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The mechanochemical synthesis of nanomaterials for catalytic applications is a growing research field
owing to its simplicity, scalability, and eco-friendliness. In this work, we synthesised new zinc
bionanohybrids via a mechanochemical method involving a size effect at the nanoscale and microscale
levels of the final nanostructure. This effect translates into an improvement in the catalytic properties of
this nanomaterial, such as enzyme-like activities, compared to that synthesized in an aqueous media.
One-pot synthesis was performed by combining Candida antarctica lipase B (CALB) solution, solid zinc
salts and phosphate or bicarbonate salts using the ball-milling approach, where overall reaction times
were drastically reduced in comparison with the traditional aqueous method. The reaction was carried
out at r.t. and the synthesis process was evaluated by considering the use of steel balls with different
sizes, completely dry conditions or in the presence of a very small amount of water as an additive (2 mL),
and incubation methods (planetary or horizontal ball milling). The final nanostructure of the Zn
biohybrids was determined using XRD, FT-IR, TEM and SEM analysis, demonstrating changes in metal

species and drastic changes in the nanostructure conformation of the biohybrids obtained through the
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nanoscale was also demonstrated in the final species, showing a reduced size. This nanoscale effect of

DOI: 10.1039/d4mr00019¢ the material had a positive impact on the catalytic properties of the materials, in some cases showing up

rsc.li/RSCMechanochem to 2000 times greater activity compared to the counterpart synthesised under aqueous conditions.

ability to induce the formation of these metallic nanoparticles
in situ on the protein matrix, giving rise to so-called bionano-

Introduction

(cc)

The synthesis of transition metal nanoparticles (MeNPs) has
been of great interest for applications in biomedicine,
biotechnology and catalytic chemical synthesis." Among the
different strategies, a new type of nanostructured multi-metal
catalytic system based on the creation of heterogeneous bio-
hybrids of enzymes and metal nanoparticles in aqueous media
has recently been developed. These biohybrids have been
successfully applied in different types of reactions (oxidation,
reduction, dynamic kinetic resolutions, cascade reactions, C-C,
C-H reactions, etc.).*” This new, innovative and efficient
method represents a highly environmentally friendly way of
obtaining them compared to other methods previously
described in literature.®® The enzyme plays a key role in this
technology as it not only acts as a stabiliser, but also has the
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hybrids." The enzyme is used as a scaffold to create the nano-
particles and keep them homogeneously dispersed and avoid
aggregation. This technique also allows the size of the nano-
particles to be controlled, which is a critical factor in achieving
high catalytic activity."**>

In particular, the synthesis of Zn catalysts has attracted great
interest owing to its high abundance in the earth's crust
(0.0076%), affordability, and non-toxicity."* Surprisingly, the
interest in zinc as a catalyst has been underdeveloped, but
recently this situation has changed,* and the potential of zinc
has been demonstrated in several applications such as C-C,
C-N and C-O bond formation reactions®*” and in solid surface
reactions such as acylation of alcohols, phenols and amines.'®"

Therefore, the development of methods for the synthesis of
highly active, selective, stable and robust zinc nanoparticles
(ZnNPs) is of great interest. Sustainable and cost-effective
systems to produce large quantities of ZnNPs are also desir-
able from an application point of view. In terms of catalysis,
zinc species are one of the most important moieties influencing
the final properties of nanocatalysts.”* However, in most cases,
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it takes a long time to synthesise these catalysts and give rise to
large structures with low catalytic activity.***

To overcome these shortcomings, mechanochemistry has
been applied successfully to the synthesis of enzyme-MeNPs
systems.** Mechanochemistry**** - chemical synthesis enabled
or supported by mechanical force - is undergoing an exciting
period of rediscovery thanks to new synthetic methods and
tools for real-time mechanistic research, and has been identi-
fied by IUPAC as one of the 10 world-changing technologies.
In particular, ball milling has emerged in recent years as an
excellent green chemistry method that can facilitate reactions
while reducing the amount of the solvent used during the
reaction.**** Their applications have been shown to outperform
solution-based processes in terms of facilitating reactions,
changing product composition, allowing lower reaction
temperatures, reducing reaction times and improving sustain-
ability indicators.***® Other advantages of the method are its
speed, reproducibility and simplicity, with considerable
potential for extension to the design of a wide range of
structures.’”?®

Thus, in this work, we describe for the first time the synthesis
of Zn bionanohybrids using a mechanochemical method, eval-
uating the experimental conditions to control the species and the
structures generated to enhance the enzyme-like activities of the
catalysts synthesized in the aqueous medium (Fig. 1).

