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The preparation of an antioxidant hybrid material by controlled heteroaggregation of manganese oxide
nanoparticles (MnO, NPs) and sulfate-functionalized polystyrene latex (SL) beads was accomplished.
Negatively charged MnO, NPs were prepared by precipitation and initially functionalized with
poly(diallyldimethylammonium chloride) (PDADMAC) polyelectrolyte to induce charge reversal allowing
decoration of oppositely charged SL surfaces via simple mixing. The PDADMAC-functionalized MnO,
NPs (PMn) aggregated with the SL particles leading to the formation of negatively charged, neutral and
positively charged (SPMn) composites. The charge neutralization resulted in rapidly aggregating
dispersions, while stable samples were observed once the composites possessed sufficiently high
negative and positive charge, below and above the charge neutralization point, respectively. The
antioxidant assays revealed that SL served as a suitable substrate and that the PDADMAC

Received 9th March 2021, functionalization and immobilization of MnO, NPs did not compromise their catalase (CAT) and

Accepted 2nd June 2021 superoxide dismutase (SOD)-like activities, which were also maintained within a wide temperature range.
DOI: 10.1039/d1tb00505g The obtained SPMn composite is expected to be an excellent candidate as an antioxidant material for

the efficient scavenging of reactive oxygen species at both laboratory and larger scales, even under
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Introduction

Despite being exceptional catalysts, natural enzymes suffer
from significant sensitivity to such operational conditions as
pH and temperature." Under undesignated conditions, structures
of proteins can denature and permanently lose their catalytic
activity. Moreover, enzyme production and purification processes
are time consuming and are often considerably expensive.”
These drawbacks have paved the way to cost-effective and
efficient artificial enzyme catalysts as alternatives to their natural
counterparts. These enzyme mimics have diverse structures such
as metal complexes, cyclodextrins, polymers, and more importantly
nanomaterials.>”> Unlike natural enzymes, nanomaterial-based
artificial enzymes (nanozymes) are easy and cheap to prepare and
possess catalytic activity often well outside the operational
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harsh conditions, where natural antioxidants do not function.

conditions of the mimicked natural biocatalysts, owing to their
large surface area, structural stability and the possibility to tune the
physico-chemical properties of such nanomaterials.*®’

In this way, nanomaterials possessing antioxidant activities
have been widely explored in attempt to replace natural radical
scavenging enzymes.® " Since the early reports on superoxide
dismutase (SOD) mimicry by fullerene derivatives,">"* extensive
research has been reported in the literature on various anti-
oxidant nanozymes of diverse structures and catalytic roles.*®
These include metallic nanoparticles such as Ag,'* Au," Pt,'°
and Pd;"” metal oxides including Co;0,,"® Ce0O,,”*® and Cu0O*°
nanospheres as well as V,05; nanowires;*! metal chalcogenides
such as FeS,?* MoSe,,'! Mo0S,,>* and WS,>* nanosheets; carbon
derivatives like fullerenes, carbon nanotubes, nanodots and
metal-organic frameworks.®%>%2¢

Among these nanozymes, nanostructured MnO, has been
reported to possess both SOD and catalase (CAT)-like activities.””**
Biocompatibility and biodegradability of MnO, materials have been
confirmed as well.>**' They were applied in numerous fields such as
energy storage,**> chemotherapy,® sensing,”® catalysis,***” and
drug delivery.*® However, MnO, nanoparticles, as the case with most
metal oxides, are water-insoluble materials with aqueous colloidal
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stability that is heavily dependent on the experimental
conditions such as temperature, pH, ionic strength, and the
presence of stabilizing agents (e.g., surfactants or polymers).*
Often, the industrial and biological applications of these nano-
materials such as catalysis and drug delivery might normally be
carried out at pH or ionic strength conditions where such
particles are mostly unstable or too small to separate from
the reaction mixture after the catalytic reaction is terminated.
Thus, a versatile use of such materials necessitates a full
understanding of their colloidal behavior.

Therefore, formulation of MnO, on larger support particles
is desirable to improve their colloidal stability, to ease separation
and to concentrate them in a smaller space to achieve efficient local
catalytic activity. In our previous study, it was shown that anti-
oxidant Prussian blue particles can be successfully immobilized on
amidine latex particles of significantly larger size.>® This prompted
the idea to decorate supporting latex particles with manganese
oxide nanoparticles, which are known as multifunctional materials
in scavenging of reactive oxygen species. Heteroaggregation of
differently sized particles in aqueous dispersions has been utilized
to investigate fundamental processes and also to prepare various
composite materials.**** However, to the best of our knowledge,
this is the first time, when broad-spectrum antioxidant MnO, NPs
and latex particles are used for such a purpose.

Therefore, in the present work, polyelectrolyte functionalized
MnO, NPs (PMn) were synthesized and their heteroaggregation
with sulfate latex (SL) particles was investigated in a wide range
of PMn-to-SL mass ratio. Charging and aggregation processes
were explored by electrophoretic and dynamic light scattering to
establish the colloidal stability regimes, while the structural
features were studied with spectroscopy and electron microscopy
methods. The SOD and CAT-like activities of the bare MnO, NPs
and the obtained SPMn particles were extensively investigated at
different temperatures. The preparation and catalytic activity
assessment are illustrated in Scheme 1.

