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In this work, a chemo-enzymatic reaction was developed to synthesize indole-3-acetic acid (IAA) in a
continuous flow mode. The cascade reaction consists of the oxidative decarboxylation of L-tryptophan
catalyzed by tryptophan 2-monooxygenase (TMO) and the subsequent acid-catalyzed hydrolysis. The tel-
escoped continuous-flow reaction setup was systematically designed using design equations with empiri-
cal reaction kinetics, showcasing a flow biocatalytic development framework. Optimal conditions were

Received 17th October 2024,
Accepted 6th December 2024

DOI: 10.1039/d4gc05236f

selected to minimize byproducts from non-specific hydrolysis. This process gave a promising space-time
yield (STY) of 11.16 g L™! day™* while maintaining a high overall yield of 48.50%. This work demonstrates
the feasibility of combining conventional chemical and enzymatic reactions, leveraging the strengths of
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Introduction

Indole-3-acetic acid (IAA, 1), one of the plant hormones in the
auxin class, regulates plant cell elongation, tissue differen-
tiation, and root promotion."” The compound has been
widely used in the agricultural field as a plant growth regulator
(PGR) to promote crop production; in recent times, the appli-
cations of TAA and its derivatives are currently receiving atten-
tion in the pharmaceutical and medicinal fields owing to its
scaffold sharing with other bioactive compounds potentially
functioning as drugs” (Fig. 1).

IAA was proposed to serve as a precursor to synthesize
indole acetic acid sulfonate derivatives, (2) which potentially
possess anti-cancer activity (as ecto-nucleotidase inhibitors).’
The coupling reactions of IAA derivatives were used in the syn-
thetic route of Arcyriaflavin A (3) possessing indolocarbazole
alkaloids’ activities.® Half reduction of IAA provides indole-3-
acetaldehyde (IAAld, 4), which could be a precursor to des-
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both methods to enhance productivity and efficiency.

chloro 12-epi-fischerindole W nitrile (5) synthesis.” The chemi-
cal/enzymatic reduction of IAA could result in tryptophol (6)
possessing sleep-inducing activity in humans and serving as a
reactant for Colletotryptin A synthesis (7).® In addition, the
compound could be converted to furoindolines and halofur-
oindolines, active pharmaceutical ingredients (APIs).
Neoxaline (8), an antimitotic agent, can be synthesized via
multistep cyclization starting from tryptophol.®™*

All of these have led to a significant increase in global
demand for the compound in several fields shown by its
global market size of 26 million USD in 2024. The size of the
market was also projected to reach 36 million USD in 2030
with a compound annual growth rate (CAGR) of 5.3%,
globally.""® Thus, an increase in IAA manufacturing is
required to serve the growing global demand for IAA.

IAA is naturally produced by plants* and microorganisms
engaged in plant-microbe interactions.’>'®'” Six metabolic
pathways are reported to synthesize IAA, which could be classi-
fied based on their intermediates: the indole-3-acetamide
(IAM) pathway, indole-3-pyruvic acid (IPyA) pathway, trypta-
mine (TAM) pathway, indole-3-acetonitrile (IAN) pathway,
tryptophan side chain oxidase (TSO) pathway, and non-Trp-
dependent pathway.'® These led to the use of whole-cell bioca-
talysis and fermentation primarily for IAA production, utilizing
either native-host bioconversions or metabolic engineering
approaches. New strains of microbes have been explored to
enhance IAA productivity. Plant-growth-promoting yeasts (e.g.,
Candida spp., Pichia spp., and Tortispora spp.'®) and IAA-pro-
ducing bacteria (e.g., Bacillus spp.,”® Pseudomonas spp.,>* and
Streptomyces spp.>?) were studied as high-level 1AA-producing

Green Chem., 2025, 27, 793-803 | 793


http://rsc.li/greenchem
http://orcid.org/0000-0002-6611-2983
http://orcid.org/0009-0007-0351-2326
http://orcid.org/0000-0003-0079-4739
http://orcid.org/0000-0002-0291-8689
http://orcid.org/0000-0002-9865-180X
http://orcid.org/0000-0002-8533-1604
http://orcid.org/0000-0002-5379-4954
https://doi.org/10.1039/d4gc05236f
https://doi.org/10.1039/d4gc05236f
https://doi.org/10.1039/d4gc05236f
http://crossmark.crossref.org/dialog/?doi=10.1039/d4gc05236f&domain=pdf&date_stamp=2025-01-07
https://doi.org/10.1039/d4gc05236f
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC027003

Published on 10 December 2024. Downloaded by National University of Singapore on 8/23/2025 9:03:46 AM.

Paper

H H

IAA Anti-cancer compound Protein kinase C inhibitor
1 2 3

o

o

a

c

2

3

(e}

|

\

N
H

Indole-3-acetaldehyde Anti-cancer compound

4 5

,_
uononpay

Tryptophol Anti-microbial compound

Anti-mitotic compound

6 7 8

Fig. 1 Examples of bioactive compounds synthesized from indole-3-
acetic acid and its derivatives: indole-3-acetic acid (1), indole acetic acid
sulfonate derivatives (2),> Arcyriaflavin A (3),° indole-3-acetaldehyde (4),
deschloro  12-epi-fischerindole W nitrile  (5),” tryptophol (6),
Colleotryptin A (7),% and Neoxaline (8).”

microbes. Nevertheless, Escherichia coli is the most attractive
host employed in the large-scale production of IAA due to the
availability of genetic tools.>***

