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An antioxidant nanocomposite was prepared by successive adsorption of redox active metal complexes
(copper(i)—bipyridyl and iron(i)—citrate) and polyelectrolytes (poly(styrene sulfonate) and poly(diallyldi-
methyl ammonium)) on layered double hydroxide nanoclay. The experimental conditions were optimized
in each preparation step and thus, the final composite formed highly stable colloids, i.e., excellent resis-
tance against salt-induced aggregation was achieved. Due to the synergistic effect of the metal com-
plexes, the developed composite showed remarkable activity in the dismutation of superoxide radicals,
close to the one determined for the native superoxide dismutase enzyme. The obtained composite is
highly selective for superoxide radical dismutation, while its activity in other antioxidant tests was close to
negligible. Structural characterization of the composite revealed that the excellent superoxide radical
scavenging ability originated from the advantageous coordination geometry around the copper(i) center
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formed upon immobilization. The structure formed around the metal centers led to optimal redox fea-
tures and consequently, to an improved superoxide dismutase-like activity. The catalytic antioxidant com-
posite is a promising candidate to reduce oxidative stress in industrial manufacturing processes, where
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1. Introduction

Combating oxidative stress via decomposition of reactive
oxygen species (ROS) attracts widespread contemporary inter-
est due to its importance in both health-related and industrial
processes.’ Accordingly, an elevated ROS level is responsible
for the development of numerous diseases including cancer,**
while their presence in manufacturing processes leads to
reduced-quality commercial products in the food, textile and
cosmetics industries.*”® The decomposition of ROS is naturally
carried out by enzymatic (e.g., superoxide dismutase, catalase
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natural enzymes quickly lose their activity due to the harsh environmental conditions.

and various peroxidases) and molecular (e.g., flavonoids, vita-
mins and tannins) antioxidants.” The most efficient ones are
the enzymes, but their high sensitivity to temperature, pH,
ionic strength and other factors makes them complicated to
combat oxidative stress under harsh environmental con-
ditions. This fact especially prevents their industrial
application.

Natural enzymes may be replaced with artificial ones with
improved resistance against the above-mentioned effects. Two
major directions exist to develop enzyme mimicking com-
pounds. First, nanomaterials with antioxidant activity attract
widespread interest in the scientific and technological
communities.®' These nanomaterials, the so-called nano-
zymes, usually contain redox active metals such as iron,'
cerium™ or manganese,'* which are responsible for the reac-
tion with ROS. Second, transition metal complexes with struc-
tures similar to the active centers of antioxidant enzymes can
be synthesized and used as antioxidant agents.>™"” Literature
data shed light on the fact that appropriate structural
mimicking usually gave rise to considerable functional
mimicking too, i.e., once the active center was modelled ade-
quately, the complexes possessed high ROS scavenging
ability."®>

This journal is © The Royal Society of Chemistry 2021
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Although promising antioxidant nanomaterials and metal
complexes have been reported in the past, various drawbacks
(e.g., tendency for aggregation or considerable toxicity for
nanoparticles and difficult separation or metal ion leakage for
complexes) indicated that these research directions should be
combined to develop efficient radical scavenging systems
through immobilization of redox active coordination com-
pounds on suitable nanoparticulate supports. Accordingly,
considerable catalase mimicking activity was achieved by a
manganese(u)-poly-L-histidine complex anchored to carboxy-
late modified multi-walled carbon nanotubes.>® Due to their
biocompatibility and advantageous surface properties, silica
particles were proven to be suitable solid supports for enzyme
mimicking complexes; therefore, various copper(i) complexes
were attached to their surfaces.”*>° Polymer-based latex par-
ticles were decorated with amino acids via covalent bonds and
copper(i) complexes of considerable superoxide dismutase-
like activity were prepared by adding metal salts to latex-
amino acid hybrids.?® Lamellar cationic clays were also used to
immobilize metal complexes through electrostatic interactions
due to their considerable cation exchange capacity.’?
However, the intercalation of the complexes between the
lamellae hindered the diffusion of ROS to the catalytic centers
and the elimination of the products, especially upon gas for-
mation. Although a considerable amount of metal complexes
could be immobilized with the above methods, their appli-
cation in liquid environments was limited due to the tendency
of the antioxidant composite particles for aggregation and sub-
sequent sedimentation, which leads to significant loss of the
enzyme-like activity.

