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Furan carboxylic acids including 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 5-formyl-2-furancar-
boxylic acid (FFCA) and 2,5-furandicarboxylic acid (FDCA) are important bio-based chemicals and widely
applied in the fields of pharmaceuticals and materials. However, selectively obtaining these value-added
compounds from biomass-derived 5-hydroxymethylfurfural (HMF) is difficult due to the readily reactive
alcohol/aldehyde groups of the generated intermediates during the oxidative process. Biotransformation
using enzyme catalysis is a sustainable and promising approach, but there are remaining challenges
including low efficiency and selectivity due to the chaotic and complex biocatalytic process, loss of
enzyme activity and inevitable increase in reaction volume caused by exogenous addition of H,O,. In
these contexts, a natural flavin cofactor mimic (NFCM)-mediated chemoenzymatic system consisting of
H,O,-dependent peroxygenase, NAD*-dependent alcohol dehydrogenase and galactose oxidase was
constructed for the first time for selectively converting HMF to each furan carboxylic acid. The bifunc-
tional catalyst NFCM enabled the in situ generation of H>O, and regeneration of NAD*, which skillfully
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alleviated the problems caused by exogenous addition of H,O,. Each furan carboxylic acid was achieved
with excellent yield (>99%) and selectivity (>99%). Furthermore, an immobilization technique based on a
hydrogel material was employed for the first time, which greatly promoted the stability and reusability of

rsc.li/greenchem each biocatalyst.

Green Foundation

1. This work demonstrated a green and efficient chemoenzymatic cascade system, which could selectively transform HMF
into each value-added furan carboxylic acid.

2. The whole reaction system was carried out in the aqueous phase, and no by-product was accumulated, which facilitated
the subsequent separation and purification of products. Furthermore, the E-factor and atom efficiency of this system were
calculated, which showed apparent advantages among the reported systems.

3. Further work about enhancing the enzyme tolerance to the substrate concentration through dehydrogenase evolution,
which could increase the space-time yields of each furan carboxylic acid, is underway in our lab.

1. Introduction
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reserves of fossil fuels, it is urgent to develop sustainable
sources for fuels and chemicals." Lignocellulosic biomass is
the most attractive alternative due to its abundance, low cost,
and sustainable properties.” 5-Hydroxymethylfurfural (HMF) is
one of the top-value platform chemicals derived from
biomass.>* Based on the active alcohol hydroxyl and aldehyde
groups, HMF can be easily oxidized into other value-added

This journal is © The Royal Society of Chemistry 2025
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furan carboxylic acids which have great application potential
in fuels, fine chemicals, polymers, medical intermediates, etc.’
For example, 5-hydroxymethyl-2-furancarboxylic acid (HMFCA)
is an important precursor of pharmaceutical intermediates.®”
5-Formyl-2-furancarboxylic acid (FFCA) and 2,5-furandicar-
boxylic acid (FDCA) are promising building blocks for the
manufacture of polymers.®° Generally, the conversion of HMF
to these valuable furan carboxylic acids can be divided into
two different oxidation pathways: the aldehyde oxidation
pathway (route 1) and the alcohol oxidation pathway (route 2)
(Scheme 1A). However, due to the readily oxidizing reactive
aldehyde/alcohol groups of each compound during the oxi-
dation process, it is difficult to selectively transform HMF into
each furan carboxylic acid. Although various valuable chemical
methods have been reported for oxidizing HMF, these
approaches rely on metals and are carried out under harsh
conditions with low selectivity.'®"® Recently, biological oxi-
dation of HMF has emerged as a favorable and promising
alternative due to its mild reaction conditions and environ-
mental friendliness.""® Several isolated enzyme catalysis
approaches using O,-dependent oxidases, H,O,-dependent
peroxygenases, and NAD(P)"-dependent dehydrogenases for
the oxidation of HMF have been reported.'®™® However, these
enzymes usually tend to competitively catalyze the aldehyde/
alcohol substrate (intermediate) during the bio-oxidation of
HMF.>*>* The resulting chaotic and complex biocatalytic
process restricts the selectivity and efficiency of bio-oxidation
of HMF to each furan carboxylic acid.**"** Thus, constructing
a simple, orderly, and efficient system that can selectively
transform HMF into each furan carboxylic acid is highly
desirable.

