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A new synthesis method for tailor-made iron-hybrid nanoparticles has been carried out for the first time
using enzymes, which directly induce the formation of inorganic iron species. The role of the protein was
critical for the formation and morphology of the iron nanostructures and, depending on the enzyme, by
simple mixing with ammonium iron() sulfate at room temperature and under air, it was possible to obtain,
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for the first time, well stabilized superparamagnetic iron and iron oxide nanorods, nanosheets and nanor-
ings or even completely amorphous non-magnetic iron structures in the protein network. These iron
nanostructure-enzyme hybrids showed excellent results as heterogeneous catalysts in organic chemistry

Open Access Atrticle. Published on 28 May 2020. Downloaded on 6/20/2026 4:47:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

rsc.li/nanoscale

Introduction

Iron nanoparticles have gained important relevance in
different areas over the last few years, with special focus on
biomedical applications." ™

Magnetic resonance imaging (MRI) contrast agents and drug
delivery are two of the areas of greatest application of these nano-
particles, precisely because of the properties of these iron nano-
particles; they offer high magnetic saturation, stability, biocom-
patibility, and interactive functions at the surface.>®

Recently, considering the importance of sustainability, iron
compounds have exhibited tremendous growth in their appli-
cation as catalysts.”°

Although the efficiency of iron cannot be compared to such
metals as Pd or Au in many organic chemical reactions, the
application of nanostructures has advantages in order to
obtain higher catalytic efficiency, based on their high surface-
to-volume ratio compared to bulk materials.'®™* Also the mag-
netism of iron nanoparticles gives them an advantage since
they are easily recovered from reaction solutions by external
magnetic fields, reducing energy consumption and catalyst
loss, and saving time in catalyst recovery."?

The main challenge in this case is obtaining small size
nanoparticles due to their tendency to aggregate, not only
because of their small size but also due to the presence of
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(chemoselective hydrogenation and C-C bonding formation) and environmental remediation processes.

magnetic interactions. The control of the size is therefore a
critical issue for the production of excellent catalysts.'*

The successful development of synthetic strategies'®"” has
made these iron nanostructures tremendously interesting cata-
lysts applied in different areas. One of these areas is synthetic
cross-coupling (C-C, C-O) reactions, recently successfully
described by using supported-iron oxide nanoparticles, alone
or combined with other metals."®"°

In this context, new technologies allowing the synthesis of
iron nanostructures under mild conditions using simple pro-
cesses, without needing additional equipment, would have a
remarkable impact.

In a previous communication, we reported the use of a
greener synthetic methodology to synthesize iron carbonate
nanorods into a nanohybrid structure.*® For that, a hydrolase
was used as an inductor controlling the synthesis, iron species
and final morphology, creating well-dispersed iron nanorods
in the biological matrix, avoiding any aggregation problems.
However, stabilization of the iron species is not an easy task,
because of the extremely fast oxidative process.

Therefore, here we have extended the application of
enzymes to induce the formation of iron nanoparticles in
aqueous media and at room temperature, evaluating the
experimental conditions to completely avoid oxidation and
control the species. The effect of using different enzymes from
different sources and of different molecular weight, with
monomeric or multimeric structures on the iron species, and
different nanoparticle sizes and magnetic properties has been
studied. These iron nanoparticles-enzyme nanobiohybrids are
heterogeneous materials and their catalytic capacity in
different organic chemical reactions and environmental pro-
cesses was evaluated.

Nanoscale, 2020, 12, 12917-12927 | 12917


www.rsc.li/nanoscale
http://orcid.org/0000-0002-7290-7029
http://orcid.org/0000-0002-6464-1216
http://crossmark.crossref.org/dialog/?doi=10.1039/d0nr03142a&domain=pdf&date_stamp=2020-06-19
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr03142a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR012024

Open Access Article. Published on 28 May 2020. Downloaded on 6/20/2026 4:47:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Results and discussion

Synthesis and characterization of iron nanoparticles-enzyme
hybrids

Firstly, liquid commercial hydrolase (Candida antarctica B
lipase (CALB)) was dissolved in buffer solution (pH from 5 to
10) and different concentrations of solid (NH,),Fe (SO),
(Mohr’s salt) were added. Considering our previous results in
the formation of palladium nanoparticles induced by this
hydrolase,”" a cloudy solution is indicative of the formation of
a hybrid between the enzyme and metals for the final gene-
ration of nanoparticles. Solutions with pH lower than 6 (iso-
electric point of the enzyme) and with an amount of iron salt
lower than 10 mg mL™" did not form any cloudy solution.
Thus, the best initial conditions were obtained by using solu-
tions containing bicarbonate buffer at pH 10 and 10 mg ml ™"
of iron salt. During the initial step of the incubation (around
30 min), the pH of the solution was evaluated and had
decreased to pH 8, and then remained unaltered during the
entire incubation time. After incubation with magnetic stirring
at room temperature for 16 hours, a dark green solid was
obtained (Fig. S17), which was washed several times with dis-
tilled water, centrifuged and finally lyophilized overnight.

