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1. Materialsand Methods

Unless otherwise stated, all chemicals reported in the manuscript were obtaim&igraAldrich, Fisher Scientific,
Alfa Aesar or Fluorochem Ltd. and were used without furtheifipation. Catalase (lyophilized powder) with an
activity of 2000-5000 Ung protein (one unit (U) corresponds to an amount of enzyme which decomposes 1 pmol
H,0. per minute at pH 7.0 and 2&) and horseradish peroxidase (HRP) with an activity of 50-150Uffgpe |
(one unit corresponds with the amount of enzyme that forms lumpgiwgallin from pyrogalin in 20 seconds at pH
6.0 and 20°C) were acquired from Sigma-Aldrich. Galactose oxidase fbm Fusarium as cell-free extract (CFE)
and monoamine oxidases D5 and D9 from Aspergillus niger as whtdewoere obtained from Prozomix (Haltwhistle,
United Kingdom) and deployed in these forms. Solutions were made @somgzeéd water and fresh enzyme solutions
were made every day. All reaction solvents employed were of HPLC dpadterated CDGlwas used as supplied.
H and'*C NMR spectra were recorded on either a Bruker DPX300 (300/75 Mpdz)remeter or a Bruker AV300
(400/100 MHz) spectrometer using the residual solvent as an internal stahidenrdalues of chemical shifts are
reported in parts per million (ppm) with the multiplicities of the spestparted as follows: singlet (s), doublet (d),
triplet (t), quartet (q), multiplet (m) and broad (br), values for couptmgstants (J) are assigned in Hz. Assignment
of some'H NMR spectra was aided by the use of 2>'H COSY experiments and the assignment of s6XOgH}
NMR spectra was aided BYC{'H} DEPT135 experiments. Mass spectra were collected on a Bruker Daltonics (micro

TOF) instrument operating in the electrospray mode.

HPLC measurements were performed on an Agilent Technologies é1€9 system. Column: YMC-pack ODS-AM,
AM303 (250mmx 4.6 mm x fum). Solvent gradients are tabulated in Table S8. Flow rate: 1.0 mLimin254 nm,
T = 30°C.GCwas performed using an Agilent Technologies 7890B series GQrsy&463 injector, 7693 autosampler
and 5973 mass-selective detector. The method employed acblBain (30 m x 0.32 mm X 0.25 um), and an oven
temperature ramp of 60 — 200 °C (isothermal for 1 minute at 60 "C, followed by 10°Cmin? increase to 200C),

isothermal for 1 minute, followed by 200 — 300 “C at 50°Cmin® , using He carrier gas (inlet pressure = 4.76 psi).

All syringe pumps were Harvard 11, all other pumps were Jasco PUgliiyémt HPLC pumpsird were connected
to the flow reactors using PTFE tubirfg( or /16” O.D.) and flangeless male HPLC nuts (Y/5”) with flangeless ferrules
(Ys”). Dissolved oxygen measurements were recorded on a Mettler Toledo SevenExcelletipariiueter with
InLab® OptiOx digital probe.



11 Preparation of biocatalysts
Galactose oxidase variantM

GOase mutant bk was transformed into E. cdBiL21 cells (Invitrogen) according to the manufacturer’s procedure.

A single colony was selected from an overnight LB plate containing 1 pL of kanamycin of a 30 mgmL " stock, per mL
agar, and used to inoculate 5 mL TB medium supplemented with 5 uL kanamycin and grown overnight at 3 and

250 rpm. 500 pL of the culture was used to inoculate 250 mL of autoinduction medium and supplemented with 25D
kanamycin in a 2L Erlenmeyer flask. The cells were grown at2énd 250 rpm for 60 hours. Cells were harvested
by centrifugation at 6000 rpm and®@ for 20 minutesthen filtered through Ministart filters (0.22 pm, Sartorius) to

afford the cell-free extract which was concentrated by freeze-dryingsattas a powdered cell-free extract.
Monoamine oxidase variants D5 and D9

MAO-N mutant D9 vastransformed into E. coBL21 cells (Invitrogen) according to the manufacturer’s procedure.

A single colony was selected to inoculate a pre-culture (5 mL) whichgveagn in TB medium with ampicillin
(100 mgLY) at 37°C and 250 rpm, until an QB between 0.6-1.0 was reached. 2L Erlenmeyer flasks containing
600 mL TB with ampicillin (100 mgt!) were inoculated with 5 mL of pre-culture and incubated &C3a@nd 250 rpm

for 24 hours. Cells were harvester by centrifugation at 8000 rpid &8 for 20 minutes. Cell pellets were stored at
-20°C until needed.



