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A highly stable nanocomposite of antioxidant activity was developed by immobilization of a superoxide
dismutase-mimicking metal complex on copolymer-functionalized nanoclay. The layered double hydrox-
ide (LDH) nanoclays were synthesized and surface modification was performed by adsorbing poly
(vinylpyridine-b-methacrylic acid) (PVPMAA). The effect of the adsorption on the charging and aggrega-
tion properties was investigated and the copolymer dose was optimized to obtain stable LDH dispersions.
The LDH-PVPMAA hybrid particles showed high resistance against salt-induced destabilization in
aqueous dispersions. Copper(II)-histamine (Cu(Hsm)2) complexes were immobilized via the formation
of dative bonds between the metal ions and the nitrogen atoms of the functional groups of the copolymer
adsorbed on the particles. Changes in the coordination geometry of the complex upon immobilization led
to higher superoxide radical anion scavenging activity than the one determined for the non-immobilized
complex. Comparison of superoxide dismutase (SOD)-like activity of the obtained hybrid LDH-PVPMAA-
Cu(Hsm)2 with the nanoclay-immobilized SOD enzyme revealed that the developed composite
maintained its activity over several days and was able to function at elevated temperature, while the
immobilized native enzyme lost its activity under these experimental conditions. The developed
nanocomposite is a promising antioxidant candidate in applications, where high electrolyte concentra-
tion and elevated temperature are applied.
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1. Introduction

Nanomaterials of enzyme-like features (so-called nanozymes)
attracted considerable attention in the past decade to replace nat-
ural enzymes in order to overcome their high sensitivity to the
environmental conditions such as pH, temperature and ionic
strength [1]. In general, nanozymes consist of either bare nanopar-
ticles or their functionalized derivatives [2]. In the first case, the
materials themselves operate as a native enzyme, while in the lat-
ter case, metal complexes, which are able to mimic the structure
and the function of natural metalloenzymes [3], are immobilized
on nanoparticles to obtain enzyme-mimicking hybrid materials
[4–6].

Nanozymes were also developed to replace antioxidant
enzymes (e.g., superoxide dismutase (SOD), catalase (CAT), horse-
radish (HRP) and glutathione (GPx) peroxidases) [7], which are
the primary defence systems against reactive oxygen species
(ROS) such as superoxide, hydroxyl and peroxide radicals. Apart
from their important roles in cell signalling [8], high ROS level
leads to damage of biomolecules and causes various diseases
including chronic inflammation and cancer [9]. Besides, the pres-
ence of ROS in formulation and chemical manufacturing processes
in the food [10], pharmaceutical [11] and fuel [12] industry gives
rise to lower quality products. The environmental conditions are
especially harsh (e.g., elevated temperature or high ionic strength)
in the industrial applications, therefore, antioxidant materials of
high stability are required.

To develop efficient ROS scavenging systems, nanoparticles of
various compositions were prepared. Among them, the most effec-
tive ones contained metal ions of redox activity, which mimic the
function of the active centre of antioxidant enzymes and hence,
they decompose ROS in redox reactions to molecular oxygen
and/or water. For instance, Mn3O4 nanozyme was reported as a
material with multi-enzymatic activity, since it was able to mimic
the function of SOD, CAT and GPx enzymes and thus, it protected
living cells against oxidative stress [13]. Biocompatible platinum
nanoparticles were synthesized and showed effective scavenging
activity for intracellular ROS [14]. Such a multi-enzymatic
antioxidant function was also found for Prussian blue [15] and
Co3O4 [16] nanoparticles, which were then applied as anti-
inflammatory agent and in immunohistochemical assay,
respectively. Bulk V2O5 was reported as toxic, however, V2O5

nanowires were found to be biocompatible and showed excellent
GPx-mimicking properties [17].