X-ray diffraction (XRD) analysis revealed that the enzyme
induced the formation of iron(u) carbonate (siderite, FeCOj3)
(matched well with JCPDS no. 29-696) as the main iron
species, containing a very small amount of other oxidative
species (hematite) (Fig. 1). Indeed, controlling the stirring
speed to 380 rpm was a key parameter to obtain this iron
species. Experiments performed at higher or even uncontrolled
stirring speeds led to the formation of hematite (orange solid),
as well as the use of other methods such as roller stirring
(Fig. S1t). To remove this iron oxide species, an additional
reduction step was introduced after the incubation time.

At this point, we added sodium borohydride and evaluated
the effect of different reduction times. XRD analysis showed
that the peak at around 36° was almost completely eliminated
after a 15 min reduction (Fig. 1) and XPS confirmed that iron
carbonate was the only species (Fig. S21). XRD also showed
that this peak started to grow again if the reduction time was
prolonged due to the rapid oxidation of iron (Fig. 1).

Transmission electron microscopy (TEM) analysis showed
the formation of siderite nanorods (NRs) as the morphology of
the iron nanoparticles with a different size depending on the
reduction process (Fig. 2, Fig. S31). The non-reduced hybrid
contained FeCO; NRs with a size of approx. 7 nm in diameter
x 59 nm in length (Fig. 2a), while the 15 min-reduced Fe-CALB
hybrid contained FeCO; NRs of 5 nm in diameter x 40 nm in
length (the smallest reported as far as we know) (Fig. 2b). Other
reduced hybrids showed slightly longer nanorods with longer
reduction times, which seems to indicate that the presence of
the oxide species could be relevant in the growth of the nano-
rods (Fig. 2 and Fig. S47).

Furthermore, the reduction step introduced magnetic pro-
perties to the hybrid, while the non-reduced hybrid did not
show any magnetic capacity. Magnetism was also dependent
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Fig. 1 X-Ray diffraction (XRD) patterns of the FeCO3z-CALB hybrid at
different reducing times; (*) undesired oxide product.

on reduction time, and again the 15 min-reduced Fe-CALB
hybrid exhibited an excellent magnetic response against a
magnetic field, which allowed for rapid recovery. Analysis of
the magnetic properties revealed a superparamagnetic
material (zero remaining magnetization and coercivity) with a
saturation magnetization value (M) of 125 emu g~ (Fig. 3),
extremely high compared to bulk siderite (M, < 0.5 emu g™ %).
These results could be explained considering the presence of a
certain amount of amorphous Fe (0) in the hybrid generated
by the reduction stage, which will be responsible for the mag-
netic behaviour.

These iron species could be, in principle, very sensitive to
the oxidation, and therefore, a stabilization study was carried
out. After one month left on the bench without any protection
(no nitrogen atmosphere), the FeNR hybrid was characterized
again. XRD and TEM analysis demonstrated the high stability
of these iron species, and only a very slight increase of the
peak at around 36° (iron oxide) was observed (Fig. S5%). This
high stabilization can only be attributed to the presence of the
enzyme. The enzyme induces the formation of this nano-
structure by generating a protein network in which the iron
nanoparticles are embedded. Therefore, the fact that the iron
nanorods are around the superstructure of the enzyme aggre-
gate protects them from oxidation. This seems to be a very
interesting point, especially for iron that is extremely sensitive
to oxidation conditions, and this is a key point for its appli-
cation, for example, as a heterogeneous catalyst.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr03142a

Open Access Atrticle. Published on 28 May 2020. Downloaded on 6/20/2026 4:47:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Nanoscale

a) m

Fig.2 TEM and HTEM images of different reduced-FeNRs-CALB
hybrids: (a) non-reduced FeCOzNRs-CALB, (b) 15 min-reduced
FeCO3NRs-CALB, (c) 30 min-reduced FeCOzNRs-CALB, and (d) 45 min-
reduced FeCO3NRs-CALB or 60 min-reduced FeCO3NRs-CALB.

At this point, this strategy allows multi-milligram amounts
of a magnetic heterogeneous Fe hybrid material to be
obtained. However, two different optimization processes were
performed. The first one was to increase carbonate ions, by
using 200 mM bicarbonate buffer instead of 100 mM. The
second was to increase the amount of iron, using iron sulphate
instead of the ammonium iron salt. The rest of the method
was maintained (incubation time, agitation speed, reaction
container, 15 min reduction, washing method). Previous tests
showed that in these two cases, the pH of the mixture was
adjusted to pH 8. A dark green/brown colour solid was
obtained in both cases and XRD clearly demonstrated the for-
mation of iron carbonate. The magnetic properties also
showed the formation of a superparamagnetic material (data
not shown). Other modifications, such as increasing the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Magnetization hysteresis loops of the 15 min-reduced Fe-CALB
hybrid, normalized to the total mass of the sample (inset: saturation
magnetization (M) value at 295 K).

amount of reducing agent or changing the washing step by
using magnetic means for separation instead of centrifu-
gation, did not give significant differences in the protocol
(data not shown).