2. Oxygen Mass Transfer Considerations

21

A round-bottomed flask (500 mL) was charged withpurged NaPi buffer
(200 mL, pH 7.4) and a magnetic stir bar (50 mm x 10 mm). Theceature
and pressure of the flask was maintained constant (25 °C and 1G&3 m
respectively). The solution was stirred at 800 rpm, and the dissolyed

content was recorded in situ over time using a shsor.
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Figure S1. Oxygen saturation curves obtained in batch mode, wahelktrapolation inset images. ConditioAs=
aerated headspadg~= O, headspace = air-sparging (0.5 vwm)T = 25 °C, P =1013 mbar, M = 800 rpm.

Table S1. Mass transfer data for@as — liquid in conventional batch mode. 2Mass transfer coefficients calculated

Entry Reactor Type c/cind [mgL'] ka[h] OTR° [mgQOuLth?]
A Air headspace 0.2/8.4 7.06 £0.03 60
B O, headspace 0.2/40 10.90 + 0.24 440
C  Airsparged 0.2/9.4 31.7+0.38 300

from initial rate data?OTR = oxygen transfer rate.




2.2 H20./Catalase Fed-Batch Bior eactor

A round-bottomed flask (500 mL) was charged with Ar-purgedi Kaffer
(200 mL, pH 7.4), catalase enzyme (0.25 mgmR000-5000 Umg), O, sensor
antifoam 204 (0.01 wt. %) and a magnetic stir bar (50 mm x 10. mm)

The temperature and pressure of the flask was maintained constant (254
and 1013 mbar, respectively). A separate solution of aque@g®18M, | H20,
excess) was fed via syringe pump into the flask at a range of flosy-eaie

25 °C bath

the mixture stirred at 800 rpm. The dissolvegl d@ntent was recorded
In situ O, generation batch setup

in situ over time using a d&ensor.
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Figure S2. Oxygen saturation curves obtained in fed-batch mode, ¥@a #tlecomposition. Left: plot of [g) vstime,
during constant addition of 4, at 2, 4, 6 and 8 mLmih Right: column plot of the maximum observed]@&t each
flow-rate. T = 25 °C, P =1013 mbar, M = 800 rpm.

Entry Flow-rate Saturation limit Time to exceed 40 mgL OSSR

[mLmin- [mgL? (min) [mgO.LhY
1 2 43 6.6 364
2 4 59 25 960
3 6 78 1.25 1920
4 8 82 0.75 3200

Table S2. Oxygen supersaturation dat®SR = oxygen supersaturation rate.



23 Flow Gas-Liquid Mass Transfer M easurements

The rate of mass transfer of gaseous oxygen from air into water was

assessed using the plate bioreactor. Two gas-tight syringes yere  HzO
attached to the reactor inlets (reservoir inlets blocked).

Feed 1: air. Feed Ar-purged demineralised 8 (0.1 mgL! dO, 0. sonsor
2
measured at 18C, 1013 mbar). Each feed was pumped through the

reactor at a range of flow-rates, and the dissolvedddtent of the
O, sensor

eluent recorded over time. A control void of air flow into the react[or
measured 0 mgktdO,, with Oy-saturated bD recorded at 8.5 mgL

Gas — liquid O, transfer flow setup

Entry Flow-raté [mLmin?] tes[min] dO” [mgL?l] kia®[h?] OTR! [gO.LthY

1 0.17 15.0 8.30 166 1.4
2 0.26 10.0 8.33 293 2.4
3 0.52 5.0 8.29 474 3.9
4 1.3 2.0 8.26 1033 8.5
5 2.6 1.0 8.23 1900 15.6
6 5.2 0.5 7.11 609 4.3
7 10.4 0.25 4.93 331 1.6

Table S3. Mass transfer data for;@as — liquid in plate bioreactor. 2Flow-rates are combinebMeasured at
ambient temperature (PZ) and steady-statécs,observed = 8.5 mghk “OTR = oxygen transfer rate.
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Figure S3. Steady-state oxygen concentration plot, measured at inlet/outlet of plate reactor (eetaksm from
entry 5 of Table SB



24 Flow Liquid-Liquid in situ O2 Generation M easur ements

The quantity of in situ generated dissolved oxygen was

measured using the plate bioreactor. Two pumps w
attached to the reactor inlets (reservoir inlets blocke
The reactor outlet was linked to a low-thresholtl

pressure regulator (20 psi), purely to facilitate contr,

over volumetric flow-rate.

Feed 1: Ar-purged NaPi buffer (pH 7.4) (0.1 mgdO,
measured at 19C, 1013 mbar), containingJ®. (variable

concentration) and antifoam 204 (0.01 wt. %). F2eshalogous solvent, containing catalase enzyme (catalase enzyme
(0.25 mgmL?, 2000-5000 Umg). Each feed was pumped through the reactor at a range of flow-ratésealissolved

O, content of the eluent recorded over time. A control void of air flaavtime reactor measured 0 mgtlO;, with O,-

saturated kD recorded at 8.5 mgL

catalase

A
record

O, sensor

Liquid — liquid O, generation flow setup

Entry [H20] [MM] Flow-rate® [mLmin] tes[min] dO° [mgL?] Supersaturatidi{%)]
1 50 0.13 20 71 78
2 100 0.13 20 99 148
3 150 0.13 20 121 203
4 200 0.13 20 140 250
5 250 0.13 20 151 278
6 300 0.13 20 155 288
7 300 0.26 10 152 280
8 300 0.52 5 144 260

Table $4. In situ O, generation data in plate bioreactfilow-rates are combinetMeasured at ambient temperature

(19 °C) and steady-statéCalculated at steady-state, as [(recordedl {@0 mgL%)/40 mgLY].




