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Prussian blue nanozymes were surface engineered with papain
enzyme to develop processable nanoparticle dispersions with anti-
oxidant and hydrolytic activities for biocatalytic applications.
Enzyme coating improved the colloidal stability of the nanozymes
and the obtained papain-Prussian blue hybrid showed remarkable
peroxidase (Vmax = 8.82 x 1072 M s7%, Kn = 12.3 mM), superoxide
dismutase (ICso = 14.6 ppm) and protease-like (41.2 U L™Y) activities.

The field of nanozymes, artificial enzyme mimicking nanomaterials,
attracts vivid research activity nowadays.'™ Nanozymes can replace
native enzymes in a variety of (bio)catalytic reactions including
decomposition of reactive oxygen species (ROS) by superoxide
dismutase (SOD),>* peroxidase (POD),”® and catalase.® " They often
mimic the function of the targeted enzymes by incorporating redox
active transition metals in the active centres,' like in the case of
Prussian blue (PB), a crystalline iron(u/m) hexacyanoferrate material
of proven SOD- and POD mimicking ability."*'* PB is widely used in
nanozyme systems either alone or in conjunction with other
catalytic or support materials."*>'>™"” The advantages of the latter
approach, ie., composite fabrication, are multiple.'® For instance,
the colloidal features can be altered by deposition on carriers, while
combining different nanozymes can yield multienzymatic activity by
either additive or synergistic mechanisms.>'**' Although PB-based
composites have been comprehensively explored as antioxidant
nanozymes for broad-spectrum ROS scavenging,"*'® other types of
enzyme-like functions (e.g:, hydrolytic activity) of such hybrid mate-
rials would also be beneficial in certain applications.

Protease (PRT) enzymes, catalysts for the breakdown of
proteins into peptides or even to single amino acids, include
papain (PPN)** used in many industrial applications and
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research in both bare and immobilized forms.>* PPN is positively
charged below its isoelectric point (IEP, at pH 8.7) and thus, can be
attached to the surface of negatively charged carrier particles.”***
Such enzyme immobilization methods are commonly utilized for
the preservation of catalytic performance under conditions where
the enzyme would ordinarily lose activity.>> In addition, surface-
immobilized PPN has been proven to improve the colloidal stability
of the support, e.g., preventing aggregation in high ionic strength
environments via electrosteric stabilization.*®

Combination of POD and PRT functions is desired in applica-
tions, in which parallel enzymatic elimination of hydrogen peroxide
and hydrolysis of proteins is problematic due to the PPN attack on
the POD enzyme present in the same sample. Thus, the synthesis,
characterization and biocatalytic activity assessment of PB-PPN
hybrid systems are presented herein. The composites were obtained
via electrostatic adsorption, which was followed by light scattering
techniques to determine the optimal experimental conditions. The
main goal was to design PB-PPN colloids of high dispersion stability
and efficient antioxidant and hydrolytic functions.

Details of materials and measurement protocols applied are given
in the ESL¥ PB nanocubes were synthesized with the polyvinylpyrro-
lidone (PVP) templating method, as described in the ESLt >

The PB-PPN bionanocomposite was subsequently fabricated by
direct adsorption of the positively charged PPN to the negatively
charged PB surface. To ascertain the optimum amount of PPN, dose-
dependent size (by dynamic light scattering (DLS)) and mobility (by
electrophoretic light scattering (ELS)) measurements were performed
at 40 ppm PB concentration (Fig. 1). The value of the initially highly
negative electrophoretic mobility of PB starts increasing at 30 mg g *
(with respect to PB content) PPN dose and reaches the IEP (PPN
concentration, at which overall surface charge is zero) at about
80 mg g~ . Beyond this dose, surface charge increases further, reach-
ing the adsorption saturation plateau (ASP, the PPN level, beyond
which surface charge is constant) at about 250 mg g~ *. Similar
charge inversion was observed in other colloidal systems con-
taining oppositely charged components® including PPN.>*?°