Nevertheless, the whole-cell bioconversion yielded low pro-
ductivity because IAA is a secondary metabolite, leading to
lower protein expression in its IAA biosynthesis. Alternatively,
the chemical synthetic route was proposed to convert glutamic
acid, a low-cost precursor, to IAA via Fischer ring closure.
However, the yield obtained from the multistep reaction was
relatively low (~10.17%).>> Moreover, enzymatic reactions have
been explored to replace conventional whole-cell bioconver-
sion, particularly for pharmaceutical and fine chemical synth-
eses, where high specificity and selectivity are essential.>**’

In addition to developing synthetic routes, process engin-
eering is also crucial for scalable and efficient chemical trans-
formations. Biocatalytic reactions implemented in a continu-
ous flow reactor—often referred to as flow biocatalysis—
provide several advantages, including improved gas-liquid
transfer, streamlined process integration, and a simplified re-
cycling scheme.?® Biocatalysts are usually immobilized for an
easy setup in a flow reactor, enabling cascade reactions to be
easily arranged in sequence. In our recent study, we showcased
a two-step biosynthesis of wax esters using metabolically
engineered cells and in vitro enzyme catalysis in cascading
flow reactors.>®

The modularity of flow reactor integration is beneficial, par-
ticularly for incompatible multistep syntheses where catalysts
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in chemo-enzymatic reactions often cannot be used together.
The catalyst deactivation can be avoided by separating reac-
tions into different flow reactors. For example, (E)-4-hydroxy-
stilbene was produced by the continuous-flow cascade of enzy-
matic phenolic acid decarboxylation and Pd-catalyzed Heck
cross-coupling reactions.’® Grossamide was produced by coup-
ling amidation with a peroxidase-catalyzed reaction.”" Such tel-
escoped flow synthesis prevented enzyme denaturation, which
could occur due to reagents or harsh conditions used in the
chemical reaction step.

In this work, IAA was synthesized via two-step reactions.
First, L-tryptophan (.-Trp) was converted to indole-3-acetamide
(IAM) via tryptophan 2-monooxygenase (TMO)-catalyzed oxi-
dative decarboxylation. Then, IAM underwent acid-catalyzed
hydrolysis into IAA at a relatively high temperature. As the
enzyme could potentially be denatured upon acid addition
and heating, the two-step processes were telescoped into cas-
cading flow reactors. To effectively streamline the flow reac-
tions, we developed a method for immobilizing TMO and
designed flow reactor operations based on empirical kinetics.
The key result from this work is the telescoped setup for gram-
scale synthesis of IAA, with high productivity and efficiency.

Results and discussion
Immobilization methods of the TMO enzyme

We examined five immobilization methods and compared them
in terms of the percentage of enzyme loading efficiency, percen-
tage of relative activity, and reusability (Table 1 and S1, ESIY).
Chitosan was used as the solid support. The five methods were
classified into two modes based on the types of interactions
between TMO and supports: covalent-based and coordination-
based. For the covalent-based mode, three methods were tested
using different functionalizing agents: 1,4-butanediol diglycidyl
ether (Epx), glutaraldehyde (Glu), and glutaraldehyde-polyethyl-
enimine-glutaraldehyde (Glu@PEI@Glu). For the coordination-
based mode, two methods were tested using glutaraldehyde-
NTA-Ni** (Glu@NTA-Ni*") and the commercially available che-
lating Sepharose™ Fast Flow.

For the covalent-based mode, the Epx and Glu samples
showed very low relative activities and relatively low loadings.
Among all the covalent-based methods, the Glu@PEI@Glu
sample exhibited the highest loading efficiency. The maximum
loading of 6.35 + 0.09 mgrvo gsupport_l was obtained within
6 h. A longer immobilization time did not significantly change
the relative activity. However, we observed that Glu@PEI@Glu
showed an unexpected increase in activities over the 2°¢ and
3™ cycles (28.99 + 3.76% and 37.97 + 5.06%, respectively). We
later found that the phenomenon was from the adsorption of
L-Trp and IAM (S2, ESIf).

For the coordination-based mode, the Glu@NTA-Ni*"
sample yielded promising results in terms of relative activity
and reusability. Regardless of the immobilization time, the
relative activities were similar (about 32.87 + 3.26%), indicat-
ing that the immobilization time did not affect their function.

This journal is © The Royal Society of Chemistry 2025
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Table 1 The screened immobilization methods for TMO at various immobilization times (2, 4, 6, and 8 h)
= 5 —a B o Loading Efficiency
Loading efficiency (mgrmo Zsupport ) % relative activity
Low
Method Structure 2h 4h 6h 8h 2h 4h 6h 8h
Glu \_)\/ F o 3.55+0.13 3.94+0.54 4.84+0.10 5.68+0.70 17.80+7.01% 17.79 +5.54% 14.41+5.99% 23.14 + 15.06%
\ "‘M\\//‘ﬁ‘
Epx o 1.27+2.98 1.40+3.97 1.35+3.30 1.50+2.16 22.05+5.63% 15.88+2.68% 14.66 +5.56% 12.47 + 8.73%
jw &
: High
Glu@PEI@Glu 2 4.31+0.22 5824002 6.35+0.09 6.14+0.12 16.64 +3.76% 17.94+3.69% 19.04 + 4.25% 18.44 * 5.56%
Relative Activity
Low
Glu@NTA-N** 0.71+0.54 0.93+0.45 1.14+0.40 1.58+0.33 29.48+5.65% 33.46 +0.09% 35.68 +0.22% 30.68 + 1.02%

Chelating Sepharose™ Fast Flow

5.30+0.63 5.64+0.37 5.40+0.29 5.49+0.44 71.72+2.10% 68.10 +1.53% 72.12 +4.75% 64.82 + 6.43%

High

The times indicated in the table refer to the immobilization time. Blue spheres represent chitosan beads, and the orange sphere represents

Sepharose.