3. Batch Control Experiments

31 Biocatalytic reaction using aer ated headspace (modified from Woodley and Turner)!

A biooxidation reaction was conducted in a 500 mL round-bottomed flagbpeguwith magnetic stir bar (200 mL
reaction volume). The flask was charged with aqueous NaPi buffem20000 mM, pH 7.4), benzyl alcohol (650 mg,
6.0 mmol), GOase b (100 mg, 0.5 mgmt CFE), HRP type | (38 mg, 10 Url), catalase (12.5 mg, 125 Uni),

CuSQ (1.6 mg, 50 uM) and stirred at room temperature (800 rpm). Samples were aithdxt regular time intervals
and analysed by HPLC.
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Figure $4. Conversiorvs time profile for the bio-oxidation of benzyl alcohol, using an aerated batdel.

3.2 Biocatalytic reaction using air-sparged reactor

An analogous procedure to that described above was performed, with Odirssarging. Note: volatile product was

stripped with off-gas, resulting in an incomplete mass balance.
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Figure S5. Conversiorvs time profile for the bio-oxidation of benzyl alcohol, using &rsparged batch vessel.



33 Biocatalytic reaction using H202 sour ce (single addition)

A biooxidation reaction was conducted in a 500 mL round-bottomed flagpeguwith magnetic stir bar (200 mL
reaction volume). The flask was charged with aqueous NaPi buffem(20000 mM, pH 7.4), benzyl alcohol (650 mg,
6.0 mmol), GOase b (100 mg, 0.5 mgmt CFE), HRP type | (38 mg, 10 Url), catalase (12.5 mg, 125 Unf),
CuSQ (1.6 mg, 50 uM) and stirred at room temperature (800 rpm). A single portion of HO, (0.7 mL of 30 %/, in
19.3 mL buffer, 1 equiv.) was added to the flask, upon whichreigogas evolution was observed ¢@neration) for
the first 15- 20 minutes. Samples were withdrawn at regular time intervals anceddly HPLC, with the dissolved

O, content monitored by a d@ensor.
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Figure S6. Conversionvs time profile for the bio-oxidation of benzyl alcohol, whilst applyingeaternal source of

H20; in a single portion.

34 Biocatalytic reaction using H20:2 sour ce (fed-batch addition)

An analogous batch reaction was configured to that described aboviettidrsof H2O. (1.4 mL of 30 %'/ in 28.6
mL buffer, 2 equiv., [or double]) was added to the flask via ggripump (0.2 mLmi#, 150 minutes), during which
steady gas evolution was observed ¢@neration). Throughout and following, the mixture was stirre@@trgm at
room temperature. Samples were withdrawn at regular time intervalsalyged by HPLC, with the dissolved: O

content monitored by a d@ensor.
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Figure S7. Conversionvs time profiles for the bio-oxidation of benzyl alcohol, whilst applying&ternal source of

H.0, asa slow feed (right).
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4. Optimisation of Flow Conditions

41 General procedure using single cascade CSTR

: ©/\OH !
Feed 2 ! 1
: + H202 ) §
1 1a ' TN
-------------- 4 I : \O
—o—@— 0"
AN . :‘ 2a
i GOase M35 | =11min  te-oooo----
Feed 1 | HRP, catalase |
, Cuso; |

L

HPLC
analysis

Experimental configuration for initial optimisation of biooxidation

A biooxidation reaction was conducted in a single-stage CSTR, linked fatvi pumps.

Feed 1: GOase M (variable), HRP type | (0.1 mgmf), catalase (variable) and Cu$(.125 mgmt?), dissolved in

NaPi buffer (pH 7.4).

Feed 2: benzyl alcohol (30 mM) and®3 (variable) dissolved in uniform solvent.

Note: control experiments indicated each mixture was stable for at leay @ittano sign of decomposition, stored

at4°C.

Each solution was pumped continuously at 0.09 mtitir= 11 minutes) and stirred at 1100 rpm at room temperature.

Samples were collected from the eluent at regular time intervals and analysed by HPLC.