Experimental section

Materials

H,0, (30% m/m), HCI (37% m/m), NaCl (~99.5%), acetone

(~99.8%), absolute ethanol (>99.8%), NaOH (AnalaR
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Scheme 1 lllustration of the synthesis and enzymatic activity of the SPMn
hybrid composite.
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NORMAPUR®), and K,S,05 (98%, AnalaR NORMAPUR®) were
purchased from VWR™, while KMnO, (reagent grade, 99%),
nitro blue tetrazolium chloride (90%), styrene (99%), and
polyvinylpyrrolidone (58000 g mol ') were bought from Acros
Organics™. Oleic acid (90%, technical grade), PDADMAC
(200000-350000 g mol™ ', 20 wt%), and xanthine oxidase
(Iyophilized powder, 0.4-1.0 units per mg protein) were
obtained from Sigma-Aldrich. Xanthine (99%) was purchased
from Alfa Aesar. Phosphate buffer solution was prepared
using NaH,PO, (99%, anhydrous) and Na,HPO, (>99%, GPR
RECTAPUR®), which were obtained from Acros Organics™ and
VWR™, respectively. Hellmanex™ III cleaning agent was bought
from Hellma while Spectra/Por™ 6 dialysis membrane tubing
was obtained from SpectrumLabs. The pH was kept at (9.0 & 0.2)
throughout all experiments, unless indicated otherwise. The
VWR™ Puranity TU 3 UV/UF+ system was used to obtain
ultrapure water, which was further filtered using PVDF-based
0.1 pm syringe filters purchased from MILLEX-VV. The ionic
strength was adjusted by NaCl solutions.

Preparation of MnO, NPs and SL

The glassware were carefully cleaned with Hellmanex® IIT and
concentrated HCI solution. The MnO, NPs were prepared by
following a reported procedure.?® Briefly, 1.0 g of KMnO, was
dissolved in 500 mL of ultrapure water and the resulting
solution was vigorously stirred for 30 min. Then 10 mL of oleic
acid was added, and the reaction mixture was left under
vigorous stirring at 28 °C for 5 h. The formed black precipitate
was then collected by centrifugation and washed with ultrapure
water and ethanol to remove unreacted compounds. The
obtained solid material was dried for 10 h at 80 °C. Finally,
the nanoparticles were dispersed in ultrapure water to obtain a
10 g L " stock. The SL particles were prepared by emulsifier-free
emulsion polymerization using K,S,0g as an initiator.** In a
typical synthesis, 12.1 g styrene and 60.5 mg polyvinylpyrroli-
done (PVP) were added to 100 mL of deionized water at room
temperature in a 250 mL three-neck round bottom flask, that is
kept in an oil bath under N, atmosphere. The mixture was then
stirred for 30 min at 400 rpm, and the temperature was increased
progressively to 70 °C. Subsequently, 300 mg of K,S,03 were
dissolved in 20 mL of deionized water, and the resulting solution
was added to the reaction mixture that is then kept for 24 h at
70 °C. After the mixture was cooled to room temperature, the
remnant styrene and PVP were removed by repeated washing,
centrifugation, and redispersing. The product was washed by
pure water and ethanol and dialyzed against water for one day.
The final SL concentration was 50 g L', obtained by diluting the
mother liquor.

Preparation of PMn and SPMn particles

The immobilization of PDADMAC on the surface of MnO, NPs
was achieved by simply mixing proper volumes of PDADMAC
and MnO, NPs dispersions, followed by addition of NaCl
solution to fix the ionic strength. The concentration of MnO,
NPs was fixed, while the PDADMAC dose (in mg PDADMAC/g
MnO, NPs) was altered until overall positively charged PMn

This journal is © The Royal Society of Chemistry 2021
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particles were obtained. Similar procedure was followed during
preparation of SPMn, where the concentration of SL was fixed
as the dose of positively charged PMn (in mg PMn/g SL) was
altered. After the addition of proper volumes of PMn and SL,
the ionic strength was fixed by NaCl solution. In both cases, the
origin of the driving forces was mainly electrostatic attraction
between the oppositely charged PDADMAC and MnO, NPs as
well as between PMn and SL under the applied experimental
conditions. The final SPMn dispersions were homogenized by
ultrasonication.

Electrophoretic light scattering

Zeta potential values were determined using an Anton Paar
Litesizer™ 500 device equipped with a 658 nm wavelength laser
source, with the applied voltage kept at 200 V throughout all
electrophoretic light scattering measurements. The initially
measured electrophoretic mobilities were converted into zeta
potentials by the Smoluchowski equation.*> First, the
pH-dependence of zeta potential of MnO, NPs and SL was studied
in the pH range 3-11 at constant ionic strength of 1 mM. In a
typical procedure, two 50 ppm stock MnO, NPs dispersions were
prepared at pH 3 and 11, respectively. Then, a series of 8 mL
MnO, NPs dispersions was prepared by mixing different portions
of the two stocks, so that the pH in the series of dispersions
gradually changed from 3 to 11. After each mixing, the resulting
dispersion was homogenized by vortex and its pH value was
unambiguously measured with a WIW pH benchtop meter
(inoLab® pH 7310). The same procedure was followed for SL,
except the concentration of two SL stocks was set at 125 ppm.
For the determination of zeta potential of the SL at different
salt concentrations, several 125 ppm SL dispersions were
prepared with an ionic strength gradually varies between 1-
1000 mM. In addition, the effect of PDADMAC dose on the
charge of MnO, NPs was obtained in the 0.1-1000 mg PDAD-
MAC/g MnO, NPs dose range at 1 mM ionic strength. In each
sample, the MnO, NPs concentration was kept at 100 ppm, while
the amount of polyelectrolyte was adjusted to the desired dose.
The effect of PMn (where the dose of adsorbed PDADMAC on
MnO, NPs results in positively charge PMn, as detailed later) on
the charge of SL was studied in the dose range of 0.01-1000 mg
PMn/g SL at 1 mM ionic strength. In all samples, the SL
concentration was kept at 125 ppm, while the amount of PMn
was adjusted to the desired dose. Generally, the prepared disper-
sions were left to equilibrate for 2 hours at room temperature.
To measure the zeta potential, 700 uL were withdrawn from
the dispersion of interest and were transferred to an omega
cuvette (Anton Paar™). The zeta potential measurement was
then performed at (25.0 £+ 0.2) °C and reported as an average of
6 runs.