Moreover, H,0, has been employed as an oxidative alterna-
tive to O, in the biotransformation of HMF, which can alleviate
the challenge of oxygen dissolution and mass transfer
problem.>*>** However, the enzymes used in the bio-oxidation
of HMF are often H,0, concentration sensitive.>”> Exogenous
addition of excess amount of H,0O, not only leads to irrevers-
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ible enzyme deactivation but also inevitably results in the
increase of the reaction volume,**>® which impairs the reac-
tion efficiency. Recently, an in situ H,O, generation and utiliz-
ation multi-enzyme catalytic system including dehydrogenase,
horseradish peroxidase (HRP), and oxidase was developed to
selectively bio-oxidize HMF to furan carboxylic acid
(Scheme 1A).>* However, there are still some drawbacks as
follows: (1) for the synthesis of HMFCA, exogenous addition of
H,O0, was still required; (2) the expensive electron transporter
scopoletin®’ was required to enable NAD" regeneration for
dehydrogenase during the catalytic process, which generated
free radicals and resulted in the loss of enzyme activity; and
(3) low turnover numbers (TONs). In these contexts, it is highly
attractive to develop a novel and effective in situ H,0, gene-
ration and utilization system that does not impair the enzyme
activity to promote the selective biotransformation of HMF
into each furan carboxylic acid.

Recently, H,0,-dependent unspecific peroxygenase (UPO)
has been demonstrated as an efficient and robust biocatalyst
for HMF biotransformation, but the exogenous addition of
H,0, is still required to drive the reaction and the chemo-
selectivity of UPO was unsatisfactory. Our previous studies
have shown that NFCM can oxidize reduced nicotinamide
coenzyme NADH to regenerate NAD' for the ADH-catalyzed
oxidation reaction, which could produce H,O, with the con-
sumption of molecular oxygen.’®**° We wonder if UPO could
be coupled with a HLADH-NFCM system, thereby constructing
a novel chemoenzymatic system to boost the selective biotrans-
formation of HMF. During the catalytic process, UPO-catalyzed
oxidation of HMF or FFCA was enhanced by coupling with
NAD"-dependent alcohol dehydrogenase from horse (HLADH).
NFCM was responsible for regenerating NAD" and in situ gen-
erating H,0,, which are required for ADH and UPO catalysis,
respectively (Scheme 1B). Furthermore, galactose oxidase
(GOase) was employed to selectively oxidize HMFCA to FFCA
(Scheme 1B).** Herein, employing UPO, HLADH, and GOase,
we proposed a novel one-pot NFCM-mediated chemoenzymatic
system that could selectively convert HMF to each value-added
furan carboxylic acid with high efficiency (Scheme 1B). The
immobilization strategy was further explored to enable the re-
cycling of the biocatalysts, facilitating the further scale-up of
HMF derivative production.

