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Introduction

Synthesis of silver and gold nanoparticles—
enzyme—polymer conjugate hybrids as dual-
activity catalysts for chemoenzymatic cascade
reactionst

Janne M. Naapuri,>>< Noelia Losada-Garcia, @ Jan Deska (2 *°<

Jose M. Palomo (2 *2

and

Novel hybrids containing silver or gold nanoparticles have been synthesized in aqueous media and at
room temperature using enzymes or tailor-made enzyme—polymer conjugates, which directly induced
the formation of inorganic silver or gold species. The choice of pH, protein, or bioconjugate strongly
affected the final metallic nanoparticles hybrid formation. Using Candida antarctica lipase (CALB) in a
solution, nanobiohybrids containing Ag,O nanoparticles of 9 nm average diameter were obtained. The
use of tailor-made bioconjugates, for example, the CALB modified with dextran-aspartic acid polymer
(Dext6kDa), resulted in a nanobiohybrid containing smaller Ag(0)/Ag,O nanoparticles. In the case of
nanobiohybrids based on gold, Au(0) species were found in all cases. The Au—-CALB hybrid contained
spherical nanoparticles with 18 nm average diameter size, with a minor range of larger ones (>100 nm)
while the AuNPs—-CALB-Dext6kDa hybrid was formed by much smaller nanoparticles (9 nm, minor range
of 22 nm), and also nanorods of 20-30/40-50 nm length. Using Thermomyces lanuginosus lipase (TLL),
apart from the nanoparticle formation, nanoflowers with a diameter range of 100-200 nm were
obtained. All nanobiohybrids maintained (dual) enzymatic and metallic activities. For instance, these nano-
biohybrids exhibited exquisite dual-activity for hydrolysis/cycloisomerization cascades starting from
allenic acetates. By merging the transition metal reactivity with the inherent lipase catalysis, allenic acet-
ates directly converted to the corresponding O-heterocycles in enantiopure form catalysed by AgNPs—
CALB-Dext6kDa, taking advantage of a kinetic resolution/cyclization pathway. These results showed the
high applicability of these novel hybrids, offering new opportunities for the design of novel reaction
cascades.

efficient catalysts in different processes has been recently
described as a new alternative.”

Catalysis with silver and gold has gained momentum over the
past years and found extended application in organic
chemistry."> Although these metals are less extensively used
as catalysts than palladium, specific application of Ag(i) as soft
Lewis acid or Au(0) through its anisotropic provide new oppor-
tunities in chemical processes.>” In particular, the develop-
ment of single and smaller nanoparticles of both metals as
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However, synthetic strategies to control the metal species
and the size of these nanoparticles, key factors in the final
catalytic efficiency, are essential.’®"! In the literature, they are
mainly based on the application of a reducing agent from a
metal salt solution, which can be in an organic solvent or
aqueous media. These methodologies allowed to create the
nanoparticles but in many cases with large sizes. In the last
few years, in our group, we have developed a novel method-
ology for metal nanoparticle hybrids, which is based on the
application of a protein in the synthesis."*™*” This approach
consists of a very efficient and sustainable method, where, we
have obtained well-defined small nanoparticles of several
metals (Pd, Fe, Cu)."*™"” A catalytic protein (enzyme) is used as
a scaffold, where it takes on several important roles: providing
stabilization for nanoparticles, in situ formation of nano-
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particles (protein as a reducing agent), controlling the nano-
particle size and use as protein network for a final hetero-
geneous material. The crystalline metal nanoparticles are well
dispersed in the protein network, avoiding the common
problem of aggregation.

The mechanism of nanobiohybrid formation goes through
three distinct steps (Fig. S17), with the protein playing a key
role in all of them. The formation is initiated by a metal ion
binding event, followed by a reducing step. These two steps in
the formation of nanobiohybrid can be explained considering
the properties of amino acids or small peptides as it has been
described in the literature. An ideal peptide sequence must
present amino acids with moderate binding affinity for both
the metal ions and the subsequently-formed metal particles
(i.e., amino acids presenting hydrophobic or charged side
chains (with the opposite charge to that of the metal ions))
together with neighboring amino acids showing a strong redu-
cing ability (i.e., especially amino acids presenting hydro-
phobic side chains). Thus, keeping in mind the general rules
described for tailor-made peptide synthesis and considering
an enzyme as a complex structure of polypeptide chains. For
example, the CALB amino acid sequence has been analyzed
examining for some naturally present binding/reducing
sequences.'® Effectively, as shown in Fig. S1,i the enzyme
surface contains many peptide sequences possessing the
desired binding/reducing activities to adsorb metal ions. The
metal ions then act as cross-linkers between the enzyme mole-
cules, reducing their solubility and finally inducing the initial
fast precipitation. Once brought closer to the hydrophobic
reducing amino acids (for example, Trp (5), Tyr (9), Phe (10)
are present in the CALB structure), the metal ions are reduced
to their metallic state (Fig. S1}), also by the reductive ability of
polyols (hydroxyl residues of Ser (31) and Thr (37) in the CALB
structure). Finally, the growth of the nanoparticles is also con-
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trolled by the constrained space within the protein matrix, gen-
erally resulting in small-size nanoparticles.

