRANDED FORM. .......cvvtvtieiienrrrernrniereiereeseessareimiissssessesensnssssssesees 94

pl2



FIGURE 4.7 PLOT SHOWING HPLC STANDARD CURVES GENERATED USING ULTRA-PURE SUPERCOILED
PLASMID DNA AND ULTRA-PURE SINGLE-STRANDED CHROMOSOMAL DNA. .........ccoviniinireieneeen. 96
FIGURE 4.8. HPLC CHROMATOGRAMS OF 4 CLARIFIED LYSATE SAMPLES: 1) HEAT-LYSED, 2) DENATURED-
RENATURED HEAT-LYSED, 3) ALKALINE LYSED, 4) DENATURED-RENATURED ALKALINE LYSED. ....... 96
FIGURE 4.9 PLOT SHOWING DOUBLE-STRANDED DNA IN 2 CLARIFIED LYSATES, BY HPLC ASSAY, AS A
FUNCTION OF NAOH DENATURATION CONCENTRATION: I) LYSOZYME AND HEAT LYSIS, II) ALKALINE
LYSIS. 97
FIGURE 4.10. PLOT OF SS-DNA HPLC PEAK AREA VERSUS NUMBER OF PASSES THROUGH 0.007" ID PEEK
CAPILLARY SHEAR DEVICE, FOR A CLARIFIED ALKALINE LYSATE SAMPLE. ............ oo 98
FIGURE 4.11. AGAROSE GEL SHOWING THE EFFECT OF PUSHING A CLARIFIED ALKALINE LYSATE SAMPLE
THROUGH A 0.007" PEEK CAPILLARY ON SUPERCOILED AND OPEN-CIRCULAR PLASMID
CONCENTRATION (PSV[}). FROM LEFT TO RIGHT: 15, 10, 6, 3,0 SYRINGE PASSES. ......ccc0ovrurvercrruranen 99
FIGURE4.12 HPLC CHROMATOGRAMS OF RNASE-TREATED CLARIFIED LYSATE (TOP), UNTREATED
CLARIFIED LYSATE (MIDDLE) AND TRIS-EDTA (BOTTOM) ARE SHOWN. RNASE TREATMENT CAUSES
THE DIGESTED RNA TO ELUTE AS A SEPARATE PEAK...cc..eiiiiiiiiiineiiiieiitreneneeereeneeesieeseneesineessesanees 100
FIGURE4.13 HPLC AREA VERSUS SAMPLE DILUTION FOR A CLARIFIED LYSATE SAMPLE. .................. 101
FIGURE4.14  HPLC STANDARD CURVE USING PURE RIBOSOMAL RNA. PURE RRNA AT 1.8 MG/ML WAS
DIGESTED WITH 0.1 MG/ML RNASE AT 37 °C FOR 1 HR. THE RNA WAS THEN DILUTED TO VARYING
CONCENTRATIONS AND INJECTED ONTO THE COLUMN......coiiitmutincnstieiierersneneeeneeessensessessnesenssseanee 102
FIGURE4.15  CHROMATOGRAM SHOWING PURE PLASMID PSVf} INJECTION ONTO Q-SEPHAROSE HITRAP
COLUMN. THE LARGE PEAK AT 65 MINUTES IS SUPERCOILED PLASMID AND CHROMOSOMAL DNA.
THE SMALL PEAKS AT 55 AND 60 MINUTES ARE SINGLE-STRANDED DNA AND OPEN-CIRCULAR
PLASMID, RESPECTIVELY . ......vcvieeieeiireereeeseeeeeassesssseessessssesessesensessncassesseesaeesaseesseesseenacsassesamsesseeses 104
FIGURE 4.16. STANDARD CURVE FOR PURE SUPERCOILED PLASMID ON Q-SEPHAROSE HPLC RESIN. ...... 104
FIGURE 4.17. PLOT OF SINGLE-STRANDED HPLC AREA VERSUS NUMBER OF PASSES OF PURE
CHROMOSOMAL DNA THROUGH A 0.007” ID PEEK CAPILLARY FOR A Q-SEPHAROSE COLUMN. .... 105
FIGURE4.18  CHROMATOGRAM. INJECTION OF 100 [LL OF QIAGEN PURIFIED PLASMID DNA (PSVf) AT 3
MINUTES AT 40% BUFFER B. THE PLASMID IS ELUTED IN AN INCREASING NACL GRADIENT AT ABOUT
A5 Y0 BUFFER B .oeeeoii et ettt ee s b st e r e s e s e e s e e e e sn e e s ames sranesneen 107
FIGURE 4.19. CHROMATOGRAM SHOWING THE INJECTION OF A CLARIFIED ALKALINE LYSATE ONTO A
LICHROSORB SILICA COLUMN AT 2 M NACL. THE COLUMN WAS WASHED FOR 35 MINUTES TO ELUTE
RNA, AND THE DNA WAS ELUTED WITH A DECREASING SALT GRADIENT FROM 2'M TO 0 M NACL. 108
FIGURE 4.20. AGAROSE GEL OF CLARIFIED ALKALINE LYSATE LOAD ONTO HPLC COLUMN AND DS-DNA
FRACTIONS (LANES 4 AND 5) AND SS-DNA FRACTIONS (LANES 1 AND 2). ...coovveienrenieneenncninenneineanes 109
FIGURE 4.21. PLOT SHOWING VARIATION IN ETHIDIUM BROMIDE FLUORESCENCE AS A FUNCTION OF
PLASMID CONCENTRATION. ...cettiriiiaiieeienieeireeieesteenenesrerest st s enesseesessnesassesseesasesnesmessesnesaresaeenes 111
FIGURE 4.22. EFFECT OF PLASMID STRESS-INDUCED DEGRADATION TIME IN A CAPILLARY SHEAR DEVICE ON
SAMPLE FLUORESCENCE USING ETHIDIUM BROMIDE. SAMPLES WERE DILUTED TO 1.6 UG/ML FOR

ASSAY. 100 uL SAMPLE + 100 uL ETBR AT 2.5 HG/ML. EACH SAMPLE WAS RUN IN QUADRUPLICATE.