Another approach tested was the reaction in distilled water
without any buffer or additive. Two experiments were per-
formed comparing the results with or without protein in the
previous protocol with ammonium sulfate iron. Both solutions
were incubated after 16 h as per the previous protocol, but no
aggregate was formed. Then, we repeated the experiment and,
after 30 min, the solution in both cases was reduced in the
same way as previously described, immediately turning black.
In both cases, a similar amount of solid (about 45 mg) was
obtained, although less compared to the hybrids using the pre-
vious conditions (120 mg of FeNRs-CALB hybrids).

XRD analysis showed that in both cases, Fe (0) species were
formed (Fig. 4); however, clear differences in structure were
observed by TEM. The non-protein Fe(0) solid showed aggre-
gate formation with very large Fe nanoparticles. However,
using the enzyme, Fe nanoflowers (FeNFs) dispersed in the
enzyme structure were generated (Fig. 4a and Fig. S6t). In the
case of not using protein, a clear core of oxide could be
observed in the TEM image, which did not occur in the
protein-Fe(0)NFs (Fig. 4b and Fig. S7f). The analysis of the
magnetic properties showed a saturation magnetization value
(My) of 125-140 emu g™~ " at 298 K (Fig. 4d), for both materials.

Therefore, this enzyme-induced strategy represents a
simple way to produce stable superparamagnetic Fe(0) NFs.

Protein effect on the synthesis of Fe nanoparticles. Finally,
the role of the protein structure in the final morphology and
size of the iron nanoparticles was studied.

CALB is a lipase with a particular characteristic in the
lipase family. It is one that has a very short oligopeptide lid,
only four amino acids (critical for catalysis), and exists as a
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Fig. 4 Synthesis of Fe(0) hybrids. (a) A TEM image of Fe(0) nanoflowers of the material synthesized using CALB. (b) A TEM image of Fe(0) NPs of the
material synthesized without using the enzyme. (c) The XRD pattern of Fe(0) in both cases. (d) Magnetization hysteresis loops of both Fe materials:

FeNPs without protein (continuous line) and FeNFs-CALB (dashed line).

monomeric form in aqueous media (compared with most
lipases that are in dimeric form).”> In fact, CALB has a mole-
cular weight of around 34 kDa, and many other lipases from
different sources (for example, human monoacylglycerol,
Rhizomucor miehei, Pseudomonas fluorescens or Thermomyces
lanuginosus (TLL)) have a similar size,>*>* although they have
completely different behaviours.

Therefore, we first evaluated the effect of iron nanoparticles
formation using TLL. In this case, two different approaches
were performed using the commercial liquid enzyme directly
(which is mainly in water as a dimer) and in the presence of
Triton (monomeric TLL lipase in solution).

Using TLL dissolved in water, the reaction mixture with
iron salt turned cloudy black after 45 min. Then, after
reduction, a black solid was obtained, which clearly indicated
the formation of different iron species to those obtained pre-
viously using CALB.

XRD analysis confirmed initial suspicions that the iron
species was magnetite (Fe;0,) (matched well with JCPDS no.
79-0417) (Fig. 5a). TEM analysis showed that in this case
different iron nanostructures (nanoflowers, nanorods, and
nanosheets) were obtained (Fig. 5b). Surprisingly, using pre-
viously purified TLL solution, the iron species was magnetite
(Fig. 5¢), but the TEM analysis revealed a well-described homo-
geneous structure of nanorings (cyclic nanostructures) made up
of well-organized iron nanoparticles (Fig. 5d). The purification
of the enzyme led to the presence of detergent in the final

12920 | Nanoscale, 2020, 12,12917-12927

enzyme solution,>* which could be related to the final nanoring
formation, although the presence of other contaminating
enzymes in the commercial preparation of TLL could be the
main reason for the formation of different nanostructures.>

Thus, direct hybrid preparation with lipase in a monomeric
form, by adding detergent to the non-purified commercial
preparation of TLL, was performed. In this case, a black solid
was also provided (amount of multimilligrams), but the XRD
analysis showed a different pattern, revealing in this case the
formation of goethite (a-FeOOH) (matched well with JCPDS
no. 17-0536) with a typical peak at 21° as the main species, but
also containing magnetite (Fig. 5e). Also, TEM analyses
revealed the formation of several morphologies (Fig. 5f).

For an explanation of how the protein can induce the for-
mation of different iron species, three-dimensional enzyme
structures were evaluated using bioinformatics tools. The key
elements to consider are the particular amino acids that may
be involved in metal coordination, such as Asp, Glu and His,
and how they are distributed in the protein, such as the amino
acid sequence and tertiary structure.