26-29

Experimental part
Chemicals

p-Nitrophenylpropionate (pNPP) was obtained from Alfa Aesar
(MA, USA). Sodium phosphate, sodium bicarbonate, zinc
sulfate heptahydrate (ZnSO,-7H,0) and p-aminophenol (pNP)
were provided by Sigma-Aldrich (MA, USA). Candida antarctica
lipase B (CALB) was from Novozymes (Bagsvaerd, Denmark).
Hydrogen peroxide (33% v/v) and sodium hydroxide were ob-
tained from Panreac (Barcelona, Spain). ABS (Acrylonitrile-
Butadiene-Styrene) plastic and stainless-steel balls were ob-
tained from RGPBalls (Italy).

Characterization methods

Spectrophotometric analyses were performed on a V-730 spec-
trophotometer. (JASCO, Tokyo, Japan). Inductively coupled

({
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plasma-optical emission spectroscopy (ICP-OES) was performed
on the solid material. 5 mg of the solid powder was treated with
6 mL of HCI (37% v/v) for digestion. Then, it was added with
9 mL of water, centrifuged, and the clear solution was analysed
for Zn content. Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES) was performed on an OPTIMA 2100 DV
instrument (PerkinElmer, Waltham, MA, USA). X-ray diffraction
(XRD) patterns were obtained using a PANalytical X'Pert Pro
polycrystalline X-ray diffractometer with a D8 advance analysis
texture configuration (Bruker, Billerica, MA) with Cu Ko radia-
tion (A = 1.5406 A, 45 kv, 40 mA). X'Pert Data Viewer and X'Pert
Highscore Plus software were used for their analysis. Zn nano-
particle sizes and morphology were determined by transmission
electron microscopy (TEM). Images were obtained using a S/
TEM Titan 80-300 microscope equipped with a Cetcor Cs
probe corrector and energy dispersion X-ray spectrometer (EDS)
for chemical composition analysis. Samples for TEM observa-
tion were prepared by dispersing a small amount of the material
in ethanol and putting a droplet of the suspension on a micro-
scope copper grid covered with carbon film and allowing the
alcohol to evaporate. Then, samples were dried and purified in
a plasma cleaner. TEM (Bright Field BF, Dark Field DF, and
Selected Area Diffraction) and STEM modes (BF detector to
show the structure and morphology; and High Angle Angular
Dark Field HAADF detector to reveal chemical contrast (Z-
contrast)) were used for imaging. Because the tested material
was sensitive to the electron beam, during microscopic obser-
vations, the intensity of the electron beam and the exposure
time were limited.

General synthesis of aqueous Zn-enzyme bionanohybrids

1.6 mL of the commercial CALB solution (10.36 mg mL™"
determined by Bradford assay) was added to 60 mL of 0.1 M
sodium bicarbonate pH 10 or sodium or sodium phosphate pH
7 to give a final enzyme concentration of 0.3 mg mL™". The
corresponding enzyme solution was poured into a 100 mL glass
bottle containing a small magnetic bar stirrer. Then, 600 mg of
ZnSO,-7H,0 (10 mg mL ') was added to the protein solution
and stirred at room temperature for 17 h. After the first 30
minutes of incubation, the solution became cloudy and the pH
of the solution was measured, showing a decrease in the pH of 8
or 6, depending on the buffer used. After 17 h, the mixture was

» Solvent-free

/ * Reduction in

synthesis time

e Smaller structures
* Enhacement of the
catalytic activity

Ball milling
technology

Mechanochemical
Zn bionanohybrid

Fig. 1 Conceptual model of the mechanochemical synthesis of Zn bionanohybrids proposed in this work.
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centrifuged at 8000 rpm for 10 min and the recovered sediments
were washed three times with distilled water (3 x 10 mL).
Finally, the supernatant was removed and the pellet from each
centrifuge tube was resuspended in 2 mL of water, collected in
a cryotube, frozen in liquid nitrogen and lyophilised overnight.
After that, the so-called Aq-Zn-BIC (0.323 g) and Aq-Zn-PHOS
(0.071 g) were obtained.