Here, the nanohybrid technology has been applied for the
preparation of novel Ag and AuNPs-enzyme hybrids. These are
two interesting examples of chemoenzymatic cascade pro-
cesses. Other methods of synthesis of these metal nano-
particles have been tried by using biological molecules,
although most of them with microorganisms or plant extracts
and rarely with enzymes.'* Recent studies have demonstrated
that the physical or chemical modification of enzymes gener-
ates bioconjugates  with  improved catalytic
properties. This is a very important issue, in particular,
when a cascade process is developed. These novel nanobiohy-
brids could have a pivotal advantage over other systems since
they are able to exhibit an enzymatic and metallic activity in
the same compartment. We recently demonstrated this unique
property in the successful application of cascade
processes.”>** Consequently, the preparation of novel hybrids
using bioconjugates enzymes as matrix represents an appeal-
ing goal to widen the applicability of this new alternative strat-
egy. Among the different cascade designs, asymmetric and
stereoselective processes represent one of the most interesting
ones presently, for example in the industrial synthesis of
pharmaceutical products.**>°

Allenes have emerged as versatile precursors for the synth-
eses of heterocyclic compounds,> > and the final products
are important building blocks in the synthesis of valuable bio-
active compounds.®*? In this way, pure enantiomers of dihy-
drofurans can be produced by combining metal-catalyzed
allenic alcohol cycloisomerizations with lipase-induced kinetic
resolution hydrolysis of allenic acetates.’® Here, we evaluated
novel silver and gold nanobiohybrids as dual-activity catalysts
in the cascade synthesis of dihydrofurans, achieving excellent
conversions and enantioselectivities (Fig. 1).

novel
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Novel Ag and Au nanobiohybrids as dual catalysts for stereoselective cyclization reactions proposed in this work.
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Results and discussion

Synthesis and characterization of Ag nanoparticles-enzyme
hybrids

The preparation of Ag nanobiohybrids was attempted by
employing an enzyme solution in aqueous media and using
silver nitrate (Fig. 2a and Fig. S2+t). First, lipase from Candida
antarctica (fraction B) was directly dissolved in distilled water
(pH = 6) to a final concentration of 0.3 mg mL™". The Ag" salt
was added in the solid form directly to each protein solution.
Considering our previous observations in the formation of pal-
ladium nanoparticles induced by this hydrolase,">** a cloudy
solution has proven to be indicative of the incipient formation
of the hybrid between the enzyme and the metals is promising
for the final generation of nanoparticles without the need of
adding a reducing agent. A precipitate was rapidly formed and
after 24 h of incubation, a clear solid material was obtained.
By evaluating the amount of silver salt added, a 20 mg mL ™"
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concentration proved optimal for the solid formation. The pH
of the solution was monitored during and at the final point of
the synthesis and no significant changes were observed.
Characterization of the obtained solid by X-ray diffraction
(XRD) analysis revealed the formation of Ag,O as unique silver
species in both cases (matched well with JCPDS No. 00-076-
1393) (Fig. 2b). SEM analysis demonstrated the formation of a
heterogeneous aggregate (Fig. 2c). The nanoparticle formation
within the enzyme network was confirmed by transmission
electron microscopy (TEM) analysis. Silver nanoparticles with
an average diameter size of around 9 nm, with a minor frac-
tion with sizes >20 nm, were thus obtained (Fig. 2d and e).
These nanoparticles were synthesized directly by the enzyme,
which acts as in situ reducing agent. The ICP-OES analysis con-
firmed the presence of about 25% content of silver.

Recently we have demonstrated that proteins bioconjuga-
tion, for example, with peptides, can have an influence on the
metallic nanoparticle formation in the final nanohybrid.**
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Fig. 2 Synthesis of AgNPs—CALB. (a) Synthetic scheme. (b) XRD pattern. (c) SEM image. (d) TEM images (inset IFFT). (e) Particle size distribution.
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One of the simplest strategies to create protein bioconju-
gates, however, has been the coating with ionic polymers,
which are important, for example, for the stability or activity of
the enzymes." In this term, and focus on the final application
in a cascade system where dual (metallic and enzymatic) activi-
ties are crucial for success, two different sets of enzyme-
protein conjugates were prepared and used for the fabrication
of Ag nanobiohybrids (Fig. 3). On one side, CALB was coated
by cation exchange with polyethyleneimine (PEI), an amino-
functionalized hydrophilic polymer available in two different
molecular weights (800 Da and 750 kDa). The shorter one
focuses on the coating of specific areas of negative charges on
the protein and the latter one exceeds the protein size by more
than 20 times and would thus act as a crosslinker. In the
second set, the protein was coated with negatively charged
tailor-made polymers. Dextrans of different molecular weight
were modified with a high density of aspartic acid groups
(Dext6kDa and Dext2000kDa), the former with a suitable size
especially for the coating of particular areas with positively
charged residues in the protein (Fig. S31) and the latter once
again much larger than the protein.

CALB modified with PEI polymers were used for Ag nano-
biohybrid synthesis using the same protocol, as previously
described. Surprisingly, the synthesis using CALB-PEI0.8kDa
conjugate showed a pH >10, and XRD confirmed the formation
of Ag(0) species. Using the CALB-PEI750kDa conjugate, the
main silver species was Ag,0 as being observed using the non-
modified enzyme (Fig. S471).

In the second approach, tailor-made dextran polymers were
prepared as previously reported.®® These polymers have been
recently used for stabilization of multimeric enzymes," and
also, we observed important influences on the selectivity and
specificity of enzymes after their modification.'®?*?” Dextrans

NH;
e

HaN N\/\H/\/N\/\N/\/N NH,

HNS N,

PEI "
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CALB
enzyme

Dext-Asp

Fig. 3
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with molecular weights of 6 kDa and 2000 kDa, respectively,
were modified firstly using sodium periodate to create dextran-
aldehyde (Dext-Asp). The chemical incorporation of aspartic
acid molecules into dextran-aldehyde polymer resulted in the
final dextran-aspartic acid polymers called Dext6kDa and
Dext2000kDa. Then, these polymers were used for the coating
of CALB by the ionic exchange between carboxylic groups of
the polymer and amino groups of the protein to obtain CALB-
DextékDa and CALB-Dext2000kDa conjugates. The modifi-
cation was performed at neutral pH, conditions, where the
N-terminal group and other residues such as Arg and Lys were
positively charged. Indeed, analyzing the structure of the
protein, the main area with positive charges around the
N-terminus, which is located opposite to the active site of the
enzyme, was observed. This represents a preferred area of for-
mation of salt bridges with the negatively charged polymers
(Fig. S37).

