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Solid-phase lipase/metal nanobiohybrids, generated by growth
of copper nanoparticles on enzyme matrixes immobilized on
graphene, were used as heterogeneous catalysts with dual-
activity for the regioselective production of 2,3,4-triacetyl-D-
gluconic acid from α-peracetylated-glucose in a one-pot parallel
process combining a lipase-mediated regioselective hydrolytic
monodeprotection with a metal-catalyzed oxidation in aqueous
media. A novel synthetic strategy, based on the in situ
fabrication of Cu nanoparticles induced by lipase molecules
specifically immobilized on a multi-layer graphene material by
interfacial adsorption fixing them in the active open conforma-
tion, has been described. Thermomyces lanuginosus lipase was
firstly used to prepare the functionalized multi-layer graphene

from graphite as a biographene preparation (Biographene,
BIOG), support used to successfully immobilize Candida rugosa
lipase (CRL). This immobilized form BIOG-CRL was further used
to create successful active bifunctional enzyme-metal nano-
architectures. Two different Cu-lipase hybrids were synthesised,
where Cu species and nanoparticles size were different depend-
ing on the methodology. Regioselectivity and stability of the
hybrids were evaluated successfully in the production of
monosaccharide building blocks, besides the robustness of the
hybrids in recyclability experiments. These findings highlight
the potential of these solid-phase nanoarchitectures as useful
tools in the synthesis of complex glycoderivatives for use in
food, medicine, and cosmetics.

Introduction

Glycans derivatives are extremely important molecules in key
biological processes. They are involved in regio- and stereo-
chemical controlled fabrication of glycosylated molecules, as
drug and vaccines, but also in fabrication of early diagnosis and
more effective and targeted therapeutic tools.[1–5] In this respect,
one of the most difficult entities is the fabrication of partially
protected sugars (monosaccharides) with orthogonal functional
groups as key intermediates, which required extremely time-
consuming processes with multiple steps and specific purifica-
tion steps, finally resulting in moderate or low yields of target
product at the end.[6]

In particular, gluconic acid and its derivatives have been
applied globally with different shares in the construction (45%),
food (35%), medicine (10%) and other (10%) industries. Several

features made them very attractive in commercial applications.
For example, gluconic acid is a versatile organic acid, which is
noncorrosive, mildly acidic, non-irritating, odourless, non-toxic,
and easily degradable. As a food additive under the laws of
some countries, gluconic acid and derivatives are commonly
added to dairy products, beverages and bakery to maintain
flavour and prevent precipitation.[7]

The development of cascade or parallel reaction systems
represents the perfect strategy to produce these semiprotected
monosaccharides, as they display several advantages compared
to a typical single reaction, such as atom economy, step-saving,
and high yield, therefore providing high efficiency to the
chemical process.[8–11]

In particular, regioselective biocatalytic strategies and
metal-catalysis have been successfully applied in carbohydrate
chemistry,[12] thus a combination of both would be an ideal
task, low exploited until now.[13] However, a proper design of
enzyme-metal combination is challenging, because these two
types of catalysts often deactivate mutually and the reaction
conditions for one cannot be applied to the other.[14]

Even more, although different strategies have been devel-
oped in the recent years to create metalloenzymes, all of them
show some sort of problems. For instance, organometallic
complexes were inserted in the enzyme cavity, eliminating the
enzymatic activity.[15–17] In the same respect, both, metallic and
enzymatic, catalysts were immobilized on functionalized po-
rous-support in separate way,[17] which still represent a draw-
back in some cases in term of cascade reactions for example
due to low reactivity of the heterogeneous phase under
ambient conditions and poor molecular transport.[18]

Few years ago, novel interesting strategies to drawback
some limitations to successfully performed tandem and cascade
reactions have been developed.[19–22] Indeed our research group
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developed a strategy to synthesize metal nanoparticles induced
by enzymes, creating a hybrid system constituted by an enzyme
network with embedded homogeneously dispersed and stabi-
lized metal nanoparticles directly in aqueous media at room
temperature.[23–27] This represented an interesting method for
intramolecular catalytic processes. However, in the synthetic
Cu-enzyme hybrids, the remaining enzymatic activity of these
nanobiohybrids after synthesis was partial or totally reduced,[28]

limiting their application in cascade processes. Cu-hybrids have
been described as quite interesting, cheap and environmentally
friendly catalysts in oxidation processes.[28]