2. Results and discussion
2.1 The selective synthesis of HMFCA from HMF

Firstly, we investigated the possibility of UPO-catalyzed selec-
tive conversion of HMF to HMFCA. The recombinant evolved
unspecific peroxygenase derived from Agrocybe aegerita
(rAaeUPO) was chosen for the oxidation reactions.*® In the
initial experiments, one equivalent amount of H,0, was added
continuously to drive the rAaeUPO-catalyzed oxidation of HMF.
As shown in Table 1 (entry 1), a yield of only 29% HMFCA was
obtained. The by-products DFF, FFCA, and FDCA were also
observed with yields of 16%, 8%, and 1%, respectively. In
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Table 1 The oxidation of HMF to HMFCA catalyzed by rAaeUPO
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“Reaction conditions: 10 mM HMF and 1 pM rAaeUPO were added into 1 mL of phosphate buffer (50 mM, pH 7.0), and 10 mM H,0, was added
continuously over 12 h. ” Reaction conditions: 10 mM HMF, 1 uM rAaeUPO, and 10 mM NADH were added into 1 mL of phosphate buffer
(50 mM, pH 7.0). “Reaction conditions: 10 mM HMF, 2 pM HLADH, 0.02 mM NFCM, and 0.1 mM NAD" were added into 1 mL of phosphate
buffer (50 mM, pH 7.0). 9 Reaction conditions: 10 mM HMF, 1 uM rAaeUPO, 2 uM HLADH, 0.02 mM NFCM, and 0.1 mM NAD" were added into
1 mL of phosphate buffer (50 mM, pH 7.0).  Reaction conditions: 10 mM HMF, 0.1 uM rAqeUPO, 0.08 uM HLADH, 0.02 mM NFCM, and 0.1 mM
NAD" were added into 1 mL of phosphate buffer (50 mM, pH 7.0). The concentration of each product was quantified by HPLC, which was
equipped with an Aminex HPX-87H column (300 mm x 7.8 pum), and the methods are listed in section 1.8 of the ESL.}

addition, the continuous addition of H,0, led to a 10%
increase in the reaction volume and a 30% decrease in the
catalytic activity of rAaeUPO (Fig. S1t).*> To alleviate this
dilemma, our reported in situ H,O, generation system using
NFCM as the catalyst and NAD(P)H as a hydrogen donor was
employed to couple with rAaeUPO for the transformation of
HMEF.?® The result showed that the conversion and yield of the
desired product HMFCA were both increased when compared
to that with the continuous addition of H,O, (Table 1, entry 2),
but the chemoselectivity of rAaeUPO remained unsatisfactory.
We attributed this to the chaotic oxidative reactivity of
rAaeUPO towards alcohol/aldehyde groups. Hence, we specu-
lated that the selectivity and efficiency of this reaction could
be enhanced by coupling with NAD'-dependent HLADH,
which also can oxidize HMF. Moreover, further considering
the high cost of the chemical equivalent NAD(P)H, we also
intended to employ HLADH to regenerate this hydrogen donor
in the case of HMF oxidation.?” Thus, a NFCM-mediated
rAaeUPO-HLADH chemoenzymatic system was proposed to
catalyze HMF to HMFCA (Table 1, entry 3). It could be found
that the selectivity of this chemoenzymatic system (Fig. 1A,
purple line) was significantly enhanced compared with that of
the single UPO-catalyzed biotransformation of HMF (Fig. 1A,
red line). 90% of HMF was effectively transformed in 12 h
(Fig. 1B), and the yield of HMFCA increased to 88%, with only
2% FDCA obtained as a by-product (Table 1, entry 3). We
attributed this significant improvement to the effective re-
cycling of H,O, that alleviated the inhibition of the enzymes
and promoted the catalytic efficiency of this reaction.
Considering the remaining unconverted HMF and by-
product FDCA, further experiments were conducted to

644 | Green Chem., 2025, 27, 642-649

promote the efficiency of the reaction. Initially, we hypoth-
esized that different pH values could affect the dual-enzymatic
system, and a significant decrease of the conversion and
selectivity was observed under acidic or alkaline conditions
compared with that under pH 7.0 (Fig. S2t). Then, we sur-
mised that the kinetic balance of the HLADH and rAaeUPO-
catalyzed oxidation of HMF was a key factor that affected the
reaction efficiency. Hence, we explored if adjusting the quan-
tity of these two enzymes could promote the efficiency of the
reaction. As shown in Fig. S3,t increasing the amount of
rAaeUPO did not have any impact on the reaction. However,
the conversion of HMF gradually decreased with the gradually
reduced dosage of rAaeUPO, while the yield of HMFCA was
maintained at a high level (98%). This may be because the
enzyme activity was impaired by the generated H,O, that was
not consumed by rAqeUPO in time. Based on this result, the
impact of the HLADH concentration on the reaction efficiency
was further explored. As shown in Fig. S4,} the conversion and
selectivity decreased sharply when increasing the dosage of
HLADH from 2 to 4 pM. This could also be attributed to the
over-generated H,0,, which in turn affected the enzyme
activity. In addition, adding a large amount of enzyme can not
only increase the reaction cost but also result in low turnover
numbers (TONs), which are obviously infeasible. Surprisingly,
on reducing the dosage of HLADH from 2 to 0.08 uM, a
remarkable enhancement of conversion (100% vs. 90%) and
selectivity (>99% vs. 98%) was obtained. We can conclude that
the kinetics of HLADH and rAaeUPO were well balanced under
these conditions. Notably, the TON of the enzymes (HLADH
and rAaeUPO) reached 55000, which was nearly 10 times
higher than that in the reported literature (Table S37). Other

