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iocatalytic reduction of 5-
(hydroxy)methyl furfural using two co-immobilised
alcohol dehydrogenases†

Jakub F. Kornecki, abc André Pick,*b Pablo Dominguez de Maŕıa d

and Fernando López-Gallego *ae

Biocatalyst heterogenisation may enable robust processes that can be applied in biorefineries to selectively

valorise highly functionalised platform chemicals. In this work, we co-immobilise two dehydrogenases and

successfully apply them in the selective reduction of 5-hydroxymethylfurfural (HMF) to 2,5-

bis(hydroxymethyl) furan (BHMF) with efficient in situ cofactor regeneration. First, we select the best

enzyme candidates (an alcohol dehydrogenase from Escherichia coli together with a thermostable

glucose dehydrogenase from Bacillus subtilis) and then screen a variety of carriers and chemistries to

find the optimal individual immobilisation protocols for each dehydrogenase. As a result, methacrylate

carriers (Purolite™) functionalised with either aldehydes or with epoxy and cobalt-chelate groups co-

immobilise both enzymes in high yields with a sufficient activity recovery (>20%). These optimal

heterogeneous biocatalysts enable the quantitative bio-reduction of HMF to BHMF with >99% selectivity

in only fifteen minutes, exhibiting an outstanding reusability of >15 batch cycles with a total volumetric

productivity of ∼5 g L−1 h−1 of BHMF. Preliminary experiments on a semipreparative scale with HMF

loadings of 40 mM also reach high product conversions (86%). Overall, the judicious selection of

enzymes, carriers and reaction conditions enables the design of robust biocatalysts that may contribute

to paving the way to the valorisation of highly functionalised chemicals in biorefineries.
Sustainability spotlight

The chemical industry heavily relies on fossil resources for materials and energy, but their depletion necessitates alternatives. 5-Hydroxymethylfurfural (HMF)
has emerged as a problem-solving building block, obtained from biomass, particularly lignocellulosic biomass, through fructose dehydration. In our research,
we have successfully valorised HMF into 2,5-bis(hydroxymethyl) furan (BHMF) by developing highly active and robust biocatalysts as an environmentally friendly
alternative to processes that depend on noble metals. By doing so, our technology aligns with the UN Sustainable Development Goals, specically goals 9, 12,
and 13, which focus on industry, responsible consumption and production, and climate action, respectively.
Introduction

Renewable biogenic resources represent a promising feedstock
to produce chemicals. In the eld of plastics and polymers, the
need for alternative manufacturing processes and monomers
that can be sustainably delivered is particularly encouraged.
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Starting from fructose, and ultimately from lignocellulosic
hydrolysates, 5-hydroxymethyl-furfural (HMF) can be produced
as a platform molecule to access a variety of chemicals.1–3 In
particular, the reduction of HMF to 2,5-bis(hydroxymethyl)
furan (BHMF) is gaining momentum as it may serve as
a monomer for a new generation of bio-based furan-based
plastics.4,5 Moreover, BHMF can also be blended in industrial
lubricants, resins, and adhesives, or be used as drug
intermediates.5–8 Given this potential, different chemical
processes to afford BHMF have been disclosed using (hetero-
geneous) catalysts and nanocatalysts, using raw materials like
fructose (from glucose isomerisation), or lignocellulose, and
operating in cascade-like fashion.5–9 Typically, these synthetic
alternatives present selectivity issues and oen require noble
metals that may suffer from shortages and hazardous opera-
tional conditions.6,10–13
RSC Sustainability, 2023, 1, 1883–1895 | 1883
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Fig. 1 Recovered activity of BsGDH-2M (triangles), FDH (squares) and
PDH (circles) in the presence of increasing concentrations of HMF. Tris
50 mM, pH 7.0, 0.5 mM NAD+, and 25 mM of the corresponding
substrate at 25 °C. Glucose, sodium formate and sodium phosphite
were used as substrates for BsGDH-2M (0.2 mgmL−1), CbFDH (0.01mg
mL−1) and PsPDH (3.8 mg mL−1), respectively.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

07
:2

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Due to these challenges, and also due to the inherent
instability and cross-reactivity of furans under severe reaction
conditions, biocatalysis has emerged in the last years as
a promising alternative for furan valorisation.3,14 In fact, the use
of mild processing conditions oen applied in enzymatic
reactions, together with the high chemo, regio, and enantiose-
lectivity that biocatalysts exhibit, may represent a valuable
alternative to efficiently valorise highly functionalised platform
chemicals of bioreneries, while reducing by-product formation
and maximizing the carbon upgrade (i.e. through cascade-like
processing obtaining several products). Concerning the reduc-
tion of HMF to BHMF, few recent examples using whole-cells,15

and more rarely, plant tissues,16 have been reported. The use of
whole-cell biocatalysts may have advantages for practical use
(i.e. straightforward production, storage and disposal), but they
oen display low productivity due to the inhibitory effects of
HMF on cell growth and stability.15 Although these hurdles have
been recently ameliorated, further improvements are deman-
ded.10,15,17 Conversely, the use of isolated enzymes may over-
come the above-mentioned selectivity issues of whole-cells and
tissue bio-transformations. However, isolated enzymes need
a redox cofactor recycling system, and (semi-)pure enzyme
extracts are oen too labile and expensive for their imple-
mentation in bioprocesses under industrially relevant condi-
tions (i.e. need for high substrate loadings, high process
temperatures, use of organic solvents, etc.). In this context,
enzyme immobilisation contributes to adapting enzymes for
industrial constraints.18–20 First, an immobilised enzyme can be
easily separated from the reaction media, simplifying the
downstream processing. Second, immobilisation can enhance
the enzyme stability and minimise its inhibition, but only if the
immobilisation protocol has been carefully designed and
characterised.21 Last but not least, enzyme immobilisation is
a key enabling technology to perform biocatalysis in ow. The
development of immobilisation protocols that synthesize more
active and stable heterogeneous biocatalysts has opened new
operational windows for enzymatic processes towards their
industrial implementation.22,23

In the case of redox multi-enzyme systems where NAD
cofactors must be shuttled from one enzyme (oxidoreductase)
active site to the other, enzyme co-immobilisation on porous
carriers enhances the cofactor recycling efficiency.24,25 As the
oxidoreductases are conned inside a porous space, the effec-
tive local concentration of the two nicotinamide cofactor
species (NAD+ and NADH) is higher, enhancing the activity of
the co-immobilised dehydrogenases, and leading to a largely
optimised performance.