Beside bare nanoparticle systems, composite nanomaterials
were also reported as effective antioxidants. Self-assembly of
V2O5 and MnO2 nanoparticles through a dopamine linker led to
high SOD, CAT and GPx-like activity and the obtained substance
showed great promise in inflammation therapy [18]. The activity
of some nanoparticle-based mimicking systems was even higher
than the one determined for the native enzyme, like in the case
of Pd-Ir core–shell HRP-mimicking nanoparticles [19]. It was
shown that the peroxidase-like activity of nano-sized iron oxide
can be tuned by surface functionalization due to the different affin-
ity of the substrate to the coating molecules [20]. Appropriately
chosen surface composition led to the development of a glucose
sensor. In addition, triphenylphosphonium-conjugated ceria
nanoparticles were prepared and used as antioxidant to reduce
mitochondrial oxidative stress [21]. The role of the surface func-
tional groups was to localize the mitochondria, while the ceria
nanoparticles were responsible for the decomposition of ROS.
Finally, SOD- and CAT-mimicking molecules were attached to
cyclodextrin and the obtained hybrid compounds were processed
into nanoparticle form, which significantly attenuated ROS-
induced inflammation [22].
In the above examples, the antioxidant activity originated from
the nanoparticles composed of metal ions with redox activity. In
other systems, however, the nanoparticles were inactive in ROS
scavenging and therefore, enzyme-mimetic activators were immo-
bilized on their surface to achieve antioxidant activity. The most
promising enzyme mimics contained transition metal ions
[23,24] or their complexes [3,25,26] with structure similar to the
one in the native enzymes. Such a structural mimic usually leads
to a sufficient functional mimic too. The obtained nanoparticle-
based hybrid composites were of similar ROS scavenging activity,
but possessed a higher functional stability than the natural
enzymes [27–29]. For instance, a copper(II)-zinc(II) heterobinu-
clear complex [30] of remarkable SOD activity [31] was immobi-
lized on silica surface via either covalent bonds [32] or physical
adsorption [33] and the obtained hybrid materials effectively mim-
icked the function of the native enzyme. Transition metal com-
plexes of amino acids intercalated into clay materials [34] or
covalently anchored to functionalized silica particles [35,36] were
prepared and found to be efficient in dismutation of superoxide
radical ions. Although the activity of these hybrids was lower than
natural SOD, they exhibited the advantage of being less sensitive to
the environmental conditions. In addition, hemin complexes were
conjugated with montmorillonite [37] or to gold surfaces [38] to
mimic peroxidase enzymes in oxidation reactions and hydrogen
peroxide decomposition, respectively.

Apart from the enzymatic activity assessments and detailed
structural characterization in solid state, these studies did not deal
with the features of the obtained materials in dispersions. How-
ever, this is a critical point, since most of the applications took
place in heterogeneous systems. Besides, there is a lack of informa-
tion on the temperature-dependent functional stabilities, i.e.,
whether the antioxidant systems are able to act efficiently in ROS
decomposition at higher temperatures or not. This issue is espe-
cially important in industrial applications of antioxidant materials,
where elevated temperatures give rise to denaturation of the
enzymes within short time intervals [39].

In the present work, SOD-mimicking nanozymes of high col-
loidal and functional stabilities were developed. Accordingly,
copper(II)-histamine (Cu(Hsm)2) complexes were immobilized on
poly(vinylpyridine-b-methacrylic acid) (PVPMAA) copolymer-
functionalized layered double hydroxide (LDH) nanoclay particles
(Scheme 1). Thorough characterization of the obtained hybrid
material (LDH-PVPMAA-Cu(Hsm)2) was carried out in dispersions
and the long-term functional stability as well as the temperature
resistance in dismutation of superoxide radical anions were
assessed.
2. Materials and methods

2.1. Chemicals

Chemicals including Mg(NO3)2�6H2O, Al(NO3)3�9H2O, NaOH,
NaCl, NaH2PO4, CuCl2, nitro blue tetrazolium (NBT), histamine
hydrochloride, xanthine oxidase (EC 1.17.3.2), xanthine, SOD (EC
1.15.1.1) were purchased from Sigma-Aldrich and used as received.
The PVPMAA block copolymer was bought from Polymer Source
and the number averaged molecular masses of the blocks were
10500 g/mol and 600 g/mol for PVP and MAA, respectively. For
all experiments, ultrapure water produced by a Puranity TU3
UV/UF + water purification system (VWR) was used. Salt solutions
and water applied in sample preparation for light scattering exper-
iments were filtered with a syringe filter (Millex) of 0.1 lm pore
size. The measurements were carried out at 25 �C and at pH
(7.0 ± 0.5).



Scheme 1. Illustration of the composition of the LDH-PVPMAA-Cu(Hsm)2 hybrid material.
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2.2. Preparation and functionalization of LDH

The nanoclay was prepared by the flash co-precipitation
method [40]. In the synthesis, nitrate solutions of magnesium(II)
and aluminium(III) metal ions were mixed in a 2:1 M ratio and
the pH of the solution was increased to 9 by quickly adding appro-
priate amount of NaOH. The obtained precipitate was aged, filtered
and dried prior to hydrothermal treatment at 120 �C. The resulting
material was filtered and washed with water. The solid compound
was then redispersed in water and used as stock dispersion in the
sample preparation processes. The more detailed preparation of
the LDH is given elsewhere [41].