The reusability remained unchanged within three cycles.
However, this Glu@NTA-Ni** method was limited by the low
enzyme loading efficiency, with the maximum loading of 1.58
+ 0.33 mgrmo gsuppm_1 for 8 h immobilization time.
Therefore, we decided to perform immobilization with the
commercially available Sepharose™ Fast Flow. At the optimal
immobilization time of 2 h, a high loading of 5.30 =
0.63 mgrvo g’support_1 was obtained, approximately a 3.4-fold
increase from the Glu@NTA-Ni** method. The percentage of
relative activity in the first cycle was 69.19 + 4.20%, and the re-
usability remained constant for three cycles, indicating the
high stability of the immobilized TMO.

According to these immobilization developments, we found
that the covalent-based mode could result in a high loading
efficiency due to their random interactions, increasing the
chance of interactions with amino groups on the proteins.
Nevertheless, such non-specific interactions could potentially
cause conformational changes or blocking of active sites,
thereby lowering the activity and stability of the enzyme (ie.,
less reusable). On the other hand, the coordination-based
mode showed high activity and reusability. Altogether, we
selected the chelating Sepharose™ Fast Flow for subsequent
experiments.

Design equation of the flow enzymatic unit

As TMO was immobilized onto spherical resins, a packed bed
reactor was selected for the flow enzymatic unit. To estimate
the amount of the immobilized TMO required for a specific
reaction extent (ie., conversion), we developed a design
equation based on a general design equation for a packed bed
reactor (eqn (1)).**

* dx
W = Fyo n
0~ TA

(1)
where Fy, is the initial molar flow rate of the r-Trp substrate
(nmol s7), x is the conversion, —rj is the specific rate of the
reaction (nmol s~ g., '), and w is the weight of the catalyst

(gcat)-

This journal is © The Royal Society of Chemistry 2025

The reaction rate of TMO-catalyzed decarboxylation can be
expressed using Michaelis-Menten kinetics, as in eqn (2),
assuming that external mass transfer is relatively fast.

_ Vi
Kv+S

’

—Th

(2)

where S is the substrate concentration (uM), Ky is the
Michaelis-Menten constant (pM), and Vi, is defined as the
specific turnover number with the unit of nmol s g, ",
representing the maximum velocity (Vinax) obtained per gram
of catalyst.>® Through Vi, the intraparticle diffusional resis-
tance has been incorporated. Vi,,x was experimentally deter-
mined by plotting the initial velocities (nmol s g.,. ") against
the concentrations of the substrate (uM). The conversion can
be written in terms of a substrate concentration, as in eqn (3)
and (4):
So— S S
X =

=1—-— 3
S S, 3)

1
dx = - ds (4)

Combining eqn (2) and (4) with eqn (1), we can derive the
following analytical expression (eqn (5)):

Fpo Fpo
w=— KyIn(1—x) + xS 5
VinaSo S 101 = 2) 70 xS ®)

The initial molar flow rate of the substrate can be expressed
in terms of volumetric flow rate ( Q, mL s~') and substrate con-
centration (uM), as in eqn (6).

Frpo=0Q"-So (6)

Therefore, eqn (5) can be transformed into eqn (7):

wW=—
Vmax

(xSo — Ky In(1 — x)) (7)
The steady-state kinetics was investigated to determine the

kinetic parameters related to the reaction rate of immobilized
TMO, as in Fig. 2A. The value of Ky, of immobilized TMO was

Green Chem., 2025, 27, 793-803 | 795
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Fig. 2 The kinetic parameters of immobilized TMO on the Sepharose™
Fast Flow: (A) Michaelis—Menten plot between the initial velocity (nmol
57! geat Y) and the concentration of L-Trp (uM) and (B) the Km and Vinax
values of immobilized TMO.

166.84 pM, and Vi, was 5.98 nmol s ge, ' as shown in
Fig. 2B. The turnover number (k.,) was calculated to be 1.58
s7!, corresponding to the catalytic efficiency (kea/Kn) Of
9.47 mM " s”". By comparing the values with the wild-type
TMO reported in the previous study (92.8 pM Ky, 8.07 87" kcats
87.0 mM "' 57! k.o/Kn),”” the data confirm that the immobiliz-
ation affected the enzyme activities in two ways. First, the
immobilization reduced the ability of TMO to react with r-Trp
(i.e., higher Ky). The access of the substrate to the active site
or catalytic pocket of the enzyme could potentially be affected.
Second, the catalytic turnover of the enzyme was reduced (i.e.,
lower k.., which could be caused by the conformational
changes of the enzyme. The immobilization might restrict the
enzyme dynamics, affecting the kinetic parameters.

Using the empirical kinetics along with the analytical
design equation (eqn (7)), we can generate the predicted
amount of immobilized TMO required at different operating
conditions (Fig. 3). Flow rates ( Q: 0.003-0.011 mL s ') and
-Trp concentrations (So: 500-5000 pM) were varied while
setting the target conversions (x) as 0.70 and 0.80. The
amount of immobilized TMO increased linearly with the
L-Trp concentration and flow rate. The conversion becomes
increasingly important at a higher 1-Trp concentration and
flow rate.

Validation of the design equation of the flow enzymatic unit

To validate the design equation, we performed the experiment
on the flow enzymatic unit under target conditions (the con-
version, x = 0.99). The basis operating conditions were set with
Q as 9.25 x 107> mL s and S, as 4000 pM. The predicted
amount of catalyst (w) was 8.84 g. As the weight of the catalyst
was mainly from the weight of the resin (i.e., 0.02% of gryo in
Zear), the density of the resin (1.01 g mL™") was used to esti-
mate the volume of the catalyst. Assuming a void fraction of
0.4, the reactor volume was estimated to be 14.59 mL.