This paper explores the potential of biocatalyst hetero-
genisation by co-immobilizing two enzymes for a redox process
with a focus on bioreneries, where crude effluents and highly-
functionalised and inherently reactive platform chemicals are
used. Thus, a new NADH-dependent multi-enzyme system is
assembled to perform the selective reduction of HMF to BHMF
with the in situ recycling of the cofactor. A zinc-dependent
alcohol dehydrogenase from Escherichia coli (EcADHZ3) engi-
neered to accept NADH as a cofactor26,27 and a thermostable
glucose dehydrogenase from Bacillus subtilis designed by
1884 | RSC Sustainability, 2023, 1, 1883–1895
Figueroa et al.28 (BsGDH-2M) as the main dehydrogenase and
NADH recycling system are selected, respectively. For the
immobilisation, a diversity of chemistries and materials as
enzyme carriers is screened to nd a consensus immobilisation
protocol that results in efficient and robust heterogeneous
biocatalysts for the selective reduction of HMF to BHMF.
Finally, an HMF bioreduction process is implemented with
optimal bi-functional heterogeneous biocatalysts, achieving
excellent results in terms of titers and volumetric productivity
even at high substrate loads.

Results and discussion
Identication and characterisation of NADH recycling
enzymes

First of all, enzymes able to reduce HMF were searched for. In
that respect, EcADHZ3 was selected due to its previously re-
ported capability to reduce analogous furfural.26,29 Once we
selected EcADHZ3 as the main dehydrogenase, we proceeded to
select the NADH recycling enzyme. Several NAD+ dependent
dehydrogenases were considered as recycling enzymes using
different electron donors (Table S1†); thermostable glucose
dehydrogenase from Bacillus subtilis developed by Figueroa
et al. (BsGDH-2M),28 phosphite dehydrogenase from Pseudo-
monas stutzeri (PsPDH) and formate dehydrogenase from
Candida boidinii (CbFDH). BsGDH-2M outperformed the rest of
the candidates with a specic activity of 77.5 U mg−1 (Table
S1†). Once screened for their activity, the kinetic character-
isation of the three dehydrogenases from different microbial
sources was conducted, using different substrates (Table S2†).
TheMichaelis–Menten kinetic parameters conrm that BsGDH-
2M outperforms any of the dehydrogenases herein studied for
cofactor recycling using glucose as an ancillary electron donor.
Furthermore, the stability of the NADH recycling enzymes in
media containing HMF was subsequently analysed to validate
the biocatalyst's performance under real processing conditions
(Fig. 1). As observed, PsPDH performance is severely inhibited
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Kinetic parameters, Km (mM) and Vmax (Umg−1) of BsGDH-2M
towards glucose in the absence and in the presence of HMF or BHMF
dissolved in 50 mM Tris–HCl buffer at pH 7.0 and 25 °C containing
0.5 mM NAD+

mM

HMF BHMF

Km Vmax Km Vmax

0 1.34 109.14 1.34 109.14
10 1.16 94.89 1.44 108.24
25 1.85 93.53 1.02 95.60
50 1.45 51.17 1.21 73.08
100 1.54 15.38 2.89 29.84

Table 2 Carriers, chemical modification and immobilisation conditions. A
recovered volumetric activity (RA) (U g−1) of the screened heterogene
through 27 immobilisation protocols. In all cases, 50 U gcarrier

−1 (0.7 mg

© 2023 The Author(s). Published by the Royal Society of Chemistry
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by HMF, while CbFDH and BsGDH-2M presented a similar
furan tolerance. At 50 mM HMF, these two enzymes maintain
more than 60% of their activity in the absence of HMF.
Although CbFDH shows a slightly higher tolerance to HMF than
BsGDH-2M (22% loss of initial activity for CbFDH vs. 40% loss
for BsADH), the latter is selected due to its >150-fold higher
specic activity (60 U mg−1 for BsADH vs. 0.39 U mg−1 for
CbFDH). Furthermore, BsGDH-2M also tolerates BHMF simi-
larly to HMF, which provides further arguments for its selection
as a catalyst (Fig. S1†).

Besides, we determined the kinetic parameters of BsGDH-
2M in the presence of both a substrate and product (Table 1).
ll steps were carried out at 25 °C (top). Heat map representation of the
ous biocatalysts (bottom). Each enzyme was individually immobilised

enzyme gcarrier
−1) of each enzyme were offered to each carrier

RSC Sustainability, 2023, 1, 1883–1895 | 1885
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These values evidence that neither HMF nor BHMF inuence
the Km of BsGDH-2M; however, these reagents signicantly
decrease the Vmax of the enzyme, presumably due to a non-
competitive inhibition with KI = 16 and 38 mM, respectively.
However, we cannot discard the irreversible enzyme inactiva-
tion promoted by these two reagents as observed in the
discontinuous use of this enzyme in consecutive batch cycles
(vide infra).
Immobilisation screening for BsGDH-2M and EcADHZ3

Upon enzyme selection, we performed a systematic assessment
of different immobilisation procedures. A total of twenty-seven
different procedures were tested to identify the consensus
conditions to co-immobilise the two dehydrogenases with the
ultimate goal of fabricating an efficient and robust bifunctional
heterogeneous biocatalyst for the bio-reduction of HMF to
BHMF. To that end, six different types of carriers functionalised
with up to four different reactive groups and combinations
thereof were screened. The materials were subjected to thirteen
different immobilisation conditions to promote both reversible
and irreversible attachment between enzymes and the carriers.