In the colloid stability experiments, the LDH particles were
modified with different amount of PVPMAA to follow the charging
and aggregation processes in the dispersions. In these measure-
ments, calculated amount of stock nanoclay dispersions and
copolymer solutions were mixed at the desired ionic strength to
keep the LDH dose at 10 mg/L and to vary the PVPMAA dose in
the 1–1000 mg/g range. Note that the mg/g unit refers to mg
copolymer per one gram of particle.
2.3. Characterization techniques

Electrophoretic mobilities were measured with a LiteSizer 500
(Anton Paar) device equipped with a 40 mW laser source operating
at 658 nm wavelength. The experiments were performed in
omega-shaped capillary cuvettes (Anton Paar). The average of five
individual measurements was reported.

Hydrodynamic radii were determined by dynamic light scatter-
ing (DLS) using a NIBS/HPPS particle size analyzer (ALV GmbH).
This instrument contains a He-Ne laser of 3 mW power and
633 nm wavelength. The measurements were carried out at 173�
scattering angle in disposable plastic cuvettes (VWR) and the cor-
relation function was collected for 20 s.

Powder X-ray diffraction experiments were performed on an
Empyrean (PANalytical) diffractometer in the reflection geometry
using the CuKa radiation (Johansson type Ge monochromator). The
data were collected for 2-Theta ranging from 5� to 70� with a step
of 0.0131 and for an exposure time of either 298 s or 798 s per step.

Infrared (IR) spectra were measured in the attenuated total
reflectance (ATR) mode with a Spectrum 100 FT-IR spectrometer
(PerkinElmer). The ATR crystal was made of diamond. The solid
material was placed on the ATR crystal and the spectrum was
recorded in the wavenumber range from 4000 to 400 cm�1 at a res-
olution of 4 cm�1. For the IR measurement, the solid materials
were filtered from the dispersions, washed several times with
water to remove weakly adsorbed copolymers and dried.

The electron paramagnetic resonance (EPR) spectroscopy mea-
surements were carried out with a Bruker Elexsys E500 spectrom-
eter operating at 9.4 GHz microwave frequency. The aqueous
solution used for the experiments was filled into 1.5 mm internal
diameter Pyrex capillaries up to a height of 1 cm. The capillaries
were arranged in a honeycomb structure inside a 4 mm outer
diameter EPR capillary to minimize dielectric loss for an optimal
signal-to-noise ratio. Care was taken to optimize the EPR accusa-
tion parameters to simultaneously obtain both broad and narrow
spectral features without distortion. The analysis of the obtained
spectra was performed with the EasySpin EPR spectrum simulation
package [42].

Scanning electron microscopic (SEM) investigation was carried
out using an S-4700 instrument (Hitachi) at various magnifications
with 10 kV accelerating voltage. The sample was coated via physi-
cal noble metal vapour deposition to achieve electric conductivity.

The BET specific surface area was determined on the basis of N2

adsorption-desorption isotherms with a NOVA 3000e device
(Quantachrome Instruments).

2.4. Superoxide radical anion dismutation

The SOD-like activity was assessed in a standard biochemical
assay [43]. Superoxide radical anions were produced by the reac-
tion between xanthine and xanthine oxidase in the presence of
NBT in phosphate buffer maintaining the pH at 7.5 during the reac-
tion. Upon reduction by the radicals, NBT changes its colour from
yellow to blue. The development of the absorption band at
565 nm was monitored with a Genesys 10S spectrophotometer
(Thermo Scientific). The inhibition of the superoxide radical anion
- NBT reaction by the scavenging compound was then calculated
and the ability in dismutation of the superoxide radical anions
was expressed in terms of IC50 values, which correspond to the cat-
alyst concentration necessary to decompose 50% of the radicals
formed in the probe reaction. Moreover, long-term stability of the
materials was measured and compared to the activity of the other
catalysts (SOD, LDH-Hep-SOD (detailed characterization is given
elsewhere [41]) and free Cu(Hsm)2 complex). This was achieved
by determining the IC50 of the freshly prepared compounds and
by comparing the initial 50% inhibition to the ones measured later.
In thatmanner, the drop in the relative activitywas followed during
4 days at room temperature or during 1 h at 80 �C.

The LDH-PVPMAA-Cu(Hsm)2 material was prepared by mixing
the nanoclay dispersion, the copolymer and the complex solutions
at concentrations of 10 mg/L, 500 mg/g and 0.01 mM, respectively.
The same samples were used in the EPR measurements. This con-
dition was a compromise to obtain high colloidal and functional
stability for the LDH-PVPMAA-Cu(Hsm)2, as detailed later.