Mechanochemical synthesis of Zn-BIC bionanohybrids

A 50 mL centrifuge tube was loaded with 600 mg ZnSO, and
500 mg sodium bicarbonate (pH 10) Then, 1.6 mL of CALB and
2 mL of distilled water were added to the solid powders as
liquid-assisted grinding solvent (LAG). LAG was empirically
characterized using the parameter 7, based on how mechano-
chemical reactivity is affected by the ratio of the liquid additive
to the weight of reactants (n = V (liquid, uL. m ™" reagents, mg)).
The values in LAG lie in the range of 0-2 uL mg™~".** The mixture
was ground using a planetary ball milling system with 10 g of
7 mm diameter stainless steel grinding balls (8 balls) at 45 rpm
at 90° for 15 minutes. After the indicated time, the mixture was
centrifuged at 8000 rpm for 10 min and the recovered sediment
was washed three times with distilled water (3 x 10 mlL).
Finally, the supernatant was removed and the pellet from each
centrifuge tube was re-suspended in 2 mL of water, collected in
a cryotube, frozen in liquid nitrogen and lyophilised overnight.
After that, the so-called M7-Zn-BIC, M7-Zn-BIC-2H,0, M4.5-Zn—
BIC and M4.5-Zn-BIC-2H,0 were obtained. M7-Zn-BIC-2H,O-P
catalyst was synthesised using the same protocol but by using
2 g of 7 mm plastic grinding balls (8 balls).

Mechanochemical synthesis Zn-PHOS bionanohybrids

A 50 mL centrifuge tube was loaded with 600 mg ZnSO,, 588 mg
Na,HPO,-2H,0 and 522 mg NaH,PO,-2H,0 (pH 7) (pH 7).
Then, 1.6 mL of CALB and 2 mL of distilled water were added to
the solid powders. The mixture was ground using a horizontal
ball milling system with 10 g of 4.5 mm diameter stainless steel
grinding balls (27 balls) at 70 rpm at 180° for 15 minutes. After
the indicated time, the mixture was centrifuged at 8000 rpm for
10 min and the recovered sediment was washed three times
with distilled water (3 x 10 mL). Finally, the supernatant was
removed and the pellet from each centrifuge tube was re-
suspended in 2 mL of water, collected in a cryotube, frozen in
liquid nitrogen and lyophilised for 17 hours. After that, the so-
called M-Zn-PHOS was obtained.

Esterase-like activity assay

The esterase-like activity of the Zn bionanohybrids was deter-
mined using the pNPP (p-nitrophenyl propionate) hydrolysis
assay. This was performed by measuring the absorbance (A =
348 nm) produced by the release of p-nitrophenol (pNP) upon
hydrolysis of pNPP (50 mM) in sodium phosphate buffer
(25 mM, pH 7). To initiate the reaction, 20 puL of pNPP standard
solution (prepared in acetonitrile) was added to 2.5 mL of
phosphate buffer. Then, 2 mg of the corresponding bionano-
hybrid was added under magnetic stirring. To determine the
esterase-like activity for each bionanohybrid, the AAbs per min

© 2024 The Author(s). Published by the Royal Society of Chemistry
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value was calculated using the linear portion of the curve
(AADbs). The specific activity (U per mg) was calculated using the
following equation:

1000

U(pmoL min™’ mg™') = AAbs/min- V- ———
€ mgcalalyst

where the molar extinction -coefficient (¢) used was
43.6 M~ em ™!, and mgcacaryse refers to mg of the hybrid metal.

Catalase-like activity assay

To start the reaction, 5 mg of the corresponding Zn bionano-
hybrid was added under gentle stirring to 2 mL of a 150 mM
solution of H,0, at room temperature. The degradation of
hydrogen peroxide was then measured at 240 nm. An aliquot of
the solution (0.2 mL) was taken at various times by diluting it in
2 mL of distilled water in quartz cuvettes of 1 cm path length.
The specific activity (U per mg) was calculated using the
previous equation.