As materials, biopolymers like agarose beads, organic poly-
mer carriers like acrylic beads, as well as some inorganic
particles like yttrium stabilised zirconia (YSZ), and porosity-
controlled glass-based carriers like EziG™ were selected. All
of them were functionalised with a plethora of reactive groups
like cobalt chelates, epoxide, aldehydes and amines. Table 2
summarises the type of materials as well as the immobilisation
chemistry and conditions herein utilised. EcADHZ3 and
BsGDH-2M were individually immobilised following these
different immobilisation protocols, resulting in a total of
twenty-seven different immobilised biocatalysts for each dehy-
drogenase. Both enzymes were immobilised on most of the
carriers with immobilisation yields higher than 50% (Table
S3†). Regarding the recovered activity upon the immobilisation
protocol, Table 2 shows that most of the immobilisation
protocols led to higher recovered activity for immobilised
BsGDH-2M than for immobilised EcADHZ3. The higher toler-
ance to immobilisation exhibited by the recycling enzyme may
be due to its high thermostability. In general, thermostable
enzymes (i.e. thermophilic ones) may better resist the confor-
mational changes induced by enzyme attachments to solid
carriers, leading to higher recovered activities upon the immo-
bilisation processes.30,31 Among all carriers herein tested, acrylic
ones, specically Purolite™ (entries 22–27) presented the
highest recovered activity for the two dehydrogenases using
a wider range of immobilisation chemistries. For example,
when both BsGDH-2M and EcADHZ3 were immobilised on
heterofunctional carriers activated with epoxides and cobalt(II)-
chelates, the recovered activity was one of the highest in the
screening (Table 2, entries 26 and 27). This family of carriers
enables enzyme immobilisation through a two-step mechanism
where a rst directing group (cobalt(II)-chelate) interacts rapidly
and selectively with the enzyme (His-tag) through reversible
bonds. Then, a second type of groups (epoxides) establishes
a multivalent irreversible attachment with the nucleophilic
1886 | RSC Sustainability, 2023, 1, 1883–1895
amino acids (i.e. Lys, Tyr, and Cys) exposed on the enzyme
surface. These carriers have been successfully exploited for site-
directed immobilisation and rigidication of enzymes through
oriented multivalent attachment.32,33 This immobilisation
approach also allows the one-pot purication and immobilisa-
tion of His-tagged enzymes.34 On these heterofunctional
carriers, once the enzyme is immobilised, an additional block-
ing step is necessary for the inertisation of the remaining epoxy
groups on the support, neutralizing their reactivity upon the
immobilisation protocol, and allowing the safe storage of the
heterogeneous biocatalysts.

To this aim, we tested two different amino acids, glycine and
glutamate, as blocking agents. The amine group of these amino
acids efficiently reacts with the remaining epoxy groups.35 In our
system case, glutamate was chosen as the blocking agent
because the recovered activity was signicantly higher (Table 2,
entry 27) than when glycine is used (entry 26). Finally, from the
immobilisation screening, we could also recover high activities
upon the immobilisation of these two dehydrogenases on
carriers functionalised with aliphatic aldehydes (glyoxyl
groups). The oligomeric nature of these enzymes allowed their
immobilisation through aldehyde chemistry at neutral pH as
previously reported.36 In this carrier, the 3-NH2 of the exposed
lysine residues of the enzyme acts as a nucleophile, attacking
the aldehydes and forming imine bonds that must be further
reduced to make the enzyme-carrier bonds irreversible and the
carrier surface inert. As an alternative to the reduction step,
which oen deactivates the enzymes, amino acids in combi-
nation with 2-picoline borane are employed for the same
purpose.37 Like in the carriers activated with epoxides (previous
case), the amino acids here also act as blocking agents to
neutralise the reactivity of the remaining aldehydes of the
support that cannot be directly reduced by picoline borane. For
glyoxyl immobilisation chemistry followed by the reduction
step, we observed that reduction with 2-picoline borane/amino
acids (entries 22 and 23) led to higher recovered activity of
EcADHZ3 than that obtained with the reduction with NaBH4 as
the reducing agent (entry 11). Out of the twenty-seven immo-
bilisation protocols and according to the volumetric recovered
activity (U g−1), Purolite™ ECR8204F was selected as the carrier,
combined with either glyoxyl (entries 22 and 23), or the pair
epoxide/cobalt(II)-chelates (entries 26 and 27) as reactive groups
to functionalise the surface of this acrylic material. Upon
immobilisation through these two types of chemistries, we
selected glycine (entries 22 and 26) and glutamate (entries 23
and 27) as blocking agents.
Carrier screening for enzyme co-immobilisation

Aer the above-discussed exhaustive immobilisation screening,
the selected carrier (Purolite™ ECR8204F) functionalised with
either glyoxyl groups (Pu-G), or epoxy and cobalt(II)-chelates (Pu-
E/Co2+) was used to co-immobilise the two dehydrogenases for
the BHMF bio-redox cascade. We tested four different immo-
bilisation protocols evaluating how the nature of the blocking
agent affects the recovered activity of the co-immobilised
enzymes. Table 3 shows the immobilisation parameters of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Immobilisation parameters of co-immobilised enzymes.
Immobilisation yield (Y) (%) representing the proportion of the enzyme
that is retained within the carrier with respect to the one left in the
supernatant. Recovered volumetric activity (RA) (U g−1) describes the
amount enzymatic activity in units recovered after immobilisation. In
all cases, 50 U gcarrier

−1 (0.7 mgenzyme gcarrier
−1) of each enzyme were

offered to each carrier

Mod Block

EcADH BsGDH-2M

Y RA Y RA

Carrier Glyoxyl Gly 96 0.3 88 0.52
Glut 96 1.4 88 0.8

E-CO2+ Gly 99 0.3 98 0.24
Glut 99 1.4 98 2.14

Fig. 2 Recovered activity of EcADHZ3 at 70 °C (A) and BsGDH-2M at
80 °C (B) co-immobilised on Pu-E/Co2+ (grey) and Pu-G (blue) and
compared against that of the free counterpart (orange dashed). All
heterogeneous biocatalysts were blocked with glutamic acid and
inactivated in 50 mM Tris–HCl a pH 7.0. 100% activity of EcADHZ3
corresponds to 1.3 (circles) and 1.8 (squares) U g−1 in panel (A). 100%
activity of BsGDH-2M corresponds to 2.2 (circles) and 1 (squares) U g−1

in panel (B). 100% activity of free enzymes (dash lines) corresponds to
0.1 U mL−1 in both panels.
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two enzymes co-immobilised on the same carriers using either
glycine or glutamate in the blocking step. Importantly, the co-
immobilisation of the two enzymes negligibly affected the
trend of recovered activity observed for the different carriers
when they were individually immobilised (previous section).
The data reported in Table 3 further support that glutamate is
a better blocking agent for both Pu-G and Pu-E/Co2+ carriers
upon co-immobilisation, as the recovered activity of both
dehydrogenases were from two to eight times higher depending
on the enzyme and the immobilisation chemistry.