3. Results and discussion

A SOD-mimicking LDH-PVPMAA-Cu(Hsm)2 material was pre-
pared and investigated. LDH is a lamellar anionic clay [44], i.e., it
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possesses anion exchange capacity, and is widely used as carrier in
biomedical delivery processes due to the ease of synthesis, biocom-
patibility and tuneable size [45–50]. PVPMAA was chosen, because
the negatively charged MAA groups are expected to adsorb on the
oppositely charged LDH surface by electrostatic forces, while the
pyridine groups of the PVP part contains nitrogen atoms, which
may be able to bind to the copper(II) centre of the Cu(Hsm)2 com-
plex through dative bonds leading to strong connection of the
enzyme mimic to the copolymer-nanoclay carrier. The synthesis,
characterization and SOD-like activity of the LDH-PVPMAA-Cu
(Hsm)2 are detailed as follows.

3.1. Characterization of the nanoclay

The formation of the layered structure was confirmed by XRD
and the diffraction pattern (Fig. S1a) contained all the characteris-
tic reflections previously reported for LDH of similar composition
[40,44,46]. The specific surface area of the nanoclay was deter-
mined to be 52.6 m2/g by the BET method. Morphologic analysis
revealed that the material contains small grain-like platelets with
rounded edges that form small aggregates in solid state. Such a
hexagonal-based morphology is common among LDHs. The typical
particle radius tends to be in the 50–100 nm range. DLS measure-
ments yielded an average hydrodynamic radius of 110 nm and a
polydispersity index of 0.3 in stable aqueous dispersions.

3.2. Adsorption of PVPMAA on LDH particles

The surface of the LDH particles was modified by adsorbing dif-
ferent amount of PVPMAA to tune its properties for further immo-
bilization of the Cu(Hsm)2 complex. Note that the nanoclay is
positively charged, while the PVPMAA is negatively charged under
the experimental conditions applied. The adsorption process was
followed by electrophoretic measurements, where the PVPMAA
dose was systematically varied and the charging behaviour was
investigated at different copolymer concentrations (Fig. 1).

The mobilities were positive at low copolymer concentration
due to the positive structural charge of the bare particles [51],
however, they decrease by increasing the dose clearly indicating
that the adsorption of PVPMAA took place on the LDH. Such an
adsorption led to charge neutralization at about 50 mg/g
Fig. 1. Electrophoretic mobilities (squares) and stability ratios (circles) of the LDH
particles in the presence of PVPMAA copolymer for different doses at 10 mg/L
nanoclay concentration and 1 mM ionic strength adjusted by NaCl. The mg/g unit
on the x-axis corresponds to mg of copolymer per one gram of LDH. The error in
both mobility and stability ratio measurements is about 10%.
copolymer dose. By further increasing the concentration, charge
reversal was observed and the particles became negatively
charged. Similar charge reversal has already been reported with
LDH particles in the presence of oppositely charged polymers
[41,52,53] or copolymers [54] and it originates from electrostatic
attraction between the polymer and the surface, entropic gain
due to the release of the solvent molecules [55] and hydrophobic
interactions [56]. At high PVPMAA doses, the mobilities reached
a plateau and remained constant within the experimental error.
The value of about �1.8 � 10�8 m2/Vs corresponds to the
electrophoretic mobility of the LDH-PVPMAA composite, which
consists of the nanoclay and a self-assembled saturated copolymer
surface layer at a dose of 500 mg/g.

The measurements were repeated at different ionic strengths
(10 mM and 100 mM), however, the mobilities were very similar
in the entire concentration range investigated (Fig. S2a). The doses
needed for charge neutralization and surface saturation were sig-
nificantly higher than the ones measured for pure poly(acrylic
acid) (PAA) polyelectrolyte (Fig. S3a). This is due to the lower line
charge density for the PVPMAA and thus, to the decreased repul-
sion between the negatively charged copolymer chains adsorbed
on the surface.

Since the surface functionalized LDH will be used as carrier in
dispersions, where highly stable primary particles are required,
the colloidal stability was studied in the above systems. Accord-
ingly, apparent aggregation rates (see Supporting Material (SM)
for the details) were determined in the time-resolved DLS mea-
surements. This technique has proven itself to be a powerful tool
to investigate particle aggregation processes [51,57,58]. Thereafter,
stability ratios [59] were calculated under the same experimental
conditions as used in the above electrophoretic study (Fig. 1). Note
that stability ratios close to unity correspond to rapidly aggregat-
ing samples and to unstable colloids, while higher values refer to
more stable dispersions and to slower particle aggregation pro-
cesses. In other words, the reciprocal of the stability ratios is equal
to the fraction of particle collisions, which results in dimer forma-
tion. More details about the theoretical and practical backgrounds
of the DLS measurements are given in the SM.

The measured U-shaped curve of the stability ratios at different
copolymer doses resembles to the tendency reported for other sys-
tems containing LDH and oppositely charged polymers [51]. High
stability ratios were obtained at low and high PVPMAA doses indi-
cating stable dispersions. On the other hand, the samples were
unstable in the intermediate concentration regime, where the sta-
bility ratios were one (deviations occurred only within the exper-
imental error). Comparing the trends in the electrophoretic
mobility and stability ratio data, one can realize that the unstable
region is located at copolymer doses close to the charge neutraliza-
tion point. The particles aggregate rapidly under these conditions
and the aggregation process is controlled only by their diffusion.