Dynamic light scattering

The hydrodynamic radius of the particles was measured
with dynamic light scattering (DLS) using an ALV-NIBS/HPPS
Particle sizer equipped with a 632.8 nm laser source. The
scattered light was collected at 173° and data analysis was
based on the cumulant fit.*® The DLS sample preparation is
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identical to that followed in the electrophoretic part above, with
the exception that each measurement was started immediately
after addition of the desired volume of SL, MnO, NPs, or PMn
to the corresponding samples. The total volume of each
sample was 2.0 mL and the experiments were carried out in
disposable polystyrene cuvettes at (25.0 £ 0.2) °C. Additionally,
the pH-dependence of hydrodynamic radius of MnO, NPs
and SL was studied in the pH range 3-11 at constant ionic
strength of 1 mM. In all time-resolved DLS measurements,
the hydrodynamic radius versus time curves contained 30-100
measurement points for each sample depending on the
aggregation rate. The colloidal stability was expressed in
terms of stability ratio (W) calculated with the following
equation.”

W= kapp(fast) (1)

Kapp
where k,pp, is the apparent aggregation rate constant and
kapp(tast) 1S the apparent aggregation rate constant at 1.0 M ionic
strength, at which condition the aggregation process is solely
controlled by the diffusion of the particles, i.e., rapid particle
aggregation occurs. The apparent aggregation rate constant was
calculated from the hydrodynamic radius versus time plots as

follows.*¢
1 dRh([)
ro ()., ®)

where Ry(0) is the hydrodynamic radius of the monomer

dRh(l)
dr

kapp =

particles and

is the slope of the linear fit of the hydro-

dynamic radius versus time data points of the sample of
interest. Stability ratio values close to unity indicate rapid or
diffusion-controlled aggregation, while stable samples have
high or not even measurable stability ratio values. In addition,
the time during which half of the primary particles aggregate
into dimers is called the aggregation half-time (7},,), which was
calculated using the following equation.*®

2

T = N, (3)

where N, is the particle number concentration and k is Smo-
luchowski’s diffusion-controlled aggregation rate constant.*®

Electron microscopy

The morphologies of the particles (SL, MnO, NPs, and SPMn)
were analyzed by scanning (SEM, Hitachi S4700) and transmission
electron microscopy (TEM, FEI Tecnai G2). In TEM sample
preparation, 5 pL of the particle dispersion was introduced
on a copper-coated carbon mesh. Each aliquot was left to
adsorb for 10 seconds. The sample grids were prepared 30 min
before the measurements. To prepare SEM samples, 5 puL volumes
from each dispersion were introduced on the SEM sample
holder, a piece of silicon wafer on an aluminum disk, and were
left to dry for 10 min. The sample holder is coated with Au
thin film via sputtering before it was introduced into the
microscope.
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X-Ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) measurements
were performed with a SPECS instrument equipped with a
PHOIBOS 150 MCD 9 hemispherical analyzer, under a main-
chamber pressure in the 10 °-10'° mbar range. The analyzer
was in fixed transmission mode with 40 eV pass energy for the
survey scan and 20 eV pass energy for the high-resolution scans.
Al Ko X-ray source was used at 14 kV and 150 W power.
Charge referencing was done to the adventitious carbon
(284.8 eV) on the surface of the sample. For spectrum
evaluation, CasaXPS commercial software package was used.

Atomic force microscopy

The SPMn composite were further investigated using a Multi-
mode Nanoscope IIIa atomic force microscope (AFM, Digital
Instruments, USA). The images were acquired in tapping mode
in air at room temperature using a Si tip cantilever (Veeco
Nanoprobe Tips RTESPA model) with a resonance frequency of
275-300 kHz. Height- and amplitude-mode images were
recorded simultaneously with 1.0 Hz scan rate. Processing
and analysis of the images were carried out using the off-line
software Nanoscope V614r1. The sample for AFM was prepared
by depositing a dilute dispersion on a freshly cleaved mica
(Ted Pella, Highest Grade V1) and were left to dry at room
temperature.