Entry [GOase] [mgmtl] [H20;] [Catalase] [mgmti]

Conversion [%

[mM]

1 0.5 30 0.1 2

2 0.5 60 0.1 5

3 0.5 120 0.1

4 0.5 240 0.1 11
5 1.0 120 0.1 19
6 1.0 240 0.1 21
7 4.0 120 0.1 33
8 4.0 240 0.1 33
9 6.5 120 0.1 40
10 6.5 240 0.1 41
11 6.5 240 0.1 43
12 6.5 240 0.2 42
13 6.5 0 0.2 <1

Table S5. Initial reaction optimisation study of GOase biooxidation in single C3DBtermined by HPLC analysis

under steady-state conditiofiResidence time doubled.

Note: where HO./catalase loading are highest, foam formation becomes problematic if no rmrdif@at is used.

10



4.2 Effect of sequential H202 dosing

e} Feean

: ©/\OH :
Feed 2 : + H202 E E | _____________
1 1a 1 N N

\'/'\
®
&

I
|I GOase M3_5 ‘. . s bbb ’ alr-Il:ngS
Feed 1 : HRP, catalase ! Multiple addition ports Yy
i CusO; |

___________

Sequential H,O, addition across multiple CSTRs

A biooxidation reaction was conducted in a multi-stage CSTR, with chaintisked to two liquid pumps and

subsequent chambers in-series connected to indepengentedds.

Feed 1: GOase M (6.5 mgml?, CFE), HRP type | (0.1 mgmi), catalase (0.13 mgmi and CuS@(0.125 mgmL
1), dissolved in NaPi buffer (pH 7.4).

Feed 2: benzyl alcohol (30 mM) .6, (variable) and antifoam 204 (0.01 wt. %) dissolved in uniformestl
Feed n: HO, (variable) and antifoam 204 (0.01 wt. %) dissolved in uniformesudl

Feeds 1 and 2 were pumped continuously into chamber 1 at 0.InthLwihilst the remaining equivalents ot®h
were pumped via feed n across n chambers in series to achieveideaaedimes indicated below, each stirred at

1100 rpm at room temperature. Samples were collected from the eluentat tiewe intervals and analysed by HPLC.

Entry [H20;] No.CSTRs (n) t(min) Conversion [%

[mM]
1 120 2 11 64
2 120 2 22 67
3 240 2 11 74
4 300 3 13 84
5 300 4 13 90
6 300 4 26 95
7° 300 4 13 92
8 0 4 26 18

Table S6. Effect of sequential addition of . across reactor geometApetermined by HPLC analysis under

steady-state condition¥Oase and substrate loading doubled.

11



4.3 General procedure using multi-point injection reactor (MPIR)

1H202! Feed 3
I OH I 2
: ©/\+ HQOQ: ?
1 1a ] 1
-------------- ‘ R ' !
Feed 2 2 l[l[l[l[[ L SO0,
__________ 3 -40 psi : E -
! GOase Mys5 | VoA HPLC
' HRP, catalase | analysis
1 CuSO4
Feed 1 1H20,! Feed 3

Initial reaction optimisation using MPIR

A biooxidation reaction was conducted in a multi-point injection plate readtbra total of four inlet feeds connected
to 4 independent pumps, and a back-pressure regulator (40 psi) corieetitedoutlet to facilitate control over
volumetric flow-rate.

Feed 1: GOase M (6.5 mgml?, CFE), HRP type | (0.1 mgmi), catalase (0.13 mgmil. and CuS@(0.125 mgmL
1, dissolved in NaPi buffer (pH 7.4).

Feed 2: benzyl alcohol (30 mM) .6, (variable) and antifoam 204 (0.01 wt. %) dissolved in uniformestlv
Feed 3: HO; (variable) and antifoam 204 (0.01 wt. %) dissolved in uniformesalv
Feed 3’: analogous to feed 3, via a separate pump.

Feeds 1 and 2 were pumped continuously at equal flow-rate, whilst thaimegnequivalents of D, were pumped
via feeds 3 and 3’ through sub-channels into the master channel of the reactor, to achieve the residencedicadsdn
below. Mechanical mixing occurs in the reactor via bends in thenehawith additional mixing originating from
bubble formation/travel along the channel. Samples were collected from thé¢ aluegular time intervals and
analysed by HPLC.

Entry [Substrate] [GOase] [tred H-O,  Conversion
[mM] [mgmL?Y] [min] [equiv.} [%]®

1 30 6.5 12 10 >99
2 30 6.5 10 10 >99
3 30 6.5 8 10 >99
4 30 6.5 8 6.6 >99
5 30 6.5 8 3.3 >99
6 30 6.5 8 1.7 84
7 30 6.5 8 3 97
8 45 6.5 8 3 88
9 60 6.5 8 3 70
10 60 6.5 8 5 79
11 60 6.5 12 10 >99

12



12 75 6.5 12 10 95

13 90 6.5 12 10 85
14 90 15 12 10 95
15 120 15 12 10 81
16 120 20 12 10 90
17 150 25 12 15 90
18 150 20 20 15 87