These bioconjugates were used for the preparation Ag-nano-
biohybrids (Fig. 4, 5 and Fig. S5, 61). The pH was adjusted and
it was conserved around 5. During the incubation, a hetero-
geneous material was formed in high amounts (>100 mg) in
both cases.

In the nanobiohybrid synthesized using CALB-Dext6kDa,
the XRD analysis revealed the prevalent formation of Ag(0)
species, based on the face-centered cubic structure (JCPDS,
File No. 04-0783),*® with Ag,0 as a minor component (Fig. 4a).

The formation of crystalline spherical nanoparticles was
confirmed by transmission electron microscopy (TEM) analysis
(Fig. 4c). Silver nanoparticles with a diameter average size of
around 8 nm were obtained (Fig. 4c and d). This result showed
the formation of slightly smaller silver nanoparticles than
using the unmodified enzyme. In this case, also the bioconju-
gate enzyme acted as an in situ reducing agent.

Ag-enzyme-polymer nanohybrids

Preparation of Ag-nanobiohybrids using enzyme—polymer conjugates.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Synthesis of AgNPs—CALB-6kDa. (a) XRD pattern. (b) SEM image. (c) TEM (inset HRTEM) and IFFT images. (d) Particle size distribution.
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Fig. 5 Synthesis of AgNPs—CALB-Dext2000kDa. (a) XRD pattern. (b) SEM image. (c) TEM (inset HRTEM) and IFFT images. (d) Nanoparticle size

distribution.

Using the bioconjugate CALB-Dext2000kDa as the basis for
the nanohybrids, the XRD analysis indicated the presence of
Ag,0 and Ag(0) and also AgO species (peaks at 27° and 48°,
respectively) in this nanobiohybrid, implying that oxidation of
silver(1) oxide to silver(u) oxide is taking place in the presence
of the huge-size polymer (Fig. 5a).

This journal is © The Royal Society of Chemistry 2022

The analysis through TEM microscopy revealed the for-
mation of well-monodispersed spherical nanoparticles (Fig. 5c
and Fig. S61) with an average diameter size of 14 nm (Fig. 5d).
The presence of polymer in the conjugate generated a larger
protein, allowing the growth of silver nanoparticles, compared
to those prepared by using simply CALB (Fig. 2). XPS analysis

Nanoscale, 2022, 14, 5701-5715 | 5705
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was performed in order to confirm the presence of the
different silver species (Fig. S77).

This initial systematic comparison of coating additives
clearly illustrates how the nature of the polymer-protein conju-
gate affects the silver species in terms of the oxidation state,
size and distribution. The overall silver content in nanobiohy-
brids, on the other hand, seemed to be widely independent of
the potential additives (as determined by ICP-OES) relative to
the unmodified CALB.

Next, the role of the protein structure in the formation of
silver nanoparticle hybrids was studied. At this point, the
lipase of Thermomyces lanuginosus (TLL) was used as an
alternative protein matrix. This enzyme shows a similar size to
CALB in its monomeric form, however, it has a greater ten-
dency to aggregate and to generate multimeric systems.>
Indeed, recently, we have demonstrated how this enzyme
showed an impressive effect on the synthesis of iron nanobio-
hybrids, where completely different iron species and nano-
structure morphologies were observed using TLL as a template
when compared to CALB."”

In the case of TLL, the silver nanobiohybrids were syn-
thesized in the absence and in the presence of cetyltrimethyl-
ammonium bromide (CTAB). This cationic detergent allowed
control of the size of the protein as it assists in retaining the
monomeric form, and generating a dramatic increase in the
lipase activity.*®

View Article Online
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However, the silver nanobiohybrids were obtained in both
cases in a very similar way (Fig. 6 and Fig. S8, 9t). Ag,0 nano-
particles were produced as confirmed by XRD. A small differ-
ence was observed in the TEM analysis of the size of the nano-
particles, with a 16 nm average diameter size in the presence
of CTAB, because of the coordination effect of the detergent
onto the protein surface. In both cases, the content of silver
calculated by ICP-OES analysis was 33%.

Overall, comparing the outcome in the nanobiohybrid syn-
thesis using CALB and TLL, respectively, no significant differ-
ences in the nature of the silver species or the nanoparticle
size were observed, and only in the presence of CTAB larger
nanoparticles were formed in TLL. However, the content of
silver in the TLL hybrids was higher than that with CALB.

This phenomenon could be explained by considering the
structure of both proteins, especially the groups that silver
ions can coordinate (Fig. 7). The nanoparticle formation
mechanism involves initial coordination between amino acids
of the protein and the metal ions. In this way, it has been
described that they coordinate with carboxyl groups in
different ways (Fig. 7¢).*!