The measurements were repeated at two more ionic strengths
(Fig. S2b) to probe the effect of the salt concentration on the loca-
tion of the slow and high aggregation regimes. No significant
changes in the stability ratios were observed in the unstable region
and at higher doses. However, the aggregation of the particles
became rapid at low PVPMAA concentrations at 10 mM and
100 mM ionic strengths due to charge screening on the partially
neutralized particles.

The stability ratio data measured at 1 mM ionic strength was
compared to the ones determined with pure PAA (Fig. S3b). The
unstable regime is located at lower polymer doses for PAA, since
charge neutralization occurred at lower concentrations in that
case. This fact also confirms that the fast aggregation regime is
determined by the charge neutralization process of the particles.

The charging and aggregation behaviour of the particles at dif-
ferent PVPMAA doses are qualitatively in line with the theory



178 M. Pavlovic et al. / Journal of Colloid and Interface Science 543 (2019) 174–182
developed by Derjaguin, Landau, Verwey and Overbeek (DLVO)
[60] to predict the colloidal stability of charged particles dispersed
in electrolyte solutions. This theory states that such dispersions are
stabilized by interparticle repulsions due to the presence of electri-
cal double layers forming around the particles. At 1 mM ionic
strength, this condition applies at low and high copolymer doses,
where the functionalized LDH particles possess significantly high
charges. However, attractive van der Waals forces are always pre-
sent and the overall interparticle force is the sum of the attractive
and repulsive forces. Once the charge of the particles is low or neu-
tralized, the van der Waals forces overtake the repulsive ones and
thus, the particles rapidly aggregate. In the dispersions containing
LDH and PVPMAA, this condition applies at doses near the charge
neutralization point.

The adsorption of the copolymer on the particles was also con-
firmed by IR spectroscopy by detecting the characteristic vibra-
tions of both LDH and PVPMAA in the hybrid material. The
spectra measured for the nanoclay particle, the copolymer and
for its copolymer-functionalized derivative are shown in Fig. 2.

In the LDH-PVPMAA hybrid, a dose of 500 mg/g was applied,
which corresponds to the PVPMAA concentration, where a satu-
rated copolymer layer forms on the particle surface. Prior to the
measurement, the LDH-PVPMAA material was filtered off, washed
with water to remove the weakly adsorbed copolymer molecules
and dried. The spectra clearly indicate that the adsorption process
took place, since peaks originating from both LDH and PVPMAA
could be detected in the spectrum of the composite material.
Accordingly, 12 vibrational bands were observed for the LDH-
PVPMAA, 6–6 corresponded to the carrier and the copolymer,
respectively. For instance, the peaks at 447 cm�1 and at 781 cm�1

in the spectrum of LDH-PVPMAA are assigned to the MgAOAH or
Fig. 2. IR spectra of the LDH, PVPMAA copolymer and the composite LDH-PVPMAA
material. The latter one contains 500 mg of PVPMAA per one gram of LDH particle.
AlAOAH translations in the LDH [61]. The band at 1433 cm�1 orig-
inate from the wagging of the CAH bond in the pyridine group [62].
The ring stretching mode was observed at 1472 cm�1 confirming
the successful adsorption of the PVPMAA on the LDH particles
[63]. For the complete assignment of the IR peaks, see Table S1
in the SM.

3.3. Colloidal stability of the LDH-PVPMAA composite

The resistance of the LDH-PVPMAA material (LDH with a satu-
rated copolymer surface layer) against salt-induced aggregation
is an important issue in potential applications, where the
nanocomposites are often dispersed in electrolyte solutions of high
concentrations. Therefore, stability ratios of the hybrid were mea-
sured and compared to the ones determined for the bare particles
to assess the stabilizing effect of the PVPMAA layer (Fig. 3).

Very similar dependencies were observed for the bare and
copolymer coated LDH. Slow aggregation indicated by high stabil-
ity ratios was observed at low ionic strengths, while the aggrega-
tion became rapid after a threshold salt concentration, which is
the so-called critical coagulation concentration (CCC). Such a ten-
dency of the stability ratios with varying salt level is predicted
by the DLVO theory [60] and was reported for various charged col-
loidal particles dispersed in electrolyte solutions [51,64,65]. Repul-
sive forces generated by the electrical double layers weaken by
increasing the ionic strength due to salt screening and they vanish
at the CCC. Above this electrolyte concentration, attractive van der
Waals forces predominate leading to rapid aggregation of the par-
ticles. Stability ratios close to unity above the CCC indicate diffu-
sion controlled aggregation for both LDH and LDH-PVPMAA,
which remained the same by further increasing the ionic strength.