Catalase assay

The catalase activity of MnO, NPs and SPMn was confirmed via
the catalase assay reported elsewhere.?®*° In the presence of
catalase or its mimics, H,O, breaks down into water and
molecular oxygen, and the reduction in the absorbance of
H,0, at a wavelength of 240 nm is quantitatively observed
with UV-Vis spectrophotometry (GENESYS™ 10S, Thermo
Fischer Scientific). The concentration of MnO, NPs or SPMn
was kept constant, while the concentration of H,0, was
varied between 0 and 1 mM. The pH in the final samples was
kept at (7.0 £ 0.1) using phosphate buffer. Thus, in each of the
2400 pL samples, a varied volume of H,0, was mixed with
1000 pL of 120 mM phosphate buffer followed by a volume of
ultrapure water to obtain 2200 pL sample. The cuvette was
then vortexed for 10 seconds. Finally, 200 pL of MnO, NPs
dispersion (120 ppm) or SPMn dispersion (which is 120 ppm in
MnO, NPs, at 200 mg PDADMAC/g Mn and 100 PMn/g SL)
was added and the cuvette was vortexed for 3 seconds, and
then immediately introduced into the spectrophotometer,
where the linear absorbance versus time plot was recorded
at 240 nm for 10 min. The slopes of absorbance versus time
curve represent the corresponding reaction rates (v) measured
in absorbance unit per second. The reaction rate was converted
to mM s ' units using the Beer-Lambert law. The optical
light path is 1 cm and the molar extinction coefficient of
H,0, is 39.4 M~ ' cm '.?® Finally, the reaction rate (v) was
plotted as a function of H,0, concentration ([S]) in the corres-
ponding sample. The kinetics of enzymatic reaction was
assessed by fitting the rate versus concentration data with
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Michaelis-Menten model,>® as expressed in the following
equation.

Vmax
p=— 4
Km + [S] 4)
where v, is the maximum possible reaction rate that is
independent of the substrate concentration and K, is the
Michaelis—-Menten constant.

Superoxide dismutase assay

The Fridovich assay®® was used to probe the SOD activity of
MnO, NPs or SPMn. The SOD enzyme catalyzes the dismutation
of superoxide radical ions. Here, the xanthine oxidation reaction,
catalyzed by xanthine oxidase, generates superoxide radical ions,
which react with nitroblue tetrazolium (NBT) that turns from
yellow to blue upon reaction with the radicals. In the presence of
SOD or a mimicking material, the generated radical ions are
scavenged reducing the amount of blue product as well as the
intensity of blue color, which can be monitored by UV-Vis
spectrophotometry. In a typical measurement, only the MnO,
NPs or SPMn concentration was changed between 0 and 2 ppm.
In the final sample, the phosphate buffer was kept at 10 mM to
adjust pH (7.0 = 0.1). Thus, in each of the 3000 uL samples,
200 uL xanthine (3.0 mM) and 100 uL NBT (3.0 mM) were added
to calculated volume of MnO, NPs or SPMn dispersion, followed
by addition of a portion of phosphate buffer to obtain 2700 pL
sample. The cuvette was then vortexed for 5 seconds. Finally,
300 pL xanthine oxidase (1.5 g L™ ') was added to the sample
before it was immediately vortexed for 5 seconds and introduced
into the spectrophotometer. The change in absorbance with time
was recorded for 6 min at 565 nm wavelength. Furthermore,
eight blanks were also measured, each of which was prepared by
adding all reagents mentioned except MnO, NPs or SPMn, with
additional volume of phosphate buffer solution to keep the final
concentrations identical. The inhibition curve is created by
plotting the inhibition (I) of the radical-NBT reaction for each
sample against the final MnO, NPs or SPMn concentration in the
corresponding sample. The inhibition can be calculated as
follows.

AAdy — AAs
— X

I =
AA

100 (5)
where A4 is the change in absorbance during the 6 min
measurement time and A4, is the averaged value of the absorbance
change for the eight blank samples. The concentration of the
nanozyme that causes 50% inhibition of is called the ICs, value.
During the assays, light scattering by the particles does contribute
to the absolute value of absorbance, however, this factor was
eliminated by taking the relative increase in the absorbance in
the individual experiments.

Results and discussion
Characterization of the MnO, NPs and SL

The surface chemical composition of the prepared MnO, NPs
was explored with XPS. The recorded survey scan, shown in

This journal is © The Royal Society of Chemistry 2021
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Fig. 1, reveals the presence of Mn, O, C, and K elements on the
surface of the sample. The quantitative XPS composition
analysis resulted in the following composition of the sample:
23.4 at% Mn, 19.5 at% C, 1.3 at% K and 55.8 at% O (Table S1,
see ESIT). The large number of different oxidation states, the
presence of mixed valence oxides, and the complex multiplet
splitting makes the deconvolution of Mn 2p region rather
complicated (Fig. S1a in the ESI{).>>** For our purposes, an
initial assessment of the average oxidation state of Mn on the
surface was carried out by determining the peak separation of
the Mn 2s peaks shown in Fig. S1b (ESIt). The determined peak
separation of 5.1 eV is slightly lower than values determined for
common Mn(u) compounds (5.4 eV for MnOOH or 5.5 eV for
Mn,0;). This signals that other compounds with different
valence states are also present on the surface of the sample
(e.g., Mn(wv) with 4.4 eV for MnO,). This value is in good
agreement for the splitting of Na,MnO, type compounds.>
Note, however, that care must be exercised with this approach,
as it is not sufficient to reliably determine the chemical species
present on the surface, and fitting of the Mn 2p peak must be
carried out.>® The high-resolution C 1s spectra in Fig. Sic (ESIt)
can be attributed to the presence of adventitious carbon on the
surface of the samples. The peaks 284.79 eV refer to C-C and
C-H states while those at 288.09 eV and 286.14 eV indicate the
presence of C-OH and O-C—O functionalities. The small
amount of K" on the sample surface likely originates from the
chemicals used during the synthesis procedure. The resolved
high-resolution O 1s spectrum presented in Fig. Sid (ESIt)
shows two components, one originating from the lattice oxide
(529.73 eV) and the other originating from the presence of
surface hydroxides (531.39 eV). Their position and comparable
contribution suggest the prevalence of hydroxide species on the
sample surface.”® In a following step, the fitting of the Mn 2p