One of the ways to immobilize metal complexes and to
maintain colloidal stability of the resulting material is the
use of polyelectrolytes for surface functionalization of the
enzyme mimicking composites. Polyelectrolytes are applied
as efficient stabilizing agents for particle dispersions through
repulsive electrostatic and intermolecular steric interactions
arising upon their adsorption on oppositely charged
surfaces.>**® For instance, in a recent contribution,*® a poly
(vinylpyridine-b-methacrylic acid) block co-polyelectrolyte was
used to functionalize layered double hydroxide (LDH) nano-
clay particles. The poly(methacrylic acid) part was responsible
for the strong attachment to the particle surface, while
copper(u)-histamine complexes were anchored via coordi-
nation bonds between the metal ions and the nitrogen donor
atoms of the poly(vinylpyridine) part. In this way, the poly-
electrolyte part provided not only remarkable colloidal
stability but also excellent structural (no metal ion leakage)
and functional (the composite was able to scavenge super-
oxide radicals even at high temperatures, where the natural
antioxidant enzymes quickly lost the activity) stabilities.
These literature data prompted the idea to use polyelectro-
lytes for immobilization of metal complexes on nanoparticle
supports via surface functionalization. Besides, to widen
the spectrum of the antioxidant activity, attachment of com-
plexes of various metal ions to the same particle support is
desired.
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Therefore, the aim of the present study was to develop nano-
composites by sequential adsorption of polyelectrolytes and
metal complexes onto the surface of LDH particles. Such self-
assembled multilayers of polyelectrolytes have been widely used
to immobilize various ROS scavenging or other bioactive mole-
cules, but mostly on planar surfaces.’®*® Only a few studies
reported immobilization of enzymatic***> or molecular® antioxi-
dants on nanoparticles with this technique and no ROS scaven-
ging complexes have been embedded into polyelectrolyte layers to
date. It was demonstrated earlier in our group that building oppo-
sitely charged polyelectrolyte layers on LDH particles is feasible,
once the appropriate dose of the polyelectrolytes is used in the
steps of the sequential adsorption procedure.”” This strategy was
accompanied by the optimization of colloidal stability to obtain
homogeneously distributed composite particles. Here, LDH par-
ticles were also used as the substrate due to their many positive
aspects such as variable composition, biocompatibility, tuneabil-
ity of size down to the nanoscale with low polydispersity, and rela-
tively easy and cheap synthesis.****° Two types of polyelectro-
lytes (poly(styrene sulfonate) (PSS) and poly(diallyldimethyl
ammonium) (PDADMAC)) and metal complexes (copper(u)-bipyr-
idyl (Cu(Bpy),) and iron(m)-citrate (Fe(Cit),)) were applied in the
sequential adsorption process to build the hybrid catalytic
material (denoted as COMP hereafter; see Scheme 1). The struc-
tural features were investigated by X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), and electron paramagnetic reso-
nance (EPR) and infrared (IR) spectroscopy; the colloidal stability
was probed by light scattering methods, while the antioxidant
activity was assessed by colorimetric assays based on UV-Visible
(UV-Vis) spectroscopy measurements. To the best of our knowl-
edge, this is the first study reporting co-immobilization of cata-
Iytic metal complexes by the sequential adsorption method on
LDH particles to combat oxidative stress.

2. Experimental
2.1. Materials

Magnesium(u) chloride hexahydrate, iron(um) chloride hexa-
hydrate, copper(u) chloride dihydrate, 4 M sodium hydroxide

ﬁ PSS

D

Cu(Bpy),

@ \§ PDADMAC A\,
kv * + $ /7

Scheme 1 |Illustration of the schematic structure of the COMP hybrid
material composed of PSS, Cu(Bpy),, Fe(Cit), and PDADMAC immobi-
lized on LDH nanoparticles.
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(NaOH) stock solution, sodium chloride (NaCl), trisodium
citrate dihydrate, ammonium acetate, methanol and the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical were all purchased
from VWR International (Radnor, USA) with analytical purity
and were used as received. Aluminum(ir) chloride hexahydrate
and xanthine were acquired in analytical grade from Alfa Aesar
(Karlsruhe, Germany). 2,2"-Bipyridyl (99%) and nitro blue tetra-
zolium (90%, NBT) chloride monohydrate were purchased
from Acros Organics (Geel, Belgium). Xanthine oxidase from
bovine milk was purchased from Sigma-Aldrich. The sodium
salt of poly(styrene sulfonate) (PSS, molecular mass of 10 kg
mol™") and 20 weight% aqueous poly(diallyldimethyl
ammonium) chloride (PDADMAC, average molecular mass of
275 kg mol™") solution were purchased from Sigma-Aldrich
(Budapest, Hungary). Ultrapure water was produced by reverse
osmosis and UV irradiation using a Puranity TU 3 + UV/UF
system (VWR International).