FIGURE 4.23. PLOT SHOWING THE FLUORESCENCE OF PLASMID-PICOGREEN SOLUTIONS VERSUS SHEAR TIME
IN A PEEK CAPILLARY . ....ciiiiiniiieietinieeeinneeneenresssesseessesreessesesneesnesesessonsessseenessnessessenesastesaesssessesan 113
FIGURE 4.24. PLOT SHOWING THE FLUORESCENCE OF PLASMID-PICOGREEN SOLUTIONS VERSUS SHEAR TIME
IN A PEEK CAPILLARY . ..uutiitieiietiieiieesreceeresesemeeeeaessseeeseeesmetensaessesastesasueessnaeesaseesasenssenesennecsanis 114
FIGURE 4.25. PLOT SHOWING THE FLUORESCENCE OF SINGLE-STRANDED LINEAR DNA RELATIVE TO
DOUBLE-STRANDED LINEAR DNA AS A FUNCTION OF DNA CONCENTRATION. DATA FROM
MOLECULAR PROBES, PICOGREEN ASSAY PROCEDURE. ........cciiioiiiiiiiiiiieceireieeeee i reseeeeeeeeeseereens 115
FIGURE4.26  PLOT SHOWING SUPERCOILED PLASMID DNA AMOUNT VERSUS TIME DURING CAPILLARY
SHEAR MEASURED BY BOTH PICOGREEN AND AGAROSE GEL. ...cvecvvrrveueverrmernssrnsinsesersesssnsneseesenees 116
FIGURE 5.1. SCHEMATIC OF CAPILLARY SHEAR DEVICE. .......coccctemurirurerietentnensaessessensserasessmsessesssesassesecen 122
FIGURE 5.2. SCHEMATIC SHOWING THE CAPILLARY SHEAR DEVICE INCORPORATING THE HAMILTON
SYRINGE PUMP.......oouttiieneteeiiacieaaatreesrtesueeesueaenaessneee s te b eeanseeemteeeseess et ameeesaeeeeaeeeeame e e nneeeseeanneessnreenn 123
FIGURE 5.3. PLOT SHOWING THE EFFECT OF GRID SIZE ON CFD CALCULATED ENTRANCE PRESSURE DROP
FOR FLOW FROM A 0.062" ID CAPILLARY INTO A 0.007" ID CAPILLARY AT 50 ML/MIN, USING THE Low
RE K€ MODEL. ..cntiitieiiee ettt ettt et sttt e e m e st s e sr e e e tas s e e st e e e e e eat s et saeesnbennneeenenes 129
FIGURE 5.4. PLOT SHOWING THE EFFECT OF GRID SIZE ON CFD CALCULATED ENTRANCE ENERGY
DISSIPATION FOR FLOW FROM A 0.062” ID CAPILLARY INTO A 0.007” ID CAPILLARY, AT 50 ML/MIN,
USING THE LOW RE K—E MODEL. ......uviiitiiniirireeietentesieasueteeseseseesetestessseesesesseaesanssesmeeaensenessnenns 129
FIGURE 5.5. PLOT SHOWING THE EFFECT OF GRID SIZE ON CFD CALCULATED ENTRANCE ELONGATIONAL
STRAIN FOR FLOW FROM A 0.062” ID CAPILLARY INTO A 0.007” ID CAPILLARY, AT 50 ML/MIN, USING
THE LOW RE K—E MODEL. ...ttt ettt ettt e s e see s s easesne s sae s e e e s soeesese e e et e e sanesenreesennnesnne 130
FIGURE 5.6. TYPICAL CFD SIMULATED CENTRELINE PRESSURE FOR THE 0.062” ID, 10 CM CAPILLARY
GOING TO A 0.0077 ID, 10 CM CAPILLARY ....covuieieireerneeeerteeeesaneseesiensereseessessssasseraneessesesessneesensenses 131
FIGURE 5.7. CFD SIMULATED ENTRANCE PRESSURE DROP FOR 0.007" PEEK CAPILLARY ........cccceevennene. 131
FIGURE 5.8. CFD SIMULATED STREAMLINES FOR 0.007” CAPILLARY AT 10 ML/MIN FLOWRATE, USING THE
LAMINAR FLOW MODEL. © IS THE HALF-CONE ANGLE AT WHICH 90% OF THE FLUID FLOWS INTO THE
CAPILLARY ENTRANCE. ....ceteeuteruereuteestasestensesesteeseeseesaessaressesneassesssessesssessiesantensesssesessensernnesseennes 131
FIGURE 5.9 SHOWS A CONTOUR PLOT OF THE STRAIN RATE WITHIN THE 0.062” TO 0.007” CAPILLARY
SYSTEM, AT A FLOWRATE OF 10 ML/MIN, USING THE LAMINAR FLOW MODEL. ......ccccecvvereinrvecreenaess 132
FIGURE 5.10. CONTOURS OF ENERGY DISSIPATION IN 0.007”’ CAPILLARY SYSTEM 50 ML/MIN.................. 132
FIGURE 5.11. PLOT SHOWING THE ELONGATIONAL STRAIN RATE AT THE ENTRANCE TO THE CAPILLARY
VERSUS THE REYNOLDS NUMBER ....ccuuttiitiiitirieeeteenteaete s tressteeseessseesassesseeteeneeeesaeeesantasnstseeenseeaas 135
FIGURE 5.12 SHOWS THE DIMENSIONLESS ELONGATIONAL STRAIN RATE (€’R/U) AT THE ENTRANCE TO THE
CAPILLARY VERSUS THE REYNOLDS NUMBER. ....ccccceitttieitrenieeranreernteaiereseeeenseeeseeesassesmssessaseeneesnenes 136
FIGURE 5.13. PLOT OF ENTRANCE PRESSURE DROP VERSUS FLOWRATE FOR THE 3 CAPILLARY SYSTEMS. 137

FIGURE 5.14. PLOT OF DIMENSIONLESS ENTRANCE PRESSURE DROP, SCALED BY DIAMETER RATIO TO THE

POWER OF 0.85, VERSUS REYNOLDS NUMBER FOR THE 3 CAPILLARY SYSTEMS. ....uvtvevviimrveennnenreeeens 137
FIGURES5.15  FILLED-CONTOUR PLOT SHOWING ABSOLUTE PRESSURE AT CAPILLARY ENTRANCE. ....... 138
FIGURE 5.16. INTERNAL AP PER UNIT LENGTH IN 0.010” PEEK CAPILLARY VERSUS FLOWRATE.............. 139

pl4



FIGURE 5.17. INTERNAL PRESSURE DROP PER UNIT LENGTH IN 0.007”” PEEK CAPILLARY VERSUS
FLOWRATE. THE INTERNAL PRESSURE DROP WAS CALCULATED BASED ON THE TOTAL PRESSURE DROP
ACROSS LONG, MEDIUM AND SHORT CAPILLARY TUBING. ....ccoittirtiimintieierteeieeesinreeeseae e envaneesneess 140

FIGURE 5.18. INTERNAL PRESSURE DROP PER UNIT LENGTH IN 0.005” PEEK CAPILLARY VERSUS FLOWRATE.
THE INTERNAL PRESSURE DROP WAS CALCULATED BASED ON THE TOTAL PRESSURE DROP ACROSS
LONG, MEDIUM AND SHORT CAPILLARY TUBING .....ccueetiicteeerreeenreeeniesrenseeessseesesentesenriessessnessssnesssns 140

FIGURE 5.19. MEASURED ENTRANCE PRESSURE DROPS AS A FUNCTION OF FLOWRATE FOR THE THREE
DIFFERENT ID PEEK CAPILLARIES. .......ccoiiuiiicereteeeerereeseesereneteneenteesseessnesesseeeseessesstsssesnsessssassenses 141

FIGURE 5.20. DIMENSIONLESS ENTRANCE PRESSURE DROP AS A FUNCTION OF REYNOLDS NUMBER. THE
EFFECTIVE CAPILLARY INTERNAL DIAMETERS 0.0107”, 0.0075” AND 0.0058” (AS MEASURED IN
SECTION 5.6.1) WERE USED TO CALCULATE THE DIMENSIONLESS ENTRANCE PRESSURE DROP FOR
NOMINAL CAPILLARY DIAMETERS 0.01”, 0.007” AND 0.005”, RESPECTIVELY. ...ccoeevrrrienieerreevenennes 142

FIGURE 5.21. DIMENSIONLESS ENTRANCE PRESSURE DROP AS A FUNCTION OF REYNOLDS NUMBER.
EFFECTIVE CAPILLARY INTERNAL DIAMETERS OF 0.0117”,0.0075”* AND 0.0058” WERE USED TO
CALCULATE THE DIMENSIONLESS ENTRANCE PRESSURE DROP.......ccuccreeruerueeercrneneninsessensessessnsens 143