204
OKLL MnO, NPs
154
ut Mn2s  Ofs
o Mn 2p
E; 101
®
o K 2p
= K2s
5_ H
1000 800 600 400 200 0

Binding Energy (eV)

Fig. 1 XPS survey spectrum of the obtained MnO, NPs. The O KLL and Fe
LMM represent Auger transitions involving energy levels K, L and M.
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peak was carried considering the multiplet splitting of the
species.”” It was finally concluded that the surface primarily
consists of MnO(OH) (64%) and MnO,, (36%) species.

The pH-dependence of size and zeta potential of MnO, NPs
is shown in Fig. 2a. In acidic and neutral pH, the MnO, NPs
undergo excessive and rapid aggregation and the hydrodynamic
radii of aggregates exceeded 1.5 pm. Thus, these conditions are
not suitable to obtain monodisperse particle dispersions for
further experiments. As the pH becomes basic, the particle size
decreased significantly, reaching a radius of (83 + 2) nm with a
PDI of 11.9% at pH 9 and remained the same within the
experimental error until pH 11.

These aggregation trends can be explained by observing the
accompanying changes in zeta potentials.>® Accordingly, the
particles have low absolute zeta potential less than 20 mV up to
pH 7, where the electrostatic forces are overcome by the van
der Waals forces.>® In basic medium, surface hydroxides are
deprotonated, and at pH 9, MnO, NPs acquire a high negative
zeta potential of (—37 + 1) mV, which is high enough for
electrostatic repulsion forces to dominate. In Fig. 2b, the SL
zeta potential and size dependence on the pH is shown.
Throughout the pH range of 3-11, the SL particles maintained
an average hydrodynamic radius of (432 + 16) nm, indicating
high colloidal stability. The magnitude of the zeta potential
increases gradually as the pH is increased owning to the
increased deprotonation of the sulfate groups on the surface
of SL. At pH 9, SL particles have a zeta potential of (—65 + 1) mV
and a hydrodynamic radius of (441 £+ 33) nm with a PDI of
20.9%. The dispersion characteristics of the MnO, NPs and SL
particles at pH 9 are summarized in Table S2 (ESIt).

The morphology of SL particles as well as MnO, NPs was
visualized via electron microscopy. The SEM and TEM images
of SL particles, shown in Fig. S2a and b (ESIY), respectively,
feature the well-defined spherical morphology as well as the
relatively low polydispersity of the prepared SL particles.
On the other hand, MnO, NPs show flaky morphology as shown
in the SEM image in Fig. S2c (ESIT). The aggregated state of
the sample is attributed to drying process during SEM
sample preparation. The TEM images of MnO, NPs, shown in
Fig. S2d-f (ESIt), further feature the flaky nature of the MnO,
NPs. Note that the hydrodynamic sizes measured by DLS are
slightly higher than those of the individual particles observed
in the SEM and TEM images due to the polydispersity of the
particles and the presence of trace aggregates in the samples,
whose effect is more pronounced in the light scattering
measurements.

Homoaggregation of SL and MnO, NPs

The aggregation tendency of SL at different SL concentrations
and 1.0 M ionic strength was carried out to optimize the
experimental conditions for later aggregation rate measurements.
By setting the background salt concentration at 1.0 M, all
electrostatic repulsive forces are screened and thus, SL are
expected to undergo rapid aggregation according to the
Derjaguin, Landau, Verwey and Overbeek (DLVO) theory.’”®
As shown in Fig. 3a, the slopes of the linear fits of
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Fig. 2 The pH dependence of the hydrodynamic radius (squares) and zeta potential (circles) of (a) MnO, NPs and (b) SL particles. The concentration
of the MnO, NPs and SL particles was 50 and 125 ppm, respectively, in the dispersions. The ionic strength was set to 1 mM. The lines are just to guide

the eyes.

hydrodynamic radius versus time data increase when the
concentration of SL was raised.

The apparent aggregation rate constants (k,pp) as well as the
aggregation half-time (Ty,,) for the corresponding samples were
calculated using eqn (2) and (3), respectively, which are plotted
in Fig. 3b as a function of the SL concentration. The data clearly
show that k., increases and Ty, decreases with increasing
particle concentration as a result of accelerated aggregation in
concentrated samples. Moreover, in measurements such as
those in Fig. 3a, the linear trends in the hydrodynamic
radius-time data refer to early stage of aggregation and indicate
the absence of higher ranked aggregates, which would cause
deviation from linearity.*® Accordingly, a compromised SL
concentration of 125 ppm was used in further measurements,
where early stage of aggregation can be followed, while the
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Fig. 3

scattering intensity is reliable DLS
measurements.

