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Abstract

A novel dual resin based, substrate feed @modiuctremoval(SFPR) strategyhas been
investigatedo overcome the substrate and product inhibitioan indusrially important
BaeyerVilliger monooxygenase catalysdaloconversion in order to enhance the
productivity of the bioconversion proces$he bioconversiorof the ketone substrate,
bicyclo[3.2.0]hept2-en6-one, to the lactone products, (1R, 55)xabicyclo[3.3.0]oct
6-en2-one and (1S,5R2-oxabicyclo[3.30]Joct-6-en3-one, catalysed by scombinant
whole cell biocatalystEscherichia coliTOP10 [pQR239], expressing cyclohexanone
monooxygenase fromcinetobacter calcoaceticusvas used as the model reaction to
prove the feasibility of the novel dual resin SFRRaept.

Before the application ofthe dual resin SFPR strategp the BaeyeWilliger
bioconversion, adsorption of the ketone and lactone ontespecific resins was
investigated. Several resins were initially characterised at the bench scale by
determinng adsorption isotherms for the ketone and lactone compounds. Thereafter
adsorption isotherms were generated via a high throughput resin screening (HTRS)

method using both 96 wells and 24 wells microplate platforms.

Comparison of the adsorption isotherntadbetween the bench scale and the two HTRS
platforms, together with results of resin mixing in wells of the 96 wells and 24 wells
microplate platforms, as investigated by high speed imaging experirakatgs thathe

24 well microplate platform was theost suitable to investigate adsorption kinetics of

the ketone and lactone on the resins.

Based on the adsorption studies, reghsvex® Optipore L493 and AmberlifeXAD7
were chosemo be separately usddr substrate feeding in thdual resinSFPR strategy.
Dowex® Optipore L493 washosen for its high capacity 6f21 g/gasomentfor ketone,
whereas Amberlifé XAD7 was chosen for its high selectivity of ketone over lactone

compared tany other resinAmberlite® IRC50 was chosen for lactonemeval in the



dual resin SFPR strategy because of its high selectivity of lactone over ketone than any

other resin.

To demonstrate the feasibility of the dual resin SFPR strategy, the Bédigsar
bioconversion was performad shake flaskand comparedo bioconversions without

the use of resins and with the useaddingle resin based SFPR strategy.an initial

ketone concentration of 3g/loth resin based strategies perfornsgghificantly better
thanthe bioconversiormperformed withoutesins The dual resin SFPR strateggarried

out with both types of resins free in suspension without spatial sepa@torshowed
improvement compared to results obtained with the single resin SFPR strategy. The dual
resin SFPR strategy was also performed withdpatial separation of the two resins by
housing one of the resins in a porous bag. This allowed observation of the majority of
lactone product adsorbed onto the AmbetlitdRC50 resin as expected based on

adsorption studies.

Carrying out the BaeyeéYilli ger bioconversion with the implementation tbie dual
resin SFPR strategy in shake fladesv an increase of productivisppmparedto the
BaeyetVilliger bioconversions carried out without resins by as much as 132%nand
comparisorwith the single resin SFPR strategy by as much ,1ibi4s demonstrating a

6proof of conceptdé of the novel dual resin

After demonst r at iforthe dual @pnrSERRfstratedy, it applicatop t 6
in a miniature stied tank bioreactor was investigated to open the way for scale up
studies.Two configurations were investigated, namely the conventional reactor system
wherebothresins were added directly into the bioreactor, and the recycle reactor system
where a colummoused one of the two types of residsing resins with low adsorption
capacities and the need of an extra resin type in a dual resin SFPR strategy, makes the
recycle reactor configuration a more attractive systemvever it waghe conventional

reactorconfigurationthat performed better than the recycle reactor system.

The L493IRC50 combination in the conventional reactor configuration achieves a 21%
greater productivity than in the recycle reaciine dual resin SFPR strategy using the
4



L493-IRC50 canbination performed better than any other resin based SFPR strategy
when carried out with both resins in the reactor. It reached a productivity of 0.85g/I/h
after 2.5 hours of reaction, 5% higher than the productivity achientdthe single

resin strategin the conventional reactor configuration.

The novel dual resin based SFPR strategy and the HTRS nughelbpedn this work
has the potential to be applied in any bioconverthah needs to overcome substrate and

product inhibition.



Acknowledgments

| praise All Mighty Allah for giving me the ability, knowledge, strength and patience to
perform and complete this work. All that is good is from Him and any shortcomings are
of my own. | pray to Him that the research presented here brings further primgitess
field and beyond.

| would like to show my utmostespect and gratitud®r my SupervisorDr Frank
Baganzfor trusting me with this project and giving me support and guidance throughout
the programmel would also like to thank Professor Gary Lyehavacted as the project
Advisor, the research and neresearch staff in theDepartment of Biochemical
Engineering, UCLfor the help they providedand the Biotechnology and Biological
Sciences Research Council (BBSRC) for funding this projemt also gateful to this

project for enhancing my skills as a researcher.

A special mentionto Dr Shaukat Aliwho providedcompany on those late work days,
Miguel Angel Pere®ardo for caring for my project like it was his own and Omar Al

Ramadhanior the many imprtant advice that has helped me in my life.

| mustexpress my love for my family who have shown tremendous pataurasy my
PhD research. |1 would like to thank myder sisters Samarand Furrah (Bobby), my
little brother Bilal and my brothen-law Usnan for taking care of many things in my
life so that | can focus on my resear@iank you to my nieces, princess Rumaysa and
princess Umaymah, wike innocencgot rid of all my worriesAnd | expressdve and
gratitude for my wifeTabassumwho entered myife to give me the motivation to

overcome the last hurdle on the way to achieving this success.

Finally, words cannot express how much | am thankful to the two most important people
in my life, my parents Muhammad Yasin and IshrBihey have afforded mmaterial

and emotionasupportbut have asked nothing in retugrcept success and happiness for
their children| dedicatethis PhD to them



Table of Contents

DECIAratioN........ciie e 2
ADSIIACT. ...t i 3
ACKNOWIEAGMENTS.....en i e 6
Table Of CONENTS. ... 7
S o) o 10 = 13
LISt Of TABIES...... i 20
Chapter 1. INtrodUCHION..........covviiiiii e e 22
1.1 Prospect of biocatalysis..........cccuuiiiiiiiiiiieeee e 22
1.2 The BaeyetVilliger oXidation..............oveviiiiieiiieee e 25
1.2.1 Reaction and MeChaNISIML..........ccuuuuiiiiiiiiiiiiii et 25
1.2.2  Chemical MEthOUS........cooiiiiiii e 26
1.2.3 Biological methods...........coovuiiiiiii e 27

1.3 BaeyerVilliger oxidation using Cyclohexanone Monooxygenase........... 29

1.3.1 Cyclohexanone Monooxygenase fromicinetobacter calcoaceticus
(NCIMB 987 L) cettttttiiiiee e ettt e et a e e e e e e e e e e e e e eeeeeneees 29

1.3.2 Overexpression of Cyclohexanone MonooxygenaseE.incoli TOP10

1010 222 1 | RSP PP 32
1.3.3 BVMO as the model bioconversion System..............cccoeeeevveenieeeennnn 34
1.4 in situSubstrate Feeding and Product Removal (SERR)....................... 34

7



LA 1 GONEIAL ..o e 34

1.4.2 Resinbased SFRR.........oi e 35
1.4.3 Highthroughput resin screening (HTRS).........cccooviiiiiiiiieiiiiiiine. 36
1.4.4 Choice of reactor for resin based SyStemS.............cevveeiieeeeiiiinnnnn. 37
1.5 THESIS AIMS. ...ttt e e et a s 39
Chapter 2. Matetials and Methods............cccoovvviiiiiiiceee e, 41
2.1 MALEIIAIS. ... 41
2.1.1  ChemiCalS.......oieiieiiiiieeeiieiei e eeeeenn A
2.1.1.1 Preparation of ketone and lactone solutions in buffer.................. 41
2.1.1.2 Fermentation media COMPOSIION. ........ccvvirruiiiieeiieeiiiiiine e 41
2.1.2  RESINS. .. it 41
2.1.2.1 ReSIN Water CONENL.......cccviiiiiieeeieiiii et e 42
2.13  MICIOOIGANISIL. .. .uiiiie e e e ettt ee e e e e e e e e e eeees 42
2.1.3.1 E. coliTOP10 [pQR239%eed stock preparation................cccceee... 42

2.2 Analytical MethodS.........coovuiiiii e 43
2.2.1 Ketone and lactone quantification by gas chromatography (GC).....43
2.2.1.1 Sample preparation.............ceeeeeeieeeiieiee e e e e e 43
2.2.1.2 Gas Chromatography Operation and Quantification.................... 43
2.2.2 Dry cell weight (DCW) measurement............cccceeeevvvvieeeeenvnnnennnnn.. 44
2.2.3 Analysis of ketone and lactone load onresin...............cccceeeeen... 44
2.2.4 Measurement of glycerol concentration in bioconversion medium.. 44
2.3 RESIN SCIrEENING.....coiti i e e e e 45
2.3.1 Millilitre scale adsorption isotherms...........ccccoooviiiiiieeiii e, 45
2.3.2 High throughput resin screening (HTRS).........ccccoiveiiiiiieeeeiieeeee, 46
2.3.2.1 Adsorption iSOtherms...........ccceiiieeiiiiiieeeein e 4B
2.3.2.2 Dual compound adsorption Kinetics..........ccoovevvviiiiieeeninevnnennn A7

8



2.3.3 Investigation of resin suspension behaviour in 96 and 24 wells microplate

formats using high speed imaging............ccoouuiiiiiiieiiiii e a7
2.3.3.1 High speed camera equiPMENT..........ccoouuuuiiiiiereeriiiiie e 47
2.3.3.2 Investigation of resin suspension behaviour in mimics of 96 and 24well
MICTOPIALE ... e a7
2.4 E.coliTOP10 [pQR239] fermentation..............uoeveevieiiimniineeeeeeeiineeeee 48
2.4.1 Preparation of iNOCUlUM............coiviiiiiiiiiiiiiiiii e eeeeeennn . A8
2.4.2 Shake flask fermentation and CHMO induction..................ccccvueenee. 48
2.4.3 Cell harvest and storage...........ccceevvviinieiieeieiiiiiieeeeceiiin e eeeeeeeennn . 48
25 Shake flask bIOCONVEISIONS........coooiiiiiiiiii e 49

2.5.1 Bioconversions without the implementation of a SFPR strategy.....49

2.5.2 Bioconversion with the implementation of the single resin SFPR strategy
49

2.5.3 Bioconversions with the implementation of the dual resin SFPR strafegy

2.5.3.1 Dual resin SFPR bioconversion without separation of the two types of
resins 50

2.5.3.2 Dual resin SFPR bioconversion with separation of the two types of

resins 50
2.6  Miniature stirred tank reactor (STR) bioconversians...........cc.ccceveeeeenn. 52
2.6.1 Operation of miniature STR SYSteM............coveviiiiiiiieeiii e, b2
2.6.2 Bioconversions without the implementation of a SFEPRtegy............ 52

2.6.3 Bioconversion with the implementation of the single resin SFPR strategy
53

2.6.4 Bioconversions with the implementation of the dual resin SFPR straBegy

2.7 Resin based SFPR bioconversions performed in the recycle reactor

(odo ] a1 iTe (V1= {0 o PPN 54
2.7.1 Specifications of COIUMN...........cooiiiiiiiii e 54
2.7.2 Preparation of column for use in bioconversion...............ccocecevueeens 54

9



2.7.3 Set up and operation of the miniature STR in the recycle reactor

CONFIGUIALION ...t r e e e 55

2.7.4 Bioconversion with the implementation of the single resin SFPR strategy

55

2.7.5 Bioconversion with the implementation of the dual resin SFPR strebégy

Chapter 3. ReSIN SCreENING.......ceuuuieeiiieeeii e eeea e et eeee e eenaeas 57
L A et anaa 57
3.2 INTTOAUCTION. ...ttt e e e e eeeees 57
i3 TEOIY. . 58

3.3.1  AdSOIPLION CAPACITY.....uiieeiiiiiiii ettt e et e e eeees 58
3.3.2 Adsorption isotherm models...........ccooviiiiiiiiiiien 58
3.3.3 Determining selectivity based on initial rate of adsorption.............. 59
3i4  RESUIS. .ot ———————— 60
3.4.1 Bench scale 18N SCIreENING.........cccuuuieeiiiiieeeiieee e e e e eei e e eaenas 60
3.4.2 High-throughput resin screening (HTRS)........cccovvvviiiiiiiiceiieeeeien, 67

3.4.2.1 Charaterisation of resin suspension behaviour analysis usinggul
IMAQJE ANAIYSIS. .. .. iieeei e e e e e e e e e e e e et eeeaa e eeees 67

3.4.3 Determination of adsorption isotherms from microwell experimentsr2

3.5  Adsorption KiNetiCS StUAIES........cccuuuieiiiii e vea e 82
3.6 HTRS effiCiENCY...ucieiiieei e e 86
3.7 CONCIUSIONS....ceiiiiiie ettt e et e e et e e e e e eab e e e e eeane 87

Chapter4. Demorst rating a O6proof of C

SFPR strategy in shake flasks...........ccoooiiiiiii 89
N | o 0 TSP 89
o 111 (oo [Fox {0 o A PP UPPPTRR PN 89

oncep



4.3 ROSUIS. . e e 90

4.3.1 Demonstration of substrate inhibition in the BV bioconversion....... 90
4.3.2 Single resin SFPR Strat@gy.......cccuuuuiieiiiiiiieii e 92
4.3.3 Dual resin SFPR Strategy.........ooeeeeieeimiiieeeeeeeiiiie e eeeeeeens 94
4.3.3.1 Dual resin SFPR using two resins free in suspension................. 95
4.3.3.2 Dual resin SFPR with the substrate feeding resin in filter.bag.....97
4.3.4 Comparison of single resin and dual resin SERR......................... 100
N o ] o U T ] 104

Chapter 5. Miniature stirred tank reactor evaluation®fPR strategy 05

Lo T0 R | 1 0L PR 105
o022 |14 10T U Tod 1T o PP 105
5.3 RESUIS. et 106
5.3.1 BaeyerVilliger bioCONVErSION...........uoieiiiiiieiiiiiieeeeei e e 106
5.3.2 Single SFPR Strat@gy.......coeeveuuiieiiiiieieeeie et e e e e e eeaa s 107
5.33 Dual SFPR Strategy.......cccvuuuieeiiiieeiiiiereeeeie e e e e e e e eeaans 109
5.3.4 Recycle STR SFPR Strategy........ccuoieeiiiiieiiiiieieeeiiieeeeeiieeeeeiieeeees 111
5.3.5 Comparison of single and dual SFPR strategies................cc........ 114

5.4 CONCIUSIONS.....cutiiiiiiiiiiiiii ettt e e et eeeaeeane 116
Chapter 6. Overall ConcCIuSIONS..........ccocvviiiiiiiie e, 117
Chapter 7. FUuture WOrK..........cooouiiiiiiii e een 121
7.1 Automated HTRS and design of experiments (DOE)...............c........... 121
7.2 Scale up of the dual resin SFPR bioconversion strategy..................... 122
Chapter 8. ReferenCes........ccoovviiiiiiiii e 124



List of Abbreviations and Symbols..........cc.cooiiiiiiiiii

Y 0] 013 o

12



List of Figures

Figure 1.1 Mechanism of the Baeyéilliger reaction (from Kamerbeegt al, 2003).26
Figure 1.2 Mechanism of CHM@ediated oxidation (from Kamerbeekal, 2003).30

Figure 1.3 CHMOmediate bioconversion obicyclo[3.2.0]hepi2-ene6-one to its
corresponding regioisomeric lactones;)-((LS5R)-2-oxabicyclo[3.3.0]oci6-en3-one
and €)-(1R,59)-3-0xabicyclo[3.3.0]0GH6-€M3-0N€.......cccevvieeiiieeeie e 31

Figure 1.4 Plasmid constructs that have led to the construction of pQR2349 (from Doig
B AL, 2000).. it n e 32

Figure 1.5 Schematic showing internal and external modes of SFPR with direct and
indirect cell contact (from Woodlest al, 2008)..........cccouviiiiiiiiiiiiiiiiie e 38

Figure 1.6 Schematic of dual resin SFPR concept..........cccooevviiiieeeviiinicveiieeeees 40

Figure 2.1 A schematic of the method of employing a filter bag for the separation of two

types of resins used in the dual resin SFPR strategy..........c.occvviiieeeiiiineeeennnnnn. 51
Figure 2.2 Recycle reactor with fixed bed of resins in an external loop.............. 55

Figure 3.1 Adsorption isotherms generated using resins (A) XAD7 and (B) IRC50 for
t he adsorption of (0) ket ocribed imaBedtin 2.31). | act

Figure 3.2 Adsorption isotherms generated using resins (A) L493 and (B) XAD4 for the
adsorption of latang in éxmetintemsedesarivat! in @gd.3.1......62

13



Figure 3.3 Adsorption isotherms generated using resins (A) XAD16 and (B) X&D11

for the adsorption of (0) ketone and (3) |

Figure 3.4 High speed camera imagg (A) XAD7 (B) IRC50 (C) L493 (D) XAD4 (E)
XAD16 (F) XAD1180 resins obtained under the following conditions: 800rpm, 3mm
throw, 0.01g resin, IMIOIUME...........iiiiiiie e e e er e e e 68

Figure 3.5 Suspension percentages of resir
(Y) XAD16 and (1) XAD1180 in a well mimic

AS AESCriDEd N SECHION 2.3 3 i e e 70

Figure 3.6 High speed camera images of (A) XAD7 (B) IRC50 (C) L493 (D) XAD4 (E)
XAD16 (F) XAD1180 resins obtained in a well mimic from a 24 wells microplate
platform under the following conditions: 800rpm, 3mm throw, 0.15g resin, 1.5ml