Therefore, a strategy directed to maintain the full enzymatic
activity, together with the metallic one, is mandatory. In
particular, the use of lipases, especially Candida rugosa lipase
(CRL), has shown excellent regioselectivity in monodeprotection
of sugars.[29] In order to establish a bi-functional catalyst to
conserve the activity and the excellent regioselectivity, the site-
specific and selective immobilization of these enzymes on solid
supports in an active and stable form could fulfil this drawback.
In particular, the immobilization of lipases on hydrophobic
supports allow to fixing exclusively the active open conforma-
tion of the enzyme.[30]

This phenomenon could allow to synthesize in situ nano-
particles, exclusively on the protein matrix, in such a way that
more metal surface and more active sites could be available for
catalytic performance.

Herein, we report the design and synthesis, for the first
time, of a new type of bifunctional hybrid heterogeneous
catalysts, CRL� Cu nanoparticles immobilized derivatives on
enzyme-exfoliated graphene (biographene) and their success-
fully use in the one-pot regioselective synthesis of 2,3,4-
triacetyl-D-gluconic acid from peracetylated-α-glucose in aque-
ous media at room temperature in high yields (Scheme 1).

Results and Discussion

First, the CRL immobilization was attempted. For that, our
recently reported strategy[33] to direct bio-exfoliation of graphite
for obtaining lipase immobilized graphene derivatives was
applied using CRL instead of Thermomyces lanuginosus lipase
(TLL). However, a very low exfoliation capacity was observed
using this lipase, with less than 10% of CRL immobilized.
Therefore, the first step was the bioexfoliation of graphite by
mechanical sonication and then directly adsorption of TLL,
creating the functionalized graphene of 5–6 layers (called
BIOG).[33] Considering that, the strategy was to use BIOG as
support for CRL immobilization. In this way, more than 99%
offered enzyme (10 mg/g support loading) was site-specific
immobilized (BIOG-CRL) (Figure 1a) whereas 50% was observed
when 20 mg of enzyme was offered per gram of support
(Figure S1). This demonstrated that CRL seems to be too large
for exfoliation (63 kDa compared to 33 kDa of TLL) but it is able
to interact by interfacial adsorption with graphene previously
exfoliated, site-oriented interactions between hydrophobic
graphene surface with particularly hydrophobic pocket area in
the open conformation of lipase constitute by surrounding
active site and lid area (Figure S1). Therefore, TLL immobiliza-
tion in the formation of BIOG ensures the presence of lipase
(CRL) by fixing the open conformation and homogeneously
dispersed on the solid material.

For preparation of the bifunctional catalysts, BIOG-CRL was
added to phosphate buffer solution containing copper sulphate
salt after incubation for 16 h. Two different strategies were
used, directly in phosphate buffer (pH=7), and without or with
an additional reducing step with NaBH4 for 30 min, producing
the heterogeneous hybrids BIOG-CRL-CuNPs-1 and BIOG-CRL-
CuNPs-2, respectively (Figure 1).

Then, structural characterization of the hybrids was per-
formed (Figures 2–3, S2). In the case of BIOG-CRL-CuNPs-1, the

Scheme 1. One-pot regioselective synthesis of 2,3,4-triacetyl-D-gluconic acid catalyzed by novel biographene-CRL-CuNPs bifunctional hybrid.
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wide-angle X-ray diffraction (XRD) and X-ray photoelectron
analysis (XPS) analysis confirmed the presence of Cu3(PO4)2 as
unique copper species (Figure 2a and Figure S2).

Transmission electron microscopy (TEM) analysis revealed
mainly the formation of small crystalline spherical nanoparticles
with an average diameter size of 10.4�0.5 nm (Figure 2b–d).

Figure 1. Preparation and formation mechanism of BIOG-CRL-CuNPs hybrids. a) Immobilization scheme of CRL into BIOG. b) CuNPs formation into BIOG-CRL.

Figure 2. Characterization of the BIOG-CRL-CuNPs-1 biohybrid. a) XRD
spectrum; b) TEM and HR-TEM images; c) Crystalline section with
representative lattice fringe and its corresponding FFT; d) Particle diameter
size distribution profile.