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The chemoenzymatic selective synthesis of HMFCA from HMF. (A) The final state of the chemoenzymatic reaction under different conditions.
(B) Time course for the synthesis of HFMCA catalyzed by the initial rAaeUPO—-HLADH system. (C) Time course for the synthesis of HFMCA under
optimal conditions. Reaction conditions: 0.1 mM NAD*, 0.02 mM NFCM, 10 mM HMF, 0.08 uM HLADH and 0.1 uM rAaeUPO were added into 1 mL
of phosphate buffer (50 mM, pH 7.0) in turn and shaken at 30 °C. Percentage (%) is the ratio of the concentration of each component and calculated
according to the formula given in section 1.8 in the ESI{. The detection methods of each compound were the same as those in Table 1.

metrics of our system including space-time yield, E-factor and
atom efficiency were also calculated and compared with the
reported systems (Table S371). In the aspects of atom efficiency
and E-factor, our system is the best among the reported
methods.

2.2 The chemoenzymatic selective synthesis of FFCA from
HMF by a sequential and stepwise process

Based on the above positive results, the selective conversion of
HMF to FFCA was investigated. GOase that could transform
HMFCA into FFCA*® was further employed to couple with the
NFCM-mediated rAaeUPO-HLADH system for selectively oxi-
dizing HMF to FFCA (Fig. 2A). Firstly, a one-pot concurrent
approach that simultaneously added GOase and the NFCM-
mediated rAaeUPO-HLADH system was proposed. As shown in
Fig. 2B, HMF was completely transformed in the first 12 h, but
the reaction barely proceeded in the following 12 h with only
47% FFCA detected at the end of the reaction. A large amount
of by-product DFF (52%) was detected, which was because
GOase could also rapidly convert HMF to DFF.>* Next, a
sequential and stepwise process was proposed to enhance the
selectivity of the reaction (Fig. 2A). The NFCM-mediated
rAaeUPO-HLADH system was firstly added for the transform-
ation of HMF into HMFCA (step 1), and then deactivated by
high temperature. Next, GOase was added to the reaction for
the following catalysis of HMFCA to FFCA. As expected, HMF
was completely transformed in the first 16 h, and then the gen-
erated HMFCA was fully oxidized to FFCA by GOase within an
additional 8 h (Fig. 2C). The selectivity and yield of the sequen-
tial approach were significantly enhanced compared with
those of the concurrent approach (99% vs. 46%). Notably, the

This journal is © The Royal Society of Chemistry 2025

TON of the enzymes reached 8250, which is higher than that
of the previous reported system (Table S4f). The atom
efficiency and E-factor of our system are at moderate levels
compared to the previously reported system (Table S47).