2.2. Synthesis of LDH particles

The LDH particles were composed of magnesium(u) and
aluminum(m) ions at a 2 : 1 molar ratio and chloride ions were
the interlayer anions. The synthetic method was flash co-pre-
cipitation followed by hydrothermal post treatment to optimize
the size distribution.’® Accordingly, 15 mL of a mixed salt solu-
tion of magnesium(n) (3.0 mmol) and aluminum(m)
(1.5 mmol) chloride was poured into 60 mL of vigorously
stirred NaOH solution (0.15 M), which was stirred for an
additional 30 min under a N, atmosphere to avoid carbona-
tion. The freshly formed LDH precipitate was centrifuged to
separate from the supernatant and washed five times with
water. The obtained slurry was diluted with 50 mL water and
was sonicated for 10 min in an ultrasonic bath, and then trans-
ferred to a stainless steel autoclave with a Teflon lining (Col-
Int Tech, Irmo, USA), which was sealed and placed in a pre-
heated oven at 120 °C for 24 h for hydrothermal post treat-
ment. After the procedure was terminated, the autoclave was
allowed to cool to room temperature, and the obtained
material was centrifuged and washed with water several times.
The final LDH material was dried and redispersed into a stock
dispersion of 10 g L™" particle concentration. The successful
formation of LDH was confirmed by XRD (Fig. S1af) and IR
spectroscopy (Fig. S1bf). As shown in the ESI,T the diffracto-
gram and the spectrum showed the characteristic peaks
reported for LDH materials earlier,>**%4931,52

2.3. XRD

The XRD measurements were carried out using a PW 1830
diffractometer (Philips, Amsterdam, The Netherlands), which
applies Cu-K radiation and operates in Bragg-Brentano geo-
metry with a Ni filter at a voltage of 40 kV and a current of
30 mA. The diffractograms were recorded in the 4-80°2-6 range
with a step size of 0.02°. The powder samples were placed on a
glass zero background holder for the acquisition of the XRD
patterns.
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2.4. Spectroscopy

The IR spectra were measured on a Bio-Rad Digilab Division
FTS-65A/896 apparatus, equipped with a diffuse reflectance
spectroscopy accessory. In a typical measurement, 256 scans
were collected with 4 em™ resolution in the 4000-600 cm™*
wavenumber range.

The antioxidant assays were carried out by recording the
UV-Vis spectra with a Genesys 10S spectrophotometer (Thermo
Scientific, Waltham, USA). The wavelength range used was
190-1100 nm with 0.1 nm scaling.

EPR spectra were recorded with a Bruker EleXsys E500
spectrometer (microwave frequency 9.54 GHz, microwave
power 13 mW, modulation amplitude 5 G, modulation fre-
quency 100 kHz). The details of the sample preparation used
in the EPR measurements are presented in Table S1 (in the
ESIY). To record frozen solution spectra, 0.20 mL samples were
mixed with 0.05 mL of methanol (to avoid crystallization of
water) and transferred into quartz EPR tubes, and the spectra
were recorded in a Dewar flask containing liquid nitrogen
(77 K). The spectra were simulated using the “epr” program.*’
The spectra of Fe(Cit), were measured separately and for the
iron-containing samples, this broad singlet background signal
was eliminated in order to be able to simulate the copper(i)
spectrum components. The anisotropic EPR spectra were ana-
lyzed considering axial or rhombic g-tensors (g, g, g-) and
copper hyperfine tensors (A,, Ay, A;). The nitrogen superhyper-
fine structure was determined taking into account a rhombic
hyperfine tensor (ay, a), ;) in which the x, y, z directions
referred to the g-tensor orientations. Orientation-dependent
linewidth parameters (a, g, and y) were used to fit the line-
widths through the equation oM, = a + fM; + yM}, where M,
denotes the magnetic quantum number of the copper(u) ion.
Since natural copper(u) chloride was used for the measure-
ments, the spectra were calculated by the summation of the
%Cu and *Cu spectra weighed by their natural abundances.
The hyperfine and superhyperfine coupling constants and the
relaxation parameters were obtained in field units (Gauss =
107 T).

2.5. Light scattering

Electrophoretic mobility values were measured by the phase
analysis-based electrophoretic light scattering technique using
a LiteSizer 500 (Anton Paar, Graz, Austria) device. Omega-
shaped plastic capillary cuvettes (Anton Paar) were used for
the measurements. The sample preparation process involved
the mixing of a calculated amount of water, the polyelectrolyte
and NaCl stock solutions to adjust the polyelectrolyte concen-
tration and the ionic strength. The total volume of these mix-
tures was always 1.8 mL. The process was completed by adding
0.2 mL of 100 mg L' LDH stock dispersion. The samples were
then allowed to rest for 2 h at room temperature. The capillary
cuvettes were flushed with the majority of the dispersions and
the last 0.35 mL was used for the actual experiment. The
reported electrophoretic mobility values were the average of

This journal is © The Royal Society of Chemistry 2021
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five individual measurements and their mean error was about
5%.