The experimental result of enzymatic unit validation is
shown in Fig. 4. The averaged steady-state concentration of

796 | Green Chem., 2025, 27, 793-803

View Article Online

Green Chemistry

A x=07 0.0
81 o x=08 011
74 0.010
61 o 0.009
5 ® =
5 8§ , o 0.008 7,
= ® -
z 4 ° A E
[ ] A A ° 0.007 e
é ® A
3 ‘ A Y A A
¢ & 4o o 4 . 0.006
[ J A [}
21 ¢ & 4 ¢ ° A
¢ f 2 ? e a1 * 0.005
14 z e 2
! 0.004
0+ : : : : :
1000 2000 3000 4000 5000
So (UM)

Fig. 3 The relationship between the volumetric flow rate (Q, mL s™),
the initial concentration of the substrate (So, pM), conversion (x), and the
weight of the catalyst (w, g).
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Fig. 4 The production of immobilized TMO under a continuous flow
system for two days. (The dashed line represents the predicted value
from the design equation.)

IAM was 3086 + 72 uM, equivalent to the conversion (x) of
0.77. The production remained at a steady state for 18 h, from
14 h to 32 h, and a gradual decrease in IAM production was
noticed after 32 h of operation. Note that the immobilized
enzyme remained stable for 32 hours before its activity
declined due to enzyme degradation. During the production,
we also observed an increase in the remaining -Trp over time
during both the steady-state period and the later stage of
production.

The gradual increase of L-Trp over time was likely due to
the degradation of the enzyme and the accumulation of r-Trp.
The latter was a result of the coordination between the func-
tional group of 1-Trp and divalent metal ions (Ni**).*® It is
also important to note that the experimental conversion
(0.77) was slightly lower than the target value (0.99), possibly
due to multiple effects including the previously mentioned
enzyme degradation and the wide residence time distribution
in the packed bed reactor (i.e., channeling through the voids
of the packing).

This journal is © The Royal Society of Chemistry 2025
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Acid-catalyzed hydrolysis of IAM

Following the first enzymatic reaction, hydrolysis was used to
convert IAM into IAA. Types of catalysts and concentrations
were studied (S3, ESIT). An acid (HCl) could catalyze the hydro-
lysis of amide species to carboxyl species faster than a base
(NaOH). This could be explained by the mechanisms of the
reactions. The product from the elimination step of acid-cata-
lyzed hydrolysis (NH3, weak base) is more stable than that of
base-catalyzed hydrolysis (NH,™, stronger base), indicating
that the acid can generate a better leaving group as compared
to the base (5S4, ESI}), resulting in a faster reaction rate. The
optimal conditions obtained from the experiments were 1 M
HCl and 1 mM IAM.

The temperature could also affect hydrolysis. In this study,
we explored the reaction temperature from 60 °C to 120 °C.
Fig. 5 illustrates the percentage of IAM conversion and
percent yield of IAA from the acid-catalyzed hydrolysis at
varying temperatures. The IAA yield was found to be lower
than the IAM conversion, suggesting that IAA may be
degraded or converted to other side products upon these
acidic and thermal conditions (IAA degradation at varying
temperatures, S5, ESIY).

At a higher temperature, the conversion of IAM and the
degradation of IAA, at the same time, were faster than those at
lower temperatures resulting in a low yield of IAA. The IAA
yields obtained were 31.11 + 2.60% and 21.99 + 0.15% when

Acid-catalyzed hydrolysis of IAM

NHp OH
0 o
HCI,80-120 °C
N — A
N N
IAM IAA
100
2
o
g
< 50
]
e
]
o
0
0 50 100
Time (min)

-e- % yield 60 °C
% yield 80 °C
% yield 90 °C
% yield 100 °C
% yield 120 °C

% conversion 60 °C

——
—=— % conversion 80 °C
—_

% conversion 90 °C -
—* % conversion 100 °C -

=~ % conversion 120 °C ---

Fig. 5 The percentage of conversions and yields of IAM hydrolysis at
various temperatures under batch conditions.
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performed at 100 °C and 120 °C, respectively. On the other
hand, at a relatively low temperature of 60 °C, a low yield of
IAA was obtained (24.96 + 1.31%), due to the low conversion of
IAM. Among all the temperatures tested, the temperature of
80 °C was selected as it offered the highest IAA yield of 52.10 +
5.19%.

Design equation of the flow hydrolysis unit

Similar to the flow enzymatic unit, we developed the design
equation for the flow hydrolysis unit. Since the reaction was in
a homogeneous liquid phase, the hydrolysis would be con-
ducted in a tubular reactor. In order to determine optimal
operating conditions, we need to identify the optimal resi-
dence time where IAM conversion was maximized and IAA
degradation was minimized. The kinetics of IAM conversion
was assumed to be of pseudo-first order, as in eqn (8).

—ra = MTI?M = k1 Ciam (8)
eqn (8) can be integrated over a residence time of the flow
reactor to obtain eqn (9).

Ciam = Cramoe ™" (9)

The change in IAA concentration could be due to IAA for-
mation (due to IAM conversion) and thermal IAA degradation.
If the degradation was assumed to be first-order, the kinetics
of TAA could be written as in eqn (10).

dCiaa

@& k1Ciam — k2Craa (10)

We can substitute eqn (10) with eqn (9) to obtain eqn (11).

dCiaa

dr = k1CIAMOe’k” — kZCLAA (11)

Solving eqn (11), which is the ordinary differential
equation, we can obtain an analytical expression of the IAA
concentration (eqn (12)):

k1Cramo —k
Cupp =—— e ™"
TAA — [

—e®7] (12)

To determine optimal conditions (i.e., maximum IAA con-
centration), the derivative of the IAA concentration was set to
zero eqn (13).

dCiaa —0

13
i (13)

Solving eqn (13), we identified the optimal residence time
to be written in terms of the kinetic parameters of the IAM

conversion and IAA degradation, as in eqn (14).