2.3 The chemoenzymatic selective synthesis of FDCA from
HMF by a one-pot two-step method

Since the results in Table 1 indicated that rAaeUPO was also a
promising biocatalyst for the oxidation of FFCA to FDCA, we
investigated if NFCM-mediated rAaeUPO-HLADH could also
be employed for the selective transformation of HMF into
FDCA. The initial experiment was conducted to explore the
possibility of using the NFCM-mediated rAaeUPO-HLADH
system to catalyze the transformation of FFCA into FDCA. As
shown in Fig. 3B, the yield of FDCA was gradually increased to
>99% on adding an in situ H,0, generation system (NADH and
NFCM) and the NAD' recycling system (ADH, NFCM, and
NAD"). This result was similar to that of the above selective
transformation of HMF into HMFCA (Table 1). Based on the
favorable results, a one-pot, two-step sequential approach
using the NFCM-mediated rAaeUPO-HLADH system and
GOase for the chemoenzymatic transformation of HMF into
FDCA was proposed (Fig. 3A). Notably, unlike the reaction for
synthesizing FFCA, HLADH and rAaeUPO should not be inacti-
vated (step 2). The results indicated that HMF could be com-
pletely converted in 28 h with excellent selectivity and yield of
FDCA (>99%) (Fig. 3C). Moreover, we found that no additional
HLADH and rAaeUPO were required during the reaction. After
calculation, the TON of the enzymes in the overall catalytic
process was about 8250, which was approximately ~3-fold
higher than the reported highest value (Table S5). Moreover,

Green Chem., 2025, 27, 642-649 | 645
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Fig. 2 The chemoenzymatic cascade system for selectively catalyzing
the oxidation of HMF to FFCA. (A and C) One-pot two-step method.
Reaction conditions: 0.1 mM NAD*, 0.02 mM NFCM, 10 mM HMF,
0.08 pM HLADH, 0.1 pM rAaeUPO and 1 yM GOase were added into
1 mL of phosphate buffer (50 mM, pH 7.0) in turn and shaken at 30 °C
(300 rpm). (B) One-pot one-step method. The detection methods of
each compound were the same as those in Table 1. Percentage (%) is the
ratio of the concentration of each component in the mixture and calcu-
lated according to the formula given in section 1.8 in the ESI.

our constructed chemoenzymatic system also showed apparent
advantages in the aspects of E-factor and atom efficiency over
other systems (Table S57).

2.4 The selective synthesis of furan carboxylic acids from
HMF catalyzed by immobilized enzymes

Subsequently, we attempted to explore an efficient immobiliz-
ation method to increase the stability and recyclability of
enzymes. Various valuable immobilization strategies including
embedding, adsorption, crosslinking and covalent bonding
have been proposed.*'** Hydrogels, as one of the representa-
tive materials employed in covalent binding immobilization
technology, have been widely used in the medical field due to

646 | Green Chem., 2025, 27, 642-649
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Fig. 3 The selective synthesis of FDCA from HMF. (A and C) One-pot
two-step method. Reaction conditions: 0.1 mM NAD*, 0.02 mM NFCM,
10 mM HMF, 0.08 pM HLADH, 0.1 pM rAaeUPO and 1 pM GOase were
added into 1 mL of phosphate buffer (50 mM, pH 7.0) in turn and shaken
at 30 °C (300 rpm). (B) The oxidation of FFCA to FDCA catalyzed by
different chemoenzymatic systems. Reaction conditions and detection
methods were the same as those in Table 1. Percentage (%) is the ratio
of the concentration of each component in the mixture and calculated
according to the formula given in section 1.8 in the ESI.}

their excellent biocompatibility, easy availability, safety, and
biodegradability.*® Recently, we have investigated a novel
sodium alginate hydrogel and applied it to cell immobilization
and 3D printing.** Thus, we wonder if this material could be
applied for the immobilization of the above enzymes. As
shown in Table 2 (entries 1, 2 and 4) and Fig. S6,7 HLADH,
rAaeUPO, and GOase can be separately and effectively immobi-
lized to a hydrogel material with a high efficiency ranging
from 60% to 78%. Moreover, HLADH and rAaeUPO could also
be co-immobilized to this material with an efficiency of 65%
(E3). validation experiments have also shown that immobilized
enzymes rarely detach from the hydrogel (Fig. S8%). After con-
firming the feasibility of the immobilization approach, we first
used the co-immobilized E3 for catalyzing HMF to HMFCA. As

This journal is © The Royal Society of Chemistry 2025
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Table 2 The comparison of efficiency before and after enzyme
immobilization

Activity”  Activity” Immobilization
Entry Sample [Umg™] [Umg™'] efficiency’ [%]
1 E1(HLADH) 0.1 0.042 70
2 E2 (rAaeUPO) 257 121 60
3 E3 (HLADH 0.1 0.037 65
and rAqeUPO) 257 118
4 E4 (GOase) 75 30 78