Figure 3. Characterization of the BIOG-CRL-CuNPs-2 biohybrid. a) XRD
spectrum; b) TEM and HR-TEM images; c) Crystalline section with
representative lattice fringe and its corresponding FFT; d) Particle size
distribution profile.
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The inductively coupled plasma-optical emission spectroscopy
results showed that the content of Cu was 8% (w/w).

In the case of BIOG-CRL-CuNPs-2 (Figure 3), the XRD revealed
the formation of different species, confirming the presence of
Cu2O as Cu species in this hybrid, by observation of four
characteristic peaks, three of them assigned to planes (111), (200)
and (220), respectively, of the fcc Cu lattice, with a fraction of Cu
(0) (Figure 3a). XPS analysis confirmed the formation of copper
species (Figure S3). TEM analyses revealed the formation of
aggregated clusters of highly crystalline nanoparticles with
average size of 41 nm with a minor fraction of spherical nano-
particles of average diameter size of around 7 nm (Figures 3b–d).
In this case the content of Cu was of 9% determined by ICP-OES.

Both protocols were repeated using BIOG, and therefore, only
TLL as protein scaffold for the bifunctional hybrid formation was
used, obtaining hybrids BIOG-CuNPs-1 and BIOG-CuNPs-2, respec-
tively (Figures S4–5). In both cases, content of Cu was slightly
lower, approx. 6.5%, although the size of nanoparticles formed in
the biohybrids was larger. In particular, this effect was more
important in the comparison between BIOG-CuNPs-2 and BIOG-
CRL-CuNPs-2, which could be due to a better stability of the
graphene layers in the reducing step with borohydride at pH 7 by
the presence of both proteins (covering more support surface
area).

In order to demonstrate that the copper nanoparticles were
synthesized exclusively induced by the enzyme, and only on the
protein structure, BIOG or BIOG-CRL was chemically modified with
polyethyleneimine (Mw800), blocking all accessible carboxylic
groups in the protein (where metal is coordinated before nano-
particle is formed. Negligible amount of copper was detected in
any case, confirmed by X-ray and mass analysis (data not shown).

Then, enzymatic and metallic activities of the biofunctional
catalysts were evaluated. For the enzymatic activity, the hydrolysis
of p-nitrophenyl propionate as model reaction was attempted
(Figure 4a). As we previously observed with other enzymes,[28]

copper hybrids synthesized using unsupported lipases were
performed and no enzymatic activity was detected (data not
shown).

Both enzymes on BIOG-CRL (TLL as support scaffold and CRL)
showed hydrolase activity against this substrate, and BIOG-CRL
showed a hyperactivation of two times (Figure S1). After the
synthetic nanoparticle formation, BIOG-CRL-CuNPs-1 conserved
70% of the full initial enzymatic activity (considering both lipases
activity) whereas BIOG-CRL-CuNPs-2 exhibited around 40% of the
initial total enzyme activity against pNPP (Figure 4a). In the hybrids
synthesized using BIOG, the complete enzymatic activity was
conserved (Figure S6).

For evaluating the metallic activity, a reducing reaction of pNP
to p-aminophenol (pAP) was used (Figure 4b). BIOG-CRL-CuNPs-2
as Cu(I) catalyst showed the best performance, with >99%
conversion after 10 min incubation. BIOG-CRL-CuNPs-1 showed
lower activity, with around 65% conversion at the same time.
Soluble enzymes or corresponding immobilized derivatives (BIOG,
BIOG-CRL) did not show any metallic activity (Figure 4).

In order to evaluate the potential application of these
heterogeneous biohybrids as bifunctional catalysts in single
compartment, the one-pot transformation of pNPP to pAP

(enzymatic+metallic) in distilled water at room temperature was
tested (Figure S7). Both lipases in solution or even the immobilized
form BIOG or BIOG-CRL were tested and no final conversion of
pAP was obtained after 120 h incubation. For the biohybrids,
BIOG-CRL-CuNPs-1 complete the cascade producing >99% of
pAP after 60 min incubation and BIOG-CRL-CuNPs-2 was effective
in the cascade although needed 120 minutes to complete the
process. In this cascade, the limiting step is the enzymatic one,
which makes the difference between the respective efficiencies;
that is, the differences in reaction times is due solely to the
enzymatic step (Figure 4).