FIGURE 5.22. EFFECT OF SONICATION ON SUPERCOILED PLASMID DNA. .....coccoiiiiiniinnnniiee s 144

FIGURE 5.23. PLOT SHOWING THE CHANGE IN ABSORBANCE OF KI VERSUS SONICATION TIME AT 5 MICRONS
AND 1 MICRONS SONICATION AMPLITUDE........cccivveeerutieeieennnmeeeeeesintrmsecsssnaseseesssenereesenesssnaseesenssns 145

FIGURE 5.24. PLOT SHOWING CHANGE IN KI ABSORBANCE AT 350 NM VERSUS FLOWRATE IN PEEK
CAPILLARY . ....itteieeiteeeitrreeesiiteesesseesssaessssseesanseeaeeseeeesaseeseaseresamtesesaasseeaseeeean b e aeaneesannteeeaeneeaannnnnesesseee 145

FIGURE 5.25. PLOT SHOWING THE DECREASE IN SUPERCOILED PLASMID PQR150 VERSUS NUMBER OF
PASSES THROUGH A 0.007" PEEK CAPILLARY AT 20 ML/MIN, AT 3 DIFFERENT BACKPRESSURES. .... 146

FIGURES.26  PLOT SHOWING THE FLUORESCENCE OF SUPERCOILED PLASMID DNA DURING PLASMID
RECIRCULATION THROUGH THE CAPILLARY SHEAR DEVICE WITHOUT THE NARROW BORE CAPILLARY
IN PLACE. SAMPLES WERE TAKEN EVERY 10 MINUTES. ....c.cceetiutiimtreneeceenceiieenmteeeeenereeneesemeseseee s 147

FIGURE 5.27  PLOT SHOWING THE DECREASE IN SUPERCOILED PLASMID PSV [} CONCENTRATION OVER
TIME DURING TWO CAPILLARY SHEAR EXPERIMENTS. BOTH EXPERIMENTS WERE RUN UNDER THE
SAME CONDITIONS EXCEPT FOR CAPILLARY LENGTH. DATA POINTS SHOWN ARE THE AVERAGE TO 2
SEPARATE EXPERIMENTS. ....uictiiieuiirieiiensaeeeseeeestssenteenesmesesensesonesnsestansessssssessesssessesnesssnensessseessennes 148

FIGURE 5.28. AN AGAROSE GEL OF CAPILLARY DEGRADED PURE SUPERCOILED PLASMID PSVf3: LANES 1
AND 8 ARE 0 PASSES, LANES 2 AND 7 ARE 11 PASSES, LANES 3 AND 6 ARE 23 PASSES, AND LANES 4
AND 5 ARE 47 PASSES THROUGH THE CAPILLARY. THE GEL WAS 0.8% AGAROSE,-50 ML VOLUME 2X
TBE, AND RUN FOR 2 HAT 3 V/CM....oouiiiiiiieie e ceicitcee st e e sesbesvessas e snesensseensesae e s eensesaeas 148

FIGURE 5.29  PLOT SHOWING THE DECREASE IN SUPERCOILED PLASMID DNA, AS A PERCENTAGE OF
INITIAL SUPERCOILED PLASMID, OVER TIME DURING TWO CAPILLARY SHEAR EXPERIMENTS. DATA
POINTS REPRESENT THE AVERAGES OF TWO EXPERIMENTS. ...ccucevueiureriniieniaeseseeenieneenessasnensesseensenes 150

FIGURE 5.30. CORRELATION OF SUPERCOILED PLASMID PQR150 DEGRADATION RATE AGAINST STRAIN
RATE. HOLLOW SYMBOLS ARE V/D STRAIN RATE, SOLID SYMBOLS ARE CFD STRAIN RATE. ............ 151

FIGURE 5.31. EFFECT OF ENTRANCE PRESSURE DROP ON SUPERCOILED PLASMID DEGRADATION RATE.... 151

pl5



FIGURE 5.32. RELATIONSHIP BETWEEN MEASURED ENTRANCE PRESSURE DROPS AND STRAIN RATE FOR THE
THREE DIFFERENT DIAMETER PEEK CAPILLARIES USED......ccceevtirutieienrensiereseentereeeestesseeeessreesseranes 152
FIGURE 5.33. PLOT SHOWING THE EFFECT OF PLASMID SIZE ON THE STRAIN RATE AT WHICH 4% OF THE
SUPERCOILED PLASMID IS DEGRADED PER PASS THROUGH A PEEK CAPILLARY. ....cccccvvvrenveeaenenneee 153
FIGURE 5.34. PLOT SHOWING THE RELATIONSHIP BETWEEN CHROMOSOMAL DNA FRAGMENT SIZE AND THE
CFD CALCULATED ELONGATIONAL STRAIN RATE AT THE CAPILLARY ENTRANCE. ......cccoccerrvenvereene 154
FIGURE 5.35. PLOT SHOWING THE RELATIONSHIP BETWEEN ENTRANCE ELONGATIONAL STRAIN RATE AND
INTERNAL CAPILLARY REYNOLDS NUMBER, FOR THE 3 DIFFERENT DIAMETER PEEK CAPILLARIES
USED IN PLASMID DEGRADATION EXPERIMENTS. THE WIDE LINES INDICATE THE STRAIN RATE WHERE
PLASMID DEGRADATION RATES WERE MEASURED. .....ccciueviititereerenieteiensensenseesessssesseessessssessansasnnnes 156
FIGURE 6.1. SCALE-DOWN STIRRED TANK ALKALINE LYSIS REACTOR ..c..ucevverreereneeeniaieensennsssesasesssnessenns 173
FIGURE 6.2. BAR CHART SHOWING THE EFFECT OF FREEZE-THAWING HARVESTED E. COLI CELLS ON
CHDNA CONTAMINATION POST-ALKALINE LYSIS....coteiuttrmtenuienreeirtenieeneeesseessisrnseeeesasensesesasasesscrenes 176
FIGURE 6.3. PLOT SHOWING THE EFFECT OF CELL RESUSPENSION VOLUME ON SUPERCOILED PLASMID YIELD.
ERROR BARS REPRESENT ONE STANDARD DEVIATION. EACH DATA POINT REPRESENTS THE AVERAGE
OF 3 SEPARATE EXPERIMENTS. ....cueeirueneeueieesireesessessesssssessessessesssensessassessesssesssssesssssenssensensensasssossons 177
FIGURE 6.4. BAR CHART SHOWING THE EFFECT OF CLARIFICATION METHOD ON PLASMID YIELD AND
CHDNA CONTAMINATION. ...cviuiinterienuteieesiteteseesteeeteetesssesasesseesteesssesassansessesssnsensesssaeseessassseassassseses 178
FIGURE 6.5 PLOT SHOWING THE EFFECT ON PH OF ADDING 0.2 M NAOH 10 TE BUFFER OR CELLS IN
TE BUFFER. «...eutiieientettetteteertette e siee st se e ee st s s esme s er e sesesaeeesesente sheesateneesaeeesanesaeaeseenssennenreenseeaneeseeen 185
FIGURE 6.6 PLOT SHOWING THE EFFECT OF SODIUM HYDROXIDE CONCENTRATION ON SUPERCOILED
PLASMID STABILITY. POROS PI HPLC, PICOGREEN FLUORESCENCE AND AGAROSE GEL
ELECTROPHORESIS WERE USED TO ASSAY THE SAMPLES FOR SUPERCOILED PLASMID. ERROR BARS
REPRESENT ONE STANDARD DEVIATION. ....coiotreiriieriereerieerrtresesseessenraeesssessssesssenseessesssessesseessesessenas 186
FIGURE 6.7.. PLOT OF RELATIVE SUPERCOILED PLASMID DNA CONCENTRATION, C/Cy, (MEASURED BY
PICOGREEN FLUORESCENCE) AGAINST SODIUM HYDROXIDE CONCENTRATION........ccceuerunmcueneeeenencns 187
FIGURE 6.8. EFFECT OF NAOH CONCENTRATION ON SUPERCOILED PLASMID DNA RECOVERY IN ALKALINE
LYSATES. 1.vteuetererereresareesesesssstssessestostossssensensasesesssensssessessesanssesssesnnonsessessessesssssssssessessassassossessasssonte 188
FIGURE 6.9. EFFECT OF NAOH CONCENTRATION DURING ALKALINE LYSIS ON SC PLASMID, OC PLASMID,
$S-DNA, DS-CHDNA AND RNA CONTAMINATION IN CLARIFIED LYSATES. NOTE: THE RNA PEAK
AREA WAS DIVIDED BY 15 TO FIT ON THE Y=AXIS. ...ecttrteiieeirreeenieerieeeesreeeeesetrneraessssessesaeeesesessenns 189
FIGURE 6.10  PLOT SHOWING THE EFFECT OF SODIUM HYDROXIDE CONCENTRATION DURING ALKALINE
LYSIS ON CHROMOSOMAL DNA CONCENTRATION IN CLARIFIED LYSATE. ......ueecivrnuieirererneenaaeeennns 189
FIGURE6.11  TWO-DIMENSIONAL CONTOUR PLOT SHOWING THE COMBINED EFFECTS OF LYSIS TIME AND
SODIUM HYDROXIDE CONCENTRATION ON PLASMID YIELD OVER ALKALINE LYSIS. ....ccccovvvrriecerianne 190
FIGURE6.12  TWO-DIMENSIONAL CONTOUR PLOT SHOWING THE COMBINED EFFECTS OF LYSIS TIME AND
SODIUM HYDROXIDE CONCENTRATION ON PLASMID PURITY OVER ALKALINE LYSIS. ....ccoovruereenrannnnne 190
FIGURE 6.13. SUPERCOILED PLASMID DNA YIELDS (C/Cy) AS A FUNCTION OF TIME OF EXPOSURE OF
PLASMID CONTAINING CELLS TO DENATURING NAOH CONCENTRATIONS. EACH DATA POINT

