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Figure 1. Endogenous and exogenous sources as well as the health-related effects of oxidative
stress. ROS are capable of inflicting severe and non-specific damage to cellular components
such as membrane lipids, proteins, and DNA.

Figure 2. Various established industrial applications of enzymatic and molecular antioxidants.

Figure 3. Schematic representation of substrate-active site binding mechanisms: (a) lock-and-
key, (b) induced-fit, (c) conformational selection. For simplicity, enzymatic and substrate
structures are represented as rigid blocks.

Figure 4. Structures, physicochemical properties, and potential applications of enzyme-
mimicking nanomaterials (nanozymes) as alternatives to many natural enzymes of diverse
catalytic roles.

Figure 5. Industrial applications involving colloidal systems. These include the preparation of
stable colloidal systems or bringing about destabilization of already existing ones.

Figure 6. The nanoscale and the colloidal domain. Both scales include not only inorganic
nanostructures but also biomolecules such as proteins as well as biological systems such as
viruses. Beyond the colloidal domain lies particulate systems, which are characterized by
micron-sized components.

Figure 7. The emergence of nanoscale phenomena and their effects on the physicochemical
properties of materials as the particle size approaches the nanoscale.

Figure 8. Interparticle forces that occur within colloidal systems. The van der Waals forces
always exist among charged and neutral species and are always attractive among similar
particles (unless the refractive index of the particles matches that of the medium). The
electrostatic forces play a significant role among the charged particles. The presence of
polymeric chains (neutral or charged) within colloidal systems brings about several other
regimes of interaction forces. The steric repulsion occurs because of repulsion among extended
neutral polymeric chains adsorbed on interacting particles, while charged macromolecules
(polyelectrolytes) bring about electrosteric repulsion. The patch-charge attractions occur
between a charged surface and patches of oppositely charged polyelectrolyte chains adsorbed
on an approaching surface. Bridging of colloidal particles via adsorbed polymeric chains leads
to the flocculation of particles. Depletion interactions occur in the presence of polymeric
macromolecules in a free (non-bound) state. Hydrophobic interactions are strongly attractive
forces that occur among hydrophobic surfaces in polar solvents, and solvation forces are
oscillatory (repulsive or attractive) forces that occur due to the re-structuring of solvent
molecules as two surfaces approach one another.

Figure 9. Schematic representations of the various models of the EDL at the solid-liquid
interface. a) In the Helmholtz model, the counter ions are rigidly fixed at some distance from
the surface, forming the outer Helmholtz plane (OHP). The potential varies linearly from the
surface potential, Wo, to the potential at the OHP, ¥. b) In the Gouy-Chapman model, the
charged surface gives rise to a cloud of diffuse distribution of counter ions, called the diffuse
layer, within which the surface potential, Wo, decays exponentially to the potential at the bulk
solution, ¥. ¢) The Stern approximation combines the two models. The Stern layer is the layer
of surface-bound counter ions while the diffuse layer consists mostly of counter ions in diffuse
and rapid thermal motion. The Stern potential, ¥s, is the potential at the Stern layer. The
slipping plane marks the special volume of the solution that is dynamically part of the solid
particle (e.g., moves with the particle in Brownian motion and during electrophoresis), and the
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potential at the slipping plane is the electrokinetic or zeta ({) potential.

Figure 10. The total interaction potential (V) or the DLVO force profile as a function of the
separation distance. The magnitude of Vt depends on the sum of the repulsive EDL and the
attractive vdW forces. The dashed line refers to short-ranged non-DLVO repulsion, known as
“Born repulsion”.

Figure 11. (a) The various phases of the aggregation process. The early-stage aggregation
statistically involves the formation of dimers and mostly occurs in diluted systems. The late-
stage aggregation, on the other hand, involves the formation of higher-rank aggregates and
occurs in concentrated systems. At given pH and ionic strength, the change in the particle size
over time is used to probe the different aggregation phases at various particle concentrations.
(b) In the early-stage aggregation, the aggregation rate is affected by the salt level in the system.
At low salt levels, the system is stable or very slowly dimerizes (slow aggregation regime),
while at high salt levels, the dimer formation proceeds rapidly (rapid aggregation regime). The
system transitions between the two regimes at a characteristic salt concentration, called the
critical coagulation concentration (CCC).