170 18] 1 4 SRR 71

Figure 3.7Adsorption isotherms generated using XAD7 for the adsorption of (A) ketone
( B) | actone in the (0) 96 wells andg (3) y
described iN SECLION 2.3.2. 1. ..uuui e 73

Figure 3.8Adsorption isotherms generated using IRC50 for the adsorption of (A) ketone
( B) |l actone in the (0) 96 wells andg (3) y
described iN SECLION 2.3.2. 1. ..uuui e 74

Figure 3.9Adsorption isotherms generated using L493 for the adsorption of (A) ketone
( B) |l actone in the (0) 96 wells and (3) y
described iN SECLONZ2. L. .....couuiii e ee e 75

Figure 3.10Adsorption isotherms generated using XAD4 for the adsorption of (A)
ket one (B) | actone (3) the wWé&l)l s96miwerlolpsl a:

experiment described in SeCtion 2.3.2.1.........oiiiiiiiiiii e 76

14



Figure 3.11Adsorption isotherms generated using XAD16 for the adsorption of (A)
ket one (B) |l actone in the (0) 96 wel l s

experiments described in SeCtion 2.3.2.L........coii i 77

Figure 3.12Adsorption isotherms generated using XAD1180 for the adsorption of (A)

ket one (B) |l actone in the (0) 96 well s
experiments described in SECLB.3.2.L........coouuiiiiiiiiiii e 78
Figure 3.13 Time course of the dual compolt
on (A) XAD7 and (B) IRC50 in exgriments described in section 2.3.2.2.............. 33
Figure 3.14 Time course of the dual compolt
on (A) L493 and (B) XAD4 in experiments described in section 2.3.2.2............. 84

Figure 3.15 Time course of ethene@uahdcOmpol
on (A) XAD16 and (B) XAD1180 in experiments described in section 2.3.2.2....85

Figure 4.1Production of lactone bl. coliTOP10 [pQR239] biocatalyst (8gw/l) using
i nitial ketone concentrationsofafesiNS&¥BR 0. 4 g/

strategy as described in SECHION 2.5.0.........ccovviiii i 91

Figure 4.2 Single resin SFPR strategy, with use of L493 (8g/l) resithdoproduction
of lactone byE. coli TOP10 [pQR239] biocatalysi8gocw/l) using an initial ketone

concentration of 3g/l on the resin as described in section.2.5.2......................... 93

Figure 4.3Dual resin SFPR, with use of L493 (8g/l) and IRC50 (300g/l) as substrate and
product reservoirs respectively, for the production of lactong.lmpli TOP10 [pQR239]
biocatalyst (8gcw/l) using an initiaketone concentration of 3g/l, as described in section
1228 TR T SRR a5

Figure 4.4 Dual resin SFPR, with use of XAD7 (60g/l) and IRC50@¢8pas substrate

and product reservoirs respectively, for the production of lactonk.bgoli TOP10

15



[PQR239] biocatalyst(8gocw/l) using an initial ketone concentration of 3gis
described iN SECLION 2.5.3. 1 ... i 96

Figure 4.5Dual resin SFPR, with use of L493 (8g/l) and IRC50 (300g/l) as substrate and
product reservoirs respectively, for the production of lactong.lmpli TOP10 [pQR239]
biocatalyst (8gcw/l) using an initial ketone concentration of 3@4 described in section

2 T TR RSP a8

Figure 4.6 ial resin SFPR, with use of XADBOg/l) and IRC50(300g/l) as substrate
and product reservoirs respectively, for the production of lactonk.bgoli TOP10
[PQR239] biocatalyst(8gocw/l) using an initial ketone concentration of 3gés
described iN SEIN 2.5.3.2. ... .o Q9

Figure 4.7 Calculated mass balances from all bioconversions performed without resins
(60.49g/16 andio8beéel dpsi wi SERPRhetrategy (061l
t he dual resin SFPR strategy where Dboth t
| RC50 (free)lRCaMd( forXeéAd)76) and where they h
(OLARES50 (finldt &rXIA@Y Q) 6( i.l..t.e.r...b.a.g.)..403

Figure 5.1 Production of lactone By coliTOP10 [pQR239] biocatalyst (8gw/l) using
intialketone concentrations of (6) 0. 49/ I and (

strategy in a miniature STR as described in section 2.6.2...............cccvveeeeennnn. 107

Figure 5.2Single resin SFPR strategy, with use of L493 (8g/l) resin contained in a
miniature STR, for the production of lactone By coli TOP10 [pQR239] biocatalyst

Bpcw/ | ) using an initial ketone ecimagweeust r at i
phase, (3) |l actone in aqueous phase, (Yy)
Experiment performed as described in section 2.6.2............ccccoevevieiiiiiiiiineeen, 108

Figure 5.3Dual resin SFPR, with use of L493 (8g/l) and IRC50 (300g/l) as substrate and
product reservoirs respectively contained in a miniature STR, for the production of

lactone byE. coli TOP10 [pQR239] biocatalyst (8gw/l) using an initial ketone
16



concentration of 3g/1l. (0) ketone in aque
ket one on resins and (Yy) | actone on resins
L T TSP 109

Figure 5.4Dual resin SFPR, with use of XAD7 (60g/l) and IRC50 (300g/l) as substrate
and product reservoirs respectively contained in a miniature STR, for the production of

lactone byE. coli TOP10 [pQR239] biocatalyst (8gw/l) using an initial ketone

concentratioro f 3 g/ | . (0) ketone in aqueous phas
ketone on resins and (Yy) | actone on resins
FZ G TR 110

Figure 5.5Single resin SFPR strategy, using a combination of a miniature STR and
miniature column containing L493 (8g/l), for the production of lactonE.byoli TOP10

[PQR239] biocatalyst (&gw/l) using aninitial ketone concentration of 3g/l on the resin.

(6) ketone in agqueous phase, (3) lactone |

lactone on L493. Experiment performed as described in section.2.74............ 112

Figure 5.6Dual resin SFPR, with use of L493 (8g/l) (housed in a miniature column) and
IRC50 (300g/l) (free in suspension inside a miniature STR) as substrate and product

reservars respectively, for the production of lactone By coli TOP10 [pQR239]

biocatalyst (8gcw/ | ) using an initial ketone concen
phase, (3) |l actone in aqueous phase, (Yy)
ketone onl RC50 and (YY) |l actone on | RC50. Expe
Y=o (0] o I A TSP 113

Figure 7.1 Mass of resin Amberlite IRC50 ghsised by a wide bore tip as slurry from a

109/l resin suspension mixed by a 3 blade marine impeller at 350rpm............ 122

Figure A.1 Calilbation curves for ketoned] and lactoned) in ethyl acetate. Samples
were prepared as described in section 2.2.1.1 and analysed as described in section
2.2, 2 et a e e e e e e e e e e aaaaaaaaans 135

17



Figure A.2 Calibration of OBRonm measurements from af. coli TOP10 [pQR239]

fermentation with DCW measurements determined as described in section 2.2.26

Figure A.3 Adsorption isotherms generated using XAD7 for the adsorption of (A)
ketone (B) lactone in the 96 wells and 24 wells miatplplatforms in experiments
described iN SECHION 2.3.2. 1. ..o 137

Figure A.4 Adsorption isotherms generated using IRC50 for the adsorption of (A)
ketone (B) lactone in the 96 wells and 24 wells microplate platforms in experiments
described iN SECHION 2.3.2. 1. ..o 138

Figure A.5Adsorption isotherms generated using L493 for the adsorption of (A) ketone
(B) lactone in the 96 wells and 24 wells microplate platforms in experiments described
TS0 410 o 2 200t PN 139

Figure A.6 Adsorption isotherms generated using XAD4 for the adsorption of (A)
ketone (B) lactone in the 96 wells and 24 wells micr@plalatforms in experiments
described iN SECLION 2.3.2. 1. ...uui e 140

Figure A.7 Adsorption isotherms generated using XAD16 for the adsormio(A)
ketone (B) lactone in the 96 wells and 24 wells microplate platforms in experiments
described iN SECLION 2.3.2. 1 .. ..uuii e 141

Figure A.8 Adsorption isotherms generated using XAD1180 for the adsorption of (A)
ketone (B) lactone in the 96 wells and 24 wells microplate platforms in experiments
described iN SECLION 2.3.2. 1 . ...uuiii e 142

Figure A.9 Production of lactone b¥e. coli TOP10 [pQR239] biocatalyst (8gw/l)
using initial ket one concentration of
vol ume 10%) a ordmedig(Yvorking volomee r2@%4, twithout the use of a
resin SFPR strategy as described in section 2.5.1..........ccccooiiiieeiiiiiiiieneees 143

18

0.



Figure A.10 Characterisat of the peristaltic Pump-P (Pharmacia Biotech, Sweden)
by passing 50mM phosphate buffer through the Tricorn 5/50 column (GE Healthcare,
Buckinghamshire, UK) packed with 1.2g of resin Optipore L493...................... 144

Figure A.11 Flow rate of §gw/| of cells resuspended in 50mM phosphate buffer passed
through the Tricorn 5/50 column (GE Healthcare, Buckinghamshire, UK) packed with
1.2g of resinOptipore L493 using the the peristaltic Pumyd PPharmacia Biotech,
Sweden) at a flow rate of 6.4MI/MUN...........coooiiiiii e 145

FigureA12 Mechanicatrawing of a cross section of the miniature stirred tank reactor
(taken from Gillet al2008).........coveiiuiiee e 146

Figure A13 Calculated mass balees from all bioconversions performed in the
miniature STR without resins (060.49g/16 and
the conventional reactor (6L493 (convent.i
(recycl e r eact aand) vith thec dual fresig \BFPRt straieg)s in the

conventional -IR€CHOt ofconheleha?3 onal -IRE56act or )
(conventional reactor) 6} R@n»a rreeyyxdlee rre
(o0 gl U T =1 40 o 13 147

19



List of Tables

Table 1.1 Different technological approaches and measures used by fine chemical,
pharmaceutical and othezlated industries towards sustainability (Watson, 2012P3

Table 1.2 Examples of recently developed industrial applications ofataiysis
(Bornscheueet al, 2012; Aldridge, 2013).......ccouuieiieiieeeeeiieeeeee e 24

Table 1.3 Selected BVMOs and their characteristics (Willets, 1997; Kameebesk

Table 1.4 Commoim situ substrate supply and product removal techniques (Scémid

AL, 2000 it e e e e e e aaeeaanraaaaes 35
Table 2.1 Water content in SiX reSinS SCre€Ned.........coeveveieiiieeieeeeiiie e eeeannn 42
Table 2.2 Dimensions of 96 wells and 24 wells microplate................................ 46

Table 3.1 Resin propertieand derived parameters of Langmuir and Freundlich
adsorption models. All resin particles range fronr2im in diameter and are

polyaromatics except for XAD7 which is an acrylic ester..........c.ccocovvvivieeeeennnn.n. 65

Table 3.2 Adsorption capacity of six resins at a ketone equilibrium concentration of

Table 3.3 Comparison of Langmuir parameters for adsorption on ketone and lactone at

the three dIifferEnt SCAIES. .. ... e 80

Table 3.4 Comparison of adsorption capacities of six resins at three different scales, at a

ketone equilibrium concentration of 0.5g/1............ccoiii i, 81

20



Table 3.5Selectivity for ketone and lactone, as determined by equation 4, for each of the

) A (1] 0 TR 86

Table 4.1 Comparison of performance of three different strategies to undertake Baeyer
Villiger bioconversion. Results based on data after 2.5 hours of bioconversian102

Table 5.1Comparison of performance of three different strategies to undertake Baeyer
Villiger bioconversion using two different reactor configurationscycle reactor and
(od0 ] \VZ=T 1410 o= LIRS ) I 115

21



Chapter 1. Introduction

1.1 Prospect ofbiocatalysis

A need for more sustainable technologies in the chemicalstindihas brought
biocatalysts in the spéti g ht for application I R 6gr e
Uppenbrink, 2002). This is demonstrated by an increasing trend for use of enzymatic
based bioconversions for the production of fine and bulk chemicals (Sirathl.,

2002). Particularly, nore sustainable methods are actively sought for drug synthesis.

Initiatives such as the CHEM21 projedtittp://www.imi.europa.eu/content/chen)2ias

so far received a total @R6.4 millionat the half stage of the 2 yeawoject (start date
01/10/2012) to look into using more common metals instead of rarer and expensive
precious metals, enzymes, methods to use less solvents and synthetig taiohoake

the drug development process more environmentally friendly. The importance of this
area is demonstrated by theuropeanparticipants of the CHEM21 which include
multinational corporations (e.g. GSK Research and Development Ltd, Sanofi Chimie
and Pfizer Ltd) from the European Federation of Pharmaceutical Industries and
Associations (EFPIA), Universes (e.g. University of Manchester, Technische
Universitdt Graz and Universit Stuttgart) and also SMESs.
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Table 1.1 Different technological approaches and measures used by fine chemical,
pharmaceutical and other related industries tde/austainability (Watson, 2012

Using water and ionic liquids as alternative solvents to more to
Solvents

and harsh BM, chloroform and dipolar aprotic solvents

Traditionally adopted in medicinal chemistry, microwave heating
Microwave heating making its way into process research and development as a reg

scaleup investigations

_ Generally used bgonpharma industry because of operation at la
Flow chemistry

scales and established procedures for handling hazardous rea

o _ Companies have started to avoid using certain toxic reagents
Avoiding certain

_ reactions for safety reasons wherréhis a suitableleernative.
reagents/reactions

Examples includ&iCN, LiAIH, and nitrations and Wittig reactions

There is also a demand for effective medicines, i.e. those with few or no side effects and
high specificity, which means that there will be a need to produme structurally
complex molecules (Lye and Woodley, 1999), which can also be fulfilled by
biocatalysisAround 200 processes alone are already implemented in the pharmaceutical
industry (Woodleyet al, 2013) with 45% of big pharmaceutical companieaving
dedicated biotransformations group (Watson, 20DEspite the challenges (s&able

1.1 abovg, such a vast application of biocatalysts in the pharmaceutical ind(s&ey

Table 1.2 belowis seen as a resulf the latest wave of technologicalsearch and
innovations,with the pioneering research in molecular biology in the late 43#0ng

the catalys(Bornscheueet al, 2012).
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Table 1.2 Examples of recently developed industrial applications of biocatalysis
(Bornscheueet al, 2012; Aldridge, 2018

Product (Trade name) Company
Atorvastatin (Lipitor) Pfizer
Sitagliptin (Januvia) Merck
Reboxetine (Edronax) Pfizer
Simvastatin Codexs

The use of biocatalytic processes as an alternative or as a supplementary tool to
conventional chemical methods, not only in the sectors mentioned above but also in the
agrochemicals and food industries, is getting greater attention as the discovery,
charaterisation and application potentials of a range of enzymes expand €Rath

2002).

Bioconversions can be performed using either whelé or isolated enzymes,
application of which will be limited by commercial availability, cost (including of the
process), stability and requirements of reaction, for example the need for regeneration of
cofactors (Wohlgemuth, 2007).

The attractiveness of enzymatically driven chemical processes as opposed to
conventional chemistry include their ability of high stereegio-, cheme and enantio
selectivity, to avoid the use of harsh/toxic solvents and the potential of producing
complex, optically pure molecules in fewer steps as protection and deprotection steps are
avoided (Bullet al,, 1999; Lyeet al, 2003; Pollarcand Woodley, 2007). As a result, the

use of biocatalysts for industrial scale asymmetric synthesis, rather than racemic
resolutions, is becoming more common (Lye and Woodley, 1999; Blaser and Schmidt,

2004).
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In spite of the potential and attractiveness ehzyme mediated processes, ithe
widespread industrial application remains elusive (Straadtofl, 2002). Several
reasons can account for this, for example, (1) biocatalytic processes are hindered by
operation ahigh substrate and/or product concetitnas, (2) biocatalyst longevity, i.e.
activity of the biocatalyst decreases over time and (3) reaction requirem@nts

cofactors

1.2 The Bagyer-Villiger o xidation

1.2.1 Reaction and nechanism

The chemical conversion of ketones into esters or cyclic ketoneldabmes, otherwise
known as the BaeyeYilliger (BV) reaction, named after its discoverers, has been

known for more than a century (Baeyer and Villiger, 1899).

The mechaism is accepted as being a tatep oxidation with the formation of an

unst abd ee oOiCntieer medi ated after the nucl eoph

(Figurel.1) (Criegee, 1948).

25



Figure 1.1 Mechanism of the Baeya(illiger reaction (from Kamerbeeét al,, 2003).

1.2.2 Chemical methods

The BV oxidation is commonly achieved by use of peracid reagents, such as hydrogen
peroxide (HO;), mchloroperbenzoic acid ntCPBA), peroxybenzoic acid and
trifluoroperacetic acid (JEO:H) (Renz and Meunier, 1999; ten Briek al, 2004), in
stoichiometic quantities (Baldwiret al, 2008) which become very hazardous and often
unstable at industrial level. Another disadvantage of chemical syntheses is that they
proceed with poor enantioselectivites anmuhmtiomeric excesses (eefBaldwin and
Woodley, 2008.

Limited success has been achieved by use of +that#d catalysts (Strukul, 1998;
Watanabeet al, 2002; ten Brinket al, 2004) and metdree, biomimetic compounds
(Murahashi et al, 2002) to carry out asymmetric BV reactions. Therefore, for
applicaton of BV oxidation at industrial scale, oxygen should become the first choice of

oxidant instead of unstable, toxic and unsustainable peracids mentioned above.
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1.2.3 Biological methods

Many researchers (including Mihovilovic, 2006; ten Bretkal, 2004; Kameréeket al,

2003) have recognised enzybased, asymmetric BV oxidation as a valuable and
efficient method, compared to conventional chemical syntheses, to acquire enantiopure
products (e.g. optically active lactones have been efficiently transformedrdwamic

or prochiral ketones), thus justifying the importance of BV biooxidations in synthetic

chemistry.