Hence, the optimal co-immobilisation protocol is co-
immobilizing EcADHZ3 and BsGDH-2M on Pu-E/Co2+ at pH
8.0 and then blocking with 1 M glutamate at pH 9.0. This
multifunctional heterogeneous biocatalyst exhibits a volumetric
activity of 1.2 and 2.14 U g−1 for EcADHZ3 and BsGDH-2M,
respectively. The layer of negative charges resulting from the
blocking of the electrophilic groups (epoxides and aldehydes)
may create a benecial microenvironment for the immobilised
enzymes, allowing their substrates to access their active sites
more easily. Similar results have been previously reported for
the immobilisation of individual hydrolases.38,39 Therefore,
a negative environment seems to improve the properties of
these dehydrogenases when they are immobilised on acrylic
carriers. The higher polarity of glutamate compared to that of
glycine might increase the hydrophilicity of the Purolite™
surface, creating a more enzyme-compatible environment.
Thermal stability and enzyme leakage assays

Next, the thermal stabilities of the dehydrogenases immobilised
on Pu-G and Pu-E/Co2+ and blocked with glutamate were
analyzed. Fig. 2 and S3† show the kinetic thermal deactivation
of the two dehydrogenases individually immobilised and co-
immobilised on the carriers described in Table 3 (Table 2,
entries 23 and 26). As a reference, the soluble enzymes were also
inactivated under the same conditions. For both dehydroge-
nases, most immobilisation protocols increased their thermal
stability although they followed a different stability trend
depending on the selected support. While EcADHZ3 was simi-
larly stabilised on both carriers (Fig. 2A) (t1/2 > 120 min),
BsGDH-2M presented a higher half-life time (t1/2) when immo-
bilised on Pu-E/Co2+ (t1/2 = 23 min) than on Pu-G (t1/2 < 5 min)
© 2023 The Author(s). Published by the Royal Society of Chemistry
(Fig. 2B). Furthermore, we observed that the thermostability of
EcADHZ3 and BsGDH-2M slightly increases when they are co-
immobilised on Pu-E/Co2+ (Fig. S3 and Table S4†).

Besides the thermal stability of the heterogeneous bio-
catalysts, we also studied their capacity to irreversibly attach the
two multimeric dehydrogenases upon thermal shocks. First, we
incubated the two dehydrogenases immobilised on Pu-G and
Pu-E/Co2+ blocked with glutamate at 25 and 75 °C, and the
supernatants were analysed by SDS-PAGE to assess the amount
of each enzyme released aer thermal incubation (Fig. S7†). The
immobilisation on Pu-E/Co2+ prevented the dissociation of the
enzyme subunits forming EcADHZ3 and BsGDH-2M upon
incubation at 25 °C, demonstrating a high stability of the two
multimeric dehydrogenases upon the immobilisation process.
Even when the heterogeneous biocatalysts were incubated at
a much higher temperature (75 °C), no leakage of any of the two
enzymes was observed. In contrast, some subunits of BsGDH-
2M were lixiviated from Pu-G at 25 °C, indicating a partial
reversible immobilisation of this enzyme through the glyoxyl
chemistry. When this heterogeneous biocatalyst was
RSC Sustainability, 2023, 1, 1883–1895 | 1887
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subsequently incubated at 75 °C, no further leakage of BsGDH-
2M subunits was observed, demonstrating that the enzyme
molecules remaining in the carrier were irreversibly attached to
it. The leakage studies support a good geometric congruence of
dimeric EcADHZ3 in the two carriers. In contrast, the geometric
congruence of BsGDH-2M with the surface of Pu-G is subop-
timal, and thus, its quaternary structure cannot be fully stabi-
lised, explaining why this immobilisation chemistry stabilises
this enzyme to a lower extent than E/Co2+ (Fig. 2B).

HMF conversion using co-immobilised solid systems
EcADHZ3/BsGDH-2M

Subsequently, the most active and thermostable multi-
functional heterogeneous biocatalysts were evaluated for their
operational performance in the bio-reduction of HMF to BHMF
in batch, using 10 mM HMF as the substrate load and 0.1
equivalents of NADH. For comparison, we also studied the
effect of the two blocking strategies during co-immobilisation
(glycine and glutamate) on the two Pu-G and Pu-E/Co2+

carriers on the operational performance of the biocatalysts.
Furthermore, as a reference for a suboptimal heterogeneous
biocatalyst, we utilised the two enzymes co-immobilised on
Purolite™ functionalised with primary amine groups and
further cross-linked with 0.5% glutaraldehyde, which signi-
cantly inactivated EcADHZ3 upon the immobilisation protocol
(Table 2, entry 24). Fig. 3 demonstrates that the two co-
immobilised systems on both Pu-G and Pu-E/Co2+ out-
performed the co-immobilised system on aminated carriers
crosslinked with glutaraldehyde as expected from the recovered
activities reported in Table 3. Moreover, the heterogeneous
biocatalysts blocked with glutamate produced BHMF 20%
Fig. 3 HMF conversion catalyzed by EcADHZ3 and BsGDH-2M co-
immobilised on different carriers. Reaction scheme (top) and reaction
time courses (bottom) catalyzed by the two enzymes co-immobilised
on Purolite™ ECR8204F chemically activated with an amino group
(orange empty), on Pu-E/Co2+ blocked with glycine (empty grey) and
with glutamate (filled grey), and on Pu-G blocked with glycine (empty
blue) and blocked with glutamate (filled blue). HMF 10 mM, NADH
1 mM, glucose 25 mM and Tris pH 7.0, 50 mM. 0.1 gcatalyst mL−1.

1888 | RSC Sustainability, 2023, 1, 1883–1895
faster than the ones blocked with glycine, with this difference
being more signicant in the case of Pu-E/Co2+. Hence the
maximum volumetric productivity of BHMF (5.2 g L−1 h−1) was
achieved with the system co-immobilised on Pu-G and Pu-E/
Co2+ blocked with glutamate (Table S5†). This value is higher
than the volumetric productivity reported for most HMF-
tolerant whole-cell biocatalysts reported until now, which
perform at 0.5–2.2 g L−1 h−1.15,40 Remarkably, these two
heterogeneous biocatalysts were able to quantitatively reduce
10 mM HMF in only een minutes with a heterogeneous
biocatalyst loading of 10% (w/v) and a EcADHZ3 total turnover
number (TTN) of 1.1 × 103. Another remarkable result is the
exquisite selectivity of co-immobilised systems that led to >99%
chromatographic yield of BHMF, without by-product detection.
Although our cell-free system still presents some HMF tolerance
limits, during the reviewing process of this work, Wu et al. re-
ported that EcADHZ3 overexpressed in E. coli and used as
a permeabilised whole-cell biocatalyst tolerates concentrations
as high as 1 M HMF and produces BMHF with a volumetric
productivity of 15 g L−1 h−1 in a gram-scale synthesis.29 This
work together with our reported results, support that EcADHZ3
is an excellent biocatalyst to perform selective HMF reduction in
different reaction congurations.
Reusability of the optimal bifunctional heterogeneous
biocatalysts