Considering the above results, the surface coverage can be
estimated. Given the diameter of PB (94.5 £ 21.6 nm from TEM
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Fig. 1 Electrophoretic mobility and hydrodynamic radius values in PB-
PPN systems as a function of PPN dose. A PB concentration of 40 ppm and
an ionic strength of 10 MM were maintained throughout the experiment.
The chosen PPN dose of 250 mg g™t is marked with a green area (PB-
PPN). The mg g™ unit refers to mg PPN per one gram of PB.

measurements, Fig. S1a, ESIt) and PPN (7.2 nm),*° the PPN dose
for monomolecular coverage can be calculated as 26.2 mg of
enzyme adsorbed on 1 gram of particles (corresponding to
approximately 1000 PPN molecules per particle). Therefore, the
250 mg g~ ' dose at the onset of ASP indicates the development of
PPN multilayers on the surface. Moreover, the hydrodynamic radii
(eqn S1 in the ESIY) of the particles undergo an initial increase below
monolayer dosage, attributable to particle aggregation likely induced
by attractive patch-charge interactions,® which are present at low
surface coverage. Increasing the dosage leads to a decrease in
particle size, as the composite is electrosterically stabilized by the
protein adsorption. From these results, the 250 mg g~ ' PPN dose
was selected for further experiments (denoted as PB-PPN), since the
maximum possible amount of PPN was attached to the surface and
a stable dispersion was obtained.

DLS and ELS results did not yield direct information on the
quantity of PPN adsorbed on the PB surface, therefore, the
Bradford test was applied for such a quantification.**** By
comparing the UV-Vis spectra of 40 ppm PB-PPN containing
10 ppm PPN with those of a free PPN dilution series (Fig. 2a), it
was found that 90% of the PPN added to the systems was
adsorbed on the PB surface (Fig. 2a, inset).

This result is similar to earlier findings obtained with other
support materials such as sulfate latex** and magnetic polymer
nanoparticles.’* A comparison of the UV-Vis spectra of 40 ppm
PB and 40 ppm PB-PPN (Fig. 2b) shows no new peak appear-
ance upon PPN adsorption, although the characteristic broad
absorbance peak of PB around 720 nm is diminished due to the
coverage of the nanozyme surface by PPN. This finding also
indicates the successful formation of the PB-PPN hybrid.

Moreover, transmission electron micrographs of PB (Fig. 2c)
and PB-PPN (Fig. 2d) show no appreciable difference between
the two materials. Small-scale aggregation upon drying is
observed for both systems, but the overall distribution of the
primary particle size is within the experimental error with mean
values of 94.5 + 21.6 nm for PB and 102.4 + 23.5 nm for PB-PPN
(Fig. S1a and b in the ESIt). Likewise, DLS hydrodynamic size
distributions of bare PB and PB-PPN are identical with a mean
diameter around 95 nm (Fig. Sic, ESIt). The polydispersity index
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Fig. 2 UV-Vis spectra recorded in the Bradford test with PPN dilution
series and 40 ppm PB-PPN (a). The inset shows the absorbances of the
series and PB-PPN at 595 nm as a function of free PPN concentration. UV-
Vis spectra of PB and PB-PPN at 40 ppm concentration at pH 4 (b). TEM
micrographs of PB nanocubes (c) and PB-PPN particles (d).

of PB and PB-PPN was 0.068 and 0.078, respectively, confirming
the narrow size distribution and absence of aggregated clusters.