REPRESENTS THE AVERAGE OF 3 EXPERIMENTS. .....ccivuvtieeiureereiinreeresssirnrecsesenssesessasesessssesensnnssesonne 192

plé



FIGURE 6.14. SCHEMATIC SHOWING DIFFUSION OF NAOH INTO RESUSPENDED CELLS. .....c.ccccceecverreeneneas 193
FIGURE 6.15  BAR CHART SHOWING THE EFFECT OF ADDITION RATE OF 0.2 M NAOH TO PURE
SUPERCOILED PLASMID DINA. ..ottt ettt esees s enesaesee e esnenesmnesnennensons 194
FIGURE 6.16. PLOT SHOWING RELATIONSHIP BETWEEN STIRRED TANK MACRO-MIXING TIME AND IMPELLER
SPEED. .ttt iteeuteriretntaatttettisraaassessasbesrere e beeseeesee e bee e se S e et st et E e e Rt s ee et St s s R sat e ReebreRe e Re b eenneesreantens 195
FIGURE 6.17. PLOT SHOWING EFFECT OF IMPELLER SPEED AND NAOH CONCENTRATION ON SC YIELD... 196
FIGURE 6.18. EFFECT OF FLUID STRAIN RATE ON CHROMOSOMAL DNA CONTAMINATION IN CLARIFIED
ALKALINE LYSATE, FOR ALKALINE LYSIS IN A CONE-AND-PLATE RHEOMETER. USING CELL PASTE
WTYPEG2. EACH DATA POINT REPRESENTS 3 SEPARATE LYSIS EXPERIMENTS. ERROR BARS
REPRESENT ONE STANDARD DEVIATION. ...ceoiiruiitieieenerinisieestisssees it sanisnesssessanessaessneesnessonesemseeseees 198
FIGURE 6.19. EFFECT OF SHEAR DURING ALKALINE LYSIS ON CHROMOSOMAL DNA CONTAMINATION FOR
WILD-TYPE E. COLI CELLS. EACH DATA POINT REPRESENTS 3 SEPARATE LYSIS EXPERIMENTS. ERROR
BARS REPRESENT ONE STANDARD DEVIATION .....cciiiiriiiriieeteneestreesreeintetesetsonreesessssesseeseneseneessnes 199
FIGURE 6.20. EFFECT OF SHEAR DURING ALKALINE LYSIS ON CHROMOSOMAL DNA CONTAMINATION FOR
WILD-TYPE E. COLI CELLS. EACH DATA POINT REPRESENTS 3 SEPARATE LYSIS EXPERIMENTS. ERROR
BARS REPRESENT ONE STANDARD DEVIATION. ....ciiiiiiiitiiieiienreeneeeetes st eseetesaeeaeseeesaeasasesssesasseesaens 199
FIGURE6.21 = AGAROSE GEL OF SHEARED CELL LYSATES. 1) 300 1/s, 2) 2500 1/s, 3) 20,000 1/s, 4)
60,000 1/S, 5) A-DNA DIGEST, 6) A-DNA LADDER ......oeoteeeeiririetenirirsersnsssesensessssasssssessassssessssesens 200
FIGURE 6.22  EFFECT OF SHEAR RATE DURING SDS LYSIS ON SUBSEQUENT CHROMOSOMAL DNA SIZE
AND CONTAMINATION AFTER ALKALINE LYSIS. ....ceiirietiieitineeinreneessessinescersnsesnesneseeseessesessesessenas 200
FIGURE 6.23. BAR CHART SHOWING THE EFFECT OF FLUID STRESS ON PLASMID YIELD AND PLASMID PURITY,
AFTER 15 MINUTES MIXING IN A CONE-AND-PLATE VISCOMETER .....c.cceesiviineniinenniennineciessieieensnns 201
FIGURE 6.24. EFFECT OF FLUID STRAIN RATE IN PEEK CAPILLARIES ON CHROMOSOMAL DNA
CONTAMINATION. EACH DATA POINT REPRESENTS DUPLICATE EXPERIMENTS. .....coceriieneinienanennne 201
FIGURE 6.25. EFFECT OF FLUID STRAIN RATE IN PEEK CAPILLARIES ON CHROMOSOMAL DNA
CONTAMINATION. EACH DATA POINT REPRESENTS TRIPLICATE EXPERIMENTS........cccccoviuvinnrinuninns 202
FIGURE 6.26. PLOT SHOWING THE EFFECT OF FLUID STRESS DURING NEUTRALISATION ON CHROMOSOMAL
DNA YIELD, AFTER 15 MINUTES SHEAR IN A CONE-AND-PLATE VISCOMETER. .......cccooveerrerverannreenens 203
FIGURE 6.27. PLOT SHOWING THE EFFECT OF FLUID STRESS DURING NEUTRALISATION ON PLASMID YIELD
AND PLASMID PURITY, AFTER 10 PASSES THROUGH PEEK CAPILLARIES. ....cccooveovieeerieiericenee e 203
FIGURE 6.28. PLOT SHOWING THE EFFECT OF IMPELLER SPEED ON MIXING PERFORMANCE AND FLUID
STRESS IN A 1000 L STIRRED TANK. ALL LINES ARE CALCULATED FROM MIXING AND FLUID STRESS
THEORY AS DESCRIBED IN CHAPTER 2. ...cocutiiiteinreeneinnieiitissiiisiane s sstsesrassassss s essaessnessneesnesensesensesas 207
FIGURE 7.1. EFFECT OF DEAD-END FILTRATION ON CHROMOSOMAL DNA TRANSMISSION IN ALKALINE
LY SATES. 1uteuteuttrierterreetestentsntree st seestestaaseseesbe et seeeresaess e areme e saoat e saeseesesentsrbenenttesassressesrsrnsansnesnnessassens 214
FIGURE 7.2. EFFECT OF CTAB CONCENTRATION ON DOUBLE- AND SINGLE-STRANDED CHROMOSOMAL
DINA IN SOLUTION. ....eiictiiuieiiieieerereiestressseesssesssessaseessesessesenesssesseessreesseseseesstessemssseensessnneesoneessnnsene 215
FIGURE 7.3. EFFECT OF FLUID STRESS ON CHROMOSOMAL RESUSPENSION ......ccceoeremmueiruirrreneenreesenennnes 216
FIGURE 7.4. THE EFFECT OF NAOH CONCENTRATION DURING ALKALINE LYSIS ON CHROMOSOMAL DNA