Once the dual activity of the bifunctional hybrids was
confirmed, these new CRL/Cu biohybrid catalysts were applied in
the chemoenzymatic synthesis of an important high-added value
carbohydrate building block, by an enzymatic hydrolytic step
coupled with a selective oxidative process catalysed by Cu.

First, the activity of the hybrids was evaluated in the two
reactions separately. The enzymatic activity was evaluated in the
regioselective monodeprotection of peracetylated-α-glucose (1) in
aqueous media at room temperature (Table 1). In this case only
the enzymatic step will be due to the CRL activity, because TLL did
not catalyse the hydrolysis of 1,[30] thus only BIOG-CRL preparations

Figure 4. a) Specific enzymatic activity of the different BIOG-CRL-CuNPs
hybrids. Experimental conditions: pNPP (0.4 mM), sodium phosphate buffer
(5 mL, 25 mM, pH 7), 3 mg solid catalyst or 20 μl of free enzyme, 25 °C. b)
Metallic activity of different BIOG-CRL-CuNPs hybrids in reduction of pNP to
pAP. Conditions: p-Nitrophenol (pNP), 40 mM NaBH4, 2 mL of distilled water,
10 mg of catalyst, air and room temperature.

ChemCatChem
Research Article
doi.org/10.1002/cctc.202201632

ChemCatChem 2023, 15, e202201632 (4 of 9) © 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Freitag, 28.04.2023

2309 / 295896 [S. 92/97] 1

 18673899, 2023, 9, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202201632 by U
niversidad D

e Z
aragoza, W

iley O
nline L

ibrary on [15/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



showed activity (Table 1). The preparation using soluble enzyme,
CRL-CuNPs, which did not show enzymatic activity against pNPP,
was tested in this hydrolysis and no conversion was observed
(Table 1, entry 1). BIOG-CRL showed high regioselectivity, produc-
ing >99% of 6-OH monodeprotected product 2 (>95% isolated
yield) after 96 hours (Table 1, entry 3). Both BIOG-CRL-CuNPs
hybrids showed similar regioselective result (Table 1, entries 6–7),
demonstrating that the enzymatic activity was fully conserved
after CuNPs formation in both cases.

Regioselective hydrolysis of alpha-peracetylated-galactose or
mannose[30] were also investigated using BIOG-CRL-CuNPs cata-
lysts, but no regioselectivity was found (data not shown).

Starting from 2, the metallic-activity of the different Cu hybrids
was tested in a specific oxidation step (Table 2). The hybrids
showed different efficiency depending on the Cu species and size.
The different catalysts were tested in absence or in the presence
of H2O2. We have demonstrated the efficiency of the Cu in
different process catalysed in the presence of H2O2.

[28] BIOG and
BIOG-CRL did not show any oxidative process, even in the
presence of hydrogen peroxide (Table 2, entries 1–2, 5–6). The
bifunctional CRL� Cu catalysts did not show any activity in absence
of hydrogen peroxide (Table 2, entries 3–4), however, a new
product was obtained in the presence of 500 mM of hydrogen
peroxide. BIOG-CRL-CuNPs-1 showed the best result in the
synthesis of product 3 with >99% conversion after 72 h whereas
BIOG-CRL-CuNPs-2 exhibited 50% conversion after 120 h. These
results show that smaller Cu(II) nanoparticles (in BIOG-CRL-CuNPs-
1) were more efficient that Cu(I) nanoparticles, respectively. The
product obtained in this reaction was isolated and characterized
by NMR as the triacetylated-gluconic acid derivative 3 (Figures S8–
S10).

After the control experiments, the reaction starting from 1 was
attempted (Figure 5). BIOG-CRL-CuNPs-1 was able to transform 1
to 3 in yield >95% after 72 h, while BIOG-CRL-CuNPs-2 showed,

as previously in the metallic step, a lower efficiency, with only
50% yield after this incubation time (Figure 5b). The oxidation
process was clearly caused by the Cu, BIOG-CRL did not produce
any amount of 3.

Therefore, the benefit of the presence of both catalysts in the
same compartment in the parallel reaction was demonstrated,
being faster than processes separately. The applicability of BIOG-
CRL-CuNPs-1 was evaluated in a recycling experiment. After 5
cycles at optimal condition, the catalyst conserved >95%
efficiency in the catalytic process (Figure 5c).