To further assess the robustness of the most productive
heterogeneous biocatalysts, discontinuous operation in
consecutive batch cycles was conducted, evaluating the product
yield. Aer each cycle, the heterogeneous biocatalysts were
separated by centrifugation, and fresh reaction media were
added. Each reaction cycle was performed using 10 mM HMF,
25 mM glucose and 1 mM NADH and operated for 1 h at 25 °C
and pH 7.0. As observed (Fig. 4), the two most active bifunc-
tional heterogeneous catalysts immobilised on Pu-G and Pu-E/
Co2+ (blocked with glutamate), could be re-used over een
cycles, maintaining their productivity and maximum product
Fig. 4 Cycles of HMF conversion by co-immobilised systems of
EcADHZ3 and BsGDH-2M on Pu-E/Co2+ (grey) and Pu-G (blue).
Reaction mixture contains HMF 10 mM, 25 mM glucose, and 1 mM
NADH in 50 mM Tris–HCl buffer at pH 7.0, with a catalyst load of 0.1
gcatalyst mL−1. Each reaction cycle is performed at 25 °C for 15 minutes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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yield aer each cycle. These two heterogeneous biocatalysts
showed similar operational stabilities despite exhibiting
different thermal stabilities as shown in Fig. 2. As a result, the
accumulated TTN of immobilised EcADHZ3 was 1.7 × 104 aer
een reaction cycles using 10 mM HMF as the substrate load.

Process intensication and sustainability assessment

Encouraged by the excellent results obtained with the bi-
functional heterogeneous biocatalysts using both types of
carriers Pu-G and Pu-E/Co2+, a pre-scale up was assessed by
increasing the substrate loadings, decreasing the biocatalyst
load, decreasing the excess of glucose as the ancillary substrate,
and increasing the reaction volume. First, HMF concentration
was increased from 10 to 50 mM keeping constant the excess of
2.5 equivalents of glucose in 1 mL of reaction (Fig. 5). Using
both bifunctional heterogeneous biocatalysts, the optimal
balance between substrate loadings and product yields was
achieved at 40 mM HMF, reaching a 91% BHMF yield in 2 h.
However, under these conditions the heterogeneous bio-
catalysts could only be reused in two consecutive cycles, being
dramatically inactivated in the third one (Fig. S8†). A plausible
explanation may be that the pH drop underlying the gluconic
Fig. 5 HMF conversion by co-immobilised systems of EcADHZ3 and
BsGDH-2M over Pu-E/Co2+ (A) and Pu-G (B) at different substrate
concentrations: 10 mM, 25 mM, 40 mM and 50 mM. Reaction mix
contains equimolar amounts of glucose relative to HMF and 1 mM
NADH in 100 mM Tris–HCl at pH 7.0 and 25 °C. Catalyst load 0.1
gcatalyst mL−1. In all cases, no by-products were detected, only the
produced BHMF and the remaining HMF.

© 2023 The Author(s). Published by the Royal Society of Chemistry
acid production occurred during the NADH recycling and trig-
gered the inactivation of the immobilised enzyme. At the
beginning of the reaction the pH was 7.0, registering a value as
low as 4.5 aer 2 hours of reaction. However, the HMF driven
enzyme inactivation cannot be discarded as another plausible
reason to explain the lower operational performance of the co-
immobilised systems at high substrate concentrations.

To overcome this issue, the buffer concentration was
increased up to 200 mM. Under these conditions (Fig. 6) both
heterogeneous biocatalysts resulted more operationally stable,
reaching their maximum performance for three consecutive
cycles. Aer the third cycle, however, a steady inactivation of
both heterogeneous biocatalysts was observed, regardless of the
carrier used for their preparation. Nonetheless, the system co-
immobilised on Pu-E/Co2+ tolerated its consecutive reuse
slightly better than its counterpart immobilised on Pu-G. It
must be noted that free enzymes failed to reduce HMF when
40 mM HMF was added, supporting the need for developing
robust immobilisation systems. Subsequently, the reaction
volume was increased to 125 mL using a biocatalyst load of
0.4% (w/v) with 10mMHMF and 25mM glucose, reaching an 86
and 69% HMF conversion in 24 h using the dehydrogenases co-
immobilised on Pu-E/Co2+ and Pu-G, respectively, both blocked
with glutamate (Fig. 7). In the second cycle of this scaled
biotransformation, the substrate conversion decreases to 15%,
indicating the inactivation of the two heterogeneous bio-
catalysts under the intensied conditions (10 mM HMF, 25 mM
glucose, and 1 mM NADH with a biocatalyst load of 0.004
gcatalyst mL−1). Enzyme co-immobilisation on Pu-E/Co2+

promotes higher operational stability in the bi-enzymatic
system than that on Pu-G.

The promising results observed during the pre-scale-up,
both in terms of substrate loading and reaction volume,
encouraged us to conduct a preliminary estimation of the E-
factor for the upstream section (the biocatalytic reaction)
(Fig. 8). As observed, the E-factor (kgwaste kgproduct

−1 (BHMF))
diminished signicantly when higher substrate loadings were
Fig. 6 Cycles of HMF conversion by co-immobilised systems of
EcADHZ3 and BsGDH-2M over Pu-E/Co2+ (grey) and Pu-G (blue).
Reaction mixtures contain 40 mM HMF, 40 mM glucose, 1 mM NADH
and 200 mM Tris–HCl buffer at pH 7.0, with a load of 0.1 gcatalyst mL−1.
Each reaction cycle is performed at 25 °C for 24 h.
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Fig. 7 HMF conversion by co-immobilised systems of EcADHZ3 and
BsGDH-2M over Pu-E/Co2+ (grey) and Pu-G (blue) with shifted w/v
proportions (0.5 g in 125 mL). Reaction mixture contains 10 mM HMF,
25 mM glucose, NADH 1 mM, and 50 mM Tris–HCl buffer at pH 7.0,
with a load of 0.004 gcatalyst mL−1. The reaction is performed at 25 °C
for 24 h.