PRECIPITATION DURING SUBSEQUENT CALCIUM CHLORIDE PRECIPITATION .....cccccociiiiiminiininniniriinnnnn. 217

pl7



FIGURE 7.5. EFFECT OF NAOH CONCENTRATION ON PLASMID AND IMPURITY CONCENTRATION IN CALCIUM
CHLORIDE PRECIPITATED ALKALINE LYSATES. -...curvveceteeteeeeseteseesesrasesessassessessssessessesesessensessessess 218
FIGURE 7.6. CONCENTRATIONS OF DOUBLE-STRANDED AND SINGLE-STRANDED CHROMOSOMAL DNA IN
CALCIUM CHLORIDE PRECIPITATED ALKALINE LYSATES. ..ccvevetereerieiererieeeesseesaeseeesessessansesssessesnenes 218
FIGURE 7.7. SUPERCOILED PLASMID DNA CONCENTRATION AND DNA IMPURITY CONCENTRATION IN
CLARIFIED ALKALINE LYSATES. ....cetiteiutiientersereesetesteseenseroeesenessesensessesssesasessasnseessessesasesseessesneones 219
FIGURE 7.8. CHROMATOGRAM OF PURE SUPERCOILED PLASMID INJECTION AND PURE CHROMOSOMAL DNA
INJECTION ON SEPHACRYL COLUMN .....oootiiiiiieteeeeeieeteeeeeeeteeseeaestesssesstasssassesaseeessassessessssessssenceses 220
FIGURE 7.9. PLOT SHOWING EFFECT OF CHROMOSOMAL DNA SIZE ON AMOUNT OF DNA ELUTED FROM Q-
SEPHAROSE HI-TRAP COLUMN. ....ceiiiiiiiiitieiieeteiienteeeeaesaeeseesnseesstesneasaeaneasssasssessnsensssseessnesnsensennen 221
FIGURE7.10  PLOT SHOWING THE % CHROMOSOMAL DNA BEFORE AND AFTER SILICA GEL TREATMENT.
222
FIGURE 7.11. AGAROSE GEL SHOWING REMOVAL OF DEGRADED PLASMID FORMS USING PH DENATURATION

AND SILICA GEL. LEFT LANE: INITIAL HEAT-DEGRADED PURE PLASMID SAMPLE. RIGHT LANE: AFTER

PH DENATURATION, AND 2 HOURS INCUBATION WITH SILICA GEL. ...cccceriteaiinmrenereeenereeneeseeeeseeeeene 223
FIGURE 8.1. DIAGRAM OF OPPOSED JET MIXING DEVICE .....ccc.ecterteneermereeenueeseeensesieneeerassneneeeseeesseessenas 223
FIGURE 8.2 PLOT SHOWING THE DECREASE IN CFD PREDICTED MAXIMUM ENERGY DISSIPATION AS THE

NUMBER OF GRIDS INCREASED. CONVERGENCE IS SEEN ABOVE 10,000 GRIDS........ccceevreeererernnennen. 223

FIGURE 8.3. FILLED CONTOUR PLOTS FOR THE CFD PREDICTED ENERGY DISSIPATION RATES BETWEEN
SUBMERGED JETS. JET VELOCITY WAS 5 M/S, 4 MM ID JETS. ALSO SHOWN ARE THE FLUID
STREAMLINES THAT ENCOMPASS 90% OF THE FLUID FLOW. ...c..ccerruiriereernrnirnrerenersesrersessesseessensenes 223

FIGURE 8.4 PLOT SHOWS THE CONVERGENCE IN CFD PREDICTED MAXIMUM ENERGY DISSIPATION AS
THE NUMBER OF GRIDS INCREASES. CONVERGENCE IS SEEN ABOVE 1000 GRIDS. .......ccccvevecrereneanes 223

FIGURE 8.5. CONTOUR PLOTS OF CFD PREDICTED MAXIMUM ENERGY DISSIPATION BETWEEN OPPOSED
WATER JETS AT 1 M/S VELOCITY. TOP: K—€¢ MODEL. BOTTOM: LOW RE k—€ MODEL. ALSO SHOWN IN
THE PLOTS ARE THE 90% FLOW STREAMLINES. THE PREDICTED ENERGY DISSIPATION IN THE
ELLIPTICAL REGION BETWEEN THE JETS WAS 17 AND 23 W/KG FOR THE K—€ MODEL AND LOW RE k—¢
MODEL, RESPECTIVELY. THE K—€ MODEL PREDICTS A SMALL AMOUNT OF ENERGY DISSIPATION IN THE
GAS-PHASE CLOSE TO THE JET IMPINGEMENT REGION; THIS SHOULD NOT AFFECT THE JET MIXING
PERFORMANCE. ....c.tiiutinteuntriecnriaseesnreasteneeesessttenesoesenseaseesesantensesnteesteestesnterseenseseessessesssnessesasnesnanss 223

FIGURE 8.6 PLOT SHOWING THE ENERGY DISSIPATION FOR 3 DIFFERENT ID JETS AS A FUCNTION OF JET
VELOCITY. THE OPPOSED JET SYSTEM SHOULD BE SCALED BY JET VELOCITY. ..ccccvvvvremirerenruersneennens 223

FIGURE 8.7 CONTOUR PLOTS OF SPEED (TOP), ENERGY DISSIPATION (MIDDLE) AND STRAIN RATE
(BOTTOM) BETWEEN 4 MM ID OPPOSED JETS, AT 1 M/S AVERAGE JET VELOCITY, MODEL 2. THE JETS
ENTER FROM THE LEFT AND RIGHT, IMPINGE, AND EXIT RADIALLY.....c.ccoeriirnernirinrrrersesesaneeeeennee 223