Comparing the extent of accessible Asp and Glu residues of
both proteins, we can see how the TLL effectively presents a
greater number of these anionic residues (up to 31 carboxylate
groups) (Fig. 7b). Alongside the carboxylates, another func-
tional group with high coordination capacity for silver ions is

Relative frequency
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Fig. 6 Characterization of synthesized TLL—Ag nanobiohybrids. (a) TEM image of TLL—Ag. (b) Nanoparticle size distribution of TLL-Ag (a small frac-
tion). (c) TEM image of TLL—AgCTAB. (d) Nanoparticle size distribution of TLL—AgCTAB.
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Fig. 7 (a) 3D surface of CALB with its critical amino acid residues marked. Asp and Glu residues (yellow), His (cyan). (b) 3D surface of TLL with its

critical amino acid residues marked. Asp and Glu residues (yellow), His (cyan). (c) Proposed silver coordination species induced by the protein. Pymol

program using PDB file TCA and 1DTE were used to prepare the figure.

the cysteine thiol. CALB does not feature any Cys in its peptide
sequence, whereas, in TLL, cysteines are present, giving
additional anchor points.

An advantage of silver coordination over other metals is the
possible coordination modes with carboxylate groups, where
both a single atom or two atoms per functional group can be
coordinated (Fig. 7c).

Regarding the size of the nanoparticles, the results have
shown that mainly the modification of this parameter can be
controlled by means of the previous modification of the
protein with polymers or the presence of detergents.

Synthesis and characterization of Au nanoparticles-enzyme
hybrid

Following the results obtained with silver, novel Au nanobiohy-
brids were synthesized using unmodified enzyme or CALB con-
jugated with Dext6kDa as a protein matrix (Fig. 8). In this case,
the redox potential of Au allowed in all cases the formation of
exclusively metallic Au species in the different Au nanobiohy-
brids, as confirmed by XRD analysis (Fig. 8b).

In the preparation of the Au nanohybrids, an important
parameter was the pH of the gold solution. Tetrachloroaurate
(m) (HAuCl,) was used as a gold source that was dissolved in
water and then pH adjusted to 6 or 4.5, respectively.
Subsequently, an aqueous enzyme solution was added and
after incubation, the hybrid was obtained. During the course
of the reactions, the pH of the solution decreased to a final pH
of 4.4 in the first case, while in the latter, the pH dropped
down to very acidic conditions (pH 1.9). This obviously had

This journal is © The Royal Society of Chemistry 2022

consequences on the final formation of the nanobiohybrid.
ICP-OES analysis of the two individual nanobiohybrids showed
that the content of Au in each case was very different. While in
the first case it barely exceeded 1%, in the second case, an Au
content of 16% was reached.

These results could indicate that the gold coordination with
the protein proceeds in a different way than silver. It has been
reported that gold has a high affinity of coordination with pro-
tonated Asp-(H+) or Glu-(H+) via the nitrogen of the amino
group, where the metal ions with high Lewis acidity cause
deprotonation and consequently a lower pH in the final solu-
tion.*> Also, high affinity is found with Tyr, which is a residue
present in the CALB structure (Fig. S107).

Furthermore, the nature of the nanoparticles in AuNPs-
CALB-pHA4.5 was evaluated (Fig. 9). TEM analysis revealed the
formation of nanoparticles with different forms, mainly
spherical (Fig. 9), and with two different ranges of size, with
an average of 18 nm (the smallest ones) and another one with
more than 100 nm diameter size nanoparticles (Fig. 9).

Next, the preparation of Au nanobiohybrid was performed
using CALB-Dext6kDa conjugate with gold solution adjusted
at acidic pH (Fig. 10 and Fig. S117). As previously described
with silver, a good amount of solid was obtained; in this case,
the final pH on the solution was more acidic (pH 3). However,
in comparison with the former Au hybrid, the metal content
determined by ICP-OES accounted for 4%. Evaluating the
protein structure (Fig. S1271), we can observe that the positively
charged residues at these conditions (Arg, Lys), which are
involved in the coordination with the polymer in the conju-

Nanoscale, 2022,14, 5701-5715 | 5707
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Fig. 9 Characterization of the synthesized AuNPs—CALB-pH4.5 hybrid. (a) TEM images. (b) Nanoparticles size distribution.

gation formation, also could form salt bridges with carboxylate
residues on the protein. As a potential result, this modified
enzyme may exhibit a lower ability for coordination with Au,
which would translate to a lower final relative content of the
metal.

TEM analysis of the AuNPs-CALB-Dext6kDa hybrid showed
the formation of mainly three different nanoparticle struc-
tures, spherical nanoparticles with two kinds of sizes, one

5708 | Nanoscale, 2022, 14, 5701-5715

smaller with an average diameter size of 9.7 nm and other
larger with an average of 22 nm, and also nanorods with
20-30 nm and 45-50 nm length (Fig. 10).

Also, this result clearly underlines the possible effects
of the coating on the enzyme for the final metallic nano-
structure distribution, which in general are much smaller
than the nanobiohybrids synthesized with the unmodified
enzyme.

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 Characterization of synthesized AuNPs—CALB—-Dext6kDa hybrid. (a) TEM images. (b) Nanoparticles size distribution.

As in the Ag nanobiohybrid, the effect of using another
enzyme was tested. In this case, when TLL was used, certain
differences were observed. The content of Au of 19% (by ICP)
was slightly higher than that using CALB. The pH of the solu-
tion after 24 h incubation was also somewhat less acidic than
that using CALB (3.6). These results can be explained consider-
ing the isoelectric point of TLL (pI 4.4) compared to that of
CALB (pl 6), which means that although the former contains
more Asp/Glu residues in the structure, not all of them are in
deprotonated form for coordination with Au.