Fig. 8 E-factor contribution of water (blue), catalyst (grey) and
reagents (orange) towards the E-factor metrics under different reac-
tion conditions. Below the bars, the reaction volume (mL) (top),
substrate concentration (mM) (middle) and heterogeneous biocatalyst
load (v/w) (bottom) are provided.
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set, consistent with previous literature.41,42 As expected, the
major contribution to the E-factor was provided by water (as
a reaction medium). The subsequent set-up of mild wastewater
treatment devices may lead to signicantly diminished envi-
ronmental footprints (in terms of CO2 production), giving
support for biocatalytic processes in aqueous media. Apart from
the upstream unit, an extractive downstream would be possibly
needed in this reaction, whereby the use of biogenic solvents
(i.e. ethyl acetate) that could be recycled may lead to environ-
mentally acceptable downstream units as well.42
Conclusions

Enzymes can nd promising uses in future bioreneries when
highly functionalised and inherently unstable and reactive
platform chemicals such as furans are used. The mild reaction
1890 | RSC Sustainability, 2023, 1, 1883–1895
conditions and the exquisite selectivity of enzymes can enable
these new valorisation routes. However, the use of free enzymes
is oen not sufficient to warrant a competitive biotransforma-
tion since inhibitions and deactivations may occur. Herein, we
have designed a bifunctional heterogeneous biocatalyst with
outstanding productivity and operational stability for the
reduction of HMF into BHMF, integrating an in situ recycling
system at the expense of glucose as an ancillary electron donor.
This was possible through a sequential approach that rst
involved a database-driven enzyme screening to nd the
optimal dehydrogenase pair, followed by an intensive immo-
bilisation screening that allowed us to nd the best immobili-
sation protocol to efficiently co-immobilise the two-enzyme
system. As a result, two highly robust and productive hetero-
geneous biocatalysts were developed, based on a commercially
available carrier (Purolite™) functionalised by us with either
glyoxyl or the pair of epoxy groups and metal chelates. Using
these heterogeneous systems, high yields of BHMF starting with
up to 40 mM HMF were afforded, overcoming the inhibition
issues undergone by most of the bioprocesses reported nowa-
days for this biotransformation. Furthermore, we found an
exquisite selectivity of the heterogeneous biocatalysts herein
studied as >99% of HMF was reduced to BHMF without
detecting other sub-products viaHPLC. Finally, the recyclability
of the heterogeneous biocatalysts was demonstrated, paving the
way for their implementation in continuous processes in future
program activities.
Experimental
Materials

Epoxy methacrylate microbeads ECR8204F were kindly donated
by Purolite™, YSZ was kindly donated by Dr. Jonas Guralakis
(AENEAM, Zaragoza, Spain), 4% crosslinked agarose beads (AG)
were purchased from Agarose Bead Technologies (Madrid,
Spain), and TALON was bought at Takara Bio (Kusatsu, Japan),
Sunresin LX1000EP was kindly donated by Sunresin (Xi'an,
China), EziG1™ was kindly donated by EnginZyme (Solna,
Sweden) and acrylic ECR8204F resin was kindly donated by
Purolite™ (King of Prussia, USA). Relizyme 112/S was kindly
donated by Resindion SRL (Binasco, Italy). A C18 Poroshell EC-
C18 (4.6 × 100 mm × 2.7 mm) column was purchased fromA-
gilent (Santa Clara, USA).
Enzyme expression and purication

The same protocol for protein expression was used for the two
enzymes. Briey, E. coli BL21(DE3) containing the plasmid
encoding the enzyme of interest were grown in 50 mL auto-
induction media for efficient protein expression.43 The pre-
culture was incubated in 4 mL of LB medium with 100 mg mL−1

kanamycin at 37 °C overnight on a rotary shaker (180 rpm). The
expression culture was inoculated with a 1 : 100 dilution of the
preculture. Incubation was performed at 37 °C for 24 h. Cells
were harvested by centrifugation and resuspended in 50 mM
sodium phosphate buffer (pH 8.0, 20 mM imidazole, 500 mM
NaCl and 10% glycerol).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Functionalisation degree of epoxy-based carriers by varia-
tions in the time of incubation with iminodiacetic acid (IDA) (entries 6–
8 Table 3)

IDA,
mM pH Incubation time (h)

Activation degree
(mmol g−1)

IDA Epoxy

500 9.0 1 5.2 33.5
500 11.0 1 20.2 18.5
500 11.0 3 26.0 12.7
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Crude extracts were prepared by the use of an ultrasonic
liquid processer Sonicator XL2020 (Misonix Incorporated) and
subsequent addition of MgCl2 to attain a nal concentration of
2.5 mM in combination with DNaseI (10 mg mL−1), followed by
incubation for 20 min at room temperature for successful DNA
degradation. The insoluble fraction of lysate was removed by
centrifugation at 16 130g for 20 min at 4 °C. The supernatant
was ltered through a 0.45 mm syringe lter and applied to an
IMAC affinity resin column, 5 mL Protino Ni-NTA, equilibrated
with the resuspension buffer using an ÄKTA purier system.
The enzyme was washed with 20 mL of resuspension buffer and
eluted with 50 mM sodium phosphate buffer (pH 8.0, 500 mM
imidazole, 500 mM NaCl and 10% glycerol). Aliquots of each
eluted fraction were subjected to 12% SDS-PAGE gel electro-
phoresis. The fractions containing the eluted protein were
pooled and the protein was desalted using a HiPrep™ 26/10
desalting column, which had been pre-equilibrated with
50 mM Tris–HCl pH 8.0. Protein concentrations were deter-
mined using a Bradford assay (Bradford Reagent, HiMedia).44

Specic activities of the obtained pure enzymes were 55 and 53
U mg−1 for EcADHZ3 and BsGDH-2M, respectively.
Chemical activation of solid carriers

Hydrolysis of Purolite™ ECR8204F. Commercial support
Purolite™ ECR8204F, Sunresin LX1000EP or Relizyme 112/S
containing epoxy groups were incubated in the presence of
0.5 MH2SO4 in a proportion of 1 g per 10mL for 2 h and 25 °C to
hydrolyse the epoxy groups,45,46 leaving the support with glyceryl
groups available for further modication.

Agarose activation with glyceryl groups. Supports containing
hydroxyl (Agarose 4% BCL) groups were functionalised with
glyceryl groups.47–49 Briey, 1 mL of water is added to 1 g of
carrier. 0.5 mL of 1.7 N NaOH is added followed by 0.014 g of
sodium borohydride. While this mixture is kept in an ice bath,
0.34 mL of glycidol is added, drop by drop, to the mixture. The
resulting suspension is incubated overnight under constant
agitation and at room temperature. Aer incubation, the carrier
was washed with abundant water and stored at 4 °C.