711’1% 14
TOpti(kz—kl) ( )

The rate constants of the reactions were experimentally
determined at 80 °C (Table 2). The optimal residence time

Green Chem., 2025, 27, 793-803 | 797
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Table 2 The rate constants of IAM conversion and IAA degradation by
acid-catalyzed hydrolysis at 80 °C

Reaction Rate constant (s™)
IAM conversion (k;) 9.18 x107*
IAA degradation (k) 2.42x107*

The rate constants were determined under the assumption that both
IAM conversion and IAA degradation followed pseudo-first order
kinetics (S6, ESIT).

(opt) Was predicted to be 32.98 min; therefore, the length of
PFR (1.588 mm L.D.) was 9.22 m.

Validation of the design equation of the flow hydrolysis unit

The validation was performed under a continuous-flow system at
80 °C using a flow rate of 0.555 mL min~". We tested the hydro-
lysis unit at three different residence times: 32.98 min (the pre-
dicted value of 7,p), 21.99 min (2/3 of 7., and 10.99 min (1/3
of 7pd). Using 10.99 min of residence time, the reaction was
incomplete with 58.14% conversion and 41.41% IAA yield. On
the other hand, as in Fig. 6, there were no noticeable differences
in the percentage of yield and percentage of selectivity — between
32.98 min and 21.99 min, suggesting that even shortening the
residence time from the predicted value could still maintain a
similar reaction extent. Therefore, a residence time of 21.99 min
was selected for the flow hydrolysis unit.

Telescoped chemo-enzymatic synthesis of IAA

The flow enzymatic unit and flow hydrolysis unit were com-
bined to construct a telescoped system for IAA synthesis as
shown in Fig. 8. The products from the first and second reac-
tive steps were confirmed using mass spectrometry analysis
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Residence time % conversion % yield % selectivity
32.98 min 96.06 +1.81 % 58.51+6.10 % 60.91+6.45%
21.99 min 85.90 +3.95 % 53.58 +2.60 % 62.37+3.95%
10.99 min 58.14+5.12 % 41.41+4.06% 71.22+9.39%

Fig. 6 (A) The validated results including yields of IAA and residual IAM
under a flow system with an IAM feeding concentration of 2 mM, 80 °C,
50 psi. Three sets of residence times include 32.98, 21.99, and
10.99 min. (B) The percentage of conversion, yield, and selectivity from
each residence time.

798 | Green Chem., 2025, 27, 793-803

View Article Online

Green Chemistry

1000 o L-Trp (uM) A i
= 1AM (uM)

—— |AA (uM)

500

Concentration (uM)

0 10 20
Time (h)

Fig. 7 The telescoped chemo-enzymatic synthesis of IAA within
24 hours.

(see S7 and S8 in the ESIf). The telescoped setup was per-
formed for 24 h (Fig. 7). The IAA yield reached a steady state at
the 12 hour with an overall yield of 970.10 + 16.23 M
(0.1699 + 0.0028 mg mL™"). The space-time yield (STY) of the
process was calculated based on eqn (15):3¢

Space-timeyield (STY) = My (15)
VR
where m,, is the amount of product (g) formed within the resi-
dence time (day) and Vy is the applied reaction volume (L).
The experimental yield percentage was calculated based on
eqn (16).

Cproduct Qout

Yoyield = (16)

substrate Qin
where Cproquct is the concentration of the product or IAA (mM),
Qout is the outlet flow rate (mL min™"), Coupswaee iS the
concentration of the substrate (mM), and Qj, is the inlet flow
rate (mL min™").

In this work, the productivity of the process was 11.16 g L™
day ' with an overall yield of 48.50%. STY represents pro-
ductivity while the yield represents a resource or substrate util-
ization efficiency. The experimental yields were found to be
higher than the expected yields (41.26% - 77% and 53.58%
from the enzymatic and hydrolysis units, respectively). This
slight improvement could be influenced by the residual buffer
from the enzymatic unit which may have mitigated the harsh-
ness of the conditions during the hydrolysis step (S9, ESIf).
Additionally, the residual -Trp could also be consumed - the
concentration of the residual 1-Trp was lower than the theore-
tical calculation, indicating that t-Trp was converted to other
species in the hydrolysis reactor - decreasing the concen-
tration of acid in the system. Moreover, we also performed the
isolation of the final product (IAA). Through chromatography
and 'H NMR analysis (see $10 in the ESI{), we found that an
isolated yield of 42.21% was obtained.

Table 3 compares the STY and yield of this work with those
in previous reports. Most whole-cell bioconversions or fermen-
tations gave high yields, but relatively low productivity. On the
other hand, the chemical-based transformation resulted in

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Schematic continuous-flow chemo-enzymatic synthesis of IAA developed in this work.

Table 3 The comparison of different methods for the production of
IAA

STY* %

Method Substrate (g L7'day™!) Yield®  Ref.
Fermentation L-Trp 0.89 79.25% 38
Fermentation -Trp 3.55 82.78% 24
Fermentation L-Trp 0.79 58.94% 39
Enzymatic cascade Indole 0.86 57.50% 40
Chemical synthesis® Indole 18.96 35.20% 37 and 41
Chemical synthesis Glutamate 72.73 10.17% 25

Chemo-enzymatic L-Trp 11.16 48.50% This work

flow synthesis

“STYs were calculated based on the final step of the process (In this
study, the calculation was based on the hydrolysis unit). ” % yield was
calculated based on the amount of product produced relative to the
initial amount of the main substrate added to the working processes.
“The reaction required sodium cyanide, a deadly toxic compound,
using which practical safety was a concern. ? The isolated yield of our
system was 42.21%.