Table S7. Reaction optimization/productivity study of GOase biooxidation in MPH{uivalents relative to
substrate?Determined by HPLC analysis under steady-state conditions. Greenptimized conditions for 30 mM
substrate, carried forward. Blue row: highest productivity obtained in th& MPI

44 General procedurefor conversion of 30 mM alcohol substrates (1a-1p)

_______________________________

(H0,! Feed 3

_____

S N 1 '
_______________________ ap 40 psiy— |

(@]
/
/
ps)
/;
e}

----------- /
Feed 1 '" GOase Mys ' | s\ L J_ o + H,0
i HRP, catalase ; N 2a-p
¢ CuSO, 1N
Feed 2 {H20, Feed 3

Substrate expansion using optimised flow conditions

A biooxidation reaction was conducted in a multi-point injection plate readthra total of four inlet feeds connected
to 4 independent pumps, and a back-pressure regulator (40 psi) conoetitedoutlet to facilitate control over

volumetric flow-rate.

Feed 1: GOase M (6.5 mgmlL?, CFE), HRP type | (0.1 mgmt), catalase (0.13 mgmfi and CuS®@(0.125 mgmt
1, dissolved in NaPi buffer (pH 7.4).

Feed 2: alcohol substrate (30 mMY@d (1 equiv.) and antifoam 204 (0.01 wt. %) dissolved in unifsotwent. *for
substrates with low solubility, additional DMSO was added to the feedstoeehomogeneity during pumping (see
Table S8 below).

Feed 3: HO; (1 equiv.) and antifoam 204 (0.01 wt. %) dissolved in unifastwesnt.
Feed 3’: analogous to feed 3, via a separate pump.

Feeds 1 and 2 were pumped continuously at equal flow@ateLmin™), whilst the remaining equivalents ob®k
were pumped videeds 3 and 3’ through sub-channels into the master channel of the reactor (each,dtBih), to
achieve an overall residence time of 8 minutes. Samples were collected frelmethieat regular time intervals and
analysed by HPLC.

13



Summary of reaction solvent ratio:

Substrate R DMSO (/v %)?
la H
1b 4-OMe
lc 4-CN 10
1d 4-NO, 20
le 4-CRs 20
1f 4'Bu
19 3-F
1h 2-Cl 10
1 4-Br 10
1 3l 20
1k 4-SMe
1 3,5-OMe
Im 3-NO, 4-Cl 20
1n Pyridyl 0
1o Thiophenyl 0
1p Furfural 0

Table S8. Remainder of solvent is aqueous sodium phosphate buffer, pPSulsstrate concentration reduced to
15 mM due to poor solubility.

45 General procedurefor conversion of THIQ substrate (3a)

________________ iH0,! Feed 3

L

HPLC
analysis

N mm -

Initial reaction optimisation using MPIR

A biooxidation reaction was conducted in a multi-point injection plate reactoedoaith glass beads (2 mm dia.,
worth 1 mL in volume), with a total of four inlet feeds connedttedlindependent pumps, and a back-pressure regulator

(40 psi) connected to the outlet to facilitate control over volumetric flow-rate.
Feed 1: MAO-D9 (80 mgmtk, whole cells) and catalase (0.13 mgfhLdissolved in NaPi buffer (pH 7.4).
Feed 2: tetrahydroisoquinoline (10 mM)®4 (variable) and antifoam 204 (0.01 wt. %) dissolved in uniform stlven

Feed 3: HO; (3 equiv. relative to THIQ) and antifoam 204 (0.01 wt. %) dissolvethiform solvent.
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Feed 3’: analogous to feed 3, via a separate pump.

Feeds 1 and 2 were pumped continuously at equal flow-rate, whilst taeiregnequivalents of ¥, were pumped
via feeds 3 and 3’ through sub-channels into the master channel of the reactor, to achieve the residencedicaésdn
below. Mechanical mixing occurs in the reactor via bends in the elitortuous flow around glass beads, with
additional mixing originating from bubble formation/travel along thenaeh Samples were collected from the eluent

at regular time intervals and analysed by HPLC.

Entry [Substrate] [MAO] [Tred H.O.  Conversion
[mM] [mgmLY [min] [equiv.F [%]P

1° 30 5 12 5 ~3
2° 20 5 12 5 ~5
3¢ 10 5 12 5 10
4¢ 10 10 12 5 18
5¢ 10 20 12 5 25
6° 10 20 8 3 23
74 10 20 8 3 49
84 10 20 8 6 61
gd 10 40 8 3 83
109 10 60 8 3 94
11d 10 80 12 3 97
12d 10 80 12 0 19

Table S9. Reaction optimisation study of MAO biooxidation in MPIfEquivalents relative to substrate.
bDetermined by HPLC analysis under steady-state condifidfithout glass bead&with glass beads. Green row:
optimised conditions for 30 mM substrate, carried forward.
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4.6 Reaction configuration

oS
(Collection flask'

Figure S10. Image of MPIR loaded with glass beads, reducing volume by 1 mL.
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5. Calculation of Relative Maximal Catalyst Velocity in Flow
5.1 Observed Vmax of purified GOase M35 enzymein batch

The activity of the cell-free extract (CFE) of GOasesWas found to be 3.8 Urigunder standard assay conditions,
corresponding to ca. 5 % of the activity obtained when using tifeegugnzyme (78 Umig). A plot of specific activity

for the pure enzyme against benzyl alcohol concentration is supplied befayuia 1.