Resistance of PB and PB-PPN against salt- and pH-induced
aggregation was tested in electrolyte solutions. The PVP-coated
PB nanocubes formed stable colloids in NaCl, KCI and CacCl,
even at high ionic strengths indicated by constant hydrody-
namic radii in a wide range of ionic strengths (Fig. S2a, ESIT).
While the charge is maximal at 30 mM NacCl concentration, the
mobility decreases at higher salt levels possibly as the PB lattice
incorporates some of the dissolved ions (Fig. 3a).>® In contrast,
aggregation of the PB nanoparticles occurs in MgCl, and the
hydrodynamic radius data reach 600 nm at high ionic strengths
(Fig. S2a, ESIt), while the critical coagulation concentration (CCC)
was determined to be 714 mM (Fig. 3b). The latter value was
determined in the stability ratio, measured by DLS as detailed
elsewhere,*® versus ionic strength plot, which showed character-
istic slow (stability ratio is higher than one) and fast (stability ratio
is close to unity) aggregation regions separated by the CCC. The
CCC value was significantly higher than the ones reported for
colloidal systems in divalent salt solutions®**® indicating the
presence of repulsive interparticle forces of non-electrostatic
origin. The importance of such forces in the stabilization mecha-
nism is also underlined by the fact that the mobility data in MgCl,
solutions remained low in the entire salt concentration regime
studied (Fig. 3a), i.e., the electrostatic repulsive forces were weak.

To evaluate the effect of enzyme immobilization on colloidal
stability, the mobilities and radii of PB-PPN were measured in
NaCl and MgCl, electrolytes. The adsorbed PPN dominates the
PB-PPN surface; therefore, this material exhibits positive surface
charge in both NaCl and MgCl, at low ionic strengths (Fig. 3c).
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Fig. 3 Electrophoretic mobility of PB as a function of ionic strength in
NaCl and MgCl, solutions (a). Stability ratio of PB versus ionic strength in
MgCl; electrolyte (b). Electrophoretic mobility of PB-PPN as a function of
the ionic strength in NaCl and MgCl, (c). The pH-dependence of electro-
phoretic mobility and hydrodynamic radius of PB-PPN (d). Particle con-
centrations were always maintained at 40 ppm.

Upon increasing electrolyte concentration, the mobilities decrease
due to counterion condensation into the adsorbed PPN layer.*
For NaCl, the maximum in the mobility data can be explained by
the standard electrokinetic model, while for MgCl,, the trend is
influenced by ion specific effects at the interface.*’ Aggregation of
PB-PPN is negligible in the presence of both salts, as very similar
radii were determined (Fig. S2b, ESIt). These results show that
PPN immobilization further improved the colloidal stability of PB
and aggregation is prevented even in the divalent salt solutions.
The additional stabilizing effect likely originates from steric
interactions between the adsorbed PPN chains.

To ascertain whether PB-PPN also exhibits pH-independent
colloidal stability, DLS and ELS measurements were performed
at different pH values between 3.8 and 10.2 (Fig. 3d). The
mobilities of PB-PPN are positive at acidic conditions and
decrease with increasing basicity leading to zero overall charge
at the IEP around pH 8.5, and to subsequent charge inversion.
This IEP value is in good agreement with literature IEP data for
the free enzyme (8.7).*" The hydrodynamic radii of the particles
are constant in the pH range investigated, with a slight increase
around the IEP. The stability of the PB-PPN dispersions in a
wide pH range implies that repulsive steric interactions dom-
inate and electrostatic interparticle forces play a minor role.
Therefore, the adsorbed PPN layer stabilizes the nanoparticles
even though the charge of the enzyme itself is pH-dependent.

The ROS-scavenging activity of PB and PB-PPN was assessed
in dismutation of superoxide radical ions and consumption of
hydrogen peroxide (see details of the assays in the ESIt). It was
observed that the unmodified nanozyme exhibits both SOD-
and POD-like functions. These assays were also performed with
PB-PPN as well and it was found that PB and PB-PPN possess
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Fig. 4 SOD-like activity expressed as the inhibition of NBT-superoxide radical
reaction by PB and PB-PPN (a). Experimental reaction rates (symbols) and
Michaelis—Menten fit results (lines) versus the substrate concentration for PB
and PB-PPN (b). Amount of tyrosine produced in the assay by free PPN and PB-
PPN (c). Inset: PRT-like activities of PPN and PB-PPN. Nanozyme concentra-
tions were maintained at 40 ppm in (a) and (b). PPN concentration was 10 ppm
in (c). The pH value was kept at 7.0 in the SOD- and POD assays and at 7.5 in the
PRT test. Schematic illustration of the multiple enzyme activity of PB-PPN (d).