The most common class of enzyme known to catalyse the BV biooxidat®oiBV
monooxygenase (BVMO) and over tweyMOs have been identified (Willets, 1997).
Characterised BVMOs thus far are-fe@tor dependent flavoproteins and incorporate an
atom of molecular oxygen into the substrate (Kamerle¢el, 2003), reaction of which

proceeds similarly to that of conventiof& oxidation using peracids.

BVMOs can be categorised into two types: Type | are NADBRI FADdependent
and Type Il enzymes are NADtNd FMNdependent (Willets, 1997). They have been
discovered in several organisms, both bacteria and fungi (TaBle catalysing the

nucleophilic and electrophilic oxygenation of a range of substrates.
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Table 1.3 Selected BVMOs and their characteristics (Willets, 1997; Kamerbtek,
2003).

Enzyme Molecular mass | Cofactor | Coenzyme
(kDa)
Microorganism

Cyclohexanone monooxygenase 59 NADPH FAD

Acinetobacter calcoaceticysiCIMB
9871)

Cyclohexanone monooxygenase 53 NADPH FAD

Nocardia globerulaCL1

Cyclopentanone monooxygenase 200 NADPH FAD

Comamonasp. NCIMB 9872

Cyclododecanone monooxygenas 67.5 NADPH FAD

Rhodococcus ruber

Tridecan2-one monooxygenase 123 NADPH FAD

Pseudomonas cepacia

Oxocineole monooxygenase 70 NADH FMN

Pseudomonas flavdQM 1742

Diketocamphane monooxygenase 78 NADH FMN

Pseudomonas putiddCIMB 10007
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1.3 BaeyerVilliger o xidation using Cyclohexanone Monooxygenase

1.3.1 Cyclohexanone Monooxygenase frorAcinetobacter calcoaceticuUdNCIMB
9871)

Cyclohexanone monooxygenase (CHMO EC 1.14.13.22) fromAcinetobacter
calcoaceticugNCIMB 9871) is one of the best characterised BVMOs. It is an +FAD
INADPH-dependent monomeric protein with a molecular mass of 59kDa and was first

purified fromAcinetobacteandNocardiaspecies (Donoghuet al, 1976).

In its wild-type hostAcinetobacter CHMO catalyses the oxidation of cyclohexanone to
U-caprolactone via the BV mechanism, one of a sequence of catabolic steps of
cyclohexanol to produce diacid precursors of ae€tyA (Secundeet al, 2005). As well

as ketones and aldehydes, this enzymealso capable of selective heteroatom
electrophilic oxygenation, includintdpat of sulphur, phosphorous, selenium and nitrogen
(Willets et al,, 1997; Zambianchet al, 2002; ten Brinket al,, 2004).

The catalytic mechanism of CHMO has been studied bydeyet al. (1982) and Sheng
et al.(2001) and proceeds as follows (Kamerbeeé&l, 2003) {igure 12):

1 A reduced enzym®&ADP' complex is formed from the reduction of the protein
bound FAD by NADPH.

1 This complex goes on to form a flawreroxide as a refuof the reaction
between the enzyrd ADP* complex and oxygen.

1 This initiates the nucleophilic attack by the flaygaroxide species on the
carbonyl group of a ketone substrate.

1 Formation of a flavifhydroxide occurs whilst the Criegee intermediate
rearranges to the corresponding product.

1 The catalytic cycle is completed with the elimination of water form flavin

hydroxide, regenerating oxidised FAD and releasing NADP
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Figure 1.2 Mechanism of CHM@mediated oxidation (from Kamerbeekal,, 2003).

High regio and enantieselectivity has been exhibited by CHMO in a natural variant of
AcinetobacterTD63 (Alphandet al, 1989). The ketone, bicyclo[3.2.0]hepene6-one

was oxidised, producing two regionrrisomeric lactones: -)-(1S5R)-2-
oxabicyclo[3.3.0]oci6-en3-one and {)-(1R,59-3-oxabicyclo[3.3.0]oci6-en3-one (an
unexpected formation and unattainable using conventional chemical methods (Strukul,
1998)) in a 1:1 ratio and enamtmerically pure figure 13). This work opened the door

to research of similar substrates which increased the potential of synthetic applications.
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oxabicyclo[3.3.0]oct-6-en-2-one

Figure 1.3 CHMO-mediate bioconversion of bicyclo[3.2.0pte2-ene6-one to its
corresponding regioisomeric lactones;)-((LS5R)-2-oxabicyclo[3.3.0]oci6-en3-one
and €)-(1R,59)-3-oxabicyclo[3.3.0]oc-en3-one.

However, use of CHMO at industrial scale in its wi§ghe form is restricted due to (1)

Acinetobactrd s pat hogenic

cl assi fi

cation

(cl ass

hydrolase (which means an occurrence of undesired side reactions); (3) low enzyme

productivity, and (4) the need for stoichiometric quantities of cofactor NADPH, which

makes the usefasolated CHMO undesirable as it necessitates an additional cofactor
recycling system (Willets, 1997; Dogg al., 2001; Zambianchet al, 2002).

Preference is for use of recombinant whoddl biocatalysts expressing (and
CHMO

effectively regenerate and supply cofactors for conversions. As a result, CHMO has

overexpressing)

as

t hey

wonot

ex hi

been cloned and owexpressed into yeast (Stewattal, 1996; Stewaret al, 1998) and

E. coli (Chenet al, 1999; Mihovilovicet al, 2001) and have shown to be resourceful,

performing effective BaeyeYilliger biooxidations on a range of substrates.
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1.3.2 Overexpression of yclohexanone Monooxygenase ig. coli TOP10
[PQR239

CHMO has been overexpressed in Ehecoli strain TOP1JpQR239] which requires
the cheapkarabinose as an inducer, to increase enzyme yield by a factor of 25etDoig
al., 2001). To construct the pQR9 strain, theCHMO gene was cloned frorA.
calcoaceticugNCIMB 9871) into a pBAD vector and expression put under the control

of thearaBAD promoter(figure 1.4)

EeoRl Smol BomHI Sall Pstl HindIl

Pstl Pl

—

Monooxygenase gene
Pl digested pOR204 fragment gel purified

y mETIT2

PKK223-3
HATP sk

ligate
Psil digested pKK223-3

Heol Xhol Sacl Bglll Pstl Pyvull Kpnl Eeoll Sful Xbal

FooRI Smal BamHT SalGl Myc 6_His

rrnk terminators

Pstl digested pEADMy ¢ Hish

rmB

Terminator

FLEFErrEEa

Figure 1.4 Plasmid constructs that hawml|to the construction of pQR2349 (from Doig
et al, 2001).
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Expression of heterologous CHMO of 5600 U/gew on cyclohexanone had been
observed in batch fermentations, with fast growthEofcoli TOP10[pQR239]to 10
gocwl™ (Doig et al, 2001). Further advantages of this expression system for large scale
BV reactions are thm vivo cofactor recycling system and no unwanted enzyme activity.
Also, comparative studies by Secuneloal. (2005) showed the recombinant and wild
type CHMOSs to b practically identically, for example, in molecular mass lepdalues,
except in their pHand thermestability, which was attributed to protease contamination.

Very little in the way of preparative scale biocatalyst BV oxidation can be found. Doig
et al (2002) performed a fedatch, 55 | scale, fermentation process using the
aforementioned recombinai. coli, but with increasing product concentration in the
broth, productivity decreased as a result of an effect of product inhibition on biocatalytic

actvity.

Further work by the same group (Daag al, 2003) discovered limitations in rates of
mass transfer of substrate (bicyclo[3.2.0]h2m@ne6-one) across the cell barrier and
substrate and product inhibition. The optimum substrate concentratiofowasbto be
between 0.D.4 gi* and of the corresponding products, specific activity of the whole
cells dropped to zero at lactone concentrations abovB gi& This study (Doiget al,
2003) produced the combined regioisomeric lactones at a levebafi3 in a 45:55
ratio (6)-(1S5R)-2-oxabicyclo[3.3.0]oci6-en3-one to 6)-(1R,59)-3-
oxabicyclo[3.3.0]oci6-en3-one). Additionally, they exhibited optical purity of 94% and

99% ee, respectively.

Recently, Baldwinet al. (2008) achieved a 4.5 Glproduction of the aforementioned
lactones at a 200 | scale by controlling the substrate concentration in solution. This

whole-cell BV oxidation is the first at this scale without the use of an auxiliary phase.

As a result of limited large scale examples, sitimportant that an efficient and
applicable preparative scale process needs to be developed to overcome the limitations
and access the vast number of optically pure compounds produced from bioconversions
(Alphandet al, 2003).
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1.3.3 BVMO as the model bioconvesion system

The BVMO class of enzymes has got industrial applications in areas such as antibiotic
synthesis and demonstratedjihiregic and enantieselectivity but their great potential

still has to be unlocked. The challenges of inhibition, cell toxiety substrate
solubility seen with BVMO bioconversigrare factors that make it ideal to be used as
the model system to evaluate a new dual resin substrate feeding and product removal

strategy.

1.4 in situ Substrate Feeding and Product Removal (SFPR)

1.4.1 General

As seen with whole ¢eCHMO-mediated BV oxidation gxtion 1.3.2), biocatalytic
processes can be hindered by operation at high substrate and/or product concentrations.
This can be due to their inhibitory effect on the enzyme, toxicity effect on the adible

or low substrate solubility or a combination of these factors. Poor \salbility of
substrate and product can also result in low activity. Therefore, it has become clear that
for an effective downstream operation and overall process economiesvifiebe a

need for a strategy that maintains the substrate and product -athgitory levels
(Chenet al, 2002).

A variety of in situ substrate supply and product removal approaches to solve this
problem has been proposed (Tallel). The main objeives for employing such
techniques are to (1) increase product concentration for easier downstream processing;
(2) increase yield on biocatalyst, hence reducing biocatalyst cost; (3) increase yield on
substrate, hence reducing substrate costs; and (#ase volumetric productivity,

which reduces reactor volume and processing time (Lye and Woodley, 1999).
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Table 1.4 Commonin situ substrate supply and product removal techniques (Scéimid
al., 2001).

Strategy Description
Conservative liquid Substrate fed into the reactor at limiting rates to preven|
feed accumulation.

Liquid-liquid phase | An apolar solvent acts as a substrate reservoir and produci
whilst the cells remain in the aqueous phase.

Gasliquid phase Substrate is fed in the gaseous phase and absorbed into|
aqueous phase where the biocatalyst remains.

Solid-liquid phase Works by a similar technique to the ligtiiquid phase.

1.4.2 Resinbased SFPR

The use of macroporous resins farsitu product removal (ISPR) as to resolve the
problem of product toxicity/inhibition has been applied in bioprocessing (Lye and
Woodley, 1999; Stark and von Stockar, 2003) and works by extraatiproductinto

the solid phase.

A solid-liquid phase strateglgased on the use of an adsorbent polymeric resin has also
been employed for concomitant substrate supply and product removal. The principle
method is that the resin adsorbs the substrate before its introduction imeathien
mixture Thenmass transfeof the substrate from the resin to the reaction mixture occurs
according to the adsorption/desorption equilibrium. Enzymatic conversion will yield the
product which is adsorbed onto the resin, preventing its accumulation around the

biocatalyst.

This strategy ofin situ substrate feed product removal (SFPR) has been effectively

applied to ketone reduction (Viceretial, 1997 ; etdlHlA9I8rCorgaicaet al,
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2003), sulfoxidation (Zambianclet al, 2004) and BV oxidation (Hilkeet al, 2004a;
Rudroffet al,, 2006).

Whereaaspreparative scale BV biooxidation by conservative substrate feeding is a rarity
(section 1.3.2) and only confined to the analytical scale, kilogram scale bioconversions
of bicyclo[3.2.0]hept2-ene6-one to its correspwling regioisomeric lactones, by the
recombinantE. coli TOP10 [pQR239train, have been demonstrated using the +resin
based SFPR strategy (Hilket al, 2004a; Hilkeret al, 2004b; Rudroffet al, 2006;
Simpsoret al, 2001; Hilkeret al, 2005).

The induction of the resin allowed substrate concentrations of up to ™2t dle used
while maintainng substrate and produconcentrations in the reaction mixture at
subinhibitory levels (Simpsoet al., 2001).

1.4.3 High throughput resin screening (HTRS)

The simpler and conservative route of feeding the substrate in concentrated form is more
attractive for rapid scale up than use of a resin to supply the reactant because of the need
to screen and select the appropriate resin and evaluate its recycle (Betldiyir20(B).
Therefore an efficient higthroughput resin screening (HTRS) methodology needs to be

designed and implemented in SFPR experiments.

High throughpufprocessingn the initial phase of development of a biocatalytic process
allows use of small qudities d biocatalystssubstratesproducts resirs and other raw

materials and enables data to be collected from several, rapid experiments in parallel.

Key data that a complete HTRS should be able to derive are reaction yield, biocatalyst
activity andee, all of which should be a function of substrate/resin ratio. Also, physical
properties of the resin should be obtained, calculation of maximum substrate loading per
unit of resin andsubstrate/producsolubility in aqueous reaction bulk at various resin

concentrations (Kinet al, 2007).
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High through experimentatiohas benefited greatly by microwell plate technology
which has established itself as an analytical tool mainly in enzyme and gene assay
screenings (Persidis, 1998jowever, great strides haveeen made to apply the
microwell plate technology to upstream processing as well as other downstream
processing operations such as in areas of cell culture, mic(Biatzet al 2000)and
mammalian (Girard et al 2001), biotransformation studig$Stahl et al 2000) and
filtration (Jacksoret al 2006).

1.4.4 Choice of reactor for resin based ystems

The choice and configuration of the bioreactor is important for the successesin
basedSFPRbioconversionAlso investigationshave to be carried odieterminevhether
there should be direct or indirect contact between the resins and cellfigoté {.5)

Hilkeretal( 2004a) t-eo®thed &SFPRweystem in a stir]
using direct, internabr external modes, andlso in a bubble colum, with direct and

internal mode. Bioconversion of bicyclo[3.2.0]heédéene6-one, by the recombinaif.

coli TOP10 [pQR239]drain, was carried out at thel 1scale. The bubble column
configurationgavethe bestresults which suggested thgbod aeration vas one of the

key factors.
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Figure 1.5 Schematic showing internal and external modes of SFPR with direct and
indirect cell contact (from Woodlest al., 2008)
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1.5 ThesisAims

This project aims to address the limitations of biocatalytic processes, specifically the
inability of efficient operation at high substrate and product concentrations and strategies
available to overcome this problem.

The examples of resibased substrate supply andguct removal mentioned in section

1. 4. 2 a rireo neel 0l -baSetsmethodologies, i.e. a single type of resin acts as

the substrate reservoir and product sink. The work presented in this thesis proposes a
new concept t hat wy. e pranciple dnetlrod of dediveranoedof st r a
substrate to and removal of prodinotnedr om

resinbased strategies, expect that two different types of resins are used.

One type of resin is preloaded with the substeaig then added to the reaction system
together with a second type of resin. This second type of resin does not have the
substrate or another compound adsorbed, it acts as the sink for the product of the
bioconversion(figure 1.6) The aim behind employingo resins instead of one is to
exploit the differences in capacity, affinity and general compatibility of resins to

different compounds.

The work presented in this thesis aims to demonstrate this novel dual resin based
substrate feedoroduct removal (SFR) concept to overcome both substrate and product
inhibition that is exhibited in the oxidative Baeyéitliger bioconversion, using the
recombinant whole cell biocatalydEscherichia coliTOP10 [pQR239] expressing

cyclohexanone monooxygenase.
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Figure 1.6 Schematic of dual resin SFPR concept

Chapter 3 aims to identify the best combination of resins to be used in the dual resin
SFPR strategyby systematically evaluating different resin combinatibmsgenerate
adsorption isotherms for substrate and product. This chapter further aims to develop a
high throughput resin screening method that \aiisist in rapiddetermination of

adsorpibn kinetics

Chapter4aimstd e monstrate a oO6proof of conceptd of
by implementing the strategy at the bench saakehake flaskdy using data from the
previous chapter that determined the best combination of resia tamployed in this

strategy.

Chapter 5 aims demonstrate a o6proof of <co
by implementing the strategy in a miniature stirred tank bioreactor. This investigation
will be performed using twaeactor configurationgnd will highlight limitations for

further development, optimisation and scale up studies.
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Chapter 2. Materials and Methods

2.1 Materials

2.1.1 Chemicals

Yeast extract, sodium chloride, ampicillin sodium salt, peptone, -a&r@hinose,
monosodium phosphate (monohydrate), disodium phosphate (heptahy@tite};
bicyclo[3.2.0]hept2-en6-one and(1R,5S}3-oxabicyclo[3.3.0]oct6-en2-one were all
obtainedfrom SigmaAldrich, Agar Technical (Agar No. 3) wasbtainedfrom Oxoid
and Glycerol ané&thyl acetatavereobtainedfrom Alfa Aesar.

2.1.1.1 Preparation of ketone and lactone solutions in buffer

Bicyclo[3.2.0]hept2-en6-one and (1R,582-oxabicyclo[3.3.0]ocit-en3-one solutions
were prepared by dissolving them at tlgured concentration in 50M phosphate
(monobasic, thasic sodium phosphate) buffer@t 7 (solubility: ketone 15.5gA2.7%;

lactone 54.1g/t 0.9%)to be used for resin screening and biocosieas.