FIGURE 8.8. PLOT OF CFD CALCULATED DIMENSIONLESS ENERGY DISSIPATION RATE VERSUS JET
REYNOLDS NUMBER FOR OPPOSED JETS IMPINGING IN AIR (MODEL 2). ...coueivvieierinininineeceer e 223

FIGURE §.9. PLOT OF DIMENSIONLESS MAXIMUM STRAIN RATE VERSUS REYNOLDS NUMBER FOR OPPOSED

JETS OF WATER IMPINGING IN AIR FOR 3 DIFFERENT DIAMETER JETS....cciccomutiiiireeeeeinneeesreneeesesnsenes 223

pl8



FIGURE 8.10  PLOT SHOWING THE EFFECT OF SEPARATION DISTANCE BETWEEN THE JETS ON ENERGY
DISSIPATION RATE. ..c.uuiiiiiiiiiieaiteestee e eteestee et e eaee s seeseseeeete s bessbneeseresseseseeaereneeesesassremstaeneesennennnenn 223
FIGURE 8.11. PLOT OF THE CFD PREDICTED MAXIMUM ENERGY DISSIPATION RATE VERSUS NUMBER OF
GRIDS FOR MODEL 3, AT 8 M/S AND 25.37 M/S JET IMPINGEMENT VELOCITIES. THE ENERGY
DISSIPATION RATE IS CONVERGED TO A CONSTANT VALUE AT 700 GRIDS AND ABOVE.........cccccvernnie. 223
FIGURE 8.12. CONTOUR PLOT OF TURBULENT ENERGY DISSIPATION RATE (W/KG) FOR NON-EQUAL
DIAMETER OPPOSED JETS OF WATER. THE SYSTEM CONSISTS OF A 0.508 MM ID JET AT 25.37 M/S JET
VELOCITY (LEFT) IMPACTING A 1.574 MM ID JET AT 8 M/S JET VELOCITY (RIGHT). ..cceoeruereernrernrnnne 223
FIGURE 8.13 SHOWS A PLOT OF THE CFD PREDICTED DIMENSIONLESS ENERGY DISSIPATION VERSUS
REYNOLDS NUMBER FOR NON-EQUAL DIAMETER OPPOSED JETS. AT HIGH REYNOLDS NUMBER, THE
DIMENSIONLESS MAXIMUM ENERGY DISSIPATION IS ABOUT (.10, WHICH IS SIMILAR TO THE RESULTS
FOR EQUAL DIAMETER OPPOSED JETS. «.uteuteueeueeressereesseseessasuereeseesessessesssesssssssosenseassssesessossensessaesenses 223
FIGURE 8.14. ENERGY DISSIPATION RATE BETWEEN TWO SETS OF OPPOSED JETS, AS FUNCTION OF JET
VELOCITY, WHERE THE FLOWRATE OF ONE JET WAS REQUIRED TO BE 3-TIMES THE FLOWRATE OF THE
OTHER JET. IN THE FIRST SYSTEM, THE DIAMETERS OF THE JETS WERE EQUAL, IN THE SECOND SYSTEM
THE DIAMETERS OF THE JETS WERE NOT EQUAL BUT INSTEAD THEY WERE MOMENTUM BALANCED.
NOTE THE SIGNIFICANT VARIATION IN ENERGY DISSIPATION RATE BETWEEN THE JETS AS A FUNCTION
OF JET VELOCITY . ...vitiviivieiiteesiessite et eteesesesesessessssesessssessnssasascssscasessmasasessssesensasensensssrssesensessensssesenns 223
FIGURE 8.15. PLOT SHOWING THE MAXIMUM STRAIN RATE BETWEEN OPPOSED JETS FOR EQUAL DIAMETER
JETS AND DIFFERENT DIAMETER, BUT MOMENTUM BALANCED, JETS. ......cceotiriiniernsrinenenieeseeeeeeeane 223
FIGURE 8.16. EFFECT OF JET VELOCITY ON SUPERCOILED PLASMID YIELD USING 0.4 M NAOH LYSIS
BUFFER. ...eceteititeitreeiterseesaessssesseesnsassasassentessasstassesstsmtesaessresaseestesatrenteeneessteseenneseesntensereentrensessseesoesnns 223
FIGURE 8.17. EFFECT OF JET VELOCITY ON SUPERCOILED PLASMID YIELD AND PURITY USING 0.2 M OR 0.4
M NAOH LYSIS BUFFER. .......ucoiuiiiteuiietieniesieestestesiaesseesesssesmesstssarssstsnmssnseeentaensesressmssssnsesnnsssssassens 223
FIGURE 8.18. EFFECT OF REYNOLDS NUMBER ON MIXING PERFORMANCE FOR OPPOSED MIXING TEES.
GRAPH REPRODUCED FROM TOSUN ET AL. (1987). THE TRIANGLES, CIRCLES AND SQUARES
REPRESENT OPPOSED TEES WITH LEFT : RIGHT DIAMETERS OF 0.9 : 10.3 MM, 1.8 : 7.1 MM AND 0.9 : 7.1
MM, RESPECTIVELY . ...ooiuiiiiiiieteeciieterseesiessaesneseeestasessaensessessessstsssnssneesssssesnsesassesessmenrssessessonsesnssnees 223
FIGURE 8.19. PLOT SHOWING THE QUALITY OF MIXING AS A FUNCTION OF REYNOLDS NUMBER IN THREE
DIFFERENT DIAMETER OPPOSED JETS, NON-SUBMERGED CASE. THIS PLOT IS REPRODUCED FROM THE
DATA OF MAHAJAN ET AL. (1996). ...cceiiiiiinircrriiiiein s resacine st snsrens 223
FIGURE 8.20. PLOT SHOWING THE QUALITY OF MIXING AS A FUNCTION OF REYNOLDS NUMBER IN THREE
DIFFERENT DIAMETER OPPOSED JETS, SUBMERGED CASE. THIS PLOT IS REPRODUCED FROM THE DATA
OF MAHAJAN ET AL. (1996).....ciiieeeeieet ettt sttt ettt s s eeesae b she e saeessnnennacmes 223
FIGURE 8.21. PLOT SHOWING THE CORRELATION BETWEEN RELATIVE MIXING TIME AND THE QUALITY OF
MICRO-MIXING IN OPPOSED JETS......cccumeiutenteruerirnereeeessenneessesssssssesssssasesssenesntesntensesnsessessessesssneessessnes 223
FIGURE 8.22. PLOT SHOWING THE CORRELATION BETWEEN RELATIVE MIXING TIME AND THE QUALITY OF

MICRO-MIXING IN OPPOSED JETS: SUBMERGED CASE. .....ccc.cceeiuutrertreeeeaeeieeeeeeessnsneessesssseesseseseeseneanns 223

pl9



FIGURE 8.23. PLOT SHOWING THE CORRELATION BETWEEN RELATIVE MIXING TIME AND THE QUALITY OF
MICRO-MIXING IN OPPOSED JETS. OPEN SYMBOLS REPRESENT SUBMERGED JETS, FILLED SYMBOLS
REPRESENT NON-SUBMERGED JETS.....c..cctrutitrtrientententansensessessesssenessesssessensessessessessesnssseensesassnsesens 223

FIGURE 8.24. PLOT SHOWING THE KOLMOGOROFF LENGTH VERSUS STRAIN RATE FOR OPPOSED JETS AT
THREE DIFFERENT JET DIAMETERS. ......ecviteiuieeriririasteseeseresaeseessessesseesesssessessassesaessessssssaseessessensssescs 223