160 4 —=— Purified M3,5

140 L

‘T’-\ ] ! ]

2 120 et

£ 100

g ]

3. 804

= il

= 60

5

g i

g 404 p

g’- 2] -/

2] |l

o

T T T T T T T ; T T T
0 20 40 60 80 100 120 140 180

Substrate Concentration (mM)
Figure S11. Specific activity of purified GOase M enzyme against benzyl alcohol concentration.
Where [benzyl alcohol] = 7.5 mM, Mx = 30 umolmin~*mg? of purified enzyme. As the CFE represents 5 % pure
enzyme, Vhax= 1.5 umolmin™*mg? CFE at 7.5 mM substrate loading (common concentration in flow reactor).

5.2 Calculated Vmax of CFE in flow bioreactor

Expressing the rate of reaction (v) in terms of volume of subswhtto within the reactor (V@) and time (t), we
can derive a relative observed velocity for the enzyme based up(h5R mM for benzyl alcohdl and fractional
conversion (X) at steady-state (Bf@r this manuscript), where Vigand t are loosely considered to be reactor volume
and residence time, respectively.

d[s Vinax[S
v —vor, 38 _ VauwlS]

dt K, +[S]
Therefore:
t [S]
fv“‘a"dt— f<1+K“‘)ds
Vol, [S] ]
0 [Slo

Boundary condition: [S] =[S]at t = O:
[S]

Vmax _
W]St = ([S]o — [SD = KpIn <E)

As fractional conversion = X:

_ [S]o — [S] _ B
X= TS = [S]o — [S] = [S]oX

Substituting for:

Vmax

Vol

t = [S]oX — Kyln(1 —X)
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([S1oX) — Ky, In(1 — X) Vol
t

Vmax -

((7.5)x(0.95)) — (150.In(1 — 0.95) 0.0026)
. =

1

Vmax -

103umolmin~
Concentration of CFE = 6.5 mgmilx 2.6mL = 17 mg CFE per RV.

10%/17 =59 umolmin*mg! CFE

As an approximation, the CFE used in the flow protocol operates at ¢ald4Bigher velocity than the maximal
velocity obtained under standard assay conditions. It is noteworthgvieowthat the assay is performed under and
relies solely upon atmospheric air to rejuvenate the biocatalyst (i.e. a masterrlimited regime), where the
continuous-flow methodology is not placed under this restrictiontiiereason, the calculated velocities are only
relative numbers and are not ideally comparable.
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6. Reactor Design

A simple continuous-flow bioreactor was constructed by encasing anTgekket between two Perspex blocks. The
Teflon spacer houses a winding flow-channel which has been cut via laber sfgecification implemented using the
software package ‘CorelDraw, 2016°. A pair of grooves are etched into the front Perspex block, which align
perpendicular to a series of 11 laser-thin (0.1 mm) microchannels builthmtdeflon spacer design. Two inlets,
alongside two reservoir inlets and one outlet port were manufacturecabgaltill and hand-tapped to create threaded
sections for standard HPLC fixtures and fittings to connect. Eigifthmeal bolts are used to seal the reactor upon

assembly (see below for simulated reactor design images).

Channel length 660 mm

Channel width 2 mm

Channel depth 2 mm
Volume 2.64 mL
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6.1 Computational fluid dynamic (CFD) simulations

Computational fluid dynamics were used to simulate and assess the vefatipyessure distributions in the MPIR.
Variation is seen between the flow-rates aDkmicro-feeds (Table S10 for the flow conditions simulatefl.iA\).
The pressure within the feed channels is largely constant, but eaeimfgostthe main channel at a different location;
the decrease in pressure within the main channel as the exit is appribeckémte gives an increasing flow. It would
be possible to balance the flow-rate by modifying the width and/or lerfigthtry ports, but for simplicity in the first
instance these have been kept constant.

A Inlet
0.08 mL/min

Inlet
0.16 mL/min \\\

0.5

A Boundary conditions: inlet conditions have parabol
flow normal to face, outlet at 0 Pa. All other
conditions set to 0 velocity (wall). Letters represent
feed channels into main flow (see Table S10).
Mesh for computational fluid dynamic simulation.

Velocity distribution within channels (m/s).