2.1.1.2 Fermentation media composition

Fermentation media for the growth Bf coli TOP10 [pQR239] composed a@Dg/l of
yeast extract, sodium chloride, peptone and glycerol (sterilised by autoclaving at a
temperature of 12T for 20 minutes) and 50mg/I ampicillin sodium salt (added after

sterilisation through a Op@n Minisart®, nonpyrogenic, sterile, single usier unit).

2.1.2 Resis

Dowex" Optipore L493, Amberlitt XAD7, Amberlite® IRC50 (SigmaAldrich),
Amberlite® XAD4, Amberlite® XAD1180, Amberlit€® XAD16 (Alfa Aesar)were all

ready to use from packaging, without any-presatment required.
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2.1.2.1 Resinwater content

Each resin was analysed for its water contenplaging resins in a 10€ oven and left
to dry overnight and/or until they achieved a constant weight. They were then weighed

and their water content was calculateble 2.1).

Table 2.1 Water content irsix resinsscreened

Resin XAD7 | IRC50 | L493 | XAD4 | XAD16 | XAD1180

Water content (%) | 67.6 | 51.4 | 62.7 | 56.5 67.9 69.2

2.1.3 Microorganism

Escherichia coliTOP10 [pQR239] wasised throughout. This strain was constructed
according to Doig et al (2001) as described in section 1.3.2 in Chapter dtcahkd

culture weraeadily available irhouse.

2.1.3.1 E. coliTOP10 [pQR239]seed stock preparation

Stock cultureof the microorganisnwas prepared from an individual colony grown
ovemight at 37 C on an agar plateontaining growth medium (composed of 10g/I of
yeast extract, sodium chloride, peptone and glycerol and 50mg/l ampicillin sodium salt)
This was inoculated into a sterile 1 | shake flask cairigi 100 ml of the growth
mediumand grown overnight at 3€ and 200rpmThe alture was then added t80 %

v/v of sterile glycerobolution (final 15 % v/v of glycerolimixed in aseptically andl ml

aliquots were stored a80 C.
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2.2 Analytical methods

2.2.1 Ketone and lactone quantification by gas chromatography (GC)

2.2.1.1 Sample preparation

Samples were prepared by adding equal volume of ethyl acetate to the aqueous sample.
The mixture was then vortex mixed for 30 seconds (determined to be sufficient) in a 1.5
ml Eppendorf tube, thereafter centrifuged at 13000 rpm for 2 minutes (Biofuge 13,
Heraeus Sepatech, UK) The top solvent layer was transferred into a glass GC vial,
diluted appropriately withethyl acetatewhich included 1g/lI naphthalene as an internal
standardand analysed by GC.

2.2.1.2 Gas Chromatography Operation and Quantification

A PerkinElmer autosystem X{2 gas chromatograph (Periiimer, Connecticut, USA),
fitted with an AT-1701 column (reverse phase silica, 30 m x 0.54 mm) (Alltech,
Carnforth, UK), was used for the analysis of ketone aotbie 1 m samples were
injected onto the column at 20Q using theintegrated autosampler and compounds
exiting the column were detected by anfle ionisation detector (FID)'he oven
temperature programme included an initial holding step at €dor 5 minutes and then
the temperature waamped at 10C per minute until it reacld 2® C. Data capture

and analysis was achieved using Pefkimer Nelson Turbochrofnsoftware.

The FID response to a pigular solute concentration in a sample was measured as an
integratedpeak area on a GC chromatogra®alibration curvegFigure Al)were used

to quantify these responses for the ketané lactoneeompoundsBicyclo[3.2.0]hept2-
en6-one was used for the ketone standard and (1R2%&&abicyclo[3.3.0]Jocte-en3-

one wasused for the lactone standardor each type of sample the coefficient of
variance for a single peak area measurement was determined from triplicate
measurements offen ketonesolutions (concentration range ©118g/l) and six lactone

solutions (cocentration range 0-1.0g/l), and weréound to beno more thari 2 %.
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2.2.2 Dry cell weight (DCW) measurement

Samples were taken frofine fermentation ok. coli TOP10 [pQR239] at different
stages of its growth. Oneasurements were takehthe samplest 600nm (Olyonm

using an Ultraspec 1110 Pro UV/Visible spectrophotometer (Amersham Biosciences,
Buckinghamshire, UK). Samples werdtefed on preweighed grade GF/F glass
microfiber filter discs, pore size Quih, using aMillipore® vacuum pumpThe filters,
retaining wet cell paste, were placed and left to dry 0@ C oven overnight and/or
until theyachieved a constant weigfthey were then weighed and the D@alculated

to producea calibration curvefigure A2) The coefficient of variance for triplicate
ODsoonm Mmeasurements were no more tR&b% and for triplicatedDCW measurements

coefficient of variance were no more tHah06%.

2.2.3 Analysis of ketone and lactone load on resin

Resins recovered from resin based SFPR bioconversions were separated from the
bioconversion medium by pumpingthirough a Buchner funnel. The recovered resins
were weighed and fully immersed and mixed in ethyl acetatech included 1g/|
naphthalene as an internal standangkrnight at 200rpm and room temperature to strip

the loaded ketone and/or lactone from thsin. Sample was taken and analysed as

described in section 2.2.1.2.

Preliminary experiments where resins were loaded with known concentrations of ketone
and lactone were analysed as above and the coefficient of variance for triplicate

experiments usingllssix resins were determined to be no more thau2%.

2.2.4 Measurement of glycerol concentrationin bioconversion medium

A 2ml samplefrom the bioconversion medium was centrifuged at 18@®0for 2
minutes (Biofuge 13, Heraeug@atech, Brentwood, UK)he cell pellet was discarded

but the supernatantetained to beassayed usinga glycerol enzymatic test Kkit
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(BoehringerMannheim Roch&-Biopharm GmbH, Germanyfor the determination of
glycerol concentratiorin this assay NADH xidation is stoichiometrically linked to the
amount of glycerol present viarde enzyme catalysed reactiofgstly glycerokinase
catalyses the phosphorylation of glycerol by adeneSideiphosphate (AP) to L-
glycerot3-phosphate. The adenosiné -@liphosphate formed in this reaction is
reconverted into ATP by phosphoenolpyruvate with the aid of pyruviatesd and
pyruvate is formedln the presence of the enzymddctate dehydrogenase, pyruvate is
reduced to Hactate by NADH wih the oxidation of NADH to NAD.NADH oxidation

was followed spectrophotometrically by measuring the total difference in absorbance at
340nm on completion of the above reactions usimgraspec 1110 Pro UV/Visible
spectrophotometer (Amersham Biosciences,kiBighamshire, UK).The coefficient of
variance for triplicate glycerol standards solutions of a concentration range 4 to 10g/I

were no more than 1%.

2.3 Resin Screening

2.3.1 Millilitre scale adsorption isotherms

1% (w/v) of resin(section 2.1.2was agitated with @ml of either ketone or lactone,
prepared as described in section 2.1.4t1250rpm and 37C in an orbital shaker (New
Brunswick Scientific). Concentratigrof ketoneand lactonerangedfrom 0.15g/l in

50mM phosphate buffe(2.9g/l monosodium phosphat&,.7g/l disodium phosphate)

After equilibrium was reached samples were analysed as described in section 2.2.1, and
adsorptionparametersalculated.Adsorption isotherm models were generated within
SigmaPlo? version 10 (Syst&: Chicago, USA).

Preliminary experiments were performed to determine when equilibrium is reached by
mixing 1% (w/v) of resins with 10ml of ketone or lamte of concentration 5g/l, at
250rpm and 37C, and aking samples ever{.5 hours. Samples were analysed as
described in section 2.2tb see when solute concentration in aqueous phase becomes
constant.
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2.3.2 High throughput resin screening (HTRS)

High throughput resin screening (HTRS) was performed using 96 and 24 deep square
well (DSW) polypropylenemicroplate platformgsee table 2.2).

Table 2.2 Dimensions of 96 wells and 24 wells microplate

Platform Well Width Well Height Well Volume

96 wells (Becton 8mm 40mm 2ml
Dickenson, NJ, USA

24 wells(Ritter 16mm 40mm 10ml
Medical Germany

2.3.2.1 Adsorption isotherms

1% (w/v) of resin(section 2.1.2) was agitated with either ketone or lactone, prepared as
described in section 2.1.1.1, at 1000rpm and@®n an Eppendorf Thermomixer
Comfort, which has an orbital shaking pattern and a throw of 3mm (EppgefGor
Hamburg, Germany). Concentrations of ketone and lactone ranged frefg/Ddnd
volumes of each solution were 1ml in 96 wells microplate and 1.5ml in 24 wells
microplate. After equilibrium was reached samples were analysed as described in
section 2.1, and adsorptioparametersalculated.Adsorption isotherm models were
generated within SigmaPfwersion 10 (Syst&t Chicago, USA).

Preliminary experiments were performed to determine when equilibrium is reached by
mixing 1% (w/v) of resins with 1mlin a 96 wells microplate and 1.5ml in 24 wells
microplate of ketone or lactone of concentration 5g/l, at 1000rpm ar@ 3nd taking
samples every hour. Samples were analysed as described in sectioim 2&:1when

soluteconcentration in aqueous phase becomes constant.
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2.3.2.2 Dual compound asorption kinetics

Dual compound adsorption kinetic studies were carried out to determine the selectivity
of the resins to the ketone and lactone compouibghl.of ketone and lactone were
mixed together with1% (w/v) of resin at 1000rpm and 3C and samplegaken at
regular intervals between 30 seconds and five minutes were analysed as described in

section 2.2.1.

2.3.3 Investigation of resin suspension behaviour in 9&8nd 24 welk microplate
formats using high speed imaging

2.3.3.1 High speed ameraequipment

The camera equipment was loaned from the Engineering Instrument Pool, which is
managed by the Science and Technology Facilities Council (STRG)herford
Appleton Labortory, Didcot, UK)on behalf ofthe Engineering and Physical Sciences
Research Council (EPSRC).

A Photron FASTCAM MC1 high speed monochrome video system was used to record
high speed videos aksin mixing in a mimicof a single wellfrom 96 and 24 wed
microplate. Images were recordadth a Nikon 2485mm zoom lens attached to the

camera andhe following settings:

1 Frame rate240fps
1 Resolution512x 512

2.3.3.2 Investigation of resin suspension behavioun mimics of 96 and 24vell
microplate

Clear acrylic Pespex was used to construitt-house workshgpmimics of a single well
from 96 and 24 wells microplates. The mimic well was mounted and secured, alongside
the Photron FASTCAM M€L high speed monochrome video cameavato aKuhner
ShakerXLS-X bench top shkersetup with a throw of 3mm1% (w/v) of resin was
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added to the mimic wells and mixed at agitatipeexisranging from325 to 800 rpm

Frames were visually analysed to record the number of resins in suspension.

2.4 E. coliTOP10 [pQR239] fermentation

2.4.1 Preparation of inoculum

A 1 ml frozen stock aliquot, as described in section 2.1.3.1, was thawed and inoculated
into a 500r unbaffled shake flask containing 100ml dérmentation medium as
described in sectioB.11. The shake flaskvasthenincubated overnight at 3T in an

orbital shakeXNew Brunswick Scientific, Edison, USA) at 200 rpm.

2.4.2 Shake flask £rmentation and CHMO induction

5% (v/v) of the overnight culture wasdculated into a 1 Ibaffled shake flak with a

10% working volumeof fermentation medium as described in section 2.1.1. The shake
flask was then incubated at & and 250 rpmin an orbital shaker (New Brunswick
Scientific, Edison, USA).The progress of the fermetion was followed by taking
ODsoonm Measurements, as described in section 2.2.2. When grovigh aafli TOP10
[PQR239] reached middle of exponential growtincentrated L(+arabinose solution
was added via a 0.£2m filter to a final concentration of 0.1 % w/v, inducing the
expression of CHMO by the recombindhatcoli TOP10 pQR239 cells. Fermentation

continueduntil stationary phase of growth was reached.

2.4.3 Cell harvest andstorage

Cell culture from fermentation was harvested as 50ml aliquots and centriimg2a
minutes at 3000g and 4°@vanti JE, Beckman Coult¢r Supernatantvas discarded
and the wet cell paste was either resuspended in phosphate twuffee used

immediatelyfor bioconversioror stored at80 C.
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2.5 Shake flask bioconversios

Shake flask bioconversions were performed in 500ml baffled shake flasks with a 10%
working volume.E. coli TOP10 [pQR239] ells harvested from fermentatiqeection

2.4) were resuspended in 50mM phosphate huftercentrated glycerol added to a final
concentration of 10g/land bioconversion initiated by the addition of substrate.
Bioconversions were performed at 37 and 250rpm in an orbital shaker (New
Brunswick Scientific, Edison, USA)Samples were taken at regular intervals and

analysed as desbed in section 2.2

2.5.1 Bioconversions vithout the implementation of a SFPR strategy

Bioconversions performed without the implemeiota of a SFPR strategy were carried
out by the addition of ketong@repared as described in section 2.1.Bibconversions
were carried out at initial ketone concentrations of 0@ig2l.0g/l.

2.5.2 Bioconversion with the implementation of thesingleresin SFPR strategy

Based on investigations described in section 2.3, a resin was chosen to be used for the
implementation of the single resin SFPR strategy in the shake flask bioconversion
experiments. The required amount of resin was mixed in a solution ofek@temight

at 37C and 250 rpm in an orbital shaker (New Brunswick Scientific, Edison, USA) for

the adsorption ketone on resin.

Resinloaded with ketonevasthen added to the resuspended cells and 10g/I glycerol to
initiate the bioconversion at an initial ketone concentration of 3.@gmples were

taken at regular intervals andadysed as described in sect®i.

Prior to running the resin based bioconversions, experiments were carried out to see if
the resins have an aehge effect on the whole biocatalyst. This was done by mixing 20g

of the resins chosen for use in the resin based bioconversion wil/Bgf whole cells
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in 50mM phosphate buffer for 6 hours at @7and 250 rpm in aorbital shaker (New
Brunswick Scientific, Edison, USA) without ketone or lactone. There was no decrease of
OD and, after filtering off the resins, there was no adverse effect on the whole cell

biocatalyst activity.

2.5.3 Bioconversions with the implementation othe dual resin SFPR strategy

Based on investigations described in section 2.3, resins were chosen to be used for the
implementation of the dual resin SFPR strategy in the shake flask bioconversion
experiments. The required amount of resin, to be utilieedsubstrate feeding, was
mixed in a solution of ketone overnight at @7and 250 rpm in an orbital shaker (New

Brunswick Scientific, Edison, USA) for the adsorption ketone on resin.

Controlled experiments performed prior tesin based SFPR bioconversions showed
that adding as much as 20g of resins taearcoli TOP10 [pQR239Hdid not have an

effect on either the OD or the whole cell biocatalyst activity.

2.5.3.1 Dual resin SFPR bioconversion \thout separation of the two types of
resins

Resin loaded with ketone was added to resuspended cells and 10g/I glycerol to initiate
the bioconversion at an initial ketone concentration of 3.0g/l. Based on adsorption
kinetic studies described in section 2.3.2.2 and reaction kinetics from egp&sim
described in section 2.5., set amounts of the second type of resin (used as the product
removal tool) was added to the reaction system at regular intervals. Samples were taken

at regular intervals and analysed as described in section 2.2.

2.5.3.2 Dual resin PR bioconversion wth separation of the two types of resins

Bioconversions were performed as described in section 2.5.3.1 but with separation of the
two types of resinsA filter bag (Teekanne, Dusseldorf, Germany), made of cellulose

tissue,was used to duse the resin used as the substrate feeding tool while the second
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type of resin was kept free in suspension in the bioconversion megdigume 2.1)

Samples were taken at regular intervals and analysed as described in section 2.2.

Fliter bagimmersed in

bioconversion medium
containing resin used for,

substrate feeding Resin used for product

removal in bioconversion

medium, free in suspensio!

T o .
e a* : cr%! ¢
e & : %0 e e

Figure 2.1 A schematic of the method of employing a filter bag for the separation of two
types of resins used in the dual resin SFPR strategy

Controlled experiments performed prior to using the filter bag, to physically separate the
two types of resins used in thaal resin SFPR bioconversions, shovtieat solute mass
transfer from inside the filter bag to outside into phosphate buffeviaedversa was

not a limiting factor in the bioconversioAlso loss of ketone and lactone by adsorption
onto the filter bag im the aqueous phase was only at 0.009g/l and 0.008g/l,

respectively, from a starting solute concentration of 1g/I.
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2.6 Miniature stirred tank reactor (STR) bioconversions

2.6.1 Operation of miniature STR system

The miniature STR system used has been designed and described dtya5(R008).
Selected desigand instrumentatiofeatures of the miniature ST&eas follows:

1 Borosilicate glass vessel (100ml maximum working volume), sealed with a
stainless head pka

1 Magnetically driven, skblade miniature Rushton turbine impellek € 20mm,
di/dy = 1/3)with a stirring range of 162000rpm
Four baffles of width 6mm
A sparger fitted with a 5m stainless steel sinter
A standard laboratory rotameter in the rang200Oml/min to regulated air flow
rate

1 Online monitoring of DOT and temperature by a polargraphic oxygen electrode

and a narrow Kype thermocouple, respectively

Agitation rate and air flow were manually regulateckeep DOTabove 10%0 ensure

that bioconersions were not limited by oxygen mass transtamtrolled experiments
performed prior to the resin based SFPR bioconversions showed that the resins (amounts
varying from 2 to 20g) did not have an effect on the DOT and did not interfere with the
DOT proke at mixing rates between 800 to 2000rpm.