The time-resolved dynamic light scattering (DLS) technique
was used to study the aggregation processes under different
experimental conditions. The measurements were carried out
with a Litesizer 500 instrument (Anton Paar) equipped with a
40 mW semiconductor laser operating at 658 nm wavelength
in the backscattering mode at a scattering angle of 175°. The
hydrodynamic radii were calculated with the Stokes-Einstein
equation from the diffusion coefficients, which were deter-
mined by applying the cumulant method to fit the correlation
function.>® In an aggregating dispersion, the slopes obtained
by the linear fits on the hydrodynamic radius versus time data
were used to calculate the apparent aggregation rates.>® The
colloidal stability of the particles was expressed in terms of the
stability ratio,’® which is 1 by definition for unstable and
quickly aggregating dispersions. Higher stability ratios refer to
slower aggregation and more stable systems. The sample
preparation procedures in the time-resolved DLS study were
the same as in the electrophoretic mobility measurements,
with the exception that the experiments were commenced
immediately after the addition of the LDH stock dispersion fol-
lowed by quick vortexing.

2.6. Microscopy

The morphology of the solids was characterized by using a
Hitachi S-4700 scanning electron microscope. The surface of
the samples was covered with gold via physical vapor depo-
sition before the measurements which were conducted with 10
kV accelerating voltage. The samples were pre-emptively soni-
cated for 10 min prior to the experiments to eliminate particle
aggregates. The dispersions were dried in the instrument.

2.7. Dismutation of superoxide radicals

For determining the superoxide radical scavenging activity of
the adsorbed complexes, the Fridovich method was used.””
The test systems contained xanthine and xanthine oxidase to
produce superoxide radicals and NBT as a scavenger indicator.
To carry out a probe reaction, 0.1 mL of 3 mM xanthine,
0.1 mL of 3 mM NBT and 0.3 mL of 3 mg mL™" xanthine
oxidase solutions were mixed together followed by the addition
of 0.1-2.5 mL of the composite stock dispersion. The above
solutions were all prepared in phosphate buffer at pH 7.5
applying a total phosphate concentration of 1 mM. Upon the
reduction of the NBT by superoxide radicals, its color changed
from yellow to blue and the appearance of an absorption peak
at 565 nm was followed with a spectrophotometer. Blank
(without added catalyst) measurements were carried out and
changes in the absorbance in these reference experiments
were used to calculate the inhibition of the NBT-superoxide
radical reaction at several concentrations of the antioxidant
material.

2.8. Scavenging of DPPH radicals

The DPPH scavenging activity of the catalytic composites was
evaluated by a standard assay.’® Accordingly, in a typical test,
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60 pM of DPPH was dissolved in 3500 pL of methanol and
100 pL of the catalytic material was added into the system fol-
lowed by quick homogenization. During the reaction, the
change in the concentration of violet-colored DPPH was fol-
lowed by measuring the absorbances at 517 nm wavelength
with a spectrophotometer, i.e., decreases in the absorbances
corresponded to the decrease in the radical concentration. The
remaining DPPH percentage was then calculated to quantify
the activity of the composite material.

3. Results and discussion

3.1. Assessment of charging and aggregation features during
sequential adsorption

For the preparation of COMP, the sequential adsorption
process, which included PSS, Cu(Byp),, PDADMAC and Fe(Cit),
immobilization on the LDH surface, was applied. To optimize
the experimental conditions in each step, electrophoretic
mobilities and stability ratios were measured at different con-
centrations of the adsorbing substance (Fig. 1). The results
were crucial to determine the dose of the polyelectrolytes and
the concentration of the metal complexes to obtain stable par-
ticle dispersions in the individual steps.

First, PSS was adsorbed on the LDH support; the corres-
ponding electrophoretic mobility and stability ratio data are
shown in Fig. 1a. The LDH particles possess positive structural
charge,** which is reflected in positive electrophoretic mobili-
ties at low PSS doses. On increasing the polyelectrolyte
loading, the mobility data showed a decrease due to the
adsorption of PSS on the oppositely charged surface. The
surface charge was neutralized around 10 mg g~ " and further
increase in the PSS dose gave rise to charge reversal. The
adsorption process continued until surface saturation, which
occurred after 100 mg g~ '. Beyond this dose, there was no sig-
nificant change in electrophoretic mobility values indicating
that the further added PSS remained dissolved in the solution.