Two observations in the tendencies deserve further discussion.
First, the slope in the slow aggregation regime is smaller for the
LDH-PVPMAA particles. This is due to surface heterogeneities upon
copolymer functionalization. PVPMAA adsorbs non-uniformly on
the surface and hence, forms islands (or patches) of negative
charge [66]. These islands are electrostatically attracted to the
empty surface places of another particle and thus, such a patch-
charge attraction leads to additional attractive forces and to faster
aggregation, i.e., lower stability ratios, and to smaller slopes in the
Fig. 3. Stability ratios of the LDH particles and LDH-PVPMAA composite material
(500 mg of copolymer per gram of particles) as a function of the ionic strength
adjusted by NaCl. The measurements were carried out at 10 mg/L particle
concentration. The solid lines are fits obtained with equation S8.
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slow aggregation regime [67]. The patch-charge interactions are
absent in the case of the bare particles, since surface charge hetero-
geneities were formed upon the copolymer adsorption.

Second, the difference in the CCC values for LDH and LDH-
PVPMAA is striking. A CCC of 40 mM was calculated for the bare
and 610 mM for the copolymer coated particles. Such a large devi-
ation in the CCC indicates the presence of strong repulsive forces.
Electrophoretic mobility measurements carried out under the
same experimental conditions (Fig. S4) revealed that the surface
charge of the LDH and LDH-PVPMAA is comparable, therefore,
the strong repulsive forces cannot originate only from the double
layer repulsion in the latter case. Therefore, it was assumed that
the particles are also stabilized by steric repulsion of the adsorbed
copolymer chains. This type of interaction was found in several
particle-polymer systems earlier [51,64,68,69]. The obtained high
CCC for the LDH-PVPMAA indicates highly stable dispersions mak-
ing the composite an excellent candidate for the further immobi-
lization processes and for applications in samples of high ionic
strength.

3.4. Immobilization of Cu(Hsm)2 on the LDH-PVPMAA particles

To mimic the function of the active centre of the SOD enzyme
[70], Cu(Hsm)2 complex of 1:2 metal-to-ligand ratio was prepared
by mixing the copper(II) salt with the histamine solution in 1:2
stoichiometric ratio at neutral pH. It was previously reported that
the 4 nitrogen atoms of the ligand molecules are symmetrically
coordinated to the metal ions forming an equatorial plane [71].
Accordingly, the donor atoms of the functional groups (pyridine
nitrogen or carboxylic oxygen) in the LDH-PVPMAA hybrid mate-
rial are expected to occupy one or two coordination places around
the metal ion.

To follow the immobilization of the complex on the nanoclay-
copolymer composite, electrophoretic mobilities and stability
ratios were measured at different Cu(Hsm)2 concentrations (Fig. 4).

The tendencies in the mobilities and stability ratios were very
similar to that observed for the LDH dispersions with systematic
variation of the dose of the PVPMAA copolymer (Fig. 1). Obviously,
the charge balance is opposite due to the negatively charged LDH-
PVPMAA and Cu(Hsm)2 of positive charge. The mobilities increased
by increasing the complex concentration indicating adsorption on
the composite. The affinity of the coordination compound was high
to the surface leading to charge neutralization and reversal at
Fig. 4. Electrophoretic mobilities (squares) and stability ratios (circles) of the LDH-
PVPMAA composite material as a function of the Cu(Hsm)2 complex concentration
measured at 10 mg/L particle concentration.
appropriate concentrations. The corresponding stability ratios can
be adequately explained by the charging behaviour and the DLVO
theory. The intermediate region in the U-shape curve is located
near the charge neutralization point, where van der Waals attrac-
tions are predominant in the absence of repulsive double layer
forces. Besides, at low and high Cu(Hsm)2 concentrations, the dis-
persions are stable due to the presence of sufficiently charged par-
ticles and strong repulsive forces.

Although such a behaviour of charged colloidal particles in the
presence of oppositely charged polyelectrolytes is common
[51,64], it is rather atypical for divalent ions like the Cu(Hsm)2
complex. Charging and aggregation of LDH was investigated in salt
solutions of various valences [51,72,73], however, such a high
extent of charge inversions has not been reported yet. The restabi-
lization of the dispersions by charge reversal is also a non-expected
behaviour in this system. These results clearly indicate that a
specific interaction takes place between the LDH-PVPMAA and
the Cu(Hsm)2.