Figure 12. A Schematic illustration of heteroaggregation of particles of various sizes and
shapes, where the aggregation of different particles is initiated by careful manipulation of the
experimental conditions, and thus, the variation of the interparticle forces.

Figure 13. The SOD assay for the determination of the SOD-like activity. The *O2", generated
via the oxidation of xanthine to uric acid by xanthine oxidase, can reduce the yellow NBT into
a purple product, called formazan, which possesses a characteristic absorption peak at 565 nm.
The SOD enzyme, nevertheless, effectively converts «O2~ to H2O2, which leaves the NBT
unchanged or partially reduced, resulting in the inhibition of the radical-NBT reaction. The
extent of inhibition is studied via the UV-Vis spectrophotometry by probing the emergence of
the formazan absorption peak at 565 nm over time. The inhibition curve of the radical-NBT is
constructed as a function of nanozyme concentration using equation (39).

Figure 14. The TMB assay for the HRP-like activity. The colorless TMB is oxidized in the
presence of H>O> and HRP (or its mimetic nanozyme). The oxidized TMB, in the form of a
diamine/diimine complex, is characterized by a blue color as well as a strong absorption peak
at 652 nm. The increase in the absorbance of the blue complex over time at 652 nm is probed
via the UV-Vis spectrophotometry. The molar absorption coefficient, €, of oxidized TMB is
39.0mMtem™

Figure 15. The Guaiacol assay for the determination of the HRP-like activity. In the presence
of HRP-mimicking nanozymes and H.O, the colorless guaiacol is oxidized to a brown product,
called tetraguaiacol which is characterized by a strong absorption peak at 470 nm. The UV-Vis
spectrophotometry is utilized to probe the emergence of such an absorption peak over time. The
e of tetraguaiacol is 26.6 mM ™t cm™.

Figure 16. The catalase assay for the determination of the CAT-like activity. The CAT enzyme
breaks down H:0: into water and Oz. The H2O> has an absorption peak at 240 nm. By
monitoring the decrease in absorbance of H.O> at 240 nm over time, the CAT-like activity can
be assessed. The & of H202 is 39.4 Mt cm™,

Figure 17. The DPPH assay for the assessment of the antioxidant potential. The deep violet
DPPH radical has a strong absorption peak at 517 nm. The reduced DPPH, however, has no
such absorption peak. The disappearance of such peak over time in the presence of some
material is a measure of the antioxidant potential of the material.

Figure 18. (a) UV-Vis absorption spectrum of PB NPs at pH 4, the TEM image of PB NPs is
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embedded in the background of the UV-Vis absorption spectrum. (b) The XPS survey spectrum
of the PB sample. The Auger transitions within K, L, and M energy levels give rise to O KLL
and Fe LMM peaks. The high-resolution XPS spectra of (c) Fe 2pzp, (d) C 1s, (e) N 1s, and (f)
O 1s of the PB sample. The Shirley background estimation serves to distinguish the background
signal occurring due to energy loss as a result of inelastic scattering.

Figure 19. (a) XPS survey spectrum of the as-prepared MnO, MFs. The Auger transitions
within K, L, and M energy levels give rise to O KLL and Mn LMM peaks. The high-resolution
XPS spectra of (b) Mn 2p, (c) Mn 2s, (d) C 1s and K 2p, and (e) O 1s regions. The Shirley
background estimation serves to distinguish the background signal occurring due to energy loss
as a result of inelastic scattering. The (f) SEM and (g-i) TEM images of MnO2 MFs.

Figure 20. (a) XRD patterns and (b) XPS survey spectrum of the CeO2 NPs. The Auger
transitions within K, L, and M energy levels give rise to O KLL and Ce LMM peaks, and the
presence of Fe is attributed to the sample holder. The high-resolution XPS spectra of (a) Ce 3d,
(b) C 1s, and (c) O 1s regions.