2.6.2 Bioconversionswithout the implementation of a SFPR strategy

Bioconversions performed without the implementation of a SFPR strategy were carried
out by the addition of ketong@repared as described in section 21,.4&t the required
concentrationStirrer speed and air flow rate were maintained at 2000rpm and 1vvm,
respectively.Samples were taken at regular intervals and analysed as described in

sections 2.2.
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2.6.3 Bioconversion with the implementation of thesingleresin SFPR strategy

Based on investigations described in section 2.3, a resin was chosen to be used for the
implementation of the single resin SFPR strategy in the shake flask bioconversion
experiments. The required amount of resin was mixed in a solutiket@fie overnight

at 37C and 250 rpm in an orbital shaker (New Brunswick Scientific, Edison, USA) for

the adsorption ketone on resin.

Resins loaded with ketone were then added to the resuspended cells and 10g/I glycerol
to initiate the bioconversion at an initial ketone concentration of 3®giler speed and
air flow rate were maintained at 2000rpm and 1vvm, respectively. Samplesaken at

regular intervals and analysed as described in sections 2.2.

2.6.4 Bioconversions with the implementation of the dual resitsFPR strategy

Based on investigations described in section 2.3, resins were chosen to be used for the
implementation of the dliaresin SFPR strategy in the shake flask bioconversion
experiments. The required amount of resin, to be utilised for substrate feeding, was
mixed in a solution of ketone overnight at @7and 250 rpm in an orbital shaker (New

Brunswick Scientific, Edison, USA) for the adsorption ketone on resin.

Resin loaded with ketone was added to resuspended cells and 10g/I glycerol to initiate
the bioconversion at an initial ketone concentration of 3.0g/l. Based on adsorption
kinetic studies described in section 2.3.2.2 and reaction kinetics from experiments
described in section 2.5., set amounts of the second type of resin (used as the product
removal tool) was added to the reaction system at regular intervals. Samples were taken

at regular intervals and analysed as described in section 2.2.
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2.7 Resin based SFPmioconversiors performed in the recycle reactor
configuration

2.7.1 Specifications of column

The Tricorn 5/50 column (GE Healthcare, Buckinghamshire, Wgs used in the
recycle reactoconfiguration to implement both single and dual resin SFPR strategies.
The specifications of the Tricorn 5/50 column are as follows:

Inner diameter= 5mm
Length= 50mm
Operating pressure= 1450psi

= =/ =4 4

Operating temperature40 C

The column was packed with the required amount of resin, assembled@mectedo
a peristaltic Pump ® (Pharmacia Biotech, Swedewjth PTFE tubing (Bohlender,

Germany) with an internal diameter of 1mm.

2.7.2 Preparation of column for use in bioconversion

Therequired amount of resin for the resin based SFPR strategies was mixed in a solution
of ketone overnight at 3€ and 250 rpm in an orbital shaker (New Brunswick Scientific,
Edison, USA) for the adsorption ketone on resine resin was packed into the column

by slowly pouring it into the column adurry in the ketone solutianThe column was
assembled and ketone solution was drained, ready to be used for resin based SFPR

bioconversions in the recycle reactor configuration.
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2.7.3 Set up and operation of the miniatureSTR in the recycle reactor
configuration

The column packed with loaded resin was connected to a peristaltic Puinp P
(Pharmacia Biotech, Sweden) and the miniature STR, described in section 2.6.1,with
PTFE tubing (Bblender, Germany) with an internal diameter of 1Imm. The tubing was
inserted into the STR througipenings, whictwere sealedy selfsealing septagn a

single multiport on the headplate. This completed the full circuit of column, pump and
STR(figure 2.9. The STR was operated as described in section 2.6.1 and the circulation

of the bioconversion medium achieved at a flow rate of 6.4ml/min.

Miniature STR Fixed bed of resin

()
/

Figure 2.2 Recycle reactor with fixed bed of resins in an external.loop

2.7.4 Bioconversion with the implementation of the single resilsFPR strategy

The single resin SFPR strategy implemented in the recycle reactor configuration had the
resin housed in the column outsithe STR and no resins free in suspension inside the

STR. The bioconversion was initiated by starting the pump (flow rate of 6.4ml/min) to

55



circulate the bioconversion mediumith cellsfrom the STR, through the packed column

and back into the STR. Stirrgpeed and air flow rate were maintained at 2000rpm and
1vvm, respectively. Samples were taken at regular intervals and analysed as described in
sections 2.2. The amount of ketone and lactone loaded onto the resin inside the column
at the end of bioconvaon wasanalysed by dismantling the column and washing the

resin out with ethyl acetate. Analysis was the performed as described in section 2.2.3.

2.7.5 Bioconversion with the implementation of the dual resirSFPR strategy

The dual resin SFPR strategy implemenie the recycle reactor configuration had the
resin, which was chosen as the substrate feeding tool, housed in the column outside the
STR. The second type of resin chosen as the product removal tool was added in set
amounts at regular intervals into th&RS free in suspension. The bioconversion was
initiated by starting the pump (flow rate of 6.4ml/min) to circulate the bioconversion
medium from the STR, through the packed column and back into the STR. Stirrer speed
and air flow rate were manually reguldt® ensure DOT was kept above 10%. Samples
were taken at regular intervals and analysed as described in sections 2.2. The amount of
ketone and lactone loaded onto the resin inside the column at the end of bioconversion
was analysed by dismantling the aoln and washing the resin out with ethyl acetate.

Analysis was the performed as described in section 2.2.3.
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Chapter 3. Resinscreening

3.1 Aims

The aim of this chapter is to charactenissirs for selection as part of tldual resin
SFPR stratey to be employed in the Baey®llliger bioconversion catalysed by
CHMO expressed ii. coli. Additionally, high-throughputresinscreeningHTRS) will
alsobedevelopedo consider its potential for acceleratirgsincharacterisation.

3.2 Introduction

Development of resin based SFPR systems requires an understanding of the interactions
between the compounds in the biocatalytic reaction and the avaieite that can be
applied in such a system. One way is to generate adsorption isotherms whide itidica
resincapacity, enable evaluation of performance and parameters to be improved, all of

which are important in optimising the useresirs in biocatalytic processes.

However, examining the vast numberresirs thathave the potential of use inresin
based SFPR becomes a time and material consuming exercise, so tardugfnput
resin screening (HT®) methodology which will pave the way for further development

ard optimisation of this system is needed
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3.3 Theory

3.3.1 Adsorption capacity

The adsorption capacity,a6d(9/gadsorben), Was calculated using Equation 1:

B hd 6 Equation [1]

Where C; and C¢q are the initial concentration and concentration at equilibrium (g/l),
respectivelyV is the total volume of solutioandM is the mass afesin(g).

3.3.2 Adsorption isotherm models
Langmuir isotherm:

The Langmuir model is the simplest model to describe monolayer adsorptiors an
widely used (Doran, 1995). It is shown iguation 2 whereQmax is the maximum
loading of adsorbate corresponding to complete monolayer coverage of all available
adsorption ges. At low adsorbate concentrations the Langmuir model approaches the
linear model and at high concentrations adsorption approaches the monolayer capacity,

Qmax Ka is the equilibrium constant.

Equation [2]

The assumptions of the Langmuir model are (i) that adsorbed molecules form no more
than a monolayer on the surface, (ii) each site for adsorption is equivalent in terms of
adsorption energ and (iii) there are no interactions between adjacent adsorbed
molecules. In experimental systems one of these assumptions will often not be valid,
largely because adsorbent surfaces are not homogeneous and adsorbate molecules may

interact to form multiayers of adsorption on the adsorbent patrticle.
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Freundlich isotherm:

Another commonly used adsorption isotherm which attempts to incorporate surface
heterogeneity is the Freundlich isotherm (Dpré995) which is described igeation 3.
In this casen is aconstant which represents the degree of surface heterogeneity and

is an equilibrium constant.
0 067 Equation [3]

Constantn can be taken as an indicator of the intensity of adsorption, so a vaixd of
indicates a favourable adsorption, whereas a value<afindicates an unfavourable

adsorption.

The isotherm parameters for Langmuir and Freundlich isotherms are determined from
their linear forms. The regression coefficienf)(® used to determine threlationship

between the experimental data and the isotherms.

3.3.3 Determining selectivity based on initial rate of adsorption

Selectivity, S¢, of resin for two different compounds is determined bguation 4,
whereK is the initial rate of dsorption of ketone anld, is the initial rate of adsorption

of lactone.

Y ll))_ Equation f]
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3.4 Results

3.4.1 Bench scalaesin screening

Results from the bench scale ag#an experiments are shown igures 3.1 to 3. The
most apparent trend of adsorption of ketone and lactone onto the six diifesest
(table 3.1) that can be taken from the graphs is that alesigs have a greater capacity
for the adsorption of ketone than the lactone compound. This sugbastthe less
soluble ketonesubstrateexhibits a higher hydrophobic adsorption onto rekirs

compared to the lactoqroduct

The adsorption of both ketone and lactone on allrssirs can be described by both
Langmuir and Freundlich isotherm models,iethcan be visualised on each figure. The
convex shap of all adsorption isothermggiires 3.1 to 3.3for both ketone and lactone
compounds indicate favourable adsorption, with all isotherms reaching or moving

towards saturation.
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Table 3.1 summarises the parametesfculatedfrom both Langmuir and Freundlich
adsorption isoterms shown in Figures 3.1 to 3aBd compares the adsorption of ketone

and lactone on all sisesirs.

The highest maximum adsorption capacityn{ as determmed from the Langmuir
adsorption isotherm, for the ketone compound was achieved using L493 at 0.383
0/thdsorbent @nd the lowestaximum adsorption capacity was seen using IRC50 at 0.048
O/Ghdsorbent AlSO @ direct positive correlation can be seen betwieEnmaximum
adsorption capacitgf all sixresirs with their surface area, i.e. the larger the surface area
the greater the adsorption capacity for ketone.

The same pattern is seen with adsorption of lactone with regards to the highest and
lowest maximumadsorption capacity, i.¢.493 achieved the highest at 0.152.gdgvent

and IRC50 the lowest at 0.008 g{@ent HoOwever, unlike the trend seen with the
adsorption of ketone, no positive relationship is seen between the adsorption of lactone
and resin surface area. However, a negative correlation is observed between lactone
adsorption and pore diameter, i.e. the smaller the pore diameter the greataxithem

adsorption capacity aesinfor the lactone.

Observation of the equilibrium constants oftbthe Langmuir and Freundlich isotherms
and constanh calculated from the Freundlich isotherm, shows no relationship between
the intensity of adsorption wittesinsurface area and pore diameter, for both ketone and

lactone compounds.
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Table 3.1 Resinproperties and derived parameters of Langmuir and Freundlich adsorption .nAddidsin particles range from-1

2mm in diameter andre polyaromatics except for XADvhich is an acrylic ester.

G9

Langmuir Freundlich
Density | Surface| Pore 0
Resin (g/ml) area | diameter| Compound @ ma \ Ka Ke n
(mzlg) (A) O/Gadsorbe

Ketone 0.105 0.967 | 0.050 | 1.622

XAD7 1.24 450 90
Lactone 0.077 0.342| 0.019| 1.398
300 Ketone 0.048 0.781| 0.020 | 1.452

IRC50 0.66 - 3000
Lactone 0.008 1.621| 0.005| 1.893
Ketone 0.383 1.381| 0.209 | 2.054

L493 1.11 1100 46
Lactone 0.152 1.307 | 0.080| 2.507




Table 3.1 continued

99

Langmuir Freundlich
Density | Surface| Pore 0
Resin (g/ml) | area | diameter| Compound @ max \ Ka Ke n
(mzlg) (A) O9/Gadsorbe

Ketone 0.265 1.118| 0.134 | 1.906

XAD4 1.08 725 50
Lactone 0.115 0.975| 0.054 | 2.444
Ketone 0.351 0.552| 0.120| 1.699

XAD16 1.08 900 100
Lactone 0.045 3.677| 0.034| 4.399
Ketone 0.313 0.474| 0.098| 1.670

XAD1180 1.04 600 300
Lactone 0.032 3.109| 0.024| 3.715




Another parameter that is important especially for designing a SFPR strategy for the
BaeyetVilliger bioconversion is the adsorption capacity of ketoneresin at an
equilibrium concentration of 0.5g/l because it is above this concentration that
biocatalysis is inhibited.

Table 3.2 presents the adsorption capacities for allresirs at an equilibrium
concentration for ketone of 0.5g/l. It can be seenrést L493 has the highest capacity
at 0.2D/Gudsorbent and IRC50 the lowest at 0.018/Qagsorbent @t the equilibrium
concentration for ketone of 0.5g/I.

Table 3.2 Adsorption capacity of sixesirs at a ketone egjibrium concentration of
0.5g/l

Resin XAD7 | IRC50 | L493 | XAD4 | XAD16 | XAD1180

Qads(Q/Grasomey | 0.035 | 0.012 | 0.21 | 0.11 | 0.082 | 0.059

3.4.2 High-throughput resin screening(HTRS)

3.4.2.1 Charaterisation of resin suspension behaviour analysis using higbpeed
image analysis

Mixing of resirs in both the 9@vells and 24wells microplate were evaluated using a
high speed camera. The experiment focused on the degree of suspensioesife et

different mixing speds and was carried out as described in section 2.3.3.

3.4.2.1.1 Resinsuspension: 96 microwell platform

Figure 34 showsstill imagesof mixing of all sixresirs in the 96 microwelmodelat
800 rpm. As can be clearly seen, eaesinremained settled at the bottarhthe well

without a singleresin bead suspended in the liquid. This indicates that the strength of
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liquid mixing near the base of the well was not sufficient to suspendesiis in this

well dimension.

Figure 3.4 High speed camera images of (A) XAD7 (B) IRC50 (C) L493 (D) XAD4 (E)
XAD16 (F) XAD1180 resins obtained under the following conditions: 800rpm, 3mm
throw, 0.01g resin, 1ml volumevgll geometry displayed iable 2.3.
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3.4.2.1.2 Resinsuspension: 24 microwell platform

Figure 3.5charts the maximum percentage of suspension of alesixs in the 24wells
microplatemimic up to a maximum mixing speed of 800 rpmeasured by observing
the number of resin beads suspendetof the total number of resin beads added to the
well. All six resins achieved uspensionin the well at similar agitation speeds.
XAD1180 resins were able to be suspended at a sfeg2brpm and resins IRC50 and
L493, which needed greater agitatiomere able to achieve suspension at speeds of
350rpm.

A similar trend is seen with regards to the optimspeeds required for maximum
suspensiorwith the exception of one resin, IRC50, where a significant increase of
agitation is needed before maximum suspension is achi®esins XAD4, XAD16,

XAD1180, XAD7 and L493 (ascending order) achieved maximum suspension in the
range of375450pm, however maximum suspension of IRC50 was achieved at 800rpm
despite it being 35% less derse0.66g/mithan the nexdense resingl.02g/ml) An
explanation for this is the observation o
images of the wel{Figure 3.6). This would result imeeding high agitation speeds for

thebreakuppf t hese resin 6clumpsd and al so for
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Figue35Suspension percentages of resins (0)
(y) XAD16 and (1) XAD1180 in a wel!/l mi mi ¢
as described in section 2.3.3.
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Figure 3.6 High speed camera images of (A) XAD7 (B) IRC50 (C) L493 (D) XAD4 (E)

XAD16 (F) XAD1180 resins obtained in a well mimic from a 24 wells microplate
platform under the following conditions: 800rpm, 3mm throw, 0.15g resin, 1.5ml
volume [well geometry displayed in Table 2.2].
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3.4.3 Determination of adsorption isotherms from microwell experiments

Figures 3.7 to 3.12how the results from adsorption of ketone and lactone on all six
resirs in 96 and 24 microweplates For the purposef comparison, adsorptiothata in
figures 3.7 to 3.1are fitted to only the Langmuir model and include the Langmuir

model for bench scale adsorption.

The Langmuir adsorption model shows a good fit to the adsorption of both ketone and
lactone on all sixresins when using the 96 and 24 microwplates However the
exception to this is the adsorption of ketone and lactone on IRC50 when using the 96
microwell platform.The convex shapof all adsorption isothermsgéres 37 to 3.12,

when using either the 98 24 microwellplatesindicates favourable adsorption, with all

isotherms moving towards saturation.

A key observation fromidgures 37 to 3.12 is the large error bar§epresenting one
standard deviationassociated witlthe adsorption data generatedings the 96wells
microplate platform, particularly when nearing saturatiohhese large variances in
adsorption can be attributed to the lack of resin suspension in the wells of the 96 wells
microplate platformas seen in section 3.4.2.1.The adsorptiorprocess involves the
adsorbate attaching itself to the surface of an adsorbent. The greater the exposure of
adsorbent surface to tladsorbate the high chance of adsorptibhus without resin
sugpension in the wells, resins will remain settled at theobatexposing less surface to

which the adsorbates, in this case ketone and lactonadsanb onto.

This problem is exacerbated in the adsorption of ketone and lactone on IRC50 in the 96
wells microplate platform because the IRC50 beads tend to clumphéogsection
3.4.2.1.2) hence preventing further exposure of surface area to the solutes and resulting

in a poor fit to data from the rsicale adsorption studies.
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Figures A3 to A.8(thesis Appendixshow the Langmuir adsption models as in figures
3.7 to 3.12with the addition of 95% confidence interval bands for the Langmuir
adsorption model determined for the adsorption results from tiszald.A confidence
interval band showa probability/estimatef the fitted regression lines falling within it
and the higher the percentage of confidence interval is, the tighter the babe.wii

the case of figures A.® A.8, the percentage of confidence interval is set at 95% and
thoseadsorption modejgenerated from the 96 wells and 24 wells micropldtatfall
within the bandshow a very good fit to the adsorption model generated at tiseatd

and hence the confidence to use the microplate platforms for HTRS.

The adsorption modeglgenerated in the 24 wells microplate, all fall within the 95%
confidence interval band as seen in figure8 & A.8, however only the Langmuir
model determine for adsorption of lactone on XAD1180 in the 96 wells microplate
shows a good fito the modelfrom the miscale.The possible reason for the poor fit of
adsorption models generated in the 96 wells microplate platform is the same as the one
alluded to in the discussion at the beginning to this section. The lack of resin suspension
reduces that sure available to the ketone and lactone to adsorb on to, resulting in poor

adsorption.