Activation with glyoxyl groups. Supports (Relizyme 112/S,
Sunresin LX1000EP and Purolite™ ECR8204F) containing
glyceryl groups have been functionalised with glyoxyl groups
through an oxidation step. Briey, 10 mL of 25 mM sodium
periodate solution were added to 1 g of carrier and incubated for
1 h at 25 °C under constant agitation.47 Aer incubation, the
carrier was washed with abundant water and stored at 4 °C.

Activation with epoxy groups. Supports containing hydroxyl
(Agarose 4% BCL) groups have been functionalised with epoxy
groups.45,46 1 g of carrier was resuspended in 4.2 mL of water
and added to a solution of 1.52 mL of acetone with 1.7 N NaOH
and 0.02 g of sodium borohydride. To this mixture, 1.05 mL of
epichlorohydrin was added drop by drop in an ice bath, and the
resulting suspension was incubated under mild agitation at
25 °C overnight. Aer incubation, the carrier was washed with
abundant water and stored at 4 °C.

Activation with epoxy and cobalt chelate groups. Carriers
harbouring epoxy groups on their surface (Agarose Epoxy,
© 2023 The Author(s). Published by the Royal Society of Chemistry
Purolite™ ECR8204F, Sunresin LX1000EP, and Relizyme 112/S)
were further modied with iminodiacetic acid and a cobalt
chelate. Briey, 1 g of carrier was resuspended in 10mL of 0.5 M
imidodiacetic acid (IDA). Three different conditions of incuba-
tion were tested for most of the carriers (Table 4). The incuba-
tion was performed at room temperature and under mild
agitation for 1 h.

Aer the incubation, the carrier was washed with abundant
water. Then, 10 mL 30 mg mL−1 CoCl2 solution were added to
1 g of carrier and incubated at room temperature for 1 h under
mild agitation. The IDA and epoxy densities were determined by
titrating the remaining epoxy groups aer each functionalisa-
tion step following a stepwise hydrolysis/oxidation route.50 Aer
incubation the carriers were washed with abundant water and
stored at 4 °C.

Activation with primary amine groups. Carriers harbouring
electrophile groups (glyoxyl and epoxy) were subjected to ami-
nation. Briey, 1 g of carrier was added to 10 mL of a 2 M eth-
ylenediamine solution at pH 11.0.51 The incubation was
performed overnight, at room temperature and with mild
agitation. In the case of a glyoxyl carrier being modied, an
extra reduction step was performed to make the bonds between
ethylenediamine and the carrier irreversible. For this purpose,
a solution of 10 mg mL−1 of sodium borohydride was added to
the carrier solution and incubated for 2 h, at room temperature
under mild agitation. In the last step, the carrier was washed
with abundant water and stored at 4 °C.

Activation with glutaraldehyde. Carriers activated with
primary amino groups (see above) were modied with glutar-
aldehyde to provide the possibility of a covalent attachment
between the enzyme and support.52,53 1 g of carrier was mixed
with 5 mL of a 10% glutaraldehyde solution in 200 mM sodium
phosphate buffer at pH 7.0. The incubation was le for 1 h at
room temperature and washed with abundant water aerwards.
Of note, this functionalised support must be prepared fresh just
before use.

Enzyme activity assays. All assays rely on the changes in
absorbance at 340 due to the consumption or production of
NADH (3 = 6.22 mM−1 cm−1). On the other hand, a unit of
activity (U) is dened as a micromole of the substrate being
converted into a product in one min (U = mmolsubstrate min−1).

EcADHZ3 activity was followed via spectrophotometry, using
the decrease of absorbance produced by the decrease of NADH54

in the reaction media at 340 nm. The reactions were performed
RSC Sustainability, 2023, 1, 1883–1895 | 1891
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in the presence of 0.5 mM NADH, 10 mM HMF and Tris buffer
50 mM, pH 7.0 at 25 °C.

GDH activity was followed via spectrophotometry, using the
increase of absorbance produced by the increase of NADH in
the reaction media at 340 nm. The reactions were performed in
the presence of 0.5 mM NAD+, 25 mM glucose and 50 mM Tris
buffer at pH 7.0 and 25 °C. To determine the Michaelis–Menten
parameters of BsGDH-2M, the same reaction mixture was used
but by varying the glucose concentration (1–100 mM) and xing
the NAD+ concentration (0.5 mM) at different concentrations of
HMF (0–100 mM) and BHMF (0–100 mM). The initial rate of
each measurement was plotted against the glucose concentra-
tion and the apparent kinetic parameters were calculated with
a simplied Michaelis–Menten equation assuming that NAD+

saturates the enzyme under any condition as follows.

V = Vmax[NAD+]/(KM + [NAD+])

The BsGDH-2M inhibition constants towards HMF and
BHMF were calculated as follows:

KI ¼ V app
max½I�

Vmax � V
app
max

where Vmax is the maximum rate without an inhibitor (BHMF or
HMF) and Vappmax is the maximum rate in the presence of a certain
amount of inhibitor [I].

FDH activity was followed via spectrophotometry, using the
increase in absorbance produced by the increase in NADH in
the reaction media at 340 nm. The reactions were performed in
the presence of 0.5 mM NAD+, 25 mM sodium formate and Tris
buffer 50 mM, pH 7.0 at 25 °C.

PDH activity was followed via spectrophotometry, using the
increase in absorbance produced by the increase in NADH in
the reaction media at 340 nm. The reactions were performed in
the presence of 0.5 mM NAD+, 25 mM sodium phosphite and
Tris buffer 50 mM, pH 7.0 at 25 °C.

All activity measurements are performed in duplicate for the
free enzymes and quadruplicate for the immobilised enzymes.
Each measurement contained between 5 and 20 mL of sample
with an additional 200 mL of reactionmixture described for each
enzyme.

For inactivation experiments of GDH, FDH and PDH, these
activity assays were performed under the same conditions but
adding 0–100 mM HMF and BHMF to the reaction mixture.

Thermal stability assay. The immobilised enzymes were
incubated at room temperature, and in a range of 65–80 °C in
Tris 50 mM, pH 7.0 in a suspension of 0.1 g of solid catalyst
per mL of buffer. The samples were withdrawn at different
incubation times, measuring three replicates for each time
point. The activity of the different samples was spectrophoto-
metrically assayed as described above.