The mechanism of coordination of Au is different from that
of Ag, and in general, neutral Asp and Glu bind Au” solely
through the nitrogen of the amino group, while the deproto-
nated anionic variants of these amino acids bind Au’ through
both the nitrogen and one of the oxygens of the carboxylate
group. Also, a monodentate complex with Au” is formed in the
case of aliphatic amino acids (except Met), Asp, Glu, Pro, Ser,
and Thr.** However, even though the amount of gold was
similar, clear differences were observed in terms of nano-
particle formation. TEM analysis revealed two different struc-
tures, spherical nanoparticles with an average diameter size of
5.9 nm, the smallest observed for gold in these nanobiohy-
brids, but also nanoflowers with around 100-200 nm diameter
(Fig. 11 and Fig. S137).

Determination of enzyme and metallic activity of
nanobiohybrids

Metallic activity of nanobiohybrids. The catalytic efficiency
of different Ag and Au nanoparticle-enzyme hybrids was tested
in the chemoselective hydrogenation of p-nitrophenol (pNP) to
p-aminophenol (pAP) (Table 1). The reaction was carried out in
aqueous media and at room temperature. Free CALB and TLL
solutions were tested as controls, and no activity was found in
any case (data not shown).

This journal is © The Royal Society of Chemistry 2022

For Ag nanobiohybrids, the highest efficiency was found
with the AgNPs-CALB hybrid, with a TOF value of 22 h™".
However, from all the hybrids with bioconjugated proteins,
AgNPs-CALB-Dext6kDa showed the best results, with 93%
conversion in 5 min (7.6 h™" TOF value) (Table 1, entry 4). The
lowest results were found with AgNPs-CALB-PEI750kDa,
whereas, after changing the enzyme, the hybrid AgNPs-TLL
showed 10 times lower catalytic efficiency. This could be
explained considering the higher size of Ag,O nanoparticles
and maybe the dispersion in the protein matrix, with a better,
more even distribution in the CALB matrix.

For the CALB hybrids, it seems that the Ag,O species
showed higher catalytic efficiency in this reaction than Ag.*
This could explain why the AgNPs-CALB-Dext6kDa with
smaller mixed nanoparticles of Ag/Ag,0 was a less active cata-
lyst than the AgNPs-CALB hybrid. The valence of Ag atoms
also synergistically affects the rate of reduction, because of the
positive charge of Ag" benefiting the adsorption of both nega-
tively-charged reactants of 4-nitrophenolate and BH,
anions.*?

In the case of Au nanobiohybrids, the one prepared using
the bioconjugate CALB-Dext6kDa showed more than 10 times
higher activity than its counterpart derived from unmodified
CALB (Table 1), with a TOF value of 300 h™". In this case, the
AuNPs-TLL hybrid showed a similar efficiency as AuNPs-CALB
(Table 1 entries 8 and 10). This result could be explained con-
sidering the smallest Au(0) nanostructures (particles and rods)
in the AuNPs-CALB-Dext6kDa. The hybrid showed excellent
stability at room temperature for months, without the loss of
activity or selectivity.

Enzymatic activity of nanobiohybrids. The second important
parameter for developing cascade reactions with these nano-
hybrids is to make sure that the activity by the enzyme biocata-
lyst is retained during the hybrid formation. In order to assess
the residual lipase activity of the protein matrices, the enzy-
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Fig. 11 Characterization of synthesized AUNPs—TLL hybrid. (a) TEM images of nanoparticles. (b) Nanoparticles size distribution. (c) TEM images of

nanoflowers.

Table 1 Hydrogenation of p-nitrophenol catalysed by Ag and AuNPs—enzyme hybrids®

NO, NH,
Ag or Au-Enzyme nanohybrid
NaBH,

OH DIStI"(:Cti water OH

1 2
Entry  Catalyst Time (min)  Cat Amount (mg)  Metal amount” (%) per mg  Yield of pAP (%)  TOF value® (h™")
1 AgNPs-CALB 1 2 26 >99 23.0
2 AgNPs-CALB-PEI0.8kDa 5 1.5 24 62 4.4
3 AgNPs-CALB-PEI750kDa 15 2 26 13 0.2
4 AgNPs-CALB-Dext6kDa 5 1.5 21 93 7.6
5 AgNPs-CALB-Dext2000kDa 5 2 26 85 4.2
6 AgNPs-TLL 5 1 33 37 2.9
7 AgNPs-TLL-CTAB 5 2 33 49 1.9
8 AuNPs-CALB-pH4.5 2.5 2 15.8 94 28
9 AuNPs-CALB-Dext6kDa 1 2 4.1 100 300
10 AuNPs-TLL-pH 4.5 2 2 19.2 85 29

“ Conditions: 1.0 mM (3 mg) 1, 40 mM (3 mg) NaBH,, 2 mL of distilled water, air and room temperature. ” Determined by ICP-OES.  TOF value
was defined as the moles of 2 per mole of noble metal atoms in the nanocatalyst per hour.

matic activity of each hybrid was evaluated based on the per-
formance in the hydrolysis assay using p-nitrophenyl propio-
nate (3) (Table 2).

In most of the cases, the activity of the enzyme in the
hybrid for this assay was reduced compared to that of the free
enzyme. However, in almost all cases (except for AgQNPs-CALB-
Dext2000kDa) enzymatic activity was observed in the hybrid
catalysts (Table 2).