Results and discussion
Mechanochemical Zn-BIC bionanohybrids

Aqueous Zn-BIC nanohybrids are known to have esterase-like
activity. However, this catalytic activity is low. Therefore, in
order to improve this result, the synthesis of the Zn hybrids was
carried out mechanochemically.

Firstly, the preparation of aqueous zinc nanoparticle hybrids
was attempted. 0.3 mg mL ™' of CALB (Fig. S11) (commercial
lipase B from Candida antarctica, 33 kDa, monomeric enzyme)
dissolved in a basic medium (bicarbonate buffer at pH 10) was
incubated with ZnSO, (10 mg mL ") for 17 h at room temper-
ature. As a final step to obtaining the aqueous Zn bionanohy-
brid, a frozen suspension of the solid was lyophilised obtaining
the hybrid called Aq-Zn-BIC (Fig. 2a).

Next, Zn bionanohybrids were synthesised mechanochemi-
cally (Fig. 2b). Different amounts of the solid powders (zinc salt
and sodium bicarbonate) were first added in a centrifuge tube at
complete dry conditions or the presence of a very small amount
of water (2 mL), used as liquid-assisted grinding solvent (LAG)
(n = 1.81 pL mg™ ).

The mixture was ground using a planetary ball milling
system with 10 g of 7 mm or 4.5 mm diameter stainless steel
grinding balls at 45 rpm at 90° for 15 minutes. Experiments
were also performed at longer incubation times (30 min), with
fewer grinding balls (5 g). However, these variations did not lead
to an improvement in the esterase-like activity (data not shown).
After the indicated time, the solid was collected by centrifuga-
tion, washed with distilled water, frozen and lyophilised,
obtaining the mechanochemical Zn bionanohybrids (Table
S1t). Thus, the use of this method allows the amount of the
solvent to be reduced (more than 30-fold) and the incubation
time of the hybrid to be shortened (15 min vs. 17 h). In addition,
when water is used as an additive, higher yields are obtained
than when no water is used at all. Therefore, the use of water as
LAG has a positive impact on the yield, with 2 mL being the
optimal amount.

RSC Mechanochem., 2024, 1, 219-227 | 221
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Fig. 2 Scheme for the synthesis of Zn bionanohybrids; (a) aqueous synthesis; (b) mechanochemical synthesis.

Next, wide-angle X-ray diffraction (XRD) was used to char-
acterise the zinc structures generated in the biohybrids. The
XRD pattern for Ag-Zn-BIC (Fig. S2t) showed peaks for 24 at
31.8° (100), 34.5° (002) and 36.4° (101) corresponding to ZnO
(JCPDS 36-1451).* The presence of this species was further
confirmed by Fourier Transform Infrared Spectroscopy (FT-IR)
(Fig. S37), with the presence of the signature band of Zn-O
symmetric stretching vibration at 457 cm™" and 832 cm™ ", due
to weak vibrations of ZnO.*!

On the other hand, the X-ray diffraction patterns of mecha-
nochemical Zn-BIC hybrids (Fig. 3a and S4-S6%1) displayed
characteristic peaks of Zn;(CO3),(OH)s at 31.8° (410) and 36.3°
(021) (matched well with JCPDS 19-1458).*> This was further
confirmed from the FT-IR spectra (Fig. 3b and S7-S9t), with

222 | RSC Mechanochem., 2024, 1, 219-227

a strong broad band centred at about 3317 cm ™' characteristic
of the ~OH stretching vibrations in Zns(COj3),(OH)s. The other
peaks in the spectrum can be assigned to 1417 cm ™' and
1390 em™' (v; mode of carbonate), 831 cm™" (v, mode of
carbonate) and 710 cm ' (v, mode of carbonate) and the
signature band of Zn-O symmetric stretching vibration at
457 em™'.** Mechanochemical synthesis is, therefore, able to
induce a drastic change in the species present in the water-
based counterpart hybrid.