Given the structure of the copolymer, the formation of dative
bonds between the copper(II) centre and the pyridine nitrogen or
carboxylic oxygen of the adsorbed copolymer chain is feasible. To
investigate the possibility of this scenario, EPR spectroscopy exper-
iments were performed. This method is sensitive to the changes in
the coordination geometry aroundmetal ions of unpaired electrons
like copper(II) [31,33,34], therefore, the spectra of the Cu(Hsm)2 in
solution and on the LDH-PVPMAA surface were recorded (Fig. S5).
A significant difference was found between the spectra indicating
the different coordination geometry upon immobilization. The
analysis of the measured spectrum for the LDH-PVPMAA-Cu
(Hsm)2 material revealed that the EPR spectrum can be decom-
posed into two spectra of two independent copper(II) containing
species (Fig. 5).

The fraction of the narrow component (A) is about 7% in both
samples and it is unchanged upon immobilization on LDH-
PVPMAA (Fig. S6) as confirmed by the same EPR parameters of
gx = gy = gz = 2.12 and A = 210 MHz. For species (A) the observed
hyperfine interaction and the relatively narrow EPR linewidth indi-
cate that the spin–spin interaction is weak and the species A are
relatively rapidly moving.
Fig. 5. Measured and fitted EPR spectra of the LDH-PVPMAA-Cu(Hsm)2 hybrid
material (A + B, which contained about 7 mmol of Cu(Hsm)2 per one gram of LDH-
PVPMAA) together with the calculated spectra of the two copper(II) containing
components (A and B) existing in the sample. Note that the majority (93%) of the
copper(II) centres are in component B.



Fig. 6. Relative superoxide radical anion scavenging activity (related to the freshly
prepared samples) of the native SOD (red circle), its immobilized form (LDH-Hep-
SOD, yellow triangle), the Cu(Hsm)2 complex (blue circle) and the LDH-PVPMAA-Cu
(Hsm)2 (grey square) hybrid material over 4 days measured at room temperature.
Note that the error of the measurements is about 15%. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7. Relative superoxide radical anion dismutating activities of the native SOD
(red circle), its immobilized form (LDH-Hep-SOD, yellow triangle), the Cu(Hsm)2
complex (blue circle) and the LDH-PVPMAA-Cu(Hsm)2 (grey square) composite
over 1 h at 80 �C. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

180 M. Pavlovic et al. / Journal of Colloid and Interface Science 543 (2019) 174–182
The broad component (B) is 93% in both the free and immobi-
lized complex and the structure is significantly different for the
Cu(Hsm)2 in solution and on the surface. Spectrum analysis yielded
gx = gy = 2.05 and gz = 2.25 for the dissolved complex, while
gx = gy = gz = 2.14 once the Cu(Hsm)2 was attached to the LDH-
PVPMAA. Hyperfine interaction was not resolved for the B species
in neither configuration. These data shed light on that the
coordination geometry around the metal centre in the B species
is significantly different from the one in solution. Such a change
in the arrangement of the donor atoms is most likely due to the
coordination of the donor atoms of the functional groups of the
LDH-PVPMAA composite to the metal centre of the complex.

Species with lower g0 value show stronger ligand field in the
equatorial plane, therefore, the coordination of 4 nitrogen atom
is suggested for the dissolved complex. The higher g0 value of the
other isomer is probably produced by three equatorial nitrogen
of the ligand and hence, one of the nitrogen of the Cu(Hsm)2
attached to the LDH-PVPMAA is forced to occupy the axial position.
The coordination of carboxylic group oxygens of the copolymer
may also occur in the fourth equatorial position, however, this
cannot be unambiguously confirmed by the present EPR data.
Nevertheless, the remarkable change in the coordination geometry
with species B clearly indicate the complexation of the functional
groups of the adsorbed PVPMAA by the copper(II) centre.

3.5. SOD-like activity of the LDH-PVPMAA-Cu(Hsm)2

The superoxide radical anion scavenging activity of the
obtained LDH-PVPMAA-Cu(Hsm)2 was probed in a biochemical
test reaction [43] and compared to the activity of the non-
immobilized Cu(Hsm)2, SOD and LDH-immobilized SOD enzyme
(LDH-Hep-SOD) reported earlier [41]. In addition, the long-term
stability and the temperature resistance of the SOD-like function
were tested.

In the assay, the inhibition of the reaction between the NBT
indicator compound and superoxide radical anions formed in situ
was measured as a function of the copper(II) content of the enzyme
or the mimicking complex (Fig. S7). The activities of the materials
were expressed in terms of IC50 values, which is equal to the cop-
per(II) concentration necessary to dismutate 50% of the radicals
forming in the test reaction. These values were found to be
2.6 � 10�1 lM, 9.7 � 10�2 lM, 2.1 � 10�3 lM and 2.9 � 10�3 lM
for Cu(Hsm)2, LDH-PVPMAA-Cu(Hsm)2, SOD and LDH-Hep-SOD,
respectively.