Table 3.3 summarises the parameters from the Langmuir adsorption isotherm shown in
figures 37 to 3.12and compares the adsorption of ketone and lactone on adissik at

the 96 well, 24 well and bench scales.
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Table 3.3 Comparison of Langmuir parameters for adsorption on ketone and lactone at
the three different scales

Bench scale 96 microwell 24 microwell
. Qmax Qmax Qmax
Resin Compound K K K
P (9/Qadsorbent A (9/Gadsorbent A (9/Gadsorbent A

Ketone 0.105 0.967 0.109 0.614 0.126 0.684

XAD7
Lactone 0.077 0.342 0.062 0.380 0.062 0.470
Ketone 0.048 0.781 0.012 0.721 0.055 0.679

IRC50
Lactone 0.008 1.621 0.025 0.230 0.007 3.738
Ketone 0.383 1.381 0.205 2.113 0.374 1.143

L493
Lactone 0.152 1.307 0.101 2.035 0.147 1.407
Ketone 0.265 1.118 0.220 1.034 0.273 0.980

XAD4
Lactone 0.115 0.975 0.084 1.627 0.110 1.007
Ketone 0.351 0.552 0.240 0.698 0.335 0.526

XAD16
Lactone 0.045 3.677 0.071 1.323 0.049 2.943
Ketone 0.313 0.474 0.471 0.182 0.394 0.324

XAD1180

Lactone 0.032 3.109 0.027 3.934 0.039 2.053
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Adsorption in the 24vells microplatealso demonstrates similar adsorption capacity at a
ketone equilibrium concentration of 0.5g/l to adsorption capacities found iet-Seale,
compared tothe 96wells microplateas can be seen imtdle 3.4.The diffeeence of
adsorption capacitpetween th 24wells microplate platform anthe miscale does not
exceed 12%, however the difference, when using the 96 wells microplate platform,
ranges from as low as 5% to as high as 91%.

Table 3.4 Comparison oadorption capacities of sisesirs at three different scales, at a

ketone equilibrium concentration of 0.5g/I

Qads (9/Gadsorbent at Ceq 0.59/1 ketone
(percentage difference to 1stale)
Resin ml-scale | 96 microwell | 24 microwell
XAD7 0.035 0.024(37%) | 0.031(12%)
IRC50 0.012 0.0045(91%) | 0.012(0%)
L493 0.21 0.2(5%) 0.2 (5%)
XAD4 0.11 0.082(29%) | 0.1(9.5%)
XAD16 0.082 0.061(29%) | 0.076(7.6%)
XAD1180 0.059 0.056(5.2%) | 0.054(8.8%)
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3.5 Adsorption kinetics studies

The successful mimic of equilibrium adsorption in thew&lls miroplate platform and

the larger variance in adsorption in the@élls mircoplateplatform, determined th24

wells miroplateas the platform to use to perform kinetics studies on afiesixs. These
experiments were performed as described in section 2.3.2.2 to determaegthe of
selectivity of the resins for one compound over the olyecomparing the initial rates

of adsoption of ketone and lactone oesirs. The results will show Wwich type of resin

is suitable to be used as the substrate feeding tool and which type of resin will be

effective to be used for product removal in the dual resin SFPR bioconversion strategy.

Over the course of the Baey¢illiger bioconversion, withthe @nversion ofsubstrate
and formationof product there will not be a state of equilibrium with respect to
adsorption of ketonend lactone on resindJnderstandingdynamic interactiors of
substrate and product with resia®ngsideinteractions at equilibrium, i.e. adsorption

isothermswould help better design of rediasedSFPR bioconversion stegies

Figures 3.13 to 3.18how the combined adsorption of ketone and lactone, each at an
initial concentration of 1g/l, on each of th resirs over time.The data shown in these
figures are of the initial ketone and lactone load on resin before equilibrium has been
reached. It is important to add that the concentration of both ketone and lactone in
solution at the start of the expesnt is set as 1g/l because this will not lead to resin
saturation and therefore the interactions will be based only on the affinity of resin for the

two compounds and not competition over scarce adsorption sites.
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Table 3.5 shows the selectivity of eaodsin for ketone and lactoneThe greatest

selectivity achieved for ketone is seen with resin XAD7 and resin IRC50 shows greater

selectivty for lactone than any other resin tested. Overall, resins do demonstrate

selectivity for one compound of the other. Resins XAD16 and XAD1180 show similar

affinities for lactone over ketone, whereas resins L493 and XAD4 show similar, but

slight, selectivy for ketone over lactone.

Table 3.5 Selectivity for ketoneand lactongas determined by equation 4, for each of

the sixresirs
XAD7 IRC50 L493 XAD4 XAD16 | XAD1180
1.84 0.49 1.04 1.08 0.70 0.76

3.6 HTRS dfficiency

The highlights of the above described HTRS method, in a 24 wells microplate platform,

arethe speedand ease of performing adsorption isotherm (section 3.4.3) and adsorption

Kinetic (section3.5) studies.The amounts of raw material used in thdR$& are

significantly less than used for the -sdale adsorption studies (section 3.4.1), for

example 98.5% less resin is needed for performing HTRS based on 1% (w/v) of resin.

This has the significant impact of reducing costs especially when screeninvgsthe

number of resins that are commercially available.

Reduci

ng

t he

amount of

raw

mat er i al

al so

simplifies the practicality aspect by bringing numerous experiments together in one

microplate (which then allows theaisf a multichannel pipette). This was crucial when

performing adsorption kinetic experiments where accurate sampling, wjbcte

timing, is a necessity.
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Finally, implementing the HTRS method reduces the investigation time by performing
numerous expé@nents in parallel and, in the case of adsorption isotherm studies,
reducing the experiment duration. It needs a minimum of 10 hours to perform adsorption
isotherm studies at the bench scale but oalyt®urs using the HTRS method.

3.7 Conclusions

This chapter has presented a study of adsorption of ketone and lactone on six different
resirs at three different scalelsench, 96 microwell and 24 microwell platforms. Results
were fitted to Langmuir and Freundlich adsorption isotherm models and combagbd

speed image analysis was also performed to get an understanding of mir@sgsoin

the 96 microwell and 24 microwell platforms.

Out of the sixresirs, L493 showed the highest maximum adsorptiapacity for both
ketone, 0.38/Chgsorben: @nd latone, 0.19/Gudsorbent MOre importantly, the highest
adsorption capacity for ketone at an equilibrium concentration of 0.5g/l was also seen
with the L493resin 0.21 g/@dsorbent

Results from high throughput adsorption studies showed similar trends éogreater
variance was observed with the 96 microwell platform and a more accurate mimicry of

the bench scale adsorption study from the 24 microwell platform.

Zhang et al (2008) reported that fluid mixing is more intensive in the 96 microwell
platform than in the 24 microwell platform, however for the suspensioresifs, based
on resin suspension experiments, better suspension is achieved in the 24 microwell

platform.

It was decidedo perform kinetics study using the 24 microwell platform, based on the
equilibrium adsorption experiments and also because the high throughput nature of

experiments was demonstrated.
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The kinetics study performed showed the adsorption dynamics of combined adsorption
of ketone and lactone on all sigsirs. It was found thatesin XAD7 has the greatest
selectivity for ketone and IRC50 for lactone.

Thus, from the results generated from the equilibrium adsorption and kinetics studies in
this chapter, it can be concluded that the bbesirs to be used for an effective SFPR

stratey are XAD7 for the desorption of ketone, and IRC50 for the adsorption of lactone.
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Chapter4. Demonstrati ng a ofdhe nowebdualresin c onc e

SFPR strategyin shake flasks

4.1 Aims

The objective of thischapter is to design a novel dual resin SFPR strategy for the
BaeyerVilliger bioconversion.The performance of the process will be experimentally
investigated to determine whether employing the dual resin SFPR increases the
productivity in comparison tbioconversions carried out without resins or using a single
resin SFPR.

4.2 Introduction

The whole cell catalysed Baey¥illiger bioconversio® snability to produce large
amounts of the lactone at both high concentrations of substrate and product nesessitate
a strategy to overcome gwinhibitions. Attempts to implement a resin based strategy
have successfully resulted in ecrease of product concentration. These strategies have

used a single type of resin either as an ISPR tool or SFPis&mtion 1.42).

The investigation of this chapter is to implement a dual resin SFPR strategy to carry out
aBaeyetrVilliger bioconversion. This strategy will use two different types of resins, one
for substrate feeding and the other for product removal. The choiesio$ is based on

the results from the resin screening in the previous chapter.
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4.3 Results

4.3.1 Demonstration of substrate inhibition in the BV bioconversion

Prior to investigation of the dual resin SFPR strategy, the reaction rate for the BV
bioconversion wadetermined at initial substrate concentrations of 0.4g/l, where product
formation is at its optimun{Doig et al 2003) and 3g/l, 7.5 times larger than the

optimum substrate concentration.

Bioconversions were performed in 50mM phosphate buwiidn a working volume of

10% (v/v) after preliminary experiments demonstrated better substrate conversion under
these conditionghan performing the bioconversion in fermentation media, directly after
cell growth, with a working volume of 20¥igure A.10 in Appendix)Using a buffer as

the medium for bioconversion gives the benefit of better pH stabilisatiwh any
negative effects on the enzymatic or metabolic activity possibly caused by undefined by
products and/or fermentation media components is eradicateddlitional point to
mention is that the centrifugation and resuspension of cells caused no damage to the

cells.

A lower working volume results in a higher gaguid interface to liquid volume ratio, at
constant fixed rates, thus enabling a larger liquidaser for oxygen transfer for better
aeration in the culture. A sufficient oxygen supply is particularly importanan
oxidation reaction such as the Baey#ltiger reaction and the improved reaction rate
seen with decreasing the working volume is ir limith the report of effect of limited

oxygen supply to conversion in this reaction by Baldwin and Woodley (2006).

Figure 4.1 shows the profile of lactone formation at the above mentioned ketone
concentrationswithout resins It can be observed that an riease in substrat
concentration has an adversteet on the rate of lactone production. At the initial
substrate concentration of 0.4g/l, lactone production is achieved at a rate of 1.52g/l/h
whereasthe rate of lactone formation is dramatically decreageth a starting ketone

concentration of 3g/l, to a rate of 0.34g/lfthe whole cell biocatalyst activity at 0.4g/I
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and 3.0g/I initial ketone concentrations are determined to be 2%8MW//0.12%, and

5.7U/gew, °0.16% respectively.
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Figure 4.1 Production of lactone b¥e. coli TOP10 [pQR239] biocatalysi8gocw/l)
49/ |
SFPR strateggs described in section 2.5Hrror bars represent one standard deviation

using initial ketone concentrations f0 )

based on triplicate experiments

0.

and

(3)

3g/ 1|,

This set of experiments demonstrates the substrate inhibition ibidlsisnversion and

also sets a bench mark for the resasedSFPRbioconversionsThe subsequentesin

based bioconversions wilereforebe carried outwith an initial substrate concentration

of 3g/l to compare their performances with that of the perdowas of the

bioconversions without resins.
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4.3.2 Single resin SFPR strategy

Hilker et al. (2004a) described a single resin SFPR (using L493 asshmeto carry out
a BV bioconversion and deemed it the best
this reaction. This another bench mark was determined from the single resin strategy

which is to be compared to the dual resin SFPR strategy.

Figure 4.2 shows the results from the single resin SFPR strategy to perform the BV
bioconversion. Specifically, thisigure shows the accumulation of both ketone and
lactone in the aqueous phase and also the adsorbed concentration on L493 (observed as
vertical bars). The experiment utilised resin L493 (ketone loaded to the capacity of
0.219/gesiy Which exhibited the higest maximum adsorption capacity and the highest
adsorption capacity at an equilibrium ketone concentration of 0.5g/l out of thessix
investigated in Chapter 3.

The ketone concentration in the aqueous phdsgreased in parallel with lactone
formation for the first 100 minutes of the reaction amecrease to below 0.5g/l, as
expectedbased on the adsorption studies in section 3Alsb, lactone concentration in

the aqueous phase did not exceed 1.08g/lI over the course of the reaction, showing that i
did not contribute to any reaction inhibition. This demonstrates that both desorption of
the substrate and adsorption of the product were adequate enough as not to limit the
reaction by lack of ketone in the aqueous phase and hinder the reaction lyyasuean

accumulation of lactone.
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Figure 4.2 Single resin SFPR strategy, with use of L488/l) resin, for the production
of lactone byE. coli TOP10 [pQR239] biocatalysi8gocw/l) using an initial ketone
concentration of 3g/l on the resas described in section 2.5.2 ( 0 ) ketone 1in

phase, (3) | actone i redsabgdoeo usd 9@ h aasned, ((YV))
adsorbedon L493. Error bars represent one standamlidtion based on triplicate
experiments

There was a linear increase of lactone accumulatioh@hb493 resinover the 6 hours

of the reaction however there was not a linear desorption of ketone from L493 as
expected. The amount of ketone bound to tisnrdid decrease to 0.81g/l after 2.5
hours from 3g/l at the start of the reaction but after 4 hours it increased slightly to
0.87gl/l. After 2.5 hourtheketone concentration in the aqueous phaiskecreased to ca
0.05¢g/land became constant indicating an equilibrium state for the reaction has occurred
which meant that ketone had to-adsorb onto the resin. The increase in ketone
accumulation could have suggested a significant experimental error if it was not for the
factthatketone and lactone recovery, from both the agueous phase and resin, at 150, 250

and 360 minutes remained constant at 8% overal ketone concentration decreased
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in parallel with overall lactone productiand by 6 hours kete accumulation on the

resin haddecreased.

Overall productivity of lactone using the single resin SFPR strategy wag/bh and
out of the total lactone produced 53% of lactone accumulated on theTresinvhole

cell biocatalyst activityvas determined to be 24.6J4yy, °5.2%.

4.3.3 Dual resin SFPR strategy

Two combinations of resins were investigated based on the adsorption capacity and
adsorption kinetic studies in Chapter 3. The first combination used L493 (ketone loaded
to the capacity of 0.21gigi) for the substrate feed as it exhibited the highest capacity
for ketone and the second combination utilised XAD7 (ketone loaded to the capacity of
0.0.35¢g/gsip to feed the ketone as it exhibited the highest selectivity for ketone. Both
combinatios usedIRC50 (amount added to system to the capacity of 0.008.g/gs

the product removal tool due to its high selectivity of lactone over ketone.

Preliminary experiments (data not shown) of the dual resin SFPR strategy were carried
out with the totalamount of IRC50, required for product removal, added all at once.
This resulted in poor conversion to lact@ussiblydue to ketone being adsorbed faster
onto IRC50 than the cell uptake rate of the substrate (assumption being that rate of
substrate conwsion is proportional to uptake rgteTherefore a method of sequential
addition of IRC50 into the system was employed based on the rate of adsorption of
ketone onto IRC500.1989g/g:si{h, determined in section 3.However it is important to

note that aslorption of ketone by IRC50 cannot be completely eliminated.

Dual resin SFPR strategies were performed using two methods: (1) both resins were free
in suspension in the agueous phase and (2) IR@Sbeld in a filter bag separated from
the resin loaded wh ketone. The latter method allowetthe analysis of solute

accumulation on each resin used in the dual resin SFPR strategy.
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4.3.3.1 Dual resin SFPR usingwo resins free in suspension

Figures 4.3 and 4.4 shotve conversion of ketone to lactone using L493 and XAD7 as
tools for substrate fe@t, respectively. The vertical bars show solute accumulation on
both the resins used for ketone feeding and product removal.

Overall productivity of lactone using L493 aXdA\D7 as the substrate feeding tools in
the dual resin SFPR strategy were 0.90g/l/h and @186 respectivelyThe whole cell
biocatalyst activity using the L49RC50 and XADZ7IRC50 comimations are
determined to be 22U/gpcw, ©9.1%, and 23.8/gocw, ° 8.4%, respectivelylLactone
accumulation on resins in the L49R3C50 combination was achieved to 85% and with
the XAD7-IRC50 combination 87% of lactone accumulated onto both resins.
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Figure 4.3 Dual resin SFPR, with use of L448g/l) and IRC50(300g/l) as substrate

and product reservoirs respectively, for the production of lactonk.bgoli TOP10
[PQR239] biocatalyst(8gocw/l) using an initial ketone concentration of 3gAs
described in section25.31 ( 6) ket one in aqueous phase,
(Y) kadsorbebebothresim and ( ¥dsorbedandbothoresiss. 1g of fresh

IRC50 added every 10 minutes, frarilOmins, to a total of 20d=rror bars represent

one standard deviatidrased on triplicate experiments
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Figure 4.4 Dual resin SFPR, with use of XADO(B0Og/l) and IRC50(300g/l) as substrate

and product reservoirs respectively, for the production of lactonk.bgoli TOP10
[PQR239] biocatalyst(8gocw/l) using an initial ketone concentration of 3gés
ketone in aqueous phase,
(Y) kadsorbeabrbothresiem and
IRC50 added every 10 minutes, fraslOmins, to a total of 20dzrror bars represent
onestandard deviatiobhased on triplicate experiments

described in s¢on 2.5.3.1 ( 0)

( ¥idsorbedandothoresiss. 1g of fresh

The aqueous phase concentration of both substrate and product for both experiments

were low enougha prevent any solute inhibitiorHlowever with regards to ketone

concentration, whiclwas close to zerofter ca. 60 minutesit can be suggested that

availability of ketone for conversion was a Hiiteiting step. Also, the concentration of

ketone and lactone accumulated on resins in both experiments edroaistant from

2.5 hoursonwardsand with no incrase of lactone concentration in the aqueous phase

there a possibility that the reaction had stopped before 2.5 hours. Preliminary

experiments (data not shown) showed that bioconversion is still carried out prior to 2.5

hours at negligible ketone concenivat.
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Analysis of glycerol concentration post experimewere carried out to determine if
there werensufficient amounts ofglycerol available for bioconversion to take place.
Concentrations of 8.1g/,15.7%, and 7.6g/F, 16.3%,0f glycerolwere still available in

the bioconversion medium when using the L4BE50 and XAD7?IRC50 combinations,
respectivelyDoig et al. (2003) stated that below 5g/I of agueous glycerol concentration
reduces enzyme specific activity therefore lack of glycerol is not responsible for the
apparent stoppage of bioconversion.