Immobilisation of EcADHZ3 and BsGDH-2M. 1 g of activated
carrier was mixed with 10 mL of enzyme solution. The immo-
bilisation was performed in 50 mM Tris–HCl buffer, pH 8.0 and
25 °C. Upon immobilisation, a 1 : 10 (w/v) suspension of the
immobilised enzymes on Pu-G was incubated with either 1 mg
1892 | RSC Sustainability, 2023, 1, 1883–1895
mL−1 NaBH4 at pH 10.0, or 30 mM 2-methylpyridine borane,
20% DMSO and 1 M glycine or glutamic acid at pH 9.0.55,56 We
offered 50 U g−1 (0.7 mgenzyme g

−1) of each enzyme, incubating
1 mL of 5 U mL−1 enzyme solution with 0.1 g of each corre-
sponding carrier under the specic immobilisation conditions.
The resulting suspensions were gently stirred during the
immobilisation process. To follow the process, samples of the
suspension and supernatant were withdrawn, and enzyme
activity was analyzed as described before. For blocking the
suspension of the immobilised enzymes on Pu-E/Co2+ see
above. When immobilisation was nished, all supernatants
were removed and the immobilisates were stored at 4 °C for
further assays.

For each immobilisation experiment, immobilisation yield
(Y), recovered activity (RA) and effectiveness (see in Table S3†)
are dened and calculated as follows:

Immobilisation yield (Y) is the percentage of the offered
enzyme that is immobilised on the support. The free enzymes
were incubated under the immobilisation conditions without
the carriers as blank samples. In these blanks, no activity loss
was observed during the immobilisation time. J is dened by
using the following formula

J ¼ 100�

offered enzyme
�
U mL�1�� enzyme in supernatant

�
U mL�1�

offered enzyme
�
U mL�1�

Recovered activity (RA) is dened as the measured enzyme
activity per gram of carrier and is expressed in U g−1. 10 mL of
a 1 : 10 (w/v) suspension of the heterogeneous biocatalysts were
placed in a microtiter plate with the reaction mixture as
described in the enzyme activity assays.

Immobilisation effectiveness or efficiency is dened as the
fraction of offered activity per mass of carrier recovered upon
immobilisation. This parameter is dened by using the following
formula:

Effectiveness ¼ Recovered activity ðU g�1Þ
mass offered activity ðU g�1Þ

where mass offered activity is dened as the activity offered per
mass of carrier by dividing the offered activity (U mL−1) against
the carrier concentration (gcarrier mL−1) in each immobilisation
experiment.

Co-immobilisation of EcADHZ3 and BsGDH-2M. Co-
immobilisation of the two enzymes followed the same
protocol as the immobilisation of each enzyme individually.
The only difference was the mixture of an enzyme solution
containing 5 U mL−1 of each enzyme. The enzymes presented
the same Umg−1 and were offered in the same proportion to the
carriers as during their single enzyme immobilisation assays
and keeping the proportion of 10 mL of enzyme solution offered
to each gram of carrier.

Glutaraldehyde crosslinking of immobilised EcADHZ3 and
BsGDH-2M. Enzymes immobilised on carriers functionalised
with amine groups were treated with a glutaraldehyde57 solution
© 2023 The Author(s). Published by the Royal Society of Chemistry
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to produce irreversible covalent bonds between the enzyme and
support. 0.5% and 0.1% of glutaraldehyde in 25 mM sodium
phosphate at pH 7.0 was incubated with the immobilised
enzymes for 1 h, at 25 °C, under mild stirring.

Blocking of immobilised EcADHZ3 and BsGDH-2M. Immo-
bilisates obtained upon enzyme immobilisation on carriers
activated with epoxy/cobalt-chelate groups and cross-linked
with glutaraldehyde (see above) were blocked using different
amino acids. Briey, a suspension of 1 g of immobilisate in
10 mL of a 1 M glycine or glutamic acid58 at pH 9.0 was incu-
bated for 1 h at 4 °C. Aer incubation, it was extensively washed
with water.

Reusability of the co-immobilised catalytic system. Co-
immobilised EcADHZ3 and BsGDH-2M were reused for een
cycles of HMF reduction into BHMF. Each reaction cycle was
prolonged for 1 h in which 100 mg of solid catalyst was incu-
bated in 1mL of reaction media at room temperature, with mild
agitation. The reaction media contained 10 mM HMF, 1 mM of
NADH, 25 mM glucose and 50 mM Tris, pH 7.0.

Enzyme leakage from a solid enzymatic system (SDS-PAGE
analysis). The immobilised biocatalysts were incubated for
30 min at room temperature or 75 °C. Both were placed in Tris
50 mM, pH 7.0. Each gram of carrier contained 4.5 mg of
EcADHZ3 and 4.5 mg of BsGDH-2M per gram. The incubated
samples contained 20 mg of carrier and 20 mL of buffer, from
which the supernatants were analyzed by SDS-PAGE. Briey 10 mL
of each supernatant was mixed with 10 mL of Laemmli buffer and
then loaded in the gel.

Bioreduction of HMF to BHMF. All reactions were performed
by placing 0.004–0.1 grams of bi-functional heterogeneous
biocatalysts in a 1 mL spin-column with a lter and mixing with
1 mL of 10–50 mM HMF, 10–50 mM glucose, NADH 1 mM, and
50–200 mM Tris–HCl buffer at pH 7.0. The samples of the
supernatants were withdrawn at different times and analysed by
HPLC (vide infra). For the recycling experiments the reaction
mixtures were vacuum ltered, the reaction crude was collected
and analysed and the heterogeneous biocatalysts were mixed
again with a fresh reaction mixture to perform consecutive
cycles. The chromatographic conversion based on HPLC,
product selectivity and productivity was calculated as follows:

Conversion = ([BHMF]n × [HMF]0
−1) × 100

Selectivity = ([BHMF]n/([HMF]0 − [HMF]n)) × 100

where n is the reaction time and 0 is the sample at reaction time
= 0 h.

Vol. productivity (g L−1 h−1) = [BHMF] (g L−1)/reaction time (h)

HPLC analysis of HMF and BHMF. For this purpose, a C18
Poroshell EC-C18 (4.6 × 100 mm × 2.7 mm) column was used,
in conjunction with a pre-column. Chromatography was per-
formed with an isocratic method consisting of 98% of H2O and
a 2% ACN at a constant ow of 1 mL min−1. HMF was detected
© 2023 The Author(s). Published by the Royal Society of Chemistry
at 283 nm with a retention time of 6.1 min and BHMF was
followed at 223 nm with a retention time of 5.2 min.

E-Factor calculations. The dissected E-factor was obtained by
division of the mass of each contributor by the mass of the
products according to the following equations:

E-Factorreagents = total reagents mass (g)/product mass (g)

E-Factorwater = total water mass (g)/product mass (g)

E-Factorcatalyst = total catalyst mass (g)/product mass (g)
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