The speed of aggregation was investigated at different PSS
doses in time-resolved DLS experiments, in which the stability
ratios were determined.>® Their values were close to unity in
the case of fast (or diffusion controlled) aggregation, while
high stability ratios refer to slower aggregation. In other words,
the inverse of the stability ratio equals to the fraction of par-
ticle collisions, which results in dimer formation. The data
shown in Fig. 1a indicate fast particle aggregation at doses
close to the charge neutralization point, while the stability
ratios increased away from this region, either at the low or
high PSS dose sides. These results can be interpreted well
within the DLVO (Derjaguin, Landau, Verwey and Overbeek)
theory.>*7**> Accordingly, the presence of appropriately high
surface charges leads to particle stabilization through electri-
cal double layer forces, while attractive van der Waals forces
predominate once the surface charges and thus the electrical
double layer vanish, like the conditions at the charge neutraliz-
ation point in the present system. These surface charge and
aggregation features are typical for systems containing par-

Dalton Trans., 2021, 50, 2426-2435 | 2429
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Fig. 1 Electrophoretic mobilities (EM, circles) and stability ratios (SR, squares) determined in the LDH-PSS (a), LDH-PSS—Cu(Bpy), (b), LDH-PSS—
Cu(Bpy),—PDADMAC (c) and LDH-PSS—Cu(Bpy),—PDADMAC—Fe(Cit), (COMP) (d) systems. The particle concentration was always 10 mg L™* and the
solid lines are just eye guides. The mg g~* unit on the x-axis of (a) and (c) indicates mg polyelectrolyte per 1 gram of particle.

ticles and oppositely charged polyelectrolytes.**>>3%3%47 por

further experiments, a PSS dose of 100 mg g~' was chosen
(denoted as LDH-PSS thereafter), since these particles possess
high negative charge and form stable dispersions under these
experimental conditions.

Second, adsorption of Cu(Bpy), was followed on the LDH-
PSS particles. To prepare the complex, the metal ions and the
ligands were dissolved and mixed in a 1:2 molar ratio.
Literature data®>®' suggest that in Cu(Bpy),, the copper(n)
ions are coordinated by four nitrogen atoms of the ligands in
solutions. Besides, Cu(Bpy) complexes may also be present in
a smaller extent. Therefore, the overall charge of the complexes
is considered to be positive. Indeed, the electrophoretic mobi-
lity values increased with progressive addition of the com-
plexes due to their adsorption on the oppositely charged LDH-
PSS (Fig. 1b). Charge neutralization and slight charge reversal
were observed at high complex concentrations, which were
close to the solubility limit of the ligand. The stability ratios
decreased by increasing the Cu(Bpy), concentration and
became unity after a threshold value, which resembles the
critical coagulation concentration (CCC) reported for charged
particles dispersed in salt solutions.***® Since the goal of

2430 | Dalton Trans., 2021, 50, 2426-2435

this study was to identify the conditions in which the Cu
(Bpy),-decorated LDH-PSS forms a stable dispersion, 0.1 mM
complex concentration was applied in further experiments.
The obtained composite was named LDH-PSS-Cu(Bpy),. Note
that this substance has a net negative charge.

Third, PDADMAC was adsorbed on the LDH-PSS-Cu(Bpy),
particles. In general, very similar tendencies were observed to
the ones in Fig. 1la measured for PSS adsorption.
Electrophoretic mobility data clearly indicate that PDADMAC
strongly adsorbs on the oppositely charged surface (Fig. 1c).
Charge neutralization and reversal occurred at appropriate
PDADMAC doses and the adsorption process continued until
surface saturation, which was indicated by a plateau in the
mobility values. The onset of this plateau was defined at
100 mg g~ " loading. Stability ratio measurements revealed that
the dispersions were highly stable at this PDADMAC concen-
tration, Le., their values were extremely high at 100 mg g
dose. Therefore, this dose was chosen (LDH-PSS-Cu(Bpy),—
PDADMAC) for the final functionalization with the Fe(Cit),
complexes.

Fourth, electrophoretic mobilities and stability ratios were
determined for the LDH-PSS-Cu(Bpy),~PDADMAC particles at

This journal is © The Royal Society of Chemistry 2021
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different Fe(Cit), concentrations (Fig. 1d). Speciation in
aqueous solutions containing iron(m) and citrate ions was fre-
quently investigated in the past. The published results indicate
that mixed hydroxy-citrate complexes may also form in the
system; however, the species are all negatively charged.®>®
The mobility data underline this information, since they
decreased with the complex concentration due to adsorption
on the oppositely charged surface. Charge neutralization
occurred already at very low Fe(Cit), loadings indicating its
very strong affinity to the LDH-PSS-Cu(Bpy),~PDADMAC par-
ticles leading to charge neutralization and very pronounced
charge reversal at certain complex concentrations. Such a
strong adsorption originates from electrostatic and hydrogen
bonding interactions. The trend of the stability ratios
resembles the ones measured upon polyelectrolyte adsorption
for PSS and PDADMAC in the first and third steps of the
sequential adsorption process. Accordingly, once the charges
were low, i.e., close to the charge neutralization point, the dis-
persions were unstable and fast particle aggregation was
observed indicated by stability ratios of about 1. On the other
hand, stable dispersions formed at Fe(Cit), concentrations
away from the charge neutralization point. Such a trend is
qualitatively in line with the DLVO theory, as discussed above.
To form the final COMP hybrid particle, 0.1 mM Fe(Cit), con-
centration was chosen, under which conditions the composite
possesses significant negative charge (zeta potential is
—31.6 mV) and forms a highly stable dispersion, i.e., stability
ratios could not be determined in its aqueous dispersion at
low ionic strength. Therefore, COMP was used in further struc-
tural and antioxidant investigations.