In particular, in the case of CALB, FeCO; was the main
species generated, directly induced by the protein. In this case,
direct formation of FeCO3, where Fe(u) was stabilized by dative
interactions with carboxylate side chains of glutamate or
aspartate residues (binding sites) in CALB, as occurs in metal-
loproteins,®® may be possible. Histidine residues are also a key
group for iron coordination. The amino acid sequence and 3D

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Characterization of the synthesized TLL—Fe nanobiohybrids. (a) XRD pattern of FezsO4 NPs using TLL. (b) TEM and HRTEM images of TLL—
FesO4NPs. (c) XRD pattern of FesO4NPs using purified-TLL. (d) TEM and HRTEM images of TLL purified-FesO4NPs. (e) XRD pattern of the a-FeOOH/
FezO4 TLL-Triton nanobiohybrid. (f) TEM and HRTEM images of the TLL-Triton—Fe nanobiohybrid.

protein structure of CALB (Fig. 6A, B and Fig. S8) showed that
this enzyme presents very few carboxylate residues, most of
them as a single carboxylic acid residue without reactive histi-
dine residues around (Fig. 6A). During hybrid formation and
aggregation, a protein network is formed, so we can consider
that iron(un) has a bidentate coordination with carboxylic
groups on the protein, along with the bicarbonate molecule,
conserving and stabilizing the structure of FeCO; as iron
species (Fig. 6C). This is quite important because this iron
species, as we have seen in the nanobiohybrid, is quite stable,
preserving this structure for months. Therefore, the protein
induces the formation and stabilization of the iron species,
but also allows reproducibility of the methodology.

However, in TLL the situation is different. Analysing the
structure of the protein and amino acids sequence (Fig. 7 and
Fig. S97), we can see that this enzyme has 31 carboxylate
groups, mainly all on the surface, and four reactive histidine
residues, two of them particularly on the surface (His109 and
His134) (Fig. 7A).

This phenomenon is clearly quite important for the final
formation of iron species. The amount of carboxylic groups
and the fact that many of them are on at least two sufficiently
close residues have great influence on the coordination of
iron, displacing the carbonate and allowing more water mole-
cules to be introduced in the coordination (Fig. 7B).

This journal is © The Royal Society of Chemistry 2020

Furthermore, His also has a great influence, because some of
the iron atoms can coordinate with the imidazole residue of
His, making the formation of Fe(ur) species more accessible.
This situation could explain the formation of magnetite as the
only iron species. This also seems to indicate that this coordi-
nation causes the formation of iron oxides species.

However, the iron species generated by TLL in the presence
of polyethylene glycol tert-octylphenyl ether (Triton X-100) at a
relative high concentration (0.5% w/v) was mainly goethite
(a-FeOOH), containing also magnetite as an iron species.
Triton X-100 molecules present a hydrophobic part that has a
tendency to interact by aromatic stacking interactions or
simple hydrophobic interactions with hydrophobic residues in
the enzyme. Analysing the 3D-structure of the protein, empha-
sizing the hydrophobic groups (Fig. S10), we can observe that
carboxylates and imidazole residues are right next to the
hydrophobic ones in many cases. Thus, we postulate that this
interaction could affect the entire coordination system
between the iron atoms and protein residues, which could
allow the incorporation of oxygen molecules, facilitating the
oxidation of almost all Fe(u1) atoms to Fe(m) to finally form oxo-
hydroxy species (Fig. S107). Also in these nanobiohybrids, the
magnetic properties were different at room temperature
(Fig. 8). The hybrid has a magnetization saturation value (M)
of 60 emu g~ using exclusively TLL or purified TLL, lower

Nanoscale, 2020, 12, 12917-12927 | 12921


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr03142a

Open Access Atrticle. Published on 28 May 2020. Downloaded on 6/20/2026 4:47:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

A)

View Article Online

Nanoscale

180°

Fig. 6 (A) 3D-surface of CALB with Asp and Glu residues highlighted in blue. (B) 3D-structure of CALB. (C) FeCOz—protein coordination complex.

Figures were prepared using the Pymol program using PDB file 1TCA.

Fig. 7 (A) 3D-surface of TLL with several amino acid residues marked: Asp and Glu residues (blue), and His (green). (B) Proposed iron coordination
species induced by the protein. The Pymol program using PDB file 1DT3 was used to prepare figures.

than that of bulk magnetite (92 emu g~ '). However, a M, value
of 10 emu g~' was measured for the hybrid prepared in the
presence of detergent, due to the magnetite content in the
material, with goethite being the main species with an anti-
ferromagnetic behaviour.