Transmission electron microscopy (TEM) showed the
formation of a cloud-like structure for the water-based biona-
nohybrid and HRTEM images revealed that the hybrid is actu-
ally a polycrystalline aggregate (Fig. S10f). For
mechanochemical M7-Zn-BIC, the formation of slightly defined

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XRD pattern of M7-Zn-BIC-2H,0. (b) FT-IR spectra of M7-Zn-BIC-2H,0. (c) Transmission electron microscopy (TEM) and high-
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activity of the Zn-BIC bionanohybrids (r.t., aqueous media).
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nanorods was observed (Fig. S111). These nanorods become
much more defined in M7-Zn-BIC-2H,0 with an average size of
500 x 30 nm (Fig. 3c). When using 4.5 mm grinding balls, M4.5-
Zn-BIC (Fig. S121) shows the formation of a crystalline aggre-
gate similar to that observed with the water-based catalyst.
However, analysis of M4.5-Zn-BIC-2H,0 (Fig. S13t) reveals
channel-like structures of long length (200 x 30 nm). Therefore,
when water is added as an additive, the nanostructure confor-
mation of the aqueous catalyst can be drastically altered.

The chemical composition of the nanoparticles was deter-
mined by Annular Dark Field imaging (HAADF) (Fig. 3d). This
technique indicates the presence of ZnO in the sample by
showing the peaks for Zn and O in the water-based catalyst.
(Fig. S147). This technique, together with the DRX, FT-IR and X-
ray diffraction techniques, showed the exclusive presence of Zn
in the nanorods and the presence of the metal species Zns(-
CO3),(OH)s, with Zn, C and O peaks in the spectrum (Fig. 3e,
S15 and S167). Finally, the Zn content in the bionanohybrids

View Article Online
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was determined by Inductively Coupled Plasma Optical Emis-
sion Spectroscopy (ICP-OES) analysis (Table S27).

In the mechanochemical synthesis, the use of bicarbonate
buffer in a non-aqueous media seems to produce coordination
with Zn generating these species, confirmed by XRD and FT-IR.
However, in the aqueous media, the presence of water leads to
the coordination with the enzyme in a water molecules envi-
ronment and the formation of ZnO as the main species, causing
the buffer to exclusively control the pH and not for the coordi-
nation of Zn.

In order to verify that the metallic species are conserved
when using materials other than stainless steel, the synthesis of
M7-Zn-BIC-2H,0 was carried out with plastic beads, resulting in
the so-called M7-Zn-BIC-2H,0-P bionanohybrid. XRD patterns
and FT-IR spectra (Fig. S17 and S18,f respectively) of this
material match with those obtained using the stainless steel
grinding balls. It is therefore the same metallic species: Zns(-
CO;),(OH)e. These results suggest that, in this case, the
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Fig. 4 (a) XRD pattern of Zn-PHOS bionanohybrids; blue line corresponds to Aq-Zn-PHOS and red line to M-Zn-PHOS. (b) FT-IR spectra of Zn-

PHOS bionanohybrids. Blue line corresponds to Ag-Zn-PHOS and green line to M-Zn-PHOS. (c) Catalase-like activity of the Zn-PHOS bion-

anohybrids (r.t., aqueous media).
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production of metal species was independent of the type of
material used in mechanochemical synthesis.

The esterase-like activity of the mechanochemical Zn-BIC
hybrid was then evaluated in the pNPP (p-nitrophenyl propio-
nate) hydrolysis assay in aqueous media and room temperature
(Fig. 3f). Aq-Zn-BIC presented a specific activity of 0.43 U
per mg. However, when M7-Zn-BIC was used, this value
increased to 0.75 U per mg, making it almost 2 times more
active than the water-based catalyst. This value is tripled when
using M7-Zn-BIC-2H,0. On the other hand, the hybrids syn-
thesised using 4.5 mm grinding balls showed the same activity
as that of the aqueous catalyst. This can be correlated with its
structure, as the hybrids synthesised with 7 mm grinding balls
present nanorods, and they have been reported to have a higher
catalytic activity than other structures.** These nanorods are
more defined in M7-Zn-BIC-2H,0, leading to a higher catalytic
performance. On the other hand, M4.5-Zn-BIC has a similar
structure to the aqueous catalyst, resulting in low esterase
activity. In the case of M4.5-Zn-BIC-2H,0, the channel-like
structures reduce the surface area of the catalyst and result in
a low level of catalytic activity.

Therefore, by using different mechanochemical methods, it
is possible to modify the structure and species of the catalyst in
aqueous media, enhancing the esterase-like activity of the Zn
bionanohybrids.

Mechanochemical Zn-PHOS bionanohybrids

In a second approach, Zn-PHOS bionanohybrids were syn-
thesised mechanochemically to enhance the catalase-like
activity of the water-based catalyst.