The salt-induced aggregation of both particles was also
assessed at different ionic strengths. Eqn (1) was used to obtain
the stability ratio values at the corresponding NaCl concentra-
tions. As shown in Fig. 4, the stability ratio of SL significantly

decreased as the ionic strength was increased until it reached

high enough for

unity at the critical coagulation concentration (CCC) of 250 mM,
the concentration that separates slow and fast aggregation
regimes. The DLVO theory states that the salt constituent ions
screen the surface charge resulting in shrinking of the electric
double layer and weakening of the repulsive electrostatic forces
around SL particles. Thus, when salt concentrations equal or
exceed the CCC, the van der Waals attractive forces dominate,
and particles undergo diffusion-controlled aggregation.

B Ty

(b)

0 50 100 150

SL Concentration (ppm)

(a) Time-resolved DLS measurements of SL at different concentrations at 1.0 M ionic strength. The straight lines represent the linear fits used to

calculate the apparent aggregation rate constants with egn (2). (b) The apparent aggregation rate constant (k,p;,) as well as the aggregation half-time (Ty,5)
at different particle concentrations, obtained via egn (2) and (3), respectively.
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Fig. 4 Stability ratio (squares) and zeta potential (circles) values of SL
particles as a function of the ionic strength. The pH was kept at 9 and the
SL concentration was 125 ppm in all samples. The dotted blue line only
serves as eye guidance. The continuous gold line is the Poisson-Boltz-
mann fit.

Similar findings are reached when the accompanying changes in
SL zeta potentials at different ionic strengths are measured. SL
possesses high zeta potential at low salt levels due to the
presence of the deprotonated sulfate groups. As more salt is
introduced, the zeta potential around SL drops owing to surface
charge screening. The Poisson-Boltzmann theory®® was used to
fit the zeta potential data and a charge density of —15.0 mC m™>
was determined at the slip plane (Table S2, ESIt).

Similar tendencies can be seen for MnO, NPs in Fig. 5.
The increase in the ionic strength gradually decreased the
stability ratio as well as the magnitude of zeta potential because
of charge screening, and the subsequent predominance of van
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—— Poisson-Boltzmann Fit ®
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Fig. 5 Stability ratio (squares) and zeta potential (circles) values of
100 ppm MnO, NPs dispersions as a function of the ionic strength. The
pH was kept at 9 in all samples. The dotted blue line only serves as eye
guidance. The continuous grey line is the Poisson—Boltzmann fit.
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der Waals forces. The CCC occurred at 10 mM, which indicates
rather low colloidal stability of the bare MnO, NPs. Upon fitting
the zeta potential data with the Poisson-Boltzmann model, the
resulting surface charge density of MnO, NPs was —5.2 mC m ™ 2.
In Fig. 5, the Poisson-Boltzmann fit somewhat deviates from the
MnO, NPs zeta potential data points at low salt concentrations,
which is attributed to the electrokinetic effect reported earlier.®
The surface charge density of the MnO, NPs is significantly lower
than the one determined for SL, which led to a higher CCC for SL
in line with the prediction of the DLVO theory, since the
resistance against salt-induced aggregation is stronger for
particles of higher charge and thus, of stronger electrical double
layer forces. Besides, the aggregation mechanism follows the
prediction of the DLVO theory in both cases, similar to other
charged colloidal particles dispersed in salt solutions.*¢>*¢176¢

PDADMAC functionalization of MnO, NPs

Since the aim was to attach MnO, NPs to the SL surfaces, the
charge balance must be changed to achieve opposite charges
on the interacting particles. Accordingly, MnO, NPs were
functionalized with PDADMAC polyelectrolyte. It is well known
that polyelectrolytes adsorb strongly on oppositely charged
surfaces and other molecules,®”®® therefore, it was expected
that the original negative sign of MnO, NPs turns to positive
after adding the appropriate amount of PDADMAC. Therefore,
the precise dose was determined and fine-tuned so that the
functionalized particles form stable dispersions. The zeta
potential values of MnO, NPs determined at different
PDADMAC doses are shown in Fig. 6.

At low PDADMAC doses, the overall particle charge was
negative, as indicated by the zeta potential values, which
gradually increased as more PDADMAC was introduced.
Around 20 mg PDADMAC/g MnO, NPs, the zeta potential
approached zero. At the isoelectric point (IEP), the amount of

L Stability Ratio ~ ASP—> =
@ Zeta Potential L 40
3 |
i :
i) L o)
: " * o
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3 ™~ =
n 0 3
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--20
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0.1 1 10 100 1000
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Fig. 6 Stability ratio (squares) and zeta potential (circles) values of MnO,
NPs at different PDADMAC doses. The ionic strength was 1 mM and the pH
was 9. The concentration of MnO, NPs was kept at 100 ppm. The solid
lines serve as eye guidance. The polyelectrolyte concentration is
expressed in mg PDADMAC per one gram of MnO, NPs.
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and the pH was 9. The mg g* unit refers to mg PMn per one gram of SL.
The solid lines serve as eye guidance only.

positive and negative charges are balanced and thus, the
particles have zero net charge. Higher doses of PDADMAC
resulted in charge reversal leading to positively charged particles.
Similar charge reversal was reported earlier for oppositely charged
particle-polyelectrolyte systems.®**>%® The zeta potential reached
a maximum value at the onset of the adsorption saturation
plateau (ASP) at 100 mg g~ dose, where the MnO, NPs surface
became saturated with adsorbed PDADMAC and further added
polyelectrolytes remain dissolved in the solution.”