higher values of STY, commonly ranging from 10 to 100 g L™"
day'; however, the yields achieved from the routes were lower
than those of bioconversions. The low yields were the result of
low selectivity and product loss during work-up steps and
multi-step syntheses. In this work, we leveraged the advantages
of biocatalysis and chemical reactions, compromising the pro-
ductivity and yield. Unlike the fermentation, the continuous-
flow setup in this study can be easily scaled. This chemo-enzy-
matic setup also eliminates the use of toxic reagents typically
found in chemical synthesis routes (e.g. phenylhydrazine,
sodium cyanide.*”)

Experimental section

Materials and analytical instruments

L-Tryptophan (>98.5%), indole-3-acetamide (>98.0%), indole-
3-acetic acid (>98.0%), and other standard chemicals were
purchased from Tokyo Chemical Industry (TCI) Co. Ltd. Na,
Na-Bis(carboxymethyl)-L-lysine hydrate (>97.0%), 25% glutar-
aldehyde in water (grade II), PEI (MW = 10 000, branched),

This journal is © The Royal Society of Chemistry 2025

37% fuming hydrochloric acid, 100% acetic acid (glacial),
and other organic solvents were purchased from Sigma-
Aldrich™. Chitosan (90.0% deacetylated degree) was pur-
chased from Glentham LIFE SCIENCES. 1,4-Butanediol digly-
cidyl ether (93%) was purchased from FUJIFILM Wako
Chemical Co. Ltd. The reagents for molecular construction
were purchased from New England BioLabs Inc. Chelating
Sepharose™ Fast Flow was purchased from Cytiva Inc. The
HPLC column and the HPLC instrument were from Agilent
Technologies Inc.

TMO plasmid construction, expression and purification

The codon-optimized TMO gene (iaaM) fragment was inserted
into the pET15b plasmid at the BamHI and Ndel restriction
sites to obtain the pET15b-iaaM plasmid. The sequence was
verified by DNA sequencing.

The methods of TMO expression and purification were
modified from Kongjaroon et al.** The pET15b-iaaM plasmid
and pGro7 chaperone were transformed into E. coli BL21 (DE3)
using the heat shock method. The cells were grown on agar
plates containing 50 pg mL™" of ampicillin and 20 pg mL ™"
chloramphenicol to select the transformants. Protein
expression was induced by the auto-induction method. The
10 mL starter was prepared by single colony inoculation into a
ZY medium containing 50 pg mL™" ampicillin and 20 ug mL™"
chloramphenicol. The starter culture was incubated overnight
at 37 °C, 220 rpm, and subsequently inoculated with 1%
inoculation into 650 mL of ZY-rich medium containing the
same antibiotics with 0.5 mg mL™" r-arabinose for GroEL-ES
chaperone induction. The incubation conditions were con-
trolled at 37 °C, 220 rpm until ODg, reached the range of
0.8-1.0. The temperature, subsequently, was adjusted to 25 °C,
and the incubation was continued for 16-18 h. The cells were
harvested by centrifugation at 4 °C, 10 876g for 15 minutes to
obtain cell pellets.

For TMO purification, the cell pellet was resuspended by
200 mL of 50 mM Tris-HCI buffer, pH 8.3, containing 10 mM
imidazole, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and
200 mM NacCl. Ultrasonication was used to lyse the cells, and
the lysate was centrifuged at 4 °C, 18514g for 30 min to
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remove the cell debris. Polyethylenimine (PEI) was added into
the supernatant, with a final concentration of 0.1%, to precipi-
tate the DNA and remove it by centrifugation. The supernatant
was loaded onto a nickel-chelating column (Ni-column); the
column was pre-equilibrated with 50 mM Tris-HCl buffer, pH
8.3, holding 10 mM imidazole and 200 mM NacCl. The column
was washed with washing buffer (50 mM Tris-HCI, pH 8.3, con-
taining 20 mM imidazole and 200 mM NacCl) before the linear
gradient of imidazole ranging from 25 to 250 mM was set to
elute the proteins. The collected protein fractions were spectro-
photometrically analyzed at A,g, and A, to measure total
protein and TMO-bound FAD, respectively; the extinction
coefficient of TMO-bound FAD (A4e6) was 11.4 mM ™' em ™" (ref.
42) and that of TMO (A;50) was 91385 M™* ecm™. Pure frac-
tions, judged by the SDS-PAGE technique, were pooled and
concentrated using a 10 kDa molecular weight cut-off Amicon
stirred cell (MERCK). The buffer system was exchanged by
loading the concentrated protein solution onto a Sephadex
G-25 column (GE Healthcare), pre-equilibrated with 50 mM
Tris-HCl, pH 8.3, and 10% glycerol. The purified TMO was
kept at —80 °C.

TMO immobilization

Chitosan bead preparation. Chitosan powder was dissolved
in 1 M acetic acid to obtain 2% w/v chitosan solution. The
resulting sample was ultrasonicated for 15 minutes to facilitate
the dissolution. The coagulation solution was prepared by the
addition of sodium hydroxide (NaOH) in 26% ethanol in water
to obtain 1 M NaOH solution. The well-dissolved chitosan
solution was then dripped into the coagulation solution using
a syringe before magnetically stirring the beads for 40 minutes
at room temperature. The beads were finally filtered out using
a sieve (0.6 mm LD. of pores), washed with 50 mM Tris-HCI
buffer, pH 8.3, and kept in deionized (DI) water for the
functionalization step.