5710 | Nanoscale, 2022, 14, 5701-5715

The AgNPs-CALB hybrid conserved the highest enzymatic
activity (Table 2, entry 1) among all hybrids (also showing the
highest metallic activity (Table 1). In this case, the bioconjuga-
tion affected the reduction of the final value of the enzymatic
activity. Also, a hybrid synthesized with TLL showed activity,
which is quite interesting because this enzyme presents a very
low activity towards this substrate.** The nanobiohybrid syn-
thesized using CTAB, a strategy used for conserving more

This journal is © The Royal Society of Chemistry 2022
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Table 2 Hydrolysis of 3 catalyzed by Ag or AuNPs—enzyme hybrids?
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(0]
(0] CsH7 OH
—_—
Ag or AuNPs-enzyme hybrids
NO, NO,
3 1
Entry Catalyst Catalyst concentration (mg ml™") Catalyst amount (ug) Enzymatic specific activity”
1 AgNPs-CALB 0.4 8 0.3
2 AgNPS—CALB—PEIO.SkDa 1.1 22 0.09
3 AgNPs-CALB-PEI750kDa 4.1 82 0.035
4 AgNPs—CALB—DextGkDa 2.2 44 0.011
5 AgNPs-CALB-Dext2000kDa 2.3 46 0
6 AgNPs-TLL 1.7 170 0.023
7 AgNPs-TLL-CTAB 1.6 160 0.021
8 AuNPs-CALB-pH4.5 3.2 64 0.105
9 AuNPs-CALB-Dext6kDa 5.5 110 0.035
10 AuNPs-TLL-pH 4.5 1.7 170 0.031

“ Conditions: 0.4 mM 3, 20 pl (CALB hybrids) or 100 pl (TLL hybrids) suspension, 2.5 mL of 25 mM sodium phosphate buffer pH 7 or distilled
water, air and room temperature. ” The enzymatic specific activity (nmol of hydrolyzed 3 per minute per mg of hybrid) of the nanobiohybrids

were calculated as described in the experimental section.

activity in the enzyme,*® did not differ much in its final activity
value (Table 2, entry 7).

Cascade reaction catalyzed by dual-active Ag and Au
nanobiohybrids

After observing the preservation of both the enzyme and metal-
lic activity in the generated Ag and Au nanohybrids, we evalu-
ated them as dual-activity heterogeneous catalysts in a cascade
reaction to produce enantioenriched dihydrofurans from
allenic acetates. Here, the process begins with kinetic resolu-
tion hydrolysis of racemic allenic acetate 4 induced by the
lipase activity of the nanobiohybrid. The thus-obtained enan-
tiopure allenic alcohol intermediate is subsequently cycloi-
somerized via the Ag or Au activity of the nanohybrid to form
2,5-dihydrofuran (R)-5 as an optically pure enantiomer.

Firstly, the lipase-AgNPs hybrids were evaluated in the
hydrolytic cyclization of allenic acetate 4 into dihydrofuran (R)-
5 (Table 3). The AgNPs-CALB hybrid gave an encouraging con-
version of 26% and good enantioselectivity (88% ee) of the
desired furan cascade product (R)-5 (Table 3, entry 1). Silver
nanohybrids synthesized using polyethyleneimine bioconju-
gates failed to produce effective catalysts for this transform-
ation, catalysing only minor conversions into (R)-5 (data not
shown).

AgNPs-CALB-Dext6kDa and AgNPs-CALB-Dext2000kDa
hybrids showed excellent catalytic performance, with almost
50% conversion and excellent enantioselectivity (94-95% ee)
of (R)-5.

Next, the gold nanoparticle biohybrids were also examined
as mediators for the cascade reaction. The AuNPs-CALB-
pHA4.5 hybrid (Table 3, entry 4) performed faster than the ana-

Table 3 Evaluation of lipase-silver and gold nanoparticle hybrids in hydrolysis/cyclization of allenic acetate 47

Ag or AuNPs-CALB hybrid

> +
Phosphate buffer / THF 40:1 OQ\

OAc OAc
pH 7,40 °C
4 (R)-5 (S)-4
Entry Catalyst Time (d) Conversion” (%) (R)-5, ee” (%) (S)-4, ee” (%)
1 AgNPs-CALB 4 26 88 88
2 AgNPs-CALB-Dext6kDa 3 43 94 94
3 AgNPs-CALB-Dext2000kDa 3 42 95 84
4 AuNPs-CALB-pH4.5 2 21 93 64
5 AuNPs-CALB-Dext6kDa 3 2 93 99

“ Conditions: 40 pmol (7.8 mg) 4, 1.5 mg CALB hybrid, 20 pL THF, 0.8 mL phosphate buffer (0.1 M, pH 7), 40 °C.  Conversion and % ee were

determined using chiral GC.

This journal is © The Royal Society of Chemistry 2022
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logous Ag hybrid, reaching a similar conversion of 21% and a
great optical purity of 93% in half the reaction time compared
to AgNPs-CALB. However, longer reaction times using the Au
biohybrid resulted in lower recovery of the desired (R)-5, indi-
cating consumption of the product through unidentified side-
reactions in the Au-catalyzed process. Similar behavior was
observed using AuNPs-CALB-Dext6kDa, which very efficiently
catalyzes the purification of the unreacted allenic acetate enan-
tiomer (S)-4 to 99% ee, but no significant amounts of 2,5-
dihydrofuran (R)-5 or the intermediate allenic alcohol were
obtained after the reaction (Table 3, entry 5).

The Ag and Au nanobiohybrids constructed using TLL
instead of CALB also showed some activity towards the cascade
process, however, in rates not sufficient for significant conver-
sion in reasonable incubation times.