Moreover, the stability ratios were measured under the same
experimental conditions to assess the colloidal stability of the
PDADMAC-functionalized MnO, NPs dispersions. Fig. 6 shows
that the gradual decrease in zeta potential values is paralleled
with changes in the stability ratios. When the particles have high
zeta potential (either positive or negative), the stability ratio
values are large indicating stable dispersions. However, at
PDADMAC doses around the IEP, the stability ratios drop to a
value of one, which indicates rapid particle aggregation and
unstable dispersions. Such a behavior is typical for oppositely
charged particle-polyelectrolyte systems®®*®” and qualitatively
agrees with the prediction of the DLVO theory.’”®

Lastly, since the MnO, NPs surface became saturated with
PDADMAC at doses that occur at or beyond the onset of the zeta

View Article Online

Journal of Materials Chemistry B

potential plateau, the particles prepared at 200 mg g~ dose are
denoted as PMn. At this experimental condition, the forming
PMn possess high positive charge and high stability ratio and
they are suitable for heteroaggregation with oppositely
charged SL.

Heteroaggregation of PMn with SL

Based on the above results, oppositely charged PMn and SL
particles were mixed in different ratios, while the concentration
of negatively charged SL was kept at 125 ppm. In the resulting
SPMn composite, the intensity of the scattered light originates
mostly from SL particles rather than MnO, NPs, as the magnitude
of the intensity is proportional to the sixth power of the size of the
scattering object,”* which is also evident from the scattering
intensity data of individual particles in Table S2 (ESIt). The zeta
potential values at different PMn doses are shown in Fig. 7. At low
doses, the overall charge of the particles is negative and
slowly increased as more PMn were introduced into the system
indicating their adsorption on the SL particles. The IEP occurred
around a dose of 10 mg g ', where the zeta potential approaches
zero. Higher doses of PMn led to positively charged particles.
Such a charge inversion is common in polyelectrolyte-particle
systems as discussed before, nevertheless, it was rarely reported in
dispersions containing oppositely charged particles.”>”* At and
beyond 30 mg g, the zeta potential reached a maximum value,
where SL surface most likely became saturated with adsorbed
PMn at dose values corresponding to the onset of the ASP.

Stability ratios were determined under the same experimental
conditions. As Fig. 7 shows, large magnitude of zeta potential in
both in the negative and positive regimes corresponds to large
stability ratio values indicating stable dispersions. However, at
PMn doses around the IEP, the stability ratios approach unity
indicating unstable dispersions. Several studies on latex particles
have attributed the predominant interparticle forces to DLVO-
type interaction,®>®”’* as discussed in the previous section.
Thus, it is certain that the functionalization with PMn particles
did not lead to the appearance of major additional interaction
forces, and the aggregation mechanism is driven by the balance
between DLVO type forces, namely, electrostatic double layer
repulsion and van der Waals attraction. The latter one gradually
predominates, when the overall charge of the particles
approaches zero, ie., around the IEP, while the particles are
stabilized by electrostatic repulsion at doses below or above this
point. SPMn refers to a composite of 100 mg PMn per one gram
of SL forming highly stable colloid.

Fig. 8 TEM images of SPMn system at PMn doses of (a) 0.1 mg g~%, (b) 10 mg g%, and (c) 100 mg g~*.
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The immobilization of PMn on SL was visualized by TEM
images (Fig. 8), which were taken at PMn doses of 0.1, 10, and
100 mg g ', corresponding to concentrations below, around,
and above that at the IEP. The TEM sample preparation
involves solvent removal, which typically leads to mild
aggregation of the particles. However, the images clearly proved
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Fig. 10 CAT-like activity of MnO, NPs and SPMn at 25, 50, and 75 °C for
both materials. The particle concentrations were 10 ppm and 100 ppm (in
SL) for MnO, NPs and SPMn, respectively. The solid lines are the Michae-
lis—Menten fits described by eqn (4).
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(a) AFM amplitude images of SPMn deposited on a mica substrate as well as (b) the height profiles taken along the indicated white line.

the immobilization and increasing number of PMn can be
observed on SL as the dose was increased in the samples.

In addition, the immobilization of PMn on SL was also
visualized via AFM imaging. In these measurements, the SPMn
sample was subjected to minimal changes due to simpler
sample preparation, e.g., neither vacuum drying, nor metal
coating is required. Fig. 9 shows the AFM images of SPMn
(100 mg PMn/g SL, as indicated above) along with the height
profiles.

The functionalized MnO, NPs are clearly immobilized on
the SL particles, forming antioxidant colloidal molecules. The
height profile analysis also confirms the successful formation
of the SPMn and indicates significantly different sizes for the
component SL and PMn particles in accordance with the SEM
and TEM images (Fig. S2, ESIT).