Velocity distribution taken through mid-plane (m/s)

m O O @

Pressure distribution taken through mid-plane (Pa)

20



Port

mL/min

m m O O

0.0028
0.0019
0.0071
0.0132
0.0212

0.0323

0.0027
0.0076
0.0131
0.0200

0.0295

Table S10. Variation in flow-rate between micro-channel®4 feeds, simulated by CFD.
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7. Gasand Liquid Chromatography Calibration Curves

Calibration. Calibration curves with an internal standard were created for quantitativen@EIPLC analysis of
reaction products. The identity of the products was additionally confirme@@¥HPLC co-injection of reaction
mixtures with chemically synthesized authentic products, or by NMR speopiz analysis of products obtained from

reactions performed on preparative scale.
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Figure S12. HPLC calibration profiles of authentic alcohol substratesp) and aldehyde productgg-p).
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Figure S13. HPLC calibration profile of authentic THIQ substraBa)and DHIQ product4a).
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8. Gasand Liquid Chromatography Data

Note peaks observed at ~ 3.3 minutes are attributable to UV-active componAntifoafm 204, with those at ~ 12.5
minutes corroborate with 1,3,5-trimethoxybenzene as internal standard.

Benzaldehyde, 2a:
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Figure S14. HPLC traces of continuous-flow oxidation of benzyl alcohol, using GOassidcatalyst. Traces
indicate solution composition after 1 RX), 3 RVs B8) and at steady-stat€).

4-M ethoxybenzaldehyde, 2b:
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Figure S15. HPLC traces of continuous-flow oxidation of 4-methoxybenzyl alcoholgusiDase Msbiocatalyst
Traces indicate solution composition after 1 R\},(3 RVs B8) and at steady-stat€}.
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4-Cyanobenzaldehyde, 2c:

DAD1 A, Sig=254.4 Ref=360,100 (240217MC\074-0401.D)
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Figure S16. HPLC traces of continuous-flow oxidation ofcfanobenzyl alcohol, using GOase.Abiocatalyst
Traces indicate solution composition after 1 B\),(3 RVs B) and at steady-stat€). Peak observed at ~ 4.8
minutes attributable to a UV-active substance derived from commercially ethtdiayanobenzyl alcohol.

4-Nitrobenzaldehyde, 2d:

DAD1 A, Sig=254,4 Ref=360,100 (130217MC\024-0201.D)
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Figure S17. HPLC traces of continuous-flow oxidation oidtrobenzyl alcohol, using GOasesbiocatalyst
Traces indicate solution composition after 1 B\),(3 RVs B) and at steady-stat€). Peak observed at ~ 5.7
minutes attributable to a UV-active substance derived from commercially obtaim&dbenzyl alcohol.
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4-(Trifluoromethyl)benzaldehyde, 2e:

DAD1 A, Sig=254 4 Ref=360,100 (220217MC\073-0301.0)
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Figure S18. HPLC traces of continuous-flow oxidation of 4-(trifluoromethyl)benzyl atdpusing GOase bk
biocatalyst. Traces indicate solution composition after 1 RV § RVs ) and at steady-stat€). Peak observed at
~ 4.8 minutes attributable to a UV-active substance derived from commentitdiped 4-(trifluoromethyl)benzyl

alcoha.
4-(t-Butyl)benzaldehyde, 2f:
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Figure S19. HPLC traces of continuous-flow oxidation of 4b(ttyl)benzyl alcohol, using GOaseslbiocatalyst
Traces indicate solution composition after 1 R\},(3 RVs B8) and at steady-stat€}.
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3-Fluor obenzaldehyde, 2g:

DAD1 A, Sig=254,4 Ref=360,100 (020617MC\DEF_LC 2017-06-02 13-20-081034-0401.D)
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Figure S20. HPLC traces of continuous-flow oxidation of 3-fluorobenzyl alcohol,qiS8®ase Msbiocatalyst
Traces indicate solution composition after 1 FA),(3 RVs B) and at steady-stat€}.

2-Chlorobenzaldehyde, 2h:
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Figure S21. HPLC traces of continuous-flow oxidation of 2-chlorobenzyl alcohol, usiBgse M-sbiocatalyst
Traces indicate solution composition after 1 R\A},(3 RVs B8) and at steady-stat€}.

4-Bromobenzaldehyde, 2i:

DAD1 A, Sig=254,4 Ref=360,100 (060617MC2\DEF_LC 2017-06-06 13-53-46\032-0201.D)
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Figure S22. HPLC traces of continuous-flow oxidation obemobenzyl alcohol, using GOase;bbiocatalyst
Traces indicate solution composition after 1 FA),(3 RVs B) and at steady-stat€}.

3-lodobenzaldehyde, 2j:
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DADT A, Sig=254 4 Ref=360,100 (DEF_LC 2017-06-12 17-15-17\042-0201.D)
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Figure S23. HPLC traces of continuous-flow oxidation of 3-iodobenzyl alcohol, usiDgsg M-sbiocatalyst.
Traces indicate solution composition after 1 FA,(3 RVs 8) and at steady-stat€}.