12922 | Nanoscale, 2020, 12,12917-12927

After these interesting results, larger proteins were used
(Fig. 9). In this case, another lipase from Candida rugosa (CRL)
(63 kDa as a monomer) and tyrosinase from mushroom
(Agaricus bisporus) (TYR) (122 kDa as a tetramer) were used. In
all cases, the enzymes without additives showed molecular

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Magnetization hysteresis loops of both Fe—TLL materials.

weight >100 kDa, which is three times more than the enzymes
previously tested. 65 mg of a brown-red solid was obtained
using CRL, whereas 30 mg of a brown solid was obtained
using TYR. XRD showed an amorphous structure for CRL,
while a goethite pattern (matched well with JCPDS no. 17-
0536) was obtained using TYR. TEM analyses revealed the for-
mation of longer nanosheets for CRL (50->100 nm) (Fig. 9a)
and shorter nanosheets (around 30-40 nm) for TYR (Fig. 9c).
Spheroidal nanoparticles were obtained with CRL when Triton
was used as an additive (Fig. 9b).

The magnetic properties of the hybrids depend on the iron
species that has been formed. The Fe hybrid synthesized using
tyrosinase showed a similar ferromagnetic behaviour with a M
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value similar to that obtained with TLL + Triton (10 emu g~ ")
(Fig. 8), while the hybrid materials obtained from CRL showed
a paramagnetic behaviour with Mg values in both cases of 1.5
emu g ', which seems to indicate the possible formation of
hematite (Fig. 9d-f).

Evaluating the amino acid sequence and 3D structure of
both enzymes, we could find that in the case of CRL (Fig. S11
and S127), a large hydrophobic pocket can be observed. In this
case, as well as in the artificial hydrophobic interactions
between TLL and detergent, the protein can modulate the
coordination of the iron on the protein surface. Forty-eight car-
boxylate groups and four His residues are found in CRL,
which, like TLL, can induce the formation of iron oxides
instead of carbonate, but in this case the main species appears
to be hematite, where complete oxidation was possible due to
internal hydrophobic group interactions.

In the case of tyrosinase, the largest protein used here, we
can observe the presence of seventy-seven Asp/Glu residues
and twenty-two His residues in each dimer in the amino acid
sequence (Fig. S137), considering this protein as a homodimer
(Fig. S14%). Evaluating the 3D-surface on the entire protein, we
can observe a large number of iron binding groups on the
surface, but also hydrophobic residues in the near environ-
ment (Fig. S141). As we observed in the case of using deter-
gent, tyrosinase is able to coordinate iron, forming iron oxide
as magnetite without additive, but it produces the oxohydroxy
iron species as the main one in the material.

Other tested proteins such as ovalbumin or catalase pro-
duced extremely low amounts of hybrids with different mag-
netic properties (Fig. S157).
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Fig. 9 Characterization of different Fe—enzyme nanohybrids. (a—c) TEM images of Fe hybrids synthesised using different enzymes (CRL (a), CRL
with Triton (b), and TYR (c)). (d and e) Magnetization hysteresis loops (CRL (d), CRL with Triton (e), and TYR (f)).

This journal is © The Royal Society of Chemistry 2020
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Application of Fe nanoparticles-enzyme hybrids in
heterogeneous catalysis

Chemoselective hydrogenation of arenes. The catalytic
efficiency of the different Fe nanoparticles-enzyme hybrids was
tested in the chemoselective hydrogenation of p-nitrophenol
(pNP) to p-aminophenol (pAP) (Table 1). The reaction was

Table 1 Hydrogenation of p-nitrophenol catalysed by FeNP-enzyme
hybrids?

NO, NH,
Fe-Enzyme nanohybrid
NaBH,
OH D|st|II$§i water OH
pNP PAP

Time Yield of

Entry Catalyst (min) PAP (%)
1 Non-reduced FeCO;NRs-CALB 20 0
2 15 min-reduced FeCO;NRs-CALB 0.5” >99”
3 30 min-reduced FeCO;NRs-CALB 1 >99
4 45 min-reduced FeCO;NRs-CALB 1.5 >99
5 60 min-reduced FeCO;NRs-CALB 1.5 >99
6 360 min-reduced FeCO;NRs-CALB 4 92
7 Fe(0)NFs-CALB 0.5 >99
8 Fe(0)NPs 5 >99
9 Fe;O,4NPs-TLL 2 >99
10 Fe;O,4NPs-purified-TLL 2 >99
11 FeOOH/Fe;0,-TLL(+Triton) 8 >99
12 Fe,0;-CRL 20 0
13 Fe,0;-CRL(+Triton) 20 0
14 FeOOH/Fe;0,4-Tyr 10 50

% Conditions: 1.0 mM (3 mg) pNP, 40 mM (3 mg) NaBH,, 2 mL of dis-
tilled water, 3 mg of Fe-catalyst, air and room temperature. * The same
results were found with the hybrid prepared using FeSO, or the opti-
mized protocol using 200 mM bicarbonate in the synthesis.
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carried out in aqueous media and at room temperature.
Different enzyme solutions were tested in the reaction and no
activity was found in any case (data not shown).