Conclusion

Novel bifunctional heterogeneous lipase-CuNPs hybrid catalysts
were synthesized. Lipase from C. rugosa, specific enzyme in
regioselective monodeprotection of sugars, was immobilized on a
biographene preparation, and this immobilized preparation was
used as solid-phase scaffold to the in situ fabrication of Cu
nanoparticles induced by lipases molecules creating successful
enzyme-metal nanoarchitectures. Two different Cu-hybrids were
obtained, where Cu3(PO4)2 nanoparticles (BIOG-CRL-CuNPs-1) of
around 10 nm or Cu2O nanoparticles around 41 nm (BIOG-CRL-
CuNPs-2) were produced. The participation from different chemo-
and biocatalytic components of them was firstly demonstrated in
the domino cascade process to finally applied to the target
molecule, transforming α-peracetylated glucose to 2,3,4-triacetyl-
D-gluconic acid, by lipase-mediated regioselective hydrolytic
monodeprotection and metal-catalyzed oxidation in aqueous
media. This parallel reaction although works using both catalysts,
was more efficient by using BIOG-CRL-CuNPs-1, with a complete
conversion after 72 h. Furthermore, recycling studies demon-

Table 1. Regioselective hydrolysis of α-D-glucose pentacetate (1) catalysed
by BIOG-CRL-CuNPs hybrids.[a]

Entry Catalyst Time
[h]

2
[%]

1 CRL-CuNPs 96 0
2 BIOG 96 0
3 BIOG-CRL 96 >99
4 BIOG-CuNPs-1 96 0
5 BIOG-CuNPs-2 96 0
6 BIOG-CRL-CuNPs-1 96 >99
7 BIOG-CRL-CuNPs-2 96 >99

[a] Conditions: 1 (5 mg), sodium acetate buffer at pH 4.8 (50 mM, 2 mL),
ACN (20%), catalyst (150 mg). r.t: room temperature (c.a. 20 °C); Con-
version of the product was measured by TLC and HPLC. TLC conditions
were hexane: ethyl acetate (1 : 1) solution. The HPLC conditions were an
isocratic mixture of 70 :30 water: ACN as mobile phase, UV detection at
215 nm, and a flow rate of 1 mL/min.

Table 2. Regioselective oxidation of α-6-OH (2) catalysed by BIOG-CRL-
CuNPs hybrids[a]

Entry Catalyst H2O2

[mM]
Time
[h]

3
[%]

1 BIOG 0 120 0
2 BIOG-CRL 0 120 0
3 BIOG-CRL-CuNPs-1 0 120 0
4 BIOG-CRL-CuNPs-2 0 120 0
5 BIOG 500 120 0
6 BIOG-CRL 500 120 0
7 BIOG-CRL-CuNPs-1 500 72 >99
8 BIOG-CRL-CuNPs-2 500 120 50

[a] Conditions: 2 (5 mg), sodium acetate buffer at pH 4.8 (50 mM, 2 mL),
ACN (20%), H2O2, catalyst (50 mg). r.t: room temperature (c.a. 20 °C);
Conversion of the product was measured by TLC and HPLC. TLC
conditions were hexane: ethyl acetate (1 : 1) solution. The HPLC conditions
were an isocratic mixture of 70 :30 water:ACN as mobile phase, UV
detection at 215 nm, and a flow rate of 1 mL/min.
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strated the high robustness of these systems, maintaining more
than 95% activity after 5 cycles of used.

These excellent results open the potential application as
catalytic platform for other complex pharmaceutical synthesis
and in the field of biomedicine and biotechnology. Indeed,
sustainable synthetic application in the fabrication of building
blocks with orthogonal functional molecules are mandatory in
the preparation of novel glycoderivatives, such as oligosacchar-
ides with interesting biological activities, such as microbiota
prebiotic properties, improving health of skin or even novel
antiviral molecules.