Functionalization of chitosan beads. For the covalent-based
mode, there were three immobilization methods (Glu, Epx,
Glu@PEI@GIu). For the “Glu” method, chitosan beads were
added into 3% v/v glutaraldehyde solution (10 g beads per
100 mL solution.) The functionalization was performed by
orbitally shaking at 200 rpm and 37 °C for 3 h. The beads were
then washed with DI water three times; as a result, glutaralde-
hyde-functionalized chitosan (Glu) beads were obtained. For
the “Epx” method, 1.25% v/v 1,4-butanediol diglycidyl ether
was used to prepare epoxide-functionalized chitosan. For the
“Glu@PEI@GIu” method, the glutaraldehyde-functionalized
chitosan beads were modified to increase their branching by
functionalizing the beads with polyethylenimine (PEI) solution
at a ratio of 1:1. The obtained beads were then functionalized
again with 1.25% glutaraldehyde solution, resulting in
“Glu@PEI@GIu” beads.

For the coordination-based mode, we modified and opti-
mized the method based on de Andrade et al*® Chitosan
beads were added to 1.25% v/v glutaraldehyde solution (ratio
of 10 g beads per 100 mL solution.) The functionalization was
performed by orbital shaking at 200 rpm and 37 °C for 3 h.
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The glutaraldehyde-functionalized beads were then washed
with DI water three times. The NTA solution was prepared by
adding Na, No-bis(carboxymethyl)--lysine hydrate (NTA) into
0.1 M HEPES buffer, pH 8.0 to obtain the solution with a con-
centration of 0.05% w/v. The beads were added to the NTA
solution and orbitally shaken overnight at 37 °C. The resulting
beads (NTA-glutaraldehyde-functionalized chitosan beads)
were washed with DI water three times before incubating with
0.2 M Ni*" solution overnight at room temperature. The
“Glu@NTA-Ni">” bead samples were obtained. The beads were
then washed with DI water three times and the reaction buffer
(50 mM Tris-HCI buffer, pH 8.3) three times before storage in
the reaction buffer for further study.

Immobilization procedures. The enzyme solution was added
into the Tris-HCI buffer, pH 8.3, containing 20 mM imidazole
and 100 mg of the immobilizing beads with a final enzyme
concentration of 15 uM. For the chelating Sepharose™ Fast
Flow (Ni-resin), 100 mg of Ni-incubated resin was prepared
before TMO solution was added to achieve the concentration
of 15 pM. Immobilization was performed on a benchtop
shaker at 4 °C, 200 rpm. Immobilization times were varied
from 2, 4, 6, and 8 h to examine the effect of immobilization
time on the physical and chemical properties of the immobi-
lized TMO. The enzyme solution was sampled to measure the
residual enzyme in the solution after immobilization and com-
pared to the initial amount of enzyme to calculate the loading
efficiency (eqn (17)):

. . . Mrmo.i — Mrmo f
% loading efficiency = ——————=
my

(17)
where Mo, is the initial amount of TMO before loading,
Mrmo ¢ is the final amount of TMO after loading, and m;, is the
mass of immobilizing beads.

In addition to the loading efficiency, we also measured the
relative activity and reusability of the immobilized TMO. The
substrate solution (1-Trp) was added to the buffer containing
the immobilized TMO to initiate the enzymatic reaction. The
substrate-to-TMO ratio of 1000 pM : 1.5 pM was controlled. The
reaction was carried out for 10 min by shaking the mixture at
200 rpm and room temperature. The solution was sampled for
HPLC analysis. The free enzyme experiment was set with the
same amount of enzymes as that of the immobilized TMO. 1
M HCI with an equal volume to the sample was used to
quench the reaction of the free enzyme reaction. The relative
activity can be estimated using eqn (18):

. .. Activity.
% relative activity = (m) X 100 (18)
ACthItYfreeTMO
where Activityimrmo is the activity of the immobilized TMO
and Activitygeermo 1 the activity of the free TMO.
Steady-state kinetics of immobilized TMO

In our study, we found that when TMO was immobilized on
Sepharose™ Fast Flow resins, a loading of 2.35 x 10™* gm0
gresin_l was obtained. The concentration of immobilized TMO
stock solution was adjusted to 5 pmolyo Leotal volume

This journal is © The Royal Society of Chemistry 2025
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A steady-state kinetic experiment was carried out following
the protocol used in the previous study.>* The reactions were
set in 4 mL of varying L-Trp substrate concentrations. .-Trp was
added to initiate the reaction. The samples were taken from
the reaction mixture within 1 min and quenched with 1 M
HCI. The samples were filtered with a 0.22 um nylon filter
prior to injection into a high-performance liquid chromato-
graph with a diode array detector system.

Acid-catalyzed hydrolysis of IAM

Stock solutions of IAM and HCI were separately prepared and
placed in a sealed tube under constant magnetic stirring at
180 rpm. The final concentrations of IAM and HCI were
1 mM and 1 M, respectively. The effect of temperature on the
reaction was examined. Five sets of experiments were con-
ducted at different temperatures, including 60, 80, 90, 100,
and 120 °C. Each set of experiments included nine reaction
sealed tubes, assigned for a specific reaction time (0, 5, 10,
15, 20, 30, 60, 120, and 180 min). The reaction was conducted
in three replicates. To quench the reaction, the samples were
immediately placed on ice. Each sample was then diluted
with an equal volume of dissolving solution. The quenched
and diluted samples were immediately stored at —80 °C until
they were ready for HPLC analysis. To simplify the experi-
mental determination of kinetic parameters, the reaction was
treated as a pseudo-first order (owing to the fact that the acid
concentration was 1000-fold higher than the IAM concen-
tration). The rate constant of hydrolysis (k;) was calculated
based on the half-life (¢;,,) of IAM during the IAM conversion

(eqn (19)).