Conclusions

A novel strategy has been developed to synthesize silver and
gold nanoparticles-enzyme hybrids with good control of metal
species, nanoparticles size and morphology. It was demon-
strated that silver or gold nanohybrids were produced in a
different way in terms of protein coordination, affecting,
especially, the final metal species. In all the cases, the nano-
particle formation in the protein matrix was induced in situ by
the enzyme, without the necessity to use an external reducing
agent. Enzyme-polymer conjugates directly induced the for-
mation of smaller nanoparticles in both metal systems, and in
the gold hybrid, the formation of nanoparticles and nanorods
was found. Most of the synthesized hybrids maintained (dual)
enzymatic and metallic activities. Finally, these dual activity
catalysts were successfully used in the stereoselective hydro-
lysis/cyclization cascade reaction to produce a 2,5-dihydrofuran
in excellent conversion and enantiopurity from an allenic
acetate. These results demonstrate the high applicability of
these novel hybrids in cascade reactions by exploiting the mul-
tiple activities retained in the designer catalysts. Future
research will aim at expanding both the reaction scope and the
number of catalytic activities within the nanobiohybrids in
order to enable more efficient and sustainable processes to
complex synthetic target structures for pharmaceuticals and
fine chemicals.

Experimental

General

Candida antarctica B lipase (Lipozyme® CALB) (CALB),
Thermomyces lanuginosus lipase (TLL) solution (Lipozyme® TL
100L) was from Novozymes (Denmark). Silver nitrate, gold (i)
chloride trihydrate (HAuCl,-3H,0), branched polyethyl-
eneimines (PEI) (M,, = 800 Da or M,, = 2000 kDa) (aprox. the
molar ratio of primary/secondary/tertiary amine = approx. 1/
1.2/0.76), dextrans (M,: 6 kDa or 2000 kDa), aspartic acid,
sodium periodate, p-nitrophenol and p-aminophenol were pro-
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vided by Sigma-Aldrich. Acetonitrile HPLC grade was provided
by Scharlab. Dextran-aspartic acid polymers (Dext 6kDa and
Dext 2000kDa) were synthesized as previously reported.

Inductively coupled plasma atomic emission spectrometry
(ICP-OES) was performed using a PerkinElmer OPTIMA 2100
DV equipment. X-ray photoelectron analysis (XPS) was carried
out on an SPECS GmbH spectrometer equipped with a
Phoibos 150 9MCD energy analyzer. A nonmonochromatic
magnesium X-ray source with a power of 200 W and voltage of
12 kv was used. The X-Ray diffraction (XRD) pattern was
obtained using a Texture Analysis Diffractometer D8 Advance
(Bruker) with Cu Ka radiation. Transmission electron
microscopy (TEM) and high-resolution TEM microscopy
(HRTEM) analysis were performed on a JEOL 2100F micro-
scope equipped with an EDX detector INCA x-sight (Oxford
Instruments). To recover the nanobiohybrids, a Biocen 22 R
(Orto-Alresa, Spain) refrigerated centrifuge was used. The spec-
trophotometric analyses were run on a V-730 spectrophoto-
meter (JASCO, Japan). An HPLC spectrum P100 (Thermo
Separation products) was used. Analyses were run at 25 °C
using an L-7300 column oven and a UV6000LP detector.
Lyophilization of the hybrids was performed using a Telstar
LyoQuest laboratory freeze-dryer. NMR, GC and optical
rotation were recorded at the School of Chemical Engineering
of Aalto University. '"H and *C NMR spectra were recorded
with a Bruker Avance NEO 400 ('H 400.13 MHz, C
100.62 MHz). The chemical shifts are reported in parts per
million (ppm) in relation to non-deuterated chloroform signal
(*H NMR: 6 = 7.26; *C NMR: § = 77.16). Gas chromatography
was performed on a Shimadzu GC-2010 Plus gas chromato-
graph with a Supelco Analytical Beta DEX 120 column (30 m x
0.25 mm), using 2.55 mL min~' column flow and temperature
program: 50 °C (2 min)/20 °C min~/115 °C (35 min). Optical
rotations were measured using an Autopol VI Automatic
Polarimeter from Rudolph Research Analytical.

Preparation of polymer-lipase conjugates

0.8 mL commercial CALB solution (9.57 mg mL™" protein con-
centration determined by Bradford assay) was dissolved in
15 mL distilled H,O. Then, solid 79 mg polymer (PEI (800 Da),
Dext6kDa or Dext200kDa) or 152 mg of PEI2000kDa (50 wt%
in H,0) was added to the protein solution and the mixture was
maintained by roller stirring for 20 min at room temperature.

General synthesis of Ag nanoparticles-enzyme hybrids

0.8 mL commercial CALB solution (9.57 mg mL™~" protein) was
added to 15 mL distilled H,O. Then, 10 mL of silver nitrate
solution (water) (50 mg ml™") was added to the 15 mL of CALB
solution (described above) or CALB-polymer conjugates solu-
tion. The mixture was stirred at room temperature for 24 or
43 hours. The formed solid material was collected from the
resulting suspension by centrifugation and it was washed
twice with 10 mL distilled H,O. Finally, the pellet was re-sus-
pended in 2 mL of water, collected in a cryotube, frozen with
liquid nitrogen and lyophilized for 16 hours, obtaining the fol-
lowing solid Ag nanobiohybrids: AgNPs-CALB (9.8 mg of dark

This journal is © The Royal Society of Chemistry 2022
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brown), AgNPs-CALB-PEI-0.8kDa (26 mg dark brown), AgNPs-
CALB-PEI-750kDa (102 mg reddish brown), AgNPs-CALB-
Dext-6kDa (54.3 mg reddish brown), AgNPs-CALB-Dext-
2000kDa (58.0 mg reddish brown).

In the case of TLL, 1.0 mL commercial TLL solution
(29.8 mg mL™" protein) was added to 20 mL distilled H,O,
with or without the presence of 1.0 mg -cetyltrimethyl-
ammonium bromide (CTAB) (0.005 wt%), followed by the
addition of 0.40 g AgNO;. The procedure was the same as pre-
viously described by CALB hybrids. The nanohybrids syn-
thesized were: AgNPs-TLL (33 mg reddish brown), AgNPs-
TLL-CTAB (31 mg reddish-brown).