Although the IC50 determined for the native and immobilized
enzymes were lower, the Cu(Hsm)2 still showed significant SOD-
like function. Besides, the activity of the complex increased upon
immobilization, since a lower IC50 was measured for the LDH-
PVPMAA-Cu(Hsm)2 compared to Cu(Hsm)2. Such an improved
activity is due to the changes in the coordination geometry around
the copper(II) ions (see the results of the EPR measurements in the
previous chapter) once the donor atoms from the adsorbed copoly-
mer is coordinated giving rise to an evolved structure allowing a
more efficient scavenging of the superoxide radical anions. The
IC50 of the LDH-PVPMAA-Cu(Hsm)2 is greater than those previ-
ously reported for SOD-mimicking metal complexes [30,31,34,74]
and for the immobilized ones [32–34,75].

To probe the long-term stability of the hybrid material, the IC50

values were measured over 4 days for the above compounds and
the relative activities, i.e., the data were normalized to the IC50

determined with the freshly prepared samples, were calculated.
Fig. 6 shows the obtained tendencies in the long-term activities.

Although the native SOD kept its functional integrity, the
immobilized derivative lost about 80% of its activity during the
time period investigated. Such a decrease occurred most probably
due to slow conformational changes on the surface, which led to a
loss of the superoxide radical anion dismutation ability. Comparing
the Cu(Hsm)2 and LDH-PVPMAA-Cu(Hsm)2, the relative activity of
the complex in solution decreased significantly, however, the
immobilized complex was of about the same efficiency after
4 days. This behaviour was similar to the one experienced with
the native enzyme. Accordingly, the attachment of the Cu(Hsm)2
to the copolymer-functionalized LDH gave rise to the formation
of a hybrid material of high functional stability.

In the next step, the temperature resistance of the SOD-like
function was investigated. The IC50 values were determined at
80 �C periodically after 10 min for 1 h. The relative activities were
again calculated as the obtained IC50 data normalized to the one
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measured immediately after sample preparation and equilibration
at 80 �C (Fig. 7).

Both native and immobilized SOD quickly lost their activities
and denaturated after about 20 min, while the Cu(Hsm)2 and
LDH-PVPMAA-Cu(Hsm)2 kept 90% of their initial superoxide radi-
cal anion scavenging ability after 1 h. These results shed light on
the fact that replacing the natural enzyme with the mimicking
compounds led to the development of an antioxidant material of
significant SOD-like activity even at elevated temperature.

Combining the results presented in Figs. 6 and 7, the following
conclusionswere taken. First, immobilization of the copper(II) com-
plex significantly improved its long-term activity and the obtained
LDH-PVPMAA-Cu(Hsm)2 behaves in a similar manner as the native
SOD. Second, the enzyme is not able to function at higher temper-
ature, while the enzyme-mimicking composite is still highly active.
In addition, the LDH-PVPMAA-Cu(Hsm)2 forms highly stable colloid
and the catalytic centres are linked with strong primary chemical
bonds to the surface of the carrier particles. Accordingly, the
obtained nanoclay-copolymer-complex hybrid material is an extre-
mely promising candidate in applications, wherever longer term
antioxidant effects are required in dispersions of high electrolyte
concentrations or at elevated temperature.
4. Conclusions

Antioxidant hybrid nanomaterial (LDH-PVPMAA-Cu(Hsm)2)
composed of nanoclay carrier, copolymer stabilizer and copper(II)
complex as catalytic centre was prepared, characterized and tested
in dismutation of superoxide radical anions. The experimental con-
ditions for the functionalization of the LDH with PVPMAA were
optimized in order to obtain LDH-PVPMAA composite of high col-
loidal stability. The Cu(Hsm)2 was successfully immobilized
through dative bonds formed between the donor atoms of the
adsorbed copolymer chains and the metal centre of the complex.

Structural changes in the coordination geometry around the
copper(II) ions upon immobilization led to higher functional stabil-
ity in dismutation of superoxide radical anions in comparison to
the one determined for the complex in solution. The LDH-
PVPMAA-Cu(Hsm)2 kept its radical scavenging function for longer
time period compared to the free Cu(Hsm)2 and immobilized
SOD. Moreover, the hybrid nanomaterial was highly active even
at 80 �C, a condition, where the native or immobilized SOD enzyme
quickly lost their antioxidant activity.

The obtained material is able to solve problems connected to
ROS damage in the textile, food and cosmetic industry, where the
manufacturing processes often take place in dispersions of high
electrolyte concentration and/or at elevated temperature. Such
an antioxidant effect is beneficial to produce good quality products
of long term stability. Therefore, the LDH-PVPMAA-Cu(Hsm)2
nanohybrid can be recommended as an efficient antioxidant.
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