FIGURE 9.1. ORGANISATION OF THESIS WITH RESPECT TO DNA PURIFICATION PROCESS DEVELOPMENT. 223

FIGURE 9.2. PLOT SHOWING THE EFFECT OF VESSEL VOLUME ON POWER REQUIREMENTS FOR MIXING. THE
POWER INPUT AND FLUID STRESSES INCREASE RAPIDLY WITH INCREASING VESSEL SIZE AND WITH
DECREASING MIXING TIME.....cciiitttrterttiaieaauteaateesieeaeteeeesteesaesaeseeeesstesanseersnteneaesaseesamseesneeesamseeessneess 223

FIGURE 9.3. PLOT SHOWING THE FLUID STRESS IN A STIRRED TANK AS A FUNCTION OF TANK VOLUME, AT A

CONSTANT TANK MICRO-MIXING TIME OF 0.3 S. ..viioitieiieieriiirierie s eceneeiecsseneecsstseereessaneesossnnnrseeesonnee 223

p20



LIST OF TABLES

TABLE 1.1. APPLICATIONS OF GENE THERAPY. TAKEN FROM MHASHILKAR ETAL.,2001. .................. 23
TABLE 1.2. CURRENT PURIFICATION STRATEGIES FORDNA L......ooiiiiiiiiiiirneeecee e 28
TABLE 2.1. DIFFERENT FLUID STRESSES THAT OCCUR WITH INDUSTRIAL PURIFICATION EQUIPMENT. ........ 45
TABLE 2.2. PHYSICAL CHARACTERISTICS OF DNA MOLECULES. ' THE RELAXATION TIMES ARE

CALCULATED AT THE CHAIN OVERLAP CONCENTRATION. % THE E. COLI CHROMOSOME IS TAKEN TO BE

LINEAR. JALL CALCULATIONS ARE BASED ON LINEARISED DNA. .......ccoovvvriieineeeneeeeesceeesss e 49
TABLE 2.3. LIST OF EQUATIONS AND CONSTANTS USED TO CALCULATE VALUES IN TABLE2.2. ................. 51
TABLE 2.4. REFERENCES TO EQUATIONS USED IN TABLE 2.3, ....oiiiiiieiiiecieieiecccrsee e e setesstesian e snne e 52
TABLE 3.1. PHYSICAL PARAMETERS OF THE FLUID PHASES MODELLED. ........cortvirterieeieeenienreesveeesneneannns 67
TABLE 3.2. SIMULATIONS RUN TO CHECK FOR MODEL GRID-SIZE INDEPENDENCE. ........cccccvvnurrrreniennnnnns 69
TABLE 3.3. SIMULATIONS RUN TO EXAMINE THE EFFECT OF JETS BEING SUBMERGED. .......ccccocevuvereinvenniannn 70
TABLE 3.4. SIMULATIONS RUN TO EXAMINE THE EFFECT OF TURBULENCE MODEL. ......ccocevieeuiieiniieneneencnn. 70
TABLE 3.5. SIMULATIONS OF EQUAL OPPOSED JETS IMPINGING IN AIR....c..eeivuriiuneneeenceaacreenreensraeessnneannes 71
TABLE 3.6. SIMULATIONS OF NON-EQUAL OPPOSED JETS. ...eceivutetiarsseeessranssssuaressresssssesssssersansssesnnsseeressnsene 72

TABLE 3.7. CFD SIMULATION CONDITIONS EXAMINING THE EFFECT OF CAPILLARY INTERNAL DIAMETER
AND FLUID VELOCITY ON FLUID STRESSES AND ENERGY DISSIPATION RATES.......ccccvvererrmerrerneenncenns 75
TABLE 4.1. SHOWING PRINCIPAL FORMS OF PLASMID AND CHROMOSOMAL DNA. ... 79
TABLE 4.2. PLASMIDS USED IN LYSIS AND SHEAR EXPERIMENTS. ' 12.5 |LG/ML CHLORAMPHENICOL WAS
USED FOR PLATES, 5 JLG/ML FOR SHAKE-FLASKS......ccouiimiiminiintmiiniiritetiesierne e ies s sa s 82
TABLE4.3 TABLE SHOWING THE RNA, DS-DNA AND SS-DNA HPLC PEAK AREAS FOR 4 SAMPLES IN
TRIPLICATE AND THE RELATIVE STANDARD DEVIATIONS. ..cveeutrreniisineesrineiseeeseseessesueenseseseessesseens 102
TABLE 5.1. NOMINAL ID OF PEEK CAPILLARIES, IN INCHES AND MILLIMETRES .....cccceeccterneenreeeenerecenenas 122
TABLE 5.2. COMPARISON OF CFD RESULTS WITH ANALYTICALLY DETERMINED RESULTS. | ASSUMING AN

ENTRANCE ANGLE OF 73 DEGREES, AS PREDICTED BY THE CFD SIMULATION. 2USING A DISCHARGE

COEFFICIENT OF 0.80 FOR A CONVERGING FLOW INTO A SHORT TUBE..........ccocctveteneeiiireeerersorenrrvunnnes 131
TABLE 6.1. CELL PASTES USED IN LYSIS STUDIES.......ceveeeteeeerereerasreeirereeearseeseassessssesssasssasssssesessssssssssnsnans 170
TABLE 6.2. YIELDS OF PLASMID AND CHROMOSOMAL DNA IN 3 E. COLI CELL PASTES. ....cccecveerreeeeannenns 180

TABLE 6.3. PLASMID AND CHROMOSOMAL DNA YIELDS AFTER ALKALINE LYSIS FOR PLASMID CONTAINING
AND NON-PLASMID CONTAINING E. COLICELLS. 'SUPERCOILED PLASMID POST-ALKALINE LYSIS
DIVIDED BY INITIAL AMOUNT IN THE CELLS. “TOTAL OPEN-CIRCULAR PLASMID DNA POST-ALKALINE
LYSIS DIVIDED BY INITIAL AMOUNT IN THE CELLS. *TOTAL NON-PLASMID DNA DIVIDED BY TOTAL
INITIAL CHROMOSOMAL DNA IN THE CELLS BEFORE LYSIS. ....ecctrutruetenientenreersesereeseenteteneessesmnensens 182

TABLE 6.4. YIELDS OF SUPERCOILED PLASMID DNA AND SAMPLE PURITY FOR 3 LYSIS METHODS........... 183

TABLE 7.1. METHODS OF SEPARATING SINGLE AND DOUBLE-STRANDED CHROMOSOMAL DNA FROM
SUPERCOILED PLASMID, AND EFFECTIVENESS OF EACH TECHNIQUE.....ccccviviraienireniieiieeeteesreeeeeees 210

TABLE 9.1. CHEMICAL SPECIES TO BE ASSAYED.......ccceruteeurteirreenereerureessessssesssesssssssessssessessssessnsesssssessssnns 223

p2l



1 Introduction

This chapter describes the rationale for this thesis: a study into the effects of fluid mixing and
fluid stresses on DNA purification. The principal aim of this work is the improvement of pure
DNA production processes through a better understanding of DNA stress-induced degradation
in industrially relevant unit operations. The work presented here primarily focuses on the
primary DNA purification step, cell lysis, but also deals with the knock-on effects of cell lysis
on downstream purification. This chapter opens with an explanation of the reasons why pure
DNA is an important substance; its emerging clinical importance as a therapeutic and
prophylactic agent making it a novel and exciting area of research within the biopharmaceutical
industry. The current methodologies used for production of DNA at small to moderate scales
are described, along with the hurdles that have to be overcome to manufacture DNA in
sufficient quantities and at a sufficiently economical price to make it a widely administered
medication of the future. This chapter then describes in more detail the primary downstream
purification step, cell lysis, and briefly outlines why the physio-chemical properties of DNA
make it uniquely sensitive during processing to degradation caused by low levels of fluid
mixing or high levels of fluid stress. The specific aims of this thesis are presented, briefly
outlining the experimental and computational studies to be performed to achieve these aims.
This chapter ends with a description of the structure of this thesis, outlining the purpose of each

chapter and the information found therein.