3.2. Structural and colloidal characterization of COMP

The SEM images were taken after drying the COMP disper-
sions. The morphology of the hybrid is similar to LDH
materials prepared by the combined co-precipitation-hydro-
thermal treatment method earlier.*®*! Accordingly, platelets of
rounded edges can be discovered in the images. The lateral
size of COMP was in the 150-200 nm range (Fig. 2).

EPR spectroscopy was used to explore the coordination geo-
metry around the iron(um) and copper(u) ions with the help of
samples prepared with and without nanoparticulate support.
The EPR spectra of Fe(Cit), (Fig. S2}) was a broad singlet line
at 77 K due to fast relaxation; therefore, this background
signal was eliminated from the iron(m) containing spectra and
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copper(n) spectra have only been simulated. The EPR spectra
of Cu(Byp), was measured in aqueous solution at pH ~ 7 and
this spectrum could be simulated by the sum of 25% mono-
and 75% bis-ligand complex spectra (Fig. 3a).

The spectra of the copper(u)-bipyridyl solution have already
been measured by Garribba et al.,** and it was found that the
mono-ligand Cu(Bpy) complex possesses the usual g-tensor

o 0 (@ |>»

d 100% E

2600 2800 3000 3200 3400 3600
Magnetic field (G)

Fig. 3 Measured (black) and simulated (red) EPR spectra of samples
containing (a) Cu(Bpy), solution, (b) 100 ppm LDH-PSS—-Cu(Bpy),, (c)
[Cu(Bpy),] and [Fe(Cit),] in aqueous solution and (d) 100 ppm COMP. For
the details of sample preparation, see Table S1.1 The spectra were simu-
lated with the help of component spectra A: Cu(Bpy),, B: Cu(Bpy), C:
LDH-PSS—Cu(Bpy),, D: Cu(Bpy),(Cit) and E: Cu(Bpy)(Cit) described with
the EPR parameters listed in Table 1.

Fig. 2 SEM images of COMP. The measurements were performed after drying the dispersions.
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Table 1 Anisotropic EPR parameters of components obtained in the simulation of the EPR spectra®

! (G) @ (G)
aNl (G) aNZ (G)

Coordination compound x % 2 A, (G) Ay (G) A, (G) ai(“ (G) ai(‘z (G)

Cu(Bpy), 2.177 2.177 2.017 83.7 83.7 75.8

Cu(Bpy) 2.066 2.066 2.274 12.6 12.6 154.7

LDH-PSS-Cu(Bpy), 2.062 2.062 2.280 14.0 14.0 147.8

Cu(Bpy),(Cit) 2.063 2.063 2.259 23.5 23.5 157.0

Cu(Bpy)(Cit) 2.065 2.051 2.283 4.8 14.6 163.8 11.4 12.7
12.6 7.7
10.6 13.8

“The experimental errors were +0.001 for g and +1 G for A and ay.

values (g, ~ g, < g-) showing an elongated octahedral geometry,
while the bis-ligand Cu(Bpy), complex spectra show an oppo-
site g-tensor trend (g, ~ gy > g;), which suggests trigonal bipyra-
midal geometry for this complex (Table 1).

This latter structure was found in the solid state where two
Bpy coordinated in the equatorial-axial position and one water
molecule occupied the third equatorial position in the single
crystal structure of Cu(Bpy),(H,0)-2PFs.®® For LDH-PSS-Cu
(Bpy), (Fig. 3b), the obtained spectrum could be simulated
with the sum of 30% Cu(Byp), and 70% of a new component
with parameters close to the mono-complex (Table 1).
Therefore, this new component is most likely the mono-
complex Cu(Bpy). The EPR spectra of Cu(Bpy), were recorded
after adding Fe(Cit), in solution without the nanoparticles
(Fig. 3c) and it was found that the spectra were significantly
different. These spectral changes can be due to the coordi-
nation of the Cit ligand to the copper(u)-bipyridyl complexes
resulting in the mixed ligand complexes Cu(Byp)(Cit) and Cu
(Byp),(Cit), both with elongated octahedral geometries. For
COMP (Fig. 3d), the EPR spectra could be fitted with the Cu
(Bpy)(Cit) component spectra suggesting that adsorption on

-
o
1

(a)
2z 0.51‘!\'1-_-_\-
'Tg . O
E:w 04
L2 >
o .
= £ '0.5
o % -1.01
gz
o 154
w : ® ® COMP
204 907
10 100 1000

NaCl Concentration (mM)

COMP does not affect the EPR parameters significantly.
However, it makes this mixed ligand complex exclusive in this
complex system. The nitrogen superhyperfine structure clearly
confirms the binding of two nitrogen donor atoms in the equa-
torial plane. The EPR spectra were also measured at 400 ppm
COMP concentration (Fig. S21) and dimerization or aggrega-
tion of paramagnetic centers on the COMP surface can be
ruled out as the line broadening effect or the doublet or half
field signal was not detected.