Characterization of different nanobiohybrids was per-
formed using XRD, ICP-OES, SEM and TEM analysis.

Table S1t summarizes all the different Ag hybrids
synthesized.

General synthesis of Au nanoparticles-enzyme hybrids

Gold(ur) chloride trihydrate (205 mg) was dissolved in distilled
water (10 mL) and then the solution was adjusted at pH 6, pH
4.5, or pH 5 using 1 M NaOH. 3 mL commercial CALB solution
(9.57 mg mL ™" protein) or 1 mL commercial TLL solution was
added to 10 mL distilled H,O. Then, 10 mL of enzyme solution
was added to 10 mL of gold solution (20 mg ml™") at different
adjusted pHs, CALB (solution at pH 6, pH 4.5), TLL (solution
at pH 4.5), CALB-Dext6kDa (solution at pH 5). The mixture
was stirred at room temperature for 24 hours. The formed
solid material was collected from the resulting suspension by
centrifuge and it was washed twice with 10 mL distilled H,O.
Finally, the pellet was re-suspended in 2 mL of water, collected
in a cryotube, frozen with liquid nitrogen and lyophilized for
16 hours, obtaining the following solid Au nanobiohybrids:
AuNPs-CALBpH6 (30.6 mg dark brown), AuNPs-CALB-pHA4.5
(63.9 mg brown), AuNPs-CALB-Dext-6kDa (109.9 mg black
solid), AuNPs-TLL-pH4.5 (34.8 mg light brown color).

Table S17 summarizes all the different Au hybrids synthesized.

Metallic activity assay: reduction of 4-nitrophenol (1) to
4-aminophenol (2)

p-Nitrophenol (1) was dissolved in 2 mL of distilled water at
1 mM concentration. Then, solid NaBH, (3.2 mg) 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 an
immediate shift from 317 to 400 nm). After 30 seconds, 3 mg
of the different Au and Ag nanobiohybrids 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 dis-
tilled water (2 mL) and measuring the absorption spectrum
between 500 and 300 nm in a quartz cuvette.

Lipase activity assay: hydrolysis of p-nitrophenyl propionate (3)
to p-nitrophenol (1)

The enzymatic activity of the Ag and Au nanobiohybrids was
analyzed spectrophotometrically measuring the increment in

This journal is © The Royal Society of Chemistry 2022
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absorbance at 348 nm produced by the release of p-nitro-
phenol (1) (e = 5.150 M~ em ™) in the hydrolysis of 0.4 mM 3
in 25 mM sodium phosphate at pH 7 and 25 °C. To
initialize the reaction, 0.02 or 0.1 mL of lipase hybrid suspen-
sion was added to 2.5 mL of substrate solution under magnetic
stirring. Enzymatic activity is given as nmol of hydrolyzed 3
per minute per mg of hybrid (IU) under the conditions
described above. In the reactions involving Ag-salts, distilled
water was used instead of the sodium phosphate buffer
solution.

General lipase-hybrid catalyzed kinetic resolution hydrolysis/
cyclization

Racemic allenic acetate 4-cyclohexylidenebut-3-en-2-yl acetate
4 was prepared as reported previously.*?

The allenic acetate 4 (7.8 mg, 40 pumol) in 20 pL tetra-
hydrofuran was added into a 0.8 mL phosphate buffer solu-
tion (0.1 M, pH 7.0). Solid lipase-metal nanobiohybrid
(1.5 mg) was added to the solution. The resulting suspension
was shaken at 800 rpm at 40 °C for 2-4 days. Then, the
mixture was extracted with ethyl acetate (4 x 1 mL). The
remaining solid materials were removed from the combined
organic layers by filtration. The filtrate was analyzed by gas
chromatography to determine the conversion and purity of
the products. The retention times of the compounds were
compared to those of synthesized racemic mixtures of the
compounds (Fig. S147).

4-Cyclohexylidenebut-3-en-2-yl ~acetate (4). 'H NMR
(400 MHz, CDCl,): 6 [ppm] = 5.32 (dq, J = 6.4, 5.5 Hz, 1H), 5.10
(dquint, J = 5.5, 2.1 Hz, 1H), 2.18-2.05 (m, 4H), 2.04 (s, 3H),
1.67-1.49 (m, 6H), 1.30 (d, J = 6.4 Hz, 3H). ">C NMR (100 MHz,
CDCl,): 6 [ppm] = 198.4, 170.6, 105.7, 90.6, 69.4, 31.4, 31.4,
27.5, 27.5, 26.2, 21.6, 19.9. (S)-4 (94% ee); [a]p: —54.8 (¢ 1.10,
CH,Cl,) (Fig. S157).

2-Methyl-1-oxaspiro[4.5]dec-3-ene (5). 'H NMR (400 MHz,
CDCl,): 6 [ppm] = 5.87 (dd, J = 6.1, 2.1 Hz, 1H), 5.70 (dd, J =
6.1, 1.4 Hz, 1H), 4.90 (qdd, J = 6.4, 2.1, 1.4 Hz, 1H), 1.75-1.63
(m, 2H), 1.61-1.53 (m, 4H), 1.50-1.38 (m, 4H), 1.25 (d, / = 6.4
Hz, 3H). ">C NMR (100 MHz, CDCls): § [ppm] = 133.4, 130.4,
89.6, 80.5, 39.6, 37.6, 25.6, 23.7, 23.6, 23.4. (R)-5 (94% ee); [a]p:
—53.1 (¢ 0.48, CH,Cl,). (Fig. S167).
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