The superparamagnetic hybrids 15 min-reduced FeCO;NRs-
CALB and Fe(0)NFs-CALB showed the best performance, with a
complete reduction in 30 seconds (Table 1, entries 2 and 7). In
the case of siderite hybrids, the efficiency can be related to the
length of the nanorods and also to the presence of oxide
species, with the non-reduced being the worst, inactive in the
reaction (Table 1, entry 1). In the case of the Fe (0) nano-
structure hybrid, it was clear that Fe(0)NFs-CALB was much
more efficient (10-fold) than FeNPs synthesized without
protein (Table 1, entries 7 and 8).

For the other Fe nanobiohybrids, it was clear that the magne-
tite hybrids were catalytically slower than the others, by four
times compared with the best, but much more efficient than the
goethite nanobiohybrid, especially using tyrosinase as protein,
where only 50% conversion was found after 10 min. Using CRL,
no active catalyst was obtained (Table 1, entries 12 and 13).

All heterogeneous catalysts were easily recovered after the
reaction. In particular, the most active in the reaction, 15 min-
reduced FeCO;NRs-CALB and Fe(0)NFs-CALB, were reused
after six reaction cycles, retaining more than 95% of their cata-
Iytic efficiency thereafter.

C-C bonding reactions. Taking into account the excellent
results in the hydrogenation reaction, the catalytic perform-
ance of the 15 min-reduced FeCO;NRs-CALB hybrid was tested
in the Heck-reaction between iodobenzene (IB) and ethyl acry-
late (EA) under different conditions (Table 2) without any iron
initiator. This is a typical reaction well described especially for
Pd catalysis, but only a few examples using iron catalysis have
been reported.>”*8

Initially, the reaction was performed in DMF and DMF (dry)
at 65 °C using triethylamine as base (Table 2, entries 1 and 2).
Unfortunately, a trace amount of the desired product was

Table 2 Heck coupling of iodobenzene and ethyl acrylate catalysed by the 15 min-reduced FeCOsNRs-CALB hybrid

|
(0]
FeCO3NRs-CAL-B
+ \)ko/\ _ >

0
©/\)\o/\

iodobenzene ethylacrylate E-Ethyl cynnamate
Entry Solvent Additive T (°C) Base Time (h) Yield of ethyl cinnamate® (%)
1 DMF — 65 NEt, 24 Trace®
2 DMF (dry) . 65 NEt; 24 Trace”
3 DMF (dry) — 90 NEt; 24 Trace®
4 DMF (dry) — 90 Na,CO3 24 2.2¢
5 DMF (dry) — 90 ‘BuOOK 24 Trace”
6 DMF (dry) . 90 DIPEA 24 Trace”
7 DMF (dry) DMAP 90 ‘BuOOK 24 Trace®
8 DMF (dry) Molecular sieves 3 A° 90 NEt; 24 20°
9 DMF (dry) Molecular sieves 3 A° 90 NEt; 72 56
10 DMTF (dry) Molecular sieves 3 A° 90 Na,CO3 24 <144

“ Conditions: Iodobenzene (0.0274 mmol), ethyl acrylate (0.055 mmol), 1 mL of solvent, 2 equiv. base, 5 mg of catalyst. ” Yield of product was
determined by crude product. ¢ Conditions: Iodobenzene (0.091 mmol), ethyl acrylate (0.45 mmol), 1 mL of solvent, 4 equiv. base, 5 equiv.
DMAP, 5 mg of catalyst.  Mainly produced cis-ethyl cinnamate (total conversion: 3%). ° 18 mg.
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Table 3 Degradation of Bisphenol A (BPA) catalysed by Fe-CALB
hybrids?

H,O0, Degradation
Entry  Catalyst [mM]  yield of BPA (%)
1 Non-reduced FeCO;NRs-CALB 50 50
2 Non-reduced FeCO;NRs-CALB 100 68
3 15 min-reduced FeCO;NRs-CALB 50 55
4 15 min-reduced FeCO;NRs-CALB 100 70
5 15 min-reduced FeCO;NRs- 100 90

CALB-200 mM

“0.2 mM BPA, 2 ml of sodium acetate buffer 100 mM pH 4, 3 mg of
catalyst, 20 h, r.t.

found. Then, the reaction temperature was increased to 90 °C,
but no change was observed (entry 3). Therefore, different
bases were tested and only slight conversion was observed
with sodium carbonate (entry 4). Even the use of tert-butoxide,
which was described as an adequate base for iron catalysis,
did not work, even in the presence of DMAP (entry 7).

Considering the possibility of some water in the solution as
a problem, molecular sieves were added in an upcoming reac-
tion. Using triethylamine as base, 20% yield of E-ethyl cinna-
mate was produced in 24 h and a 56% yield was achieved after
72 h incubation (entries 8 and 9). The reaction was also tested
with sodium carbonate and molecular sieves, but a yield of
less than 1% was achieved after 24 h (entry 10).