Antioxidant activity

The CAT-like activity of the MnO, NPs and SPMn particles was
assessed via a standard assay,® in which H,0, breaks down in

Table 1 Comparison of the results of CAT and SOD activity assays
obtained for the MnO, NPs and SPMn particles

Material Kn® (mM) Vmae (107° M s™)  1C;5,” (ppm)

MnO, NPs (25 °C) 0.083 + 0.011 3.079 + 0.101 0.274 £+ 0.012
MnO, NPs (50 °C) 0.082 + 0.008 1.517 + 0.036 0.132 £+ 0.005
MnO, NPs (75 OC) 0.074 £ 0.010 1.609 + 0.049 0.192 £+ 0.010
SPMn (25 °C) 0.099 £+ 0.010 3.323 + 0.079 0.311 £+ 0.013
SPMn (50 °C) 0.118 £+ 0.017 2.314 + 0.085 0.271 £+ 0.012
SPMn (75 °C) 0.106 £+ 0.025 2.377 + 0.139 0.417 £+ 0.017

@ Calculated by eqn (4). ® Determined in SOD activity assays.
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the presence of the enzyme or its mimic. The reaction rates
versus concentration data points determined at different
temperatures are plotted in Fig. 10.

One can notice that the experimental points can be well
fitted with the Michaelis-Menten model (eqn (4))*° and the K,
and v, values were determined from the fits in all cases
(Table 1). The vy, is the maximum reaction rate observed,
where higher H,0, concentrations do not increase the rate any
further, which can be attributed to the saturation of the
catalytic sites. The K,, is the H,0O, concentration that
correspond to the rate half that of the vy, The K, value is a
measure of the affinity between the catalyst and the substrate,
where a lower K, value indicates a higher affinity between the
enzyme-like material and the substrate.

The results obtained revealed that the immobilization had
no effect on the activity of MnO, NPs, as evident by the close K,
and v, values of SPMn and MnO, NPs determined at 25 °C.
In other words, neither the PDADMAC functionalization nor
the attachment to SL altered the H,O, decomposition ability of
MnO, NPs. Moreover, the CAT activity of both MnO, NPs and
SPMn was obtained after the corresponding stock dispersions
were thermally treated by immersion in a water bath at 50 °C
and 75 °C for 90 min, and subsequent cooling to room
temperature. As shown in Fig. 10, thermal treatment resulted
in a decrease in the CAT activity of both MnO, NPs and SPMn
compared to the untreated counterparts. The data indicate that
the reduction of CAT activity was the same regardless of the
temperature imposed, but the loss is more emphasized for
MnO, NPs than for SPMn. However, no unambiguous
explanation can be given for the reason of such decrease based
on the present experimental data. Comparatively, the native
CAT completely loses its activity at 70 °C after 30 min heating.”
Although the thermal treatment also affected the activity of
SPMn particles, they can still be considered as very active
catalysts in H,O, decomposition, which shows that SPMn had

4938 | J. Mater. Chem. B, 2021, 9, 4929-4940

remarkable thermal and structural stability, making it a versatile
candidate as antioxidant material in industrial processes for
instance, where higher temperature is applied. The ability of the
MnO, NPs and SPMn to dismutase superoxide radical ions was
tested by the Fridovich assay.>” The inhibition of the NBT-radical
reaction was calculated using eqn (5) and plotted as a function of
the MnO, NPs or SPMn concentration in Fig. 11.

The ICs, values for MnO, NPs and SPMn were very similar
at 25 °C (Table 1), but higher than the ICs, for native SOD
(0.07 ppm).®* Thus, the functional integrity of MnO, NPs was
kept upon polyelectrolyte functionalization and immobilization
on SL. It is evident from the data of the heated samples that,
unlike the CAT activity, there is no loss in SOD activity of either
bare or immobilized MnO, NPs, even though the composite
were thermally treated in a water bath at 50 °C and 75 °C for
90 min. The native SOD enzyme, however, was reported to lose
its activity after 20 min at elevated temperatures.®> These
results clearly indicate that the MnO, NPs possess remarkable
antioxidant potential, with preserved activity and excellent
colloidal stability upon immobilization.

Conclusions

MnO, NPs with antioxidant activity were synthesized, function-
alized with PDADMAC, and immobilized on SL particles.
Heteroaggregation was rationalized as an adsorption process
of the PMn particles on the SL surface due to their opposite
charges. The positively charged PMn particles adsorbed
strongly on the SL leading to charge neutralization and charge
reversal at the appropriate PMn doses. The colloidal stability of
the samples was assessed, and the findings confirmed that the
aggregation in the PMn-SL systems is driven by DLVO-type
forces. Accordingly, the electrostatic double layer repulsion
stabilizes the dispersions at low and high PMn doses, where
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the particles possess significant charge. Near the IEP, however,
the dispersions were unstable and diffusion-controlled aggre-
gation occurred due to the lack of charges, i.e., to the disap-
pearance of the electrostatic double layers and predominance
of attractive van der Waals forces. The SPMn hybrid showed
excellent colloidal and functional stabilities. The CAT-like
activity of MnO, NPs was maintained, although decreased,
upon immobilization on SL and upon heating up to 75 °C, as
indicated by the similarity of Michaelis-Menten parameters for
both particles. The results of the SOD-like activity measure-
ments implied no loss in MnO, NPs activity upon immobiliza-
tion or heating, as similar ICs, values were determined. These
facts indicate that the obtained SPMn composites can be
effectively used to combat reactive oxygen species in hetero-
geneous systems due to the excellent colloidal stability of the
SPMn hybrid.
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