The resistance against salt-induced aggregation is an
important parameter for catalytic materials applied in liquid
environments, which is the case for most of the antioxidant
compounds used in both medical treatments and industrial
manufacturing processes. Therefore, this issue was addressed
by determining the electrophoretic mobilities (Fig. 4a) and
stability ratios (Fig. 4b) for the bare LDH and COMP at
different ionic strengths adjusted with NaCl.

The magnitude of the mobilities followed the same ten-
dency for both LDH and COMP. Accordingly, they decreased
upon increasing the NaCl concentration, but no charge rever-
sal was observed in the systems. This behavior is typical in dis-

(b) ® COMP
1000 ® LDH
o
£ 1004
v
=
3
S 10
w
1_
10 100 1000

NaCl Concentration (mM)

Fig. 4 Electrophoretic mobility (a) and stability ratio (b) values determined for the bare LDH (squares) and for COMP (circles) at different NaCl con-
centrations at 10 mg L™ particle concentration. The solid lines serve to guide the eyes and their breakpoint in (b) indicates the location of the CCC

values.
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persions containing charged particles and indifferent salts
and can be explained by the screening effect of the salt con-
stituents on the surface charges.*****® Comparing the data
obtained for both materials, one can observe that the magni-
tude of the mobilities at low NaCl concentrations is about
three times higher for COMP indicating that surface
functionalization by sequential adsorption increased the
surface charge significantly. This is also reflected in the stabi-
lity ratio data, since only limited stability, i.e., stability ratios
were below 10 above 10 mM NaCl concentration, was observed
for the bare LDH, while COMP formed highly stable disper-
sions at low ionic strengths. Besides, the shapes of the curves
are somewhat similar and the stability ratios decreased by
increasing the NaCl concentration until the CCC (the
threshold salt concentration values, which separate fast and
slow aggregation regimes) and remain unity thereafter. The
onset of the fast aggregation is located at higher ionic
strengths for COMP underlining the fact that it possesses sig-
nificantly higher resistance against salt-induced aggregation.

Such a behavior can be described well by the DLVO theory,
which states that higher charges lead to higher stability and
elevated CCC values, since stronger electrical double layer
forces can be screened at higher ionic strengths. An interesting
discovery that deserves a short discussion is that the colloidal
stability of COMP is somehow lower than the one reported
earlier for the LDH-PSS-PDADMAC composite without
immobilized metal complexes in the structure.?” In that
system, the fast aggregation regime at a stability ratio of 1
could not be reached due to the presence of extensive steric
repulsion owing to the loosely adsorbed polyelectrolyte chains
on the surface. These forces are most likely not present in
COMP since the stability ratios are unity within the experi-
mental error beyond the CCC indicating the presence of DLVO-
type interactions (electrical double layer and van der Waals)
only. The most sensible explanation is that the adsorption of
the metal complexes on the polyelectrolyte layers gave rise to a
more compact structure of the mixed complex-polyelectrolyte
layer on the surface of the particles and thus, the formation of
polyelectrolyte tails and loops, which are responsible for steric
effects, is not preferred.

3.3. Antioxidant activity

Antioxidant enzymes contain redox active transition metal
ions coordinated by donor atoms from the side chains of
peptide-building amino acids and hence their active center
can be considered as a metal complex.'®'” Therefore, the Cu
(Bpy), and Fe(Cit), complexes embedded in the COMP hybrid
serve as the active centers in the present biocatalytic system.
The polyelectrolyte environment may mimic the structure for-
mation role of the peptide chains present in the native
enzymes. Therefore, the superoxide dismutase-like activity was
tested first (Fig. S3at).

The superoxide radicals were produced from the oxidation
of xanthine to uric acid with xanthine oxidase.”” This colori-
metric assay is based on the reduction of NBT to formazan by
the forming superoxide radicals and consequently, the color

This journal is © The Royal Society of Chemistry 2021
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change from yellow to blue. Once the radicals formed are cap-
tured by the antioxidant material COMP, the reduction of NBT
is inhibited and hence, no color change occurs. Such an inhi-
bition was calculated from the spectrophotometric data
recorded during the development of the blue color in the
assays.