identical SOD (Fig. 4a) and POD activity (Fig. 4b) within the
experimental error, ie., the PPN adsorption did not affect the
antioxidant function of PB. The ICs,, characteristic value of the
SOD-assay indicating 50% inhibition of NBT-superoxide radical
reaction (eqn S2 in the ESIt), is 15.5 ppm for PB and 14.6 ppm
for PB-PPN, which indicates equal ability of the materials to
dismutate superoxide radical ions. The POD-like activity was
characterized by the Michaelis-Menten model (eqn S3 in the
ESIt), and the maximum initial reaction rate values of PB
and PB-PPN were within the error of the experimental protocol
(84.7 x 107" M s " and 88.2 x 10~ '® M s, respectively), while
the Michaelis constant of PB-PPN was only slightly higher
(12.3 mM) than the one measured for PB (10.2 mM). One can
conclude from these findings that PPN adsorption on the PB
nanocubes did not prevent the ROS-scavenging ability of PB.
Moreover, the PRT-like function of the free PPN and the PB-
PPN composite was probed with the modified Lowry assay (see
details in the ESIt).>* At identical PPN concentration (the
100 pL solutions of 100 ppm PPN and 400 ppm PB-PPN
contained the same amount of the enzyme), PB-PPN exhibits
41.2 U L' activity compared to the 54.3 U L' of free PPN
(Fig. 4c). This indicates 75.9% PRT activity retention upon
immobilization on the PB surface. Conformational changes of
native enzymes during surface adsorption often lead to a
decrease in the enzymatic activity,>*® while enzymes were
reported to be less active towards immobilized substrates.**
Nevertheless, the present PB-PPN hybrid preserves most PRT-
like activity due to the electrostatic attraction of the casein
substrate to the oppositely charged particle surface with the

This journal is © The Royal Society of Chemistry 2024
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adsorbed PPN. Such an electrostatic interaction can play a role only
in stable PB-PPN dispersions of high surface area. The remarkable
PRT-like activity of PB-PPN, together with the above discussed SOD-
and POD-like functions (Fig. 4d), gives further promise to this
multifunctional composite in future applications.

In conclusion, a highly stable enzyme-nanozyme hybrid
consisting of PPN and PB was developed. Colloidal stability
and enzyme-like activity were extensively characterized. By
mixing of PB and PPN, a 90% adsorption efficiency was
achieved leading to inversion of the originally negative charge
of the nanocubes. The PB particles were resistant to aggrega-
tion in electrolyte solutions with the exception of MgCl,, in
which a CCC value was determined. Enzyme immobilization
further increased the colloidal stability of the composite via
steric repulsive interactions between the adsorbed PPN chains
on the surface of the particles. While bare PB aggregated in
MgCl,, PB-PPN remained stable until the solubility limit of the
salt. The PB-PPN exhibits pH-dependent surface charge as PPN
is a weak polyelectrolyte, but the size of the composite did not
change in a wide pH range owing to the steric stabilization
effect. The enzymatic activity of PB-PPN was examined and
compared to bare PB. It was found that SOD- and POD-like
activities are unchanged upon PPN adsorption, i.e., the catalytic
sites of PB were not blocked by the enzyme. In addition, more
than 75% of the PRT activity of PPN was retained upon PB-PPN
fabrication, therefore, the composite possesses a threefold
(SOD, POD and PRT) enzymatic function. These results mark
an advance in the field of nanozymes as well as in the fabrica-
tion of enzyme-nanozyme hybrid materials to achieve multiple
enzymatic activities. Our colloid chemistry approach allows the
preparation of such hybrids in stable dispersions to avoid
particle aggregation, which would lead to lower surface area,
phase separation and consequently, loss of enzyme-like activity.
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