Experimental Section

Materials

Lipase from Thermomyces lanuginosus solution (Lipozyme® TL 100L)
was purchased from Novozymes (Copenhagen, Denmark). Copper
(II) sulfate pentahydrate [Cu2SO4×5H2O], ethyl acetate, sodium
acetate, sulphuric acid (96%) and hydrogen peroxide (33%) were
from Panreac (Barcelona, Spain). Graphite flakes, p-nitrophenol, p-
nitrophenyl propionate, p-aminophenol, sodium bicarbonate, so-
dium phosphate, toluene, sodium borohydride, Triton-X100, lipase
from Candida rugosa, α-D-glucose pentaacetate (99%) were
purchased from Merck (Darmstadt, Germany). HPLC grade
acetonitrile was from Scharlau (Barcelona, Spain).

Structural characterization

The metal contents were measured by an inductively coupled
plasma - optical emission spectrometer (ICP-OES) (OPTIMA 2100 DV
instrument; PerkinElmer, Waltham, MA, USA). X-Ray diffraction
(XRD) patterns with Cu Kα radiation (Texture Analysis D8 Advance
Diffractometer; Bruker, Billerica, MA, USA) were used for structure
characterization. Transmission electron microscopy (TEM) and high-
resolution TEM microscopy (HR-TEM) images (2100F microscope;
JEOL, Tokyo, Japan) were used to measure the size and distribution
of the samples. Interplanar spacing in the nanostructures was
calculated by using the inversed Fourier transform with the GATAN
digital micrograph program (Corporate Headquarters, Pleasanton,
CA, USA). X-ray photoelectron analysis (XPS) was carried out on
SPECS GmbH spectrometer equipped with Phoibos 150 9MCD
energy analyzer. A nonmonochromatic magnesium X-ray source
with a power of 200 W and voltage of 12 kV was used. To recover
the nanobiohybrids, a Biocen 22 R (Orto-Alresa, Ajalvir, Spain)
refrigerated centrifuge was used. Spectrophotometric analyses
were run on a V-730 spectrophotometer (JASCO, Tokyo, Japan). A
HPLC pump PU-4180 and a UV-4075 UV-Vis detector (JASCO, Tokyo,
Japan) was used to analyse the reactions. The reaction was followed
by thin layer chromatography (TLC) (Merck silica gel 60 F254,
Germany) and UV Spectroline lamp (Merck, Germany).

NMR characterization
1H spectra were recorded in D2O solutions at 25 °C on a Bruker
AV400 spectrometer (δ in ppm, J in Hz) at 1H operating frequency
of 400.13 MHz. The 1H NMR spectra were referenced using the
solvent signal as internal standard. The assignment of 1H NMR
peaks has been performed through standard 2D 1H-COSY experi-
ments (2 K points in t2 using a spectral width of 12 ppm; 128 t1

Figure 5. Direct parallel reaction from 1 to produce regioselectively 3 catalyzed by Cu-hybrids. a) Chemoenzymatic scheme, b) Conversion of 3 by the different
hybrids after 72 h reaction in the presence of 500 mM of H2O2. c) Reaction yield of five cycles using BIOG-CRL-CuNPs-1 in the conversion of 1 to 3.
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experiments were recorded and zero-filled to 1 K; for each t1 value
two scans were signal-averaged using a recycle delay of 1 s). The
13C NMR peaks were identified using standard 1H-13C edited-HSQC
and 1H-13C HMBC 2D-experiments. In both cases 4 K points in t2
using spectral widths of 12 ppm (1H) and 200 ppm (13C) were used,
with averaged values of the coupling constants 1JCH=145 Hz and
long-range nJCH=10 Hz. Typically, 128 t1 experiments were recorded
and zero-filled to 1 K. For each t1 value 16 (HSQC) or 64 (HMBC)
scans were signal-averaged using a recycle delay of 1 s. ESI (ESI+)
mass spectra were recorded using an Esquire 3000 ion-trap mass
spectrometer (Bruker Daltonic GmbH) equipped with a standard
ESI/APCI source. Samples were introduced by direct infusion with a
syringe pump. Nitrogen served both as the nebulizer gas and the
dry gas. MALDI mass spectra were recorded using a Bruker
MicroFlexTM or a Bruker AutoFlexTM III spectrometer, equipped
with a time-of-flight mass analyzer, and using DIT (dithranol) as
matrix. The HRMS mass spectra were recorded using an MicroToF
Q, API-Q-ToF ESI with a mass range from 20 to 3000 m/z and mass
resolution 15000 (FWHM).