The preparation of the aqueous zinc bionanohybrid was
carried out in a neutral medium (phosphate buffer pH 7) using
the same protocol as for the aqueous Zn-BIC catalyst, obtaining
the hybrid called Aq-Zn-PHOS. Then, the Zn-PHOS hybrid was
synthesised mechanochemically. In a first attempt, the
synthesis was carried out under the same conditions as for M-
Zn BIC (planetary ball milling, grinding balls 7 mm, 2 mL of
water as liquid-assisted grinding solvent (LAG) (n = 1.17 pL
mg '), 15 min), using a mixture of phosphate salts to obtain
a neutral medium (pH 7). However, no improvement in
catalase-like performance was observed under these conditions.
(data not shown). Therefore, the mechanochemical method was
changed to horizontal ball billing using 4.5 mm diameter
stainless steel grinding balls, obtaining the so-called M-Zn-
PHOS.

XRD analysis showed the same pattern for the aqueous and
mechanochemical Zn-PHOS hybrids (Fig. 4a), displaying char-
acteristic peaks for Zn;(PO,), at 19.3° (040), 31.3° (241), 47.5°
(521) and 61.1° (303) (JCPDS 33-1474).*® This was confirmed by
FT-IR (Fig. 4b) with absorption bands at 1106 cm ' and
1071 cm ™" corresponding to the anti-symmetric stretching and
symmetric stretching of PO, . The P-O bending vibration bands
at 931, 630 and 566 cm™' were also observed. The band at
1640 cm ! corresponds to the C=O stretching vibrations of the
carboxyl groups in the protein and the broad band at 3262 cm™*
can be assigned to the -OH stretching vibration, indicating the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a)

b)

Fig. 5 Scanning electron microscopy (SEM) images of (a) Ag-Zn-
PHOS and (b) M-Zn-PHOS.

presence of water in the protein.** Therefore, the chemical
species is maintained using this methodology. ICP-OES analysis
showed that the Zn content in the water-based bionanohybrid
was 53% whereas for the mechanochemical was 33% (Table S27).

The catalase-like activity of the mechanochemical Zn-PHOS
hybrid was then evaluated in aqueous media and at room
temperature (Fig. 4c). The specific activity of the Aq-Zn-PHOS
bionanohybrid was 0.002 U per mg. However, this value
increases up to 0.35 U per mg when the mechanochemically
synthesised catalyst was used, making it 2000 times more active
than the aqueous one.

Scanning electron microscope (SEM) analysis revealed the
formation of crystalline Zn microplates for Aq-Zn-PHOS and
Mechano-Zn-PHOS (Fig. 5). In the water-based catalyst, these
microplates have an average size of 50 x 10 um, whereas in the
mechanochemically synthesised hybrid, the average size was
significantly smaller, 12 x 6 um. The structure of the nano-
hybrid can therefore be reduced by using mechanochemistry.
This increase in catalase activity can be correlated with its
structure as it has been observed that the mechanochemical
hybrid has a smaller average size of microplates, resulting in
a very large improvement of the catalytic performance.*® This
result again indicates that the synthesis of bionanohybrids in
a mechanochemical way is able to induce drastic changes in the
nanostructure of the water-based counterpart by increasing the
catalase-like activity.

Conclusions

In this work, a procedure for the successful mechanochemical
synthesis of novel Zn bionanohybrids was developed by the ball
milling method. In the case of Zn-BIC hybrids, this technique
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allowed changing of metal species from ZnO (in the aqueous
catalyst) to Zn;(CO3),(OH)s, as well as the structure (from cloud-
like (in aqueous catalysts) to nanorods). For the Zn-PHOS
hybrids, a significant reduction in structure was achieved,
resulting in smaller microplates. Therefore, compared to the
aqueous method, the mechanical approach induces changes in
metal species and drastic changes in nanostructure conforma-
tion. In addition, the use of this technique resulted in a very
large improvement in their catalytic performance, with the
enzyme-like activity of the water-based catalysts being in some
cases 2000 times more active than the water-synthesized coun-
terpart. Together with this, the mechanochemical approach
also allowed to synthesize these hybrids in a very short time
(15 min vs. 17 h) without the necessity of a solvent.
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