1.1 Gene therapy

Interest in the field of pure DNA manufacture (Ferreira et al., 2000; Prazeres et al., 1999; Levy
et al., 2000) has been driven in recent years by the explosion of research into gene therapy.
Gene therapy is the delivery of a functional gene for expression in somatic tissues with the
intent to selectively correct or modulate disease conditions. Gene therapy can theoretically
modify specific genes resulting in a cure following a single administration (Friedman, 1997).
Since the discovery of the structure of DNA by Watson and Crick in 1953, treating disease by
modifying the genes has become the ultimate dream. Four decades later, and more quickly than
anticipated, this dream has become a reality thanks to rapid developments in molecular biology
and recombinant DNA techniques, the discovery of the polymerase chain reaction, and the
establishment of the Human Genome Project. The advent of gene therapy and the potential of
DNA vaccination for the treatment of genetic disorders and acquired diseases has led to an
exponential increase in research interests into gene therapy since the first clinical trials began in
1990 (Marquet et al., 1995; Mountain, 2000).
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1.1.1 Licensed gene therapies and gene therapy trials

Gene therapy was initially envisioned for the treatment of genetic disorders, but it is currently
being studied for a wide range of diseases including cancer, arthritis, neurodegenerative
disorders, AIDS and other acquired disorders. Table 1.1 shows some of the applications of gene
therapy. Currently, there are more than 400 active clinical gene therapy protocols worldwide
(Mhashilkar et al., 2001). The majority of gene therapy protocols focus on treating acquired
diseases such as cancer or HIV (Muthumani et al., 2002). Inherited disorders is the second

principal focus.

Disorder Disease

Cancer Vaccines/immunotherapy

Tumour suppressor genes Ovarian Cancer, Pulmonary
carcinoma, Head and neck cancer,
Non-small-cell lung cancer,
Hematologic malignancies

Suicide genes Leptomeningeal carcinomatosis
Adenocarcinoma, Glioblastoma
GvDH control in allogenic bone

marrow transplantation

Cytokines

Monogenic diseases X-linked severe combined
immunodeficiency,
Mucopolysaccharidosis,
Familial hypercholesterolemia,
Cystic fibrosis, Haemophilia B
Chronic granulomatosis

Infectious diseases AIDS, HIV-1 specific cytotoxic

Other diseases Coronary heart disease,

Angiogenesis, Amyotrophic
laterial sclerosis, Rheumatoid

arthritis

Table 1.1. Applications of gene therapy. Taken from Mhashilkar et al., 2001.

1.1.2 Gene vectors

The range of gene therapy strategies is quite diverse, and certain key elements are required for

their success. The most important and basic of these is that a potential gene of interest must be
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identified and cloned in the appropriate expression vector. There are two types of expression
vector used: viral vectors and DNA-based vectors (Mountain, 2000). Transfer of new genetic
material to cells is by transduction or transfection. Transduction involves the use of viral
vectors that are able to infect human cells, but are rendered non-pathogenic and incapable of
replication. Among the viral vectors, retrovirus and adenovirus are the two most commonly
used vectors that have been tested in phases I/II clinical trials (Mhashilkar et al., 2001). These
viruses are made replication-defective by the deletion of one or more viral genes that are
essential for replication. The therapeutic gene of interest replaces the essential vial genes that
were deleted. Transfection involves the use of non-viral vectors: plasmid DNA. Plasmid DNA
based gene vectors can either be pure plasmid DNA or plasmid DNA coated with phospholipids
or conjugated with polycations to improve the uptake and expression of the plasmid in the cell
(Nabel, 1993). This work of this thesis deals with the production of pure plasmid DNA for
DNA-based gene vectors.

1.1.3 DNA vectors

Native DNA is double stranded; the two strands are wound about each other in a double helix
with the heterocyclic bases paired between them by hydrogen bonding and hydrophobic
interactions. The most common type of helix found in double-stranded DNA is known as the
B-form and contains 10.5 bp per turn, and has a 3.4 angstrom axial rise between the planar
bases of the right-handed helix (Abeles et al., 1992). DNA is contained within chromosomes
and in micro-organisms in extrachromosomal elements such as plasmids. Plasmids consist of a
length of double-stranded DNA joined together at either end to form a circle. Plasmids can
range in size up to several hundred thousand base pairs, but at present the size of the plasmid
DNA being used in clinical trials is at the lower end of the possible range, typically < 10 kb
(Levy et al., 2000). Under most conditions of cell growth they are dispensible to their host cell
and depend on its metabolic functions for their reproduction. DNA is not structurally rigid and
it can undergo conformational and other tertiary structural changes, the dominant form of
plasmid tertiary structure of interest being supercoiling, where the piece of circular DNA is
wound-up upon itself. In general, bacterial plasmids are primarily isolated as covalently closed-
circular DNA molecules in negatively supercoiled forms (Lyubchenko et al., 1997; Langowski
et al., 1989). Negatively supercoiled DNA contains fewer helical turns and is therefore under-
wound, creating torsional tension in the plasmid (Strick et al., 1998). Figure 1.1 shows a

schematic representation of supercoiled, open-circular and linear plasmid DNA.
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Supercoiled Plasmid Open-circular Plasmid Linearised plasmid

Figure 1.1. Schematic representation of supercoiled, open-circular, and linearised plasmid

DNA

1.2 Plasmid DNA manufacture

Large-scale plasmid DNA production processes should be designed to produce a certain amount
of plasmid within certain specifications of purity, potency, identity, efficacy and safety that are
inherent in the intended therapeutic use (Marquet et al., 1995; Middaugh et al., 1998). Plasmid
DNA is typically fermented from a suitable recombinant Escherichia coli strain. There is a
current understanding that plasmid vectors should be mostly in the supercoiled form which is
thought to be more effective at transferring gene expression than non-supercoiled plasmid
variants (open-circular, linear, denatured or multimeric plasmids). A combination of plasmid
and host-strain selection, with optimisation of media and fermentation, can result in plasmid
yields of 0.2 g plasmid /L fermentation broth, or higher (Varley et al. 1999; Prazeres et al.,
1999). The fermentation and cell-strain should maximise supercoiled plasmid DNA at the
expense of non-supercoiled plasmid variants.

As with recombinant proteins, the majority of problems in the production of plasmid are
encountered during the downstream processing operations which are essentially aimed at
eliminating cellular components of the host strain (cell debris, protein, RNA, endotoxin,
chromosomal DNA and non-supercoiled plasmid variants). Figure 1.2 shows a typical
breakdown of macromolecules in E. coli by dry cell weight reproduced from the data of
Ingrahm et al., 1983. The chromosomal DNA typically accounts for about 3% of the

macromolecules present. The amount of plasmid DNA present can vary considerably
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