Exfoliation of graphite flakes using TLL (BIOG)

The graphite flakes (1 g) were added together with 20 mL of
distilled water to a 50 mL centrifuge tube (50 mL Falcon tube).
Once this was done, the graphite was exfoliated by alternating
cycles of 5 min sonication/rest, for 1 h at an amplitude of 80%. To
avoid excessive heating of the mixture, the 50 mL Falcon tube was
introduced into a mixture of ice and cold acetone. This exfoliation
allowed the weakening of the bonds between sheets. After that,
commercial lipase solution of TLL, in both cases offering 5 mg
lipase, were directly added to that and allowed to stir for a period
of time between 1 h and 30 min, respectively. The selective
adsorption of the lipase was followed by measuring the super-
natant using the pNPP activity assay (described below). After lipase
immobilization, the suspension turned cloudy black. Then, the
mixture was transferred to 15 mL Falcon centrifuge tubes and
centrifuged at 400 rpm for 1 min to remove some non-exfoliated
graphite. After that, the black suspension was centrifuged at
8000 rpm for 10 min and then the water was removed. One mL of
acetone was added to dissolve the black powder and then this
mixture was transferred to a Petri dish and dried at 50 °C for 4 h.
The method allowed to obtain BIOG with 6.3 mgprotein/gsupport (final
exfoliation yield: 80%).

Preparation of CRL-graphene (BIOG-CRL)

One gram of graphite flakes was added together with 20 mL of
distilled water to a 50 mL centrifuge tube. Once this was done, the
graphite was exfoliated by alternating cycles of 5 min sonication/rest,
for 1 h at an amplitude of 80%. To avoid excessive heating of the
mixture, the 50 mL Falcon tube was introduced into a mixture of ice
and cold acetone. After that, 5 mg of commercial lipase solution of
TLL were directly added to that and allowed to stir for a period of
time between 1 h. After lipase immobilization, the solid was separated
from the supernatant and 20 mg of Candida rugosa lipase (CRL) in
20 ml of 25 mM sodium phosphate buffer pH 7 were added to the
solid, leaving it on a roller. It was incubated for 2 h. Finally, it was
centrifuged and dried at 50°C for 4 h. The method allowed obtaining
800 mg of BIOG-CRL) with 10 mg of CRL. This support contains
19 mgprotein/gsupport (6.3 mg of TLL and 12.7 mg of CRL).

General synthesis of BIOG-CRL-CuNPs hybrids

500 mg of BIOG-CRL were added to 20 mL buffer sodium
phosphate 0.1 M pH 7 in a 50 ml glass vial containing a small

magnetic bar stirrer. Then, 200 mg of Cu2SO4 · 5H2O (10 mg/mL)
were added to the solution with the support and it was maintained
for 16 hours. After 16 h, the sediment generated was re-suspended
in 5 ml of water. It was centrifuged again at 8000 rpm for 20 min
and the supernatant was removed. The process was repeated two
more times. Finally, the supernatant was removed and the pellet
was resuspended in 2 mL of water and added to a cryogenization
tube, frozen with liquid nitrogen and lyophilized overnight. After
that, the so-called BIOG-CRL-CuNPs-1 was obtained.

Same procedure was repeated but after 16 h incubation, an
additional reduction step was done adding 2 mL of NaBH4 (112 mg)
aqueous solution (1.2 M) to the mixture, obtaining a final concen-
tration of 0.12 M sodium borohydride, and reduced for 30 min.
After that washing process and lyophilization was repeated as
previously to finally obtain incubation, the mixture was centrifuged
at 8000 rpm for 20 min. Another variation of the protocol was used,
in which the reduction step was not performed, and the so-called
BIOG-CRL-CuNPs-2.