In2
tijp = e (19)

IAA degradation observation and its kinetics

HCI and IAA stock solutions were added to tightly sealed vials
to achieve a final concentration of 1 mM IAA and 1 M HCL. The
reactions were conducted at different temperatures to observe
the degradation of IAA at various temperatures including 60,
80, 90, 100, and 120 °C. The reactions were magnetically
stirred at 200 rpm throughout the reaction time (30 min).

The kinetics of IAA degradation was determined by treating
the reaction as pseudo-first order. IAA stock solution was
mixed with HCI to achieve the final concentration of 1 mM IAA
and 1 M HCL The optimized conditions achieved from acid-
catalyzed hydrolysis were mimicked (80 °C reaction tempera-
ture). The reaction mixtures were separated into nine vials
according to the different assigned reaction times (0, 5, 10, 15,
20, 30, 45, 60, and 120 min); each set was done with three
replicates. All reactions were performed under magnetic stir-
ring at 200 rpm and 80 °C. All quenched reaction samples
were collected and stored under —80 °C until they were ready
for HPLC analysis. For kinetic determination of IAM hydro-
lysis, the HPLC-analyzed data of IAA degradation were col-
lected to do curve fitting and calculate the rate constant of IAA
degradation (k,) using the previous method (eqn (19)).

This journal is © The Royal Society of Chemistry 2025
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Setup of the continuous flow synthesis of IAA

For the enzymatic unit, t-Trp solution was flowed into the
reactor using a syringe pump and mixed with an air flow using
Tee assembly (IDEX); the volumetric flow rate was controlled at
0.2775 mL min~". The packed-bed reactor was sized based on
the mass of the desired catalyst (TMO + resin) calculated from
the design equation (eqn (7)). The result from the calculation
was 8.76 mL of the immobilized TMO (including the mass of
resins) and 14.59 mL of the reactor volume. A PFA tube (O.D.
12 mm x L.D. 10 mm, 185.8 mm long) was selected to construct
a packed-bed reactor. Both ends of the column were connected
to stainless steel 316-reducing unions, O.D. 1/2" x 1/8" (Hy-
Lok, CUR-8-2-S316), with 30 pm-stainless 304 wire mesh filters
to prevent the resins from eluting out from the reactor. The
flow enzymatic unit was pre-equilibrated by flowing 50 mM
Tris-HCI buffer, pH 8.3, for 10 column volumes. The flow reac-
tion was performed under the target conditions (Q = 9.25 x
1072 mL s, S, = 4 mM, x = 0.99), and the samples were col-
lected every hour for 2 days.

For the hydrolysis unit, there were two feeding liquid solu-
tions, IAM and HCI, which were mixed at the Tee assembly
(IDEX). The tubular reactor for the hydrolysis comprised three
main parts: the mixing region (MR), the heating region (HR),
and the reaction region (RR). A PTFE tubing (3.175 mm O.D. x
1.588 mm L.D.) was used for constructing the reactor. The
length of the mixing region was based on the equation
reported in Hartman et al,** and the length of the heating
region was based on Graetz’s approximation.

Isolation of the final product IAA

The isolation was carried out by silica-based column chrom-
atography using n-hexane: ethyl acetate (40:20) as a mobile
phase. The purification was followed by thin-layer chromato-
graphy (TLC) under normal-phase conditions with a mobile
phase including n-hexane, ethyl acetate, isopropanol, and
acetic acid (40:20:5:1, v/v/v/v).*> The purified fractions were
collected. The fractions were extracted with ethyl acetate and
dried using anhydrous sodium sulfate. The solvent was sub-
sequently removed using a rotary evaporator to prepare the
sample for "H-NMR analysis. "H NMR (400 MHz, DMSO-d,) &:
12.17 (s, 1H, COOH), 10.90 (s, 1H, NH), 7.50 (d, J = 7.6 Hz,
1H), 7.35 (d, J = 8.0 Hz, 1H), 7.23 (s, 1H), 7.08 (t, J = 6.4 Hz,
1H), 6.98 (t, ] = 6.8 Hz, 1H), 3.63 (s, 2H).

Chemical analysis

The reaction samples, after quenching, were centrifuged at
13 684.32g, 4 °C for 30 minutes before filtration using syringe
0.22 pm nylon filters. A ZORBAX Eclipse Plus C18 (2.1 x
50 mm, 1.8 micron) column and a high-performance
liquid chromatograph (Agilent Technologies 1260 Infinity II)
equipped with a diode array detector (DAD) were used for the
analysis. The mobile phase used was water with 0.5% formic
acid (solvent A) and acetonitrile (solvent B). The conditions
were set to increase the percentage of solvent B from 5% to
50% within 5 min and maintain the solvent ratio for 1 min
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before increasing it to 100% and maintaining it for 1 min. The
flow rate of the mobile phase remained constant at 0.2 mL
min~" throughout the analysis; the temperature of the sampler
and column was 25 °C. UV absorbance was monitored at
280 nm. HPLC analysis was validated using an external stan-
dard. Standard compound solutions were freshly prepared at
concentrations ranging from 5 to 1000 pM to generate a stan-
dard curve for each analysis round. A high linearity was
achieved (see S11 in the ESI}). The HPLC-DAD was also
equipped with a mass spectrometer (Agilent Technologies
InfinityLab LC/MSD). The MS analysis was used to confirm the
identities of the compounds in the product sample.

Conclusions

In summary, we developed a method for synthesizing IAA by
exploiting the advantages of an enzymatic reaction, chemical
hydrolysis, and a continuous-flow system. The design equation
of the flow enzymatic unit was developed to predict the
required amount of enzymes while the kinetics of the IAA for-
mation was formulated. The two reactive steps were tele-
scoped. The space-time yield of the whole process was 11.16 g
L' day ' with an overall yield of 48.50% across two steps and
an isolated yield of 42.21%, highlighting the efforts to boost
productivity while maintaining the production efficiency of the
process.
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