Figure 21. (a) The Raman spectrum (Inset graph: the magnified 462-cm™ peak), (b) the UV-
Vis absorption spectrum, (c) the TEM image, and (d) the HR-TEM image of bare CeO2 NPs.
(e) The extracted pattern, obtained by FFT analysis of the squared section in the HR-TEM
image, the inset images, and lattice spacing values are obtained by inverse FFT analysis of the
FFT pattern, using ImageJ software.'

Figure 22. The pH profile of PB NPs. The ionic strength was fixed at 1.0 mM and the PB
concentration was 100 mg/L.

Figure 23. The pH profile of MnO2 MFs. The ionic strength was fixed at 1.0 mM and the MnO.
concentration was 50 mg/L. (Reproduced from Ref. 193 with permission from the Royal
Society of Chemistry).

Figure 24. The pH profile of CeO2 NPs. The ionic strength was fixed at 1.0 mM and the CeO-
concentration was 50 mg/L.

Figure 25. The pH profile of SL particles. The ionic strength was fixed at 1.0 mM and the SL
concentration was 125 mg/L. (Reproduced from Ref. 193 with permission from the Royal
Society of Chemistry).

Figure 26. Time-resolved DLS measurements of (a) AL (pH 4.0) and (d) SL (pH 9.0) at various
particle concentrations, Ny, and 1.0 M ionic strength. The gray-shaded regions represent the
early-stage aggregation regime within the given time frame. The straight lines represent the
linear fits used to calculate the k,,, and T; ,, of (b) AL and (e) SL at the corresponding N,. The
TEM images of (c) AL and (f) SL particles.

Figure 27. The salt-induced aggregation. The stability ratio (squares) and zeta potential
(circles) values for (a) AL, (b) SL, (c) MnO2 MFs, (d) CeO2 NPs (pH 4.0), and (e) CeO2 NPs
(pH 9.0) as a function of the ionic strength, at the designated pH. The concentrations of AL and
SL were fixed at 25 mg/L and 125 mg/L, respectively, while the concentrations of the CeO>
NPs and MnO2 MFs were fixed at 100 mg/L. The dashed lines represent the calculated stability
ratios, based on equations (37) and (38), as shown in Appendix C. The solid lines represent the
Grahame relation fit, equation (16), for the zeta potential-ionic strength data.

Figure 28. Stability ratio (squares) and zeta potential data (circles) of (a) MnO2 MFs and (b)
CeO2 NPs in the presence of different amounts of PDADMAC polyelectrolyte at pH 9.0 and
1.0 mM ionic strength, using NaCl. In both systems, the metal oxide concentration was fixed at
100 mg/L. The solid lines serve as eye guidance. The polyelectrolyte concentration is expressed
in mg PDADMAC/g metal oxide. (c) The general trend in the change of the stability ratio and
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the zeta potential for particle-polyelectrolyte systems at various polyelectrolyte concentrations.

Figure 29. The typical immobilization curve (the trend in the stability ratio and zeta potential
upon addition of nanozymes to latex dispersions) for the latex-nanozyme system at fixed latex
concentration and ionic strength.

Figure 30. Trends in stability ratio (squares) and zeta potential values (circles) of (a) AL-PB
(b) SPMn (c) SL-CeO> and (d) SPCe composites as a function of the nanozyme dose. The
concentration of SL and AL were kept at 125 mg/L and 25 mg/L, respectively. The ionic
strength was fixed at 1.0 mM in all systems. The mg/g unit refers to mg nanozyme/g latex. The
solid lines are added for eye-guidance purposes only.

Figure 31. (a-c) SEM and (d-f) TEM images of AL-PB composites at PB doses of 1.0 mg PB/g
AL, 30 mg PB/g AL, and 600 mg PB/g AL corresponding to doses (a, d) below (b, €) at, and
(c, T) above the IEP of the AL-PB system, respectively.

Figure 32. TEM images of