Enzymatic hydrolysis of 4-nitrophenyl propionate (pNPP)

This assay was performed by measuring the increase in the
absorbance at 348 nm produced by the release of p-nitrophenol in
the hydrolysis of 0.4 mM (pNPP) in 25 mM sodium phosphate buffer
at pH 7 and 25 °C. To initialize the reaction, 3 mg of solid was added
to 5 mL of substrate solution, measuring the absorbance at
different times. In the case of lipase solution, 20 μL of enzyme was
added to 2.5 mL of substrate solution. The assay is performed in
4.5 mL of plastic cuvette, containing 2.5 mL 25 mM sodium
phosphate buffer adding 20 μL of 50 mM pNPP solution in
acetonitrile. The solution was stirring to homogenise the solution
and then 20 μL of enzyme in solution or suspension (from solid)
was added. The hydrolytic process was followed using a JASCO
spectrophotometer, measuring the absorbance at different times of
reaction, or in continue in the kinetic program if the equipment
presented a magnetic stirrer. The enzymatic activity was expressed
in specific activity per amount of protein (U/mg). The specific
activity (U/mg) was calculated using the following equation:

U mmol �min� 1 �mg� 1ð Þ ¼
DAbs=min � V

e �mgprotein

where the molar extinction coefficient (ɛ) used was 5.15 mL/
μmol·cm, and mg of enzyme.

Metallic catalytic reduction of 4-nitrophenol (pNP) to
4-aminophenol (pAP)

p-Nitrophenol (pNP) was dissolved in 2 mL of distilled water at to
1–10 mM concentration. Then, NaBH4 (40 mM) was added to the
solution. After this addition, the light-yellow solution changes to a
strong yellow colour, generating the formation of 4-nitrophenolate
ions (substrate UV-peak undergoes to an immediate shift from 317
to 400 nm). After 30 seconds, 10 mg of catalyst were added under
gentle stirring at room temperature in an orbital shaker. The
reaction progress was monitored by taking out an aliquot of the
solution (0.1 mL) at different times, diluting it with distilled water
(2 mL) and measuring the absorption spectrum between 500 and
300 nm in a quartz cuvette.
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Synthesis of 3 from peracetylated glucose (1) catalysed by
BIOG-CRL-CuNPs hybrids

α-D-glucose pentaacetate (25 mg) (1) was dissolved in 10 mL of
50 mM sodium acetate buffer at pH 4.8, containing in 20% of ACN
(v/v). Then, 500 μL of H2O2 and 750 mg of catalyst were added. The
reaction was followed by TLC and HPLC analysis at different times
and room temperature. For the TLC measurement, hexane: ethyl
acetate (1 : 1) was used as eluent. The products were detected by
spraying the plate completely with a 10% (v/v) solution of H2SO4 in
methanol and on a hot plate where light brown spots will appear
on the surface of the plate. The HPLC conditions were an isocratic
mixture of 70 :30 water :ACN as mobile phase, UV detection at
215 nm, and a flow rate of 1 mL/min. Under these conditions,
retention times of α-D-glucose pentaacetate (1), α-6-OH (2) and
product 3 were 16.5, 5.5 and 2.5 min, respectively.

For product isolation, after reaction complete, the product was
separated from the catalyst BIOG-CRL-CuNPs-1) by centrifugation
and the supernatant (aqueous phase) was transferred to a 250 ml
separator funnel and the aqueous layer was extracted with ethyl
acetate (9×20 ml). Subsequently, the organic layer was dried by
adding about 1.5 g of anhydrous sodium sulphate. Shake gently for
5 min, filter the mixture by gravity through a fluted filter paper in a
funnel to remove sodium sulphate, and collect the filtrate in a
250 ml round bottom flask. Evaporate the solvent using a rotary
evaporator at 40 °C under vacuum aspirator (200 mbar) to obtain
the product.1H NMR (400.13 MHz, D2O, 25 °C): δ=6.17 (d, J=3.6 Hz,
1H, H-2), 5.27 (t, J=10 Hz, 1H, H-4), 5.03 (dd, J=10 Hz, J=4 Hz, 1H,
H-3), 4.28, 4.04 (AB part of an ABX spin system, 2H, CH2-H6a,b), 3.78
(dd, J=10 Hz, J=9.2 Hz, 1H, H-5), 2.15 (s, 3H, Ac), 2.06 (s, 3H, Ac),
2.04 (s, 3H, Ac).13C NMR (100.61 MHz, D2O, 25 °C): δ= 174.23 (2 C
collapsed, C=O), 172.18 (C=O), 89.16 (C-2), 71.73 (C-6), 20.30 (Me),
20.18 (2 C collapsed, Me). No more 13C could be determined. 13C
chemical shifts were obtained from edited-HSQC and HMBC 2D
1H-13C correlation spectra. Despite large accumulation trials, no
signals were found in the 13C APT spectrum.
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