Environmental degradation of organic pollutants

An important application of cheap and effective catalysts is the
removal of toxic organic molecules from water. Here, we
demonstrated the catalytic effectiveness of this 15 min-
reduced FeCO3;NRs-CALB hybrid in the degradation of
Bisphenol A (BPA) (an important molecule in the chemical
industry, but highly toxic).

Different FeCO3;NRs hybrids were tested in the degradation
of BPA (Table 3). Initial experiments evaluated the reaction at
different pHs. Finally, the best conditions were determined as
acidic pH (acetate buffer pH 4) and two different concen-
trations of H,0O, were tested as an oxidant (Table 3). CALB
solution was firstly tested in the reaction and no conversion
was found (data not shown). Under these conditions, the cata-
lyst prepared using 200 mM bicarbonate (15 min-reduced
FeCO;NRs-CALB-200 mM) showed the best result, degrading
90% of BPA in 20 h using 100 mM of hydrogen peroxide as
oxidant, an improvement over the results achieved with the
15 min-reduced FeCO3;NRs-CALB (70%). In this case, the non-
reduced FeCO3;NRs-CALB also showed good yields in the
Fenton reaction (Table 3). The addition of less amount of
H,0, (50 mM) resulted in lower degraded yields.

Conclusions

A strategy has been developed to synthesize iron nano-
particles-enzyme hybrids with good control of the iron species
and nanoparticle morphology. Enzymes directly induce the

This journal is © The Royal Society of Chemistry 2020
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formation of different inorganic iron species, from superpara-
magnetic FeCO3/Fe(0) nanorods or Fe(0) nanoflowers, to Fe;0,
nanosheets, nanoflowers, nanorings or goethite or hematite
nanosheets. The Fe nanoparticles-enzyme nanobiohybrid con-
sists of a material composed of iron nanoparticles homoge-
neously distributed in a protein matrix that confers massive
stability against aggregation and oxidation, which is critical for
catalysis and for metal iron nanoparticles.

It has been shown that the structure of the enzyme, consid-
ering its rear arrangement as well as its amino acid structure,
leads to specific interactions with iron ions that determine the
formation of one species or another. Therefore, the initial Fe
complexes are responsible for the final iron species.

Furthermore, optimization of the synthesis method allows
the preparation of highly magnetically charged hybrids,
despite the presence of the protein matrix. These hybrids have
a very high magnetic response, preserving their superpara-
magnetic behaviour. This unique property exhibited by nano-
scale magnetic materials, along with multiple chemical
surface possibilities, offers exciting new opportunities in
different areas.

Here we have demonstrated the great capacity of the
hybrids as heterogeneous catalysts in different processes, such
as the chemoselective hydrogenation of arenes, C-C bonding
reactions, and organic pollutant elimination processes. The
ability to control the species and shape of nanoparticles, as
well as their magnetism, makes these enzyme-induced pro-
cesses very promising for the future design and application of
nanomaterials in different areas.

Experimental

General

Candida antarctica B lipase (Lipozyme® CALB) (CALB) and
Thermomyces lanuginosus lipase (TLL) solution (Lipozyme® TL
100L) were from Novozymes (Denmark). Ammonium iron(u)
sulphate hexahydrate [(NH,),Fe(SO), x 6H,O (Mohr’s salt)],
hydrogen peroxide (33%), iron sulphate, Candida rugosa lipase
powder (TypeVII) (CRL), tyrosinase from mushrooms (TYR),
iodobenzene, DMF, p-nitrophenol, p-nitroamino, ethyl acrylate,
Bisphenol A, sodium bicarbonate and sodium borohydride
were purchased from Sigma-Aldrich. HPLC grade acetonitrile
was purchased from Scharlab.

Inductively coupled plasma atomic emission spectrometry
(ICP-AES) was performed on PerkinElmer OPTIMA 2100 DV
equipment. The X-Ray diffraction (XRD) pattern was obtained
using a Texture Analysis Diffractometer D8 Advance (Bruker)
with Cu Ka radiation. The transmission electron microscopy
(TEM) and high resolution TEM microscopy (HRTEM) analyses
were performed on a JEOL 2100F microscope equipped with
an INCA x-sight EDX detector (Oxford Instruments). To recover
the biohybrids, a Biocen 22 R (Orto-Alresa, Spain) refrigerated
centrifuge was used. The spectrophotometric analyses were
run on a V-730 spectrophotometer (JASCO, Japan). HPLC spec-
trum P100 (Thermo Separation products) was used. Analyses
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were run at 25 °C using an L-7300 column oven and a
UV6000LP detector.

The magnetic characterization of the samples was recorded
in a vibrating sample magnetometer (MLVSM9, MagLab 9T,
VSM, Oxford Instrument). The samples were accurately
weighed and fitted into gelatine capsules for magnetic
measurements. Hysteresis loops of the powdered samples were
measured at room temperature applying a magnetic field of
+3T.