4-(Thiomethyl)benzaldehyde, 2k:
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Figure S24. GC traces of continuous-flow oxidation of 4-(thiomethyl)benzyl alcohohgu&Oase Msbiocatalyst.
Traces indicate solution composition after 1 BA,(3 RVs B8) and at steady-stat€). Peak shown at 4.28 minutes
= ISTD.
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3,5-Dimethoxybenzaldehyde, 2I:

DAD1 A, Sig=254,4 Ref=360,100 (140617MC\DEF_LC 2017-06-14 11-49-07\071-0101.D)
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Figure S25. HPLC traces of continuous-flow oxidation of 3,5-dimethoxybenzyl alcalsihg GOase Ms
biocatalyst. Traces indicate solution composition after 1 R)Y § RVs B) and at steady-stat€}.
3-Nitro-4-chlorobenzaldehyde, 2m:

DAD1 A, Sig=254,4 Ref=360,100 (150617MC2\DEF_LC 2017-06-15 13-51-27\036-0601.D)
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DAD1 A, Sig=254,4 Ref=360,100 (150617MC2\DEF_LC 2017-06-15 13-51-271035-0501.D)
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Figure S26. HPLC traces of continuous-flow oxidation of 3-nitro-4-chlorobenzyl altalmng GOase Ns
biocatalyst. Traces indicate solution composition after 1 R)/  RVs B) and at steady-stat€).

2-Pyridinecarboxaldehyde, 2n:
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Figure S27. GC traces of continuous-flow oxidation of 2-pyridinemethanol, usiDg$e M.sbiocatalyst. Traces
indicate solution composition after 1 RX), 3 RVs B) and at steady-stat€). Peak shown at 4.20 minutes = ISTD.
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2-Thiophenecar boxaldehyde, 20:

Figure S28. GC traces of continuous-flow oxidation of 2-thiophenemethanol, G®gse M.sbiocatalyst. Traces
indicate solution composition after 1 RX), 3 RVs B8) and at steady-stat€). Peak shown at 4.20 minutes = ISTD.

2,5-Diformylfuran, 2p:
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Figure S29. GC traces of continuous-flow oxidation of 5-hydroxymethylfurfuraing$&sOase Msbiocatalyst.
Traces indicate solution composition after 1 BA,(3 RVs B) and at steady-stat€). Peak shown at 4.20 minutes
= ISTD.

3,4-Dihydroisoquinoline, 4a:

VWD1 A, Wavelength=280 nm (210717MRC\DEF_LC 2017-07-21 16-28-521047-0101.D)
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Figure S30. HPLC traces of continuous-flow oxidation of THIQ, using MAO Iid8catalyst. Traces indicate
solution composition after 1 R\A(, 3 RVs B8) and at steady-stat€). Peak shown at 3.5 minutes = 204

34



9. HPLC Columns, Conditions and Retention Times

Achiral HPLC analysis was performed on an Agilent Technologies 4410@s system, using a YMC-pack ODS-AM,
AM303 column (250 mm x 4.6 mm % pum). Measurements were carried out at T =@0flow-rate = 1 mLmir,
A =254 nm. The identities of compounds were confirmed by compavih independently synthesised samples

where necessary.

Substrate Product  H»O:MeCN running Substrate  Product

solvent ratid Rt (min) Rt (min)
la 2a 70:30 4.76 6.76
1b 2b 70:30 4.66 6.87
1c 2c 70:30 4.45 5.72
1d 2d 70:30 5.13 6.84
le 2e 50:50 5.88 9.40
1f 2f 35:65 4.36 5.99
1g 29 60:40 4.84 6.96
1h 2h 60:40 5.64 11.05
li 2i 70:30 6.14 12.68
1 2 60:40 9.53 16.43
1 2l 60:40 4.68 8.23
Im 2m 60:40 6.12 9.00

Table S11. Achiral HPLC conditions and compound retention tinfédl solvents incorporated 0.1% TFA.

9.1 HPL C sampling

HPLC samples were prepared as follows: an aliquot of the reactor eluentL(Ovéas removed and aqueous NaOH
(10 M, 50 uL) added followed by dichloromethane (1 mL), and the sample vigorously mixed by means of a vortex
mixer. The sample was centrifuged at 10000 x g for 5 minutegharatganic layer separated, dried over Mg&a
analysed by HPLC.
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10. GC Columns, Conditions and Retention Times

Achiral GC analysis was performed on an Agilent Technologies 7890Bs ssystem, using a HP-1 column
(30 m x 0.32 mm x0.2%5 um). The identities of compounds were confirmed by comparison witepgndently

synthesised samples where necessary.

Substrate Product  Substrate R Product R
(min) (min)
1k 2k 4.55 4.24
1n 2n 1.31 2.71
1o 20 1.30 1.53
1p 2p 3.14 2.00

Table S12. GC conditions and compound retention tin#&d. solvents incorporated 0.05% DEA.
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