Also, after filtering off the aqueous phase from the resins biocsiwves were carried
out ata substrate concentration @Rg/l, which showed full conversion and no dease
of reaction rateOne explanation for thepparenistoppage of product formation is the
competition between the resins and cells for the ketoneneadioned earlier in the
introduction of section 4.3.3 he ketonein solutionwill adsorb onto fresh IRC5€esin
that is sequentially added and afeadsorbonto the resin used as the substrateifiged
tool.

4.3.3.2 Dual resin SFPRwith the substrate feeding rein in filter bag

Figures 4.5 and 4.6 show the conversion of ketone to lactone using L493 and XAD7 as
tools for substrate feedvhilst contained in a filter bagespectively, and IRC50 for
product removal. The vertical bars show solute accumulation dnthetresins used for

ketone feeding and product removal.

Separation of the two types of resins helps to analyse eachodreffiectiveness of
playing the role assigned to thefoy example, whether the resin chosen for product
remova) based on its highegectivity for lactone over ketone,is able to achieve
complete adsorption of the product during the bioconversion, thus preventing the other

type of resin from removing the lactone.
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Overall productivity of lactone for both resin combinations wakl@l/h, whilst the
whole cell biocatalyst activity using the L49RC50 and XAD7ZIRC50 combinations
are determined to be 21.8Wfgy, ° 11.1%, and 21.3Ufgw, ° 12.3%, respectively.
Lactone accumuten on resins with the L4A9BRC50 combination was achieved to 87%
and with the XAD7IRC50 combination 85% of lactone accumulated onto both resins.
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Figure 4.5 Dual resin PR, with use of L4938g/l) and IRC50(300g/l) as substrate

and product reservoirs respectively, for the production of lactonk.bgoli TOP10

[PQR239] biocatalyst(8gocw/l) using an initial ketone concentration of 3gés
described in section 2532 ( 6) ketone i n aqueous phase,
(Yy) kagldorbeaoen L 49 3, ddsOlbedd mclt 4N, adsprpedoh et one
| RC50 and adsgrbedn IRC50.grofefresh IRC50 added every 10 minutes,

from t=10mins, to a total of @y. Error bars represent one standard deviabased on

triplicate experiments
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Figure 4.6 Dual resin SFPR, with use of XAD(BOg/l) and IRC50(300g/l) as substrate
and product reservoirs respectively, for the production of lactonk.bgoli TOP10
[PQR239] biocatalyst(8gocw/l) using an initial ketone concentration of 3gés

described in section 2.5.3.2 ( 0)
(Y) kadsbrbemben XAD7

ket one

n

a gueenusphageh as e,

( 3d¥orbédarc t XAR7, (Y)
(Yy) | act o g of wesh IRCBOCaGEd2d every 10 minutes, fisrtOmins, to a
total of 20g.Error bars represent one standard devidtmsed on triplicatexperiments

ket one

The apparent observation from figures 4.5 and 4.6 is the high concentration of lactone

accumulated on IRC50 (yellow bar). This is the resin chosen, based on the adsorption

Kinetics studies in the previous chapter, for product removal becdu#s bigh

selectivity for the lactone over the ketone. 84% of the lactone accumulated on resins in
the L493IRC50 combination wa$ound on IRC50 and as much as 88% of adsorbed

lactone was present on IRC50 in the XADBC50 combination.

As seen with the pwious method, where both resins are free in suspension in the

agueous phase, overall lactoneoquction stops before 2.5 hours, with a possible

explanation mentioed earlier in the introduction of section 4.3.3

99

C



4.3.4 Comparison of single resin and dual resir6FPR

Productivities of the experiments have besmmarisedn table 4.1to comparethe
performance of the three strategies employed for Baeyer Villiger bioconversion.
Productivities have been calculatbeg including the volume of resins in the overall

productivity, as shown in equation 5 below.

e w | £0Q ST OYE OUEXD 0ca'@Rn 6 Q& H NE QAL Q
Vi € Q0 WO BvVowW prTT——
YQdaQ

Equation [5]

Comparison idased ormata from the resin based strategies up to 2.5 ladisstart of
experiment because of the influentleatthe resins have of radsorbing the substrate.

Using productivityfor comparisonof the different strategies based on the aim of
overcomingdecline of reactionrate due to theeventual biocatalyst inhibition at high
substrate and product concentratior@omparing productivities will demonstrate

whether the dual resin strategy overcomes this problem.

In table 4.1 column 3, an increase in produeity is obseved when a resin based
strategy is employed at an initial substrate comation of 3g/l. There is alsona
improvement of between 0.8107y/lI/h when the dual resin strategy is used instead of
the single resin strateggxcept when using th€AD7-IRC50 resins combination whilst
employing a filter bag, where there is a decrease of 0.02@h#nlargestincrease of
productivity using the dual resin strategy compared to the single resin stiat2g9o
observed with the L498RC50 resins combiations. This demonstrates that the dual
resin strategy, with this resins combinatipmpduces an improved performance at higher

substrate and product concentrations than the single resin strategy.

Table 41 also showsin column 4the productivities thahave beemeneratedvithout

taking into account the volume of the resiii$is further comparison will showhat
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Impact an increased amount of resins Wagn using the dual resin strateg@ver the
single resin strategyhere is a similar trend tihat mentioned abovethat isan increase

in productivity, when a resin based strategy is employed at an initial substrate
concentration of 3g/lis observed. There is also an improvement of between 0.17
0.23g/l/lh when the dual resin strategy is used inste#lteafingle resin strategy.

When comparing the productivities with and without taking into account the volume of
resins, there is a drop of as much as 23% (XARZ50 resins combination in filter bag)

in the productivities of the dual resin bioconversiorewttonsidering the volume of the
resins.The single resin SR drategyrequiresconsiderab} a smaller amount of resins
(0.09LactondTresin compared tahe dual resinSFPRstrategy (0.08-0.006) actond Gresin)
simply because of the need of a second type of resin for product rembicht has the
lowest capacity amongst the resins test€tapter 3, table 3.1t the initial ketone
concentration of 3.0g/l, the single resin SFPR strategy required 0.6g oivfesi@as the
dual resin SFPR strategy needed 15.6g and @Bresins for the L493:IRC50 and
XAD7:IRC50 combinationsrespectively
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Table 4.1 Comparison of performance of three different strategies to uneécBa&yer
Villiger bioconversion Resultsbased on datafter 2.5 hourf bioconversion

Productivity | Productivity
Lactone on
(g/l/h) [vol. | (g/l/h) [vol. resin
of agueous | of agqueous (0/Geat)
phase+resins phase only] 9/Gesi
0.4q/I* N/A 1.52 N/A
Resinfree
39/l N/A 0.34 N/A
Single resin L493 0.72 0.73 0.05
_ L493-IRC50 0.79 0.90 0.006
Dual resin: free
in suspension
XAD7-IRC50 0.76 0.96 0.005
, L493-IRC50 0.79 0.91 0.006
Dual resin:
filter bag
XAD7-IRC50 0.70 0.91 0.005

(*performed to completion)

The ratio of lactone accumulated on the resin used for product removal to lactone
accumulated on the resin used as the substrate feed tool with the dual resin SFPR
strategyhave also been calaied The XAD7IRC50 combination émonstrated better
performancey.56g/g,than he L493IRC50 combination, 5.07g/g, as expected because
resin XAD7 was chosen for its greater affinity for ketone than lactone based on

adsorption kinetic studies in section 3.5.
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The mass balances of all the bioconversipesformed in this chapter have been
calcubted and plotted in figure 4.7. Where the bioconversions have been performed
without resins (with initial ketone concentrations of 0.4g/l and 3g/l), solute recovery was

at 100%, whereas substrate and product mgofrom bioconversions performed with

the implementation of a resin based SFPR strategy, the calculated mass balances ranged
from 79% to 85%.

The error with respect to mass balance seen in the bioconversions where resin based
SFPR strategies have been éogpd, camonly be an experimental errassociatedvith
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the use of the resimssthe calculated mass balance of both bioconversions without the
use of resins were 100%. It was observed during the resin based bioconversions that
resin beadsvould be throwrup onto the inner walls of the shake flask, by the movement

of the agitated liquid, angemainstuck on the inner walls away from tagueougphase

This reduced the efficient desorption/adsorption of substrate and lactone and caused
prevent complete rewery of resins after the bioconversion was stoppdsb the loss
occurring at every stage of resin use, i.e. the several steps involved from the preparation
of the resins all the way to the GC analysis of load on resin, would accurantte
contribute tathe significant loss.

4.4 Conclusions

This chapter investigated the feasibility of performing a novel dual resin SFPR strategy
to overcome substrate and product inhibition in the Ba¥jlBger bioconversion.

Using two different types of resin, one feubstrate feeding and the other for product
removal, the performance of the dual resin SFPR strategy was compared to a single resin
SFPR strategy.

An increase of product concentration was observed with the dual resin SFPR strategy
demonstratingthe feasidity of this concept. It also gave an enhanced performance
compared to the single resin SFPR strategy with regards to produdtivityever, he
shortcoming of this strategy was the greater amount of resin needed as a different type of
resin is included foproduct removal and also the increased competition between resins
and cells for the substrate. It was seen #sanore fresh resinmvas sequentially added

for product removal, it alsbemoved substrate from the aqueous phase and hence the
bioconversionbecoming time dependent as seen by the reactparentlystopping

after 2.5 hours
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Chapter 5. Miniature stirred tank reactor evaluation of SFPR strategy

51 Aims

The objective of this chapter is to demonstrate the application of the noveledual
SFPR strategy using a miniature stirred tank reg@®R) and thus open a route to the
scaleup of the processThe performance of thstrategyis investigated experimentally
to determindts suitability in a stirred tank reactor and hence whetppliation of the
dual resin SFPR strategycreases théactoneconcentration which can be achieved in

this bioconversionvith and without a single SFPR strategy

5.2 Introduction

The implementation othe dual resin SFPR strategy in a miniature stirred taaktor
and demonstrating process efficiency at this seaeld indicatepotential for large

scale application and hence making it an industrially relevant process.

The application of the dual resin SFPR strategy staith the choice of process
configuration, as discussed and shown in Chaptéiwio simple reactor configurations
have been investigatedithe first configuration housethe two types of resins together
inside the reactor, free in suspension and the second configuratiors boesg/pe of

resin in a miniature column whilst the second type of resin remains in the reactor, free in

suspension.
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5.3 Results

5.3.1 BaeyerVilliger bioconversion

As with theshake flaskexperiments (Chapter 4), BV bioconversion were carried out in
the miniature reactor without the use of a resin SFPR strategy. The initial ketone
concentrationsf 0.4g/l and 3.0g/l set a benchmark to compare with the subsequent resin

based SFPR experiments.

Lactone formationin the miniature reactorat the initial ketone concemitions
mentioned above, is shown in Figure 5.1. The profiles fit the expéeted seen from

the shake flaskexperiments in section 4.3.1, where a decrease in lactone production is
associatedvith the increase oftartingketone concentratiomt 0.4g/l initial ketone, a
lactone production ratef 1.80g/I/his achieved, whessat starting ketone concentration

of 3.0g/l, lactone production is reduced@®@8g/I’/h The whole cell biocatalyst activity

at 0.4g/l and 3.0g/l initial ketone concentrations aggexdnined to be30.2J/gpcw, °©

0.6%, and 4.1U/gcw, ° 6.7%, respectively.
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Figure 5.1 Production oflactoneby E. coli TOP10 [pQR239] biocatalyst8gocw/l)

usinginitial ketone concentratimo f ( 6) 0. 49/ | and (3) 3gl/l,
SFPR strategin a miniature STR as described in section 2.6rfor bars represent one
standard deviatiobased on triplicate experiments

5.3.2 Single SFPR strategy

It was decided that all resin based SFPR bioconversions in this chapter were to be
stoppedafter 2.5 hours based on the resultsGifapter4 where no change of lactone

formation was seen beyond thisé point.

The single SFPR strategy was demonstrated in the miniature reactor by using resin L493
free in suspensiorkigure 5.2 shows the concentrations of both ketone and lactone in the
agueous phase and bound onto L493.

The aqueous concentrations kdtone and lactone remained below the concentrations

that would inhibit the bioconversiorAqueous ketone concentration was reduced to

levels that have been considered negligible from 30 minom@grdsand hence the
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availability of ketone for conversioms seen as a rate limiting st&pverall productivity

of lactone, using the gyte resin SFPR strategy, was @8t and after 2.5 hours
lactone productiomeached68% based on the concentration of lactone in the aqueous
phase and on the resiifhe whole cell biocatalyst activity was determined to be
27.5Ulgew, °4.7%.
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Figure 5.2 Single resin SFPR strategy, with use of LABg/l) resin contained in a
miniature STR for the production of lactone Hy. coli TOP10 [pQR239] biocatalyst
Bpcw/lusi ng an initial ket one concentration
phase, (3) |l actone i n aqgueouactone lom s483, (Yy)
Experiment performed as described in section 2Brér bars represent one standard
deviationbased on triplicate experiments

A worry of using a resin based strategy in a reactor is the occurrence of settling of the
resin at the base, iv@ver mixing in the reactor was observed to be effective for resin

suspension aheresin fraction of L493 in this single resin strategy waky 1.2% (w/v).

108



5.3.3 Dual SFPR strategy

Two basic reactor configurations have been used for the dual resin SFPBys{faie
first is the direct introduction of resins into the reactdwere the first type of resin that
holds the substrate is added at the beginoinipe reaction followed bthe sequential

addition of the second type of resin to adsorb the prddwti10 minutesonwards

Figures 5.3 and 5.4 show the conversion of ketone to lactone using L493 and XAD7 as
tools for substrate feed, respectively and IRC50 as the product removal resin. The
vertical bars show solute accumulation on both the resins usedtforekizeding and
product removal.
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Figure 5.3 Dual resin SFPR, with use of L498g/l) and IRC50(300g/l) as substrate

and product reservoirs respectivelyntained in a miniature STRor the production of

lactone byE. coli TOP10 [pQR239] biocatalysf8gocw/l) using an initial ketone
concentration of 3g/1l. (06) ketone in aque
ketone orresinsand /) lactone onmresins Experiment performed as described in section
2.6.3.29 of fresh IRC50 added every 10 minutieem t=10mins Error bars represent

one standard deviatidrased on triplicate experiments
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Figure 5.4 Dual resin SFPR, with use of XAD(BOg/l) and IRC50(300g/l) as substrate

and product reservoirs respectivelyntained in a miniature STRor the production of

lactone byE. coli TOP10 [pQR239] biocatalysf8gocw/l) using an initial ketone
concentration of 3g/1l. (06) ketone in aque
ketone orresinsand §/) lactone onresins Experiment performed as described in section
2.6.3.2g of fresh IRC50 added every 10 minutes, frishOmins.Error bars represent

one standard deviatidrased on triplicate experiments

The L493IRC50 combination fared better than the XADIRC50 dual resin

combination by generatinga productivity of 0.94g/l/lh compared to 0.84g/l/h,
respectively.The lower productivity seen with the XADTRC50 dual resin combination
can be attributed to the highoverall fraction of resingn the aqueous phase of 37%

(w/v) in this combinatiorcompared to the 31.2% (w/v) in the L48RBC50 combination.

This differenceresulted in the €coupling ofthe magneticstirrer abovean agitation rate
of 15@rpm using the XAD7-IRC50 combination whereas with the L483C50
combination the agitation rate could be maintained a0200. In comparison, this

resulted inless efficientmixing of resins in the XADARC50 combinatiorand hence a
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higher proportion of resins left settled at the base of the reactor. Ketone and lactone
recovery was 5% loweusingthe XAD7-IRC50 combination compared the process
with the L493IRC50 combinatn.

The whole cell biocatalyst activity using the L4B8C50 and XADZIRC50
combinations are determined to be 23.8d\g ° 7.7%, and 25.2Ufgw, ° 10.4%,

respectively.

5.3.4 Recycle STR SFPR strategy

The second of the two reactor configurations used to implement the resin based SFPR
strategy was the recycle reactor configuration. In this configuratieraqueous phase

was pumped from the reactor to a column housing one type of resin and then recycled
back into the reactor which held the second type of resin in the case of the dual resin
SFPR strategy, as describedsettion2.7.

As a filter was not used to prevent cells from circulating in the packed colberg,is a

risk of caking and hence blockagécell culture circulation through the column. To see

if caking occurs within the set bioconversion peri8dscw/I of whole cells in 50mM
phosphate buffer (without substrate or product) was continuously cedulatough the
packed column at a flow rate of 6.4ml/min. Flow rate was then monitored to observe for
any changeResults are presented in figure A.12 (Appendix) and shoveignificant
change in flow rate up t@80 minutesdemonstratinghat any cakinghat takes place

during the course of the set bioconversion time will not reduce time of circulation.

Figure 5.5 shows the results of implementing simgle resin SFPR strategy arigure
5.6 shows the results of implementing the dual resin SFPR strategy.493IRC50
combination is the only one of the two combinations for the dual resin SFPR strategy

from Section 5.3.3 demonstrated here because of practical limitations.
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The volume capacity of the column was only large enough to house the 1.2% (w/v)
fraction of L493 needed for the implementation of the resin based SFPR strategy. The

7.1% (w/v) of XAD7 and 30% (w/v) of IRC50 fractions needed were too high to be
housed in the miniature column.