General synthesis of the Fe nanoparticles-enzyme hybrids

A corresponding amount of enzyme was added to 60 mL of
sodium bicarbonate buffer 0.1 M (or 0.2 M) pH = 10 in order
to finally achieved an enzyme concentration of 0.27-0.3 mg
ml™". In the case of CALB solution, 1.8 ml (9 mg lipase per mL
determined by Bradford assay) was added. 0.75 mL of TLL
solution (24 mg ml™" determined by Bradford assay), 0.5 g of
CRL powder and 15 mg of commercial extract Tyr, were used
respectively. The corresponding enzyme solution was poured
into a 100 mL glass bottle containing a small magnetic bar
stirrer (12 x 4.5 mm). The solution was stirred in a magnetic
agitator at 380 rpm (this is an important point for avoiding iron
oxidation) for 1-2 min. In some cases, 0.25% (w/v) Triton
X-100 was added to the enzyme solution. Then, 600 mg of Fe
(NH4)5(S04),-6H,0 (or FeSO4) (10 mg ml™") was added to the
protein solution and it was maintained for 16 hours at room
temperature stirring at 380 rpm After the first 30 min incu-
bation, the solution turned cloudy (greenish gray) and the pH
solution was measured indicating a decrease from 10 to 8.
After 16 h incubation, the solid was recovered and re-sus-
pended in 15 mL of water or treated with NaBH, (300 mg dis-
solved in 6 mL of water added in two lots of 3 mL) incubated
at different times (15, 30, 60, 90 and 360 min) and then recov-
ered and re-suspended in 15 mL of water. Then, in all cases,
the solid was washed with distilled water (15 mL x 3). In the
case of previous use of borohydride, the pH of the final
washing water must be around 5 to avoid residues of sodium
borohydride and its interaction with the freeze-drying. Finally,
the supernatant was removed and the pellet of each falcon was
re-suspended in 2 mL of water, collected in a cryotube, frozen
with liquid nitrogen and lyophilized for 16 hours.
Characterization of the different nanobiohybrids was per-
formed by XRD and TEM analysis.

Catalytic reduction of 4-nitrophenol (pNP) to 4-aminophenol
(pAP)

p-Nitrophenol (pNP) 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 Fe hybrids 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
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(2 mL) and measuring the absorption spectrum between 500
and 300 nm in a quartz cuvette.

General procedure for the Heck reaction

Iodobenzene (0.0306 mL, 0.274 mmol) and ethyl acrylate
(0.059 mL, 0.55 mmol) were dissolved in 1 mL of DMF or dry
DMF in a 20 mL screw-sealed vessel. Then, 5 mg of 15 min-
reduced FeCO3;NRs-CALB nanobiohybrid (14.9 mol%) was
added. After 5 min of preheating at the corresponding T (65 °C
or 90 °C), 2 equiv. of base was added to initialize the reaction.
The final suspension was left under vigorous magnetic stirring
for the indicated times. The reaction progress was monitored
by HPLC analysis of samples withdrawn at different times. The
analysis was performed with a Kromasil-C8 column (150 x
4.6 mm and 5 pm 9), at a flow of 1.0 mL min™"; A: 250 nm and
mobile phase: 50% (v/v) ACN in MilliQ water. In these con-
ditions, the retention times were: 4.27 min for ethyl acrylate,
11.32 min for (E)-ethyl cinnamate and 13.66 min for iodoben-
zene. The stereochemistry was confirmed by HPLC using the
(E) and (Z)-ethyl acrylate standards (Z had a retention time of
10.38 min). The yields were obtained by extrapolating the
values through a calibration curve of the product (R* = 0.9964).

Catalytic degradation of Bisphenol-A (BPA)

A solution of BPA in acetonitrile (10 mM) was prepared. 0.2 ml
of this solution was dissolved in 10 mL of 100 mM sodium
acetate buffer pH 4 up to a 0.2 mM concentration of BPA.
Hydrogen peroxide (33% in water v/v) was added to this BPA
solution to achieve different concentrations (50 or 100 mM).
To initialize the reaction, 3 mg of catalyst was added to 2 mL
of BPA solution and the reaction was maintained under gentle
stirring at room temperature in an orbital shaker (320 rpm).
Samples (50 pl) at different times were taken, to follow the
reaction, and analysed by RP-HPLC. The samples were diluted
5 times in a mixture of distilled water/acetonitrile (1/1) before
injection. The HPLC column was a C8 Kromasil 150 x 4.6 mm
AV-2059. The HPLC conditions used were: an isocratic mixture
of 50% acetonitrile and 50% ultrapure water, UV detection at
225 nm using a Diode array detector, and a flow rate of 1 mL
min~". Under these conditions, the retention times of the sub-
strates were 1.57 min for H,O, and 4.90 min for BPA.
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