“ Activity of free enzymes. ° Activity of co-immobilized enzymes or
immobilized enzymes. ‘ The immobilization efficiency was calculated
according to the formula given in section 1.7 in the ESIf.

shown in Fig. 4A, complete conversion was observed at 10 mM
HMF in 24 h, proving the viability of the co-immobilization
approach. Next, we determined the recyclability of the co-
immobilized enzymes. The results in Fig. 4B show that E3
could be reused at least 7 times, while maintaining an above
80% yield. These results clearly demonstrated a significant
enhancement in the stability of immobilized enzymes com-
pared with that of free enzymes. Subsequently, we further veri-
fied the feasibility of coupling E3 with E4 for the selective
transformation of HMF into FFCA. As expected, the reaction
proceeded smoothly in the first cycle, yielding 98% FFCA in
32 h (Fig. 4C). Notably, the operation of heat deactivation of
the free enzyme-catalysis (Fig. 2) was replaced by the simple
operation of taking out of the immobilized E3, which enabled

View Article Online
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could be recycled 6 times. The yield of FFCA of each cycle was
maintained above 98% (Fig. 4D). Then, the immobilized
enzymes E3 and E4 were applied to catalyze the selective oxi-
dation of HMF to FDCA by a one-pot two-step sequential
approach. As shown in Fig. 4E, 99% yield of FDCA was
obtained after 28 h. Based on the results, we explored the
recyclability of E3 and E4 for converting HMF to FDCA. As
expected, the system could also be recycled up to 6 times
without any decrease in the yield (98%) (Fig. 4F). Finally, for
isolating the product, we changed the analytical scale con-
ditions to a semi-preparative scale (1.26 g). Under these con-
ditions, HMFCA, FFCA, and FDCA were all obtained with excel-
lent analytical yield (>98%) and selectivity (>99%), respectively
(Table S6t). Each product was obtained in pure form with
79%-85% isolated yield (Table S67).

3. Conclusions

In summary, we have developed an orderly and efficient
NFCM-mediated chemoenzymatic cascade system, which
could selectively transform HMF into each value-added furan
carboxylic acid. The organocatalyst NFCM acts as a bifunc-
tional catalyst, which enables in situ generation of H,0, and
regeneration of NAD" for ADH and UPO-catalyzed oxidation of
HMF, thereby promoting efficiency and selectivity of each oxi-
dation reaction. HMFCA, FFCA, and FDCA were all obtained

the reuse of E3. With this modified procedure, E3 and E4 with excellent yield (>99%) and selectivity (>99%).
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Fig. 4 The immobilized enzymes selectively oxidized HMF to produce HM
NAD®, 0.02 mM NFCM, 10 mM HMF, 0.08 or 0.16 pM HLADH and 0.1 or 0.2
in turn. (C and D) For FFCA. After HMF was completely transformed, HLA

FCA, FFCA and FDCA. (A and B) For HMFCA. Reaction conditions: 0.1 mM
UM rAaeUPO were added into 2 mL of phosphate buffer (50 mM, pH 7.0)
DH and rAaeUPO were taken out and 2 yM GOase was added, and the

mixture was shaken at 30 °C (300 rpm). (E and F) For FDCA. Reaction conditions: 0.24 uM HLADH and 0.3 pM rAaeUPO were used. Percentage (%) is

the ratio of the concentration of each component in the mixture and calcul
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ated according to the formula given in section 1.8 in the ESI.}
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Furthermore, the stability and reusability of each biocatalyst
were greatly improved by a sodium alginate hydrogel-based
immobilizing strategy. This first example of chemoenzymatic
strategy not only offers a promising approach for the selective
synthesis of furan carboxylic acids from HMF, but also pre-
sents a flexible and mutually beneficial approach that couple-
speroxygenase with dehydrogenase for enhancing the
efficiency of other selective biocatalytic oxidations. Further
work on expanding the application scope of this remarkable
system is under investigation in our lab.
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