12

1.0 A

0.8

0.6

Concentration (g/l)

0.4 4 [0}

0.0 —® T T T A g T

0 20 40 60 80 100 120 140 160

E

Time (mins)

Figure 5.5 Single resin SFPR strategysing a combination of a miniature STR and
miniature column containing493 (8g/l), for the production of lactone t&. coliTOP10
[PQR239] biocatalysf8gocw/l) using an initial ketoneoncentration of 3g/l on the resin.

(6) ketone in agqueous phase, (3) lactone
lactone on L493Experiment performed as described in section 22f4f fresh IRC50

added every 10 minutes, from10mins. Error bas represent one standard deviation
based on triplicate experiments

Figure 5.5 shows ketone and lactone concentrations in the aqueous phase and bound to
L493 inside the columnKetone concentration in the aqueous phase is extremely low
and hence is agairtonsidered negligible. A more gradual increase of lactone

concentration is seen in the agueous phase compared to that seen in FigDueralR.
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productivity demoastrated by this configuration wé&s75g/I/hand a product formation
of 62% was achieved aft@.5 hours.
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Figure 5.6 Dual resin SFPR, with use of L498g/l) (housed ira miniature column) and
IRC50 (300g/l) (free in suspensiomside a miniature STRas substrate and product
reservoirs respectively, for the production of lactone Ehycoli TOP10 [pQR239]

biocatalyst(8gocw/l) U si Nng an initial ketone concentra
phase, (3) l actone in aquegusl aghane, o(ny)L
ket one on | RC50 andExgeyiment peafarrhed asedesoribed INRC5 0

section 2.7.52g of fresh IRC50 added every 10 minutes, frorhOmins. Error bars
represent one standard deviatimsed on triplicate experiments

Figure 5.6 shows results frothe implemention of the.493-IRC50 combination as the
dual resin SFPR strategy with the recycle reactor configuration. This configuration
allows the concentration of ketone and lactone on each type of resin to be displatyed
of the total lactone produced, 73% was adsorbed onto IRC50, the resin seen as the most
effective for product removal, compared to 15% adsorbed onto L493. Productivity
improved from 0.75¢g/lI’h in the single resin SFPR system to 0.78g/l/h and hence a
slightly better yield of 65% was achievetihe whole cell biocatalyst activity using the
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single resin SFPR and dual resin SFPR strategies in the recycle reactor configurations
are determined to be 26.3W4gy, ° 7.1%, and 22.8Ufgw, ° 11.6%, respectively.

5.3.5 Comparison of single and dual SFPR strategies

Table 51 below compares productivignd the load of solutes on resar the different
strategies.Productivities have been calculated by including thédume of resins
(Equation 5)

All resin based SFPR systems in both reactor configuratjoolsmn 3) gave better
performances than without using a resin based SFPR system at an kigitak
concentration of 3g/{productivity= 0.38g/lI/lh)as seen in the shake flask experiments
(Chapter 4).

There is a contrast when comparing the two reactor configurations with the performance
of the recycle reactor configuratidreinglower than the configuration where resins are
directly introduced into th reactor. This is trum regards to both singlend dual resin

SFPR strategies and hence makes the conventional reactor system a more attractive
option of the two. The L493IRC50 combination in the conventional reactor

configuration achieves a 21% gragpeoductivity than in the recycle reactor.

The dual resin SFPR strategy using the L#RB50 combination performed better than
any other resin base8FFPR strategy when carried out with both resins in the reactor. It
reached a pwauctivity of 0.8%/l/h after 2.5 hours of reactior6% higher than the
productivity achievedwith the single resin strategy in the conventional reactor
configuration. This result supports the conclusion from Chapter 4 that therariallh
improvement in the performance of the BaeVilliger bioconversion using the dual

resin strategy compared to the single resin strategy.
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Table 5.1 Comparison of performance of three different strategies to undertake Baeyer
Villiger bioconversionusing two different reactor configuratiensecycle reactor and
conventional STR

Productivity | Productivity
Lactone on
(g/i/h) [vol. | (g/lih) [vol. resin
of agueous | of agueous (9/Geat)
phase+resins phase only] 9/Gesi
Resinfree 0.4q/I* N/A 1.80 N/A
39/l N/A 0.38 N/A
Single: free in L493 0.81 0.82 0.12
suspension
Single: column L493 0.75 0.75 0.09
Dual: free in | L493-IRC50 0.85 0.94 0.007
suspension | XAD7-IRC50 0.76 0.84 0.005
bualresin: | 493 1rC50 0.70 0.78 0.005
column

*performed to completion

The dateof the load of lactone on resins in Table 5.1 shows that lactone load on resin is
significantly less when using the dual resin SFPR strategy compared to the use of the
single resin SFPR strategy. This is becanfsthe larger quantity othe secod type of

resn IRC50 used based on the adsorption kinetic studiesng needed to implement

this system.

The ratio of lactone concentration accumulated on IRC50 to lactone concentration
accumulated on L498RC50:L493)in the dual resin SFPR strategysing the recycle
reactor configurationwas 4.95y/g, demonstrating the suitability of this resin

combination.

Table 5.1 also shows the effect thiat extra volume, as a result of the added resins, has
on productivity by displaying, in column 4 the cak@d productivities of the different

bioconversions without takinthe resin volume into account.
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5.4 Conclusions

This chapter applied the novel dual resin SFPR strategy, which was proven to increase
productivity of a Baeyer Villiger bioconversioby usingtwo different configurations of

a miniaturestirred stankreactor systemnamelythe conventionateactorconfiguration

where both types of resins were inside the $SihR a recycle reactor configuration with

one type of resis housed in aniniaturecolum.

The recycle reactor configuration performed worse otheftwo reactor configurations

for both single resin and dual resin SFPR strateg@seter the dual resin SFPR
strategy showed similar performance to the single resin SFPR strdtezplly
separation of the different types of resins will allow for regeneration and reuse of the

resins, an attractive proposition for industrial processes.

As mentioned in the previous chapter, the shortcoming of the dual resin shiR&R)y
was thehigheramountof resin neededThis means that greater power is required for

effective agitation of the resirigr uniform distribution in the reactor

Overall, this investigation has set up a base for optimising the dual resin SFPR strategy

at the small scale and halso opened the way for scale up studies.
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Chapter 6. Overall Conclusiors

The research presented in tthesis is an evaluation of a novel dual resibstrate feed

product removal $FPR strategy by applyingto the BaeyeiVilliger biooxidaton
reaction, catalysed by the recombin&ntcoli TOP10 [pQR239]. Investigations began

by performing adsorption studies to find the best combination of resins to implement in

t he dual resin SFPR strategy. Therteaft er ,
dual resin SFPR stratedy shale flask experiments and themplementing itin two
configurations using a miniature stirred tank reactor (STRg key findings of this

investigation ar@resentedbelow:

1 Adsorption studies carried out at thid-scale to characterise six resfoundthat
the resin with the highest surface ar@mwex Optipore L493possessedhe
highest maximum adsorptiorncapacity for bicyclo[3.2.0]heg?-en6-one and
(1R,5S}3-oxabicyclo[3.3.0]octe-en2-one, the ketone substate and lactone
product of the Baeyewilliger bioconversion, respectively. These were
determinedas Quax= 0.389/gsin for ketone and Q.= 0.159/gesin for lactone

after fitting adsorption data to the Langmuir and Freundlich adsorption models.

1 A high throughput resin screening (HTRS) was investigated as an altert@mtive
carrying out adsorption studies at the-soble. Two platforms werehosento
perform the adsorption studies, naméig 96 wells and 24 wells microplate
the latter of which determideas the platform that produces more accurate
adsorption results and models that fit those generated at thscatal
Additionally, significantly better resin suspension is achieved in the 24 wells

microplate.

1 High throughput adsorption kinetics studiegre/ performed in the 24 well
microplate platform to determine selectivity of resins for ketone and the lactone
compound, (1R,583-oxabicyclo[3.3.0]octt-en3-one. Amberlite XAD7 was
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found to have a higher selectivity for ketone over lactone and Amb&{@B0 a

higher selectivity for lactoneverketone than any other of the tested resins.

Resin combinations of L49BRC50 and XAD7IRC50 were used to implement

the dual resin SFPR strategy in shake flask experiments, where resins L493 and
XAD7 were utilisel as the substrate feeding tools and IRC50 resin as the product
removal tool.The amounts of L493 and XAD7 used were based on their capacity
for ketone at an equilibrium concenicat of 0.5g/I and were 0.21glg, and
0.035¢g/gsin  respectively, to ense aqueous substrate concentration during
bioconversion was kept below the inhibitory concentration. The amount of
IRC50 used was based on its maximum adsorption capacity for lactone,
0.0089g/@sin to ensure complete removal of lactone product from thee@as

phase of the bioconversion.

Carrying out the BaeyeYilliger bioconversion with themplementation othe
dual resin SFPR strategy shake flaskssaw a& increase of pductivity
comparedo the BaeyesVilliger bioconversionscarried out withoutesinsby as
much as 13% and with the single resin SFPR stratdyyas much 1%, thus
demonstrating a 6proof of conceptd of

strategy.

Spatial separation of the two types of resins in the shake flask gave the
opporunity to determine the proportion of the lactone product adsorbed onto
resin Amberlite IRC50 which was used for product removal. 84% of total
adsorbed lactone was adsorbed by IRC50 in the {R€50 combination and
89% of total adsorbed lactone in the XAIRC50 combination was adsorbed by
IRC50. This shows selectivity of IRC50 for the lactone product over the ketone

substrate as determined in the HTRS adsorption kinetic studies.

The feasibility of implementing the dual resin SFPR strategy using a mmiatur

reactor has also been demonstrated. A conventional stirred tank reactor (STR)
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configuration, where both types of resins were added directly inside the STR,
performed better than the recycle reactor configuration, where the resin used for

substrate feedmmwas contained inside a miniature column.

Productivities achieved with the gie and dual resin SFPR strategies the
conventional reactor configuration were 0.82g/l/lh and 0.94g/l/h, respectively.
comparisorwith the single resin SFPR strategy as performeHilker et al (2004a) in a
bubble column reactor shows simifaoductivity of 1g/l/h to that achieved with the dual
resin SFPR strategy-However comparisonis not directly possiblebecauseof the
differerces in process conditiondilker et al (2004a) performed thexdsorption
isotherm studies at 25°C and tBaeyerVilliger reaction in fermentation mediayith a

cell concentration of 6.4gw/l and at an initial substrate concentration of 25gHereas

in this researctadsorption isotherm studies were carried out at 3a%this was the
condition that the bioconversion was operated underd bioconversions were
performedin 50mM phosphate buffer, with a &g/l cell concentration and at an tiai
ketone concentration of 3g/l (thus requiring a lowetount of resin). Nonetheless, the
similar performances of the single and dual resin SFPR bioconversion stragsgies
performedin this research showspromise for large scale processing jusHaker et al
(2005) did with the single resin SFPR strategy, which has gone on to be industrially
applied by Sigmaldrich.

A shortcoming of implementing the dual resin SFPR strategy over the single resin SFPR
strategy is the greater amount of resins requulee to the fact that two types of resin

are required, one for substrate feeding and the other for product removal, rather than just
the one type of resin that will perform both these roles iningles resin SFPR

bioconversion.

A cost analysishows thait is more expensive to run the dual resin SFPR strategy that
the single resin SFPR strategygsed on the combination$ resins used in this research.

It costs £17.39 per gram of substrate when using the-lRG30 combination and
£20.27 per gram of substrate when using the XABRZ50 combination for

implementing the dual resin SFPR strategy. This is a stark contrast to the cost needed to
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run the singleesin SFPR strategy where a mere £0.06 per gram of substrate is required

when utilising resin L493Costs have been based on quotes from Sigidech).

However, these costs are associated with the resins used in this regesnethe resin
combinatiols were determined fromscreeningsix resins Therefore by screeninthe

vast number ofresins available in the marketsuitable resins that possess high
adsorption capacities can &t most of the cost as less will be needed to run the dual
resin SFPR bioanversion strategy. The screening of hundi@desins will be fast and
efficient when done using the HTRS method developed from this research.

Another challenge is seen with the use of-spacific commercialresinsin the dual

resin strategy. Althoughifferences in selectivity for the substrate and product can be
applied, the nonspecific nature of the resingrevents complete selectivitipr one
compound over the other especially when both are structurally and chemically similar;
as is in the case withhe substrate and product of the Baeyéliger reaction
investigated.However differences between the ketone and lactone, such &% the
dimensional spatial arrangement of atoms and electron densiiesbe exploited by

designing resins specific to sibate and product, respectively.
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Chapter 7. Future Work

Thework presented in this thesis set a good base for the optimisation andscdithe

dual resin SFPR bioconversion stratelgyestigations should be conducted to improve
efficiency of the high throughput resin screening (HTRS) and validation of the dual resin
SFPR strategy will need to be performed if it is to be commercially implemented.
Further detail of the aforementioned work is presented below.

7.1 Automated HTRS and design ofexperiments (DoE)

The adsorption studies performed and presented in Chaptharacterised only six
resins, so carrying out screening of a wider range of resins will ensure validation of the
HTRS method. The natural extension to ithis the automation ofthe HTRS
methodology. The first step is investigating a more efficient resin handling and
dispensing system thananually weighing the resins. Figure 7.1 shows results for early
experiments of investigating the accuracy of pipetting slurry of resins by uside

bore tips (Biohit, Sartorius, Finland)he advantage of this method of dispensing resins
into microwells, apart from speeding up manual addition, allows this proceahgre
therefore adsorption studige be automated with a Tecan Genesis platfofiecén,

Reading, UK) available in the Department of Biochemical Engineering, UCL.

The HTRS can be further optimised by the use of design of experiments (DoE). This
statistical approach witeduce the number of experiments and will maximisegtiadity

of resultsgained from the HTRS. This is achieved by studying multiple experimental
factors simultaneously as opposed to the
example, factors such as temperature, solute concentration and time in the HTRS can be

invedigated simultaneously around a defined centre point.
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Figure 7.1 Mass ofresin Amberlitel RC50 dispensed by a wide bore tip as slurry from a
10d/| resin suspension mixedyba 3 blade marine impeller at 350rpm. Error bars
represent one standard deviatimsed on triplicate experiments

7.2 Scale up of the dual resin SFPR bioconversion strategy

Implementation of the dual resin SFPR bioconversion strategppersedthe way for

scale up studies in two reactor configurasiooonventional and recycle reactptBus
criteriawill need to be established that are required for larger scale designs of these two
reactor configurations and thearification of the ptimisedprocess at pilot scale. There

will be certain factors that are typically taken into consideration during reactor scale up
but will be emphasised when scaling up a resin based SFPR bioconversion process, such
as oxygen transfer and mixinfjhe etra volumethat is added to the system as a result

of using resins for performing the bioconversion will have an effect on other system

requirements such asactor size and considerations such cost per batch run.

A study of the influenceof scale up parameters suels hydraulic retention time,

superficial velocity and bed dimensioms paramountfor process performancand
122



designof a recycle reactor configuration. Also in order for the resin based SFPR
bioconversion process to be applied in a commercial setting whieg the recycle
reactor configuration it is important to consider validation issues such as containment of
the whole cell biocatalyst and the sterility of the process, because this configuration
operates byhe recycling of bioconversionmedium through an externatsin column

and back to the reactor.

An additional point to mentioms the prospect for evaluation of the dual resin SFPR
bioconversion strategy using a microscale platform and in fact an automated microscale
platform based onecent research into rapid evaluation and optimisation of oxidative
bioconversion processes using fecanGenesis platfornimas been developed recently
(Babooet al, 2012).
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List of Abbreviations and Symbols

A Angstrom

ATP Adenosine5 -triphosphate
BVMO BaeyerVillger Monooxygenase
Ceq Equilibrium concentration

G Initial concentration

CHMO Cyclohexanone Monooxygenase
di Impeller diameter

dr Reactor diameter

DCM Dicholoromethane

DCW Dry cell weight

DoE Design of Experiments

DOT Dissolved oxygen tension %
DSW Deep square well

FID Flame ionisation detector

fps Frames per second
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GC

HTRS

ISPR

Ka

Kr

Kk

Ke

NAD

NADH

ODsoonm

oD

psi

Qads

Qm ax

Gas chromatography

High throughput resin screening

in-situ product removal

Langmuir isotherm equilibrium constant

Freundlich isotherm equilibrium constant

Initial rate of adsorption of ketone

Initial rateof adsorption of lactone

Freundlich isotherm constant

Nicotinamide adenine dinucleotidexidised

Nicotinamide adenine dinucleotide (reduced)

Mass of resin

Optical density measured at absorbance wavelength of 600nm

Opticaldensity

Poundforce per square inch

Adsorption capacity

Maximum adsorption capacity
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rnm

SiL

SFPR

STR

uv

vvm

viv

wi/v

Regression coefficient

Revolutions per minute

Selectivity

Substratdeedproductremoval

Stirred tank reactor

Time

Enzymeunit defined astmol of product formed per minute

Ultraviolet

Total volume

Vessel volume per minute

Volume per volume

Weight per volume (g/ml)
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Appendix
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Figure A.1 Calibration curve for ketone §) and lactone3) in ethyl acetate. Samples

were prepared as described in section 2.2.1.1 and analysed as described in section
2.2.1.2. Bth fitted lines haveR? values >0.99 and error bars shoane standard
deviationbased on triplicate experiments
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Figure A.2 Calibration of ORoonm Measurements from af. coli TOP10 [pQR239]
fermentation with DCW measurements determined as idescm section 2.2.2. Fitted
line has an Rvalueof > 0.99 and error bars represent one standard devisased on

triplicate experiments
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