Based on the results, one can notice that the developed
COMP hybrid exhibited excellent activity in the assay. The inhi-
bition increased sharply with the concentration and reached
100% at about 0.050 mg L™, The usual measure for the super-
oxide dismutase-like activity is the so-called ICs, value, which
gives the concentration of the catalyst necessary to dismutate
50% of the superoxide radicals forming in the assay. The ICs,
of COMP was found to be 0.026 mg L™" indicating remarkably
high activity of the hybrid (Table 2).

For instance, the measured ICs, is 63 times lower (meaning
that the activity is 63 times higher) than the one reported
earlier for Prussian blue antioxidant nanozymes.'?> More
importantly, COMP has comparable superoxide radical scaven-
ging activity to the native copper(u)-zinc(u) superoxide dismu-
tase enzyme, whose ICs, was determined to be 0.069 mg L™
earlier, in the same biochemical assay.”> The maximum inhi-
bitions (I;,,ax) of the native enzyme and COMP were very similar
(100% and 95%, respectively, see Table 2). However, one must
note that the concentration of the redox active metal ions is
much higher in COMP than in the native enzyme due to the
extensive structure-forming peptide part in the latter case.
Applying equivalent concentrations of the stand-alone com-
plexes to the ICs, value of COMP, inhibition was observed
neither for Cu(Bpy), nor for Fe(Cit),. The same result was
obtained when the mixture of the two complexes was applied
in solution. These data indicate that a synergistic effect
between the coordination compounds takes place upon co-
immobilization giving rise to remarkable improvement in the
superoxide radical scavenging activity. Considering the EPR
results discussed earlier, this excellent activity originates from
the Cu(Bpy)(Cit) complexes formed upon co-immobilization of
the metal complexes and hence, this active center is mostly
responsible for the increased activity.

After the obtained excellent superoxide radical scavenging
activity described above, the selectivity of the catalytic system
was checked. The general radical scavenging activity of COMP
was assessed in the standard DPPH test.”® The reaction was
followed through the color change from violet (DPPH radical)
to yellow (reaction product), which was monitored by measur-
ing the absorbance at 517 nm with a spectrophotometer. As
shown in Fig. S3b,f some activity was observed; however,
COMP was only able to decompose 55% of the initial DPPH

Table 2 Activity of natural and artificial enzymes in dismutation of
superoxide radicals

Compound IC50 (mg L) Imax (%) Ref.
Superoxide dismutase 0.069 100 52
COMP 0.026 95 Present study
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radicals within a reasonable timeframe, even at high catalyst
concentrations. The effective concentration (ECs,), which gives
the COMP concentration needed to react with 50% of the
DPPH radicals in the test, is 49 mg L™'. These activity data,
especially the low maximum percentage in the decomposition
of the radicals, indicate moderate DPPH scavenging activity
compared to other particle-based antioxidant materials.®®
Applying the equivalent concentration (calculated from the
ECs, value) of the lone complex of Cu(Bpy), in solution led to
only 5.9% scavenging activity, while for Fe(Cit),, 9.7% was
measured. In addition, the mixture of the two lone complexes
resulted in 11.4% scavenged radicals. This result sheds light
on the importance of the co-immobilization of the complexes;
however, the DPPH decomposing activity of COMP is still
moderate.

Moreover, the antioxidant abilities were tested in other
probe reactions too, but the activities were detected neither in
the guaiacol-based peroxidase assays®® nor in the CUPRAC
assays.”® These assays were performed in purely aqueous solu-
tions, where the solubility of the substrate is not a problem.
The above results clearly indicate that COMP is exceptionally
selective for superoxide radicals, while it fails in other anti-
oxidant assays. Such a selectivity resembles the native enzyme,
which is responsible solely for the decomposition of the super-
oxide radicals (and not other ROS) in living organisms.

4. Conclusions

An antioxidant nanocomposite was developed by the sequen-
tial adsorption technique involving 2 polyelectrolytes and 2
enzyme mimicking metal complexes immobilized successively
on a LDH nanoclay support. The adsorption of the individual
components occurred due to electrostatic interactions and
their doses were optimized in order to obtain stable colloidal
dispersions in the preparation steps. The obtained COMP
hybrid possessed great resistance against salt-induced aggrega-
tion and the presence of all components was confirmed in the
structure. The developed material showed remarkable
activity in the dismutation of superoxide radicals; its mass nor-
malized activity was close to the one reported for the native
superoxide dismutase enzyme. Moreover, COMP represented
negligible or zero activity in other antioxidant test reactions
such as DPPH, peroxidase and CUPRAC assays indicating its
selectivity towards superoxide radical dismutation. These facts
make COMP a promising replacement of the superoxide dis-
mutase enzyme, particularly in industrial processes, where
native enzymes often denature and consequently, lose their
antioxidant activity due to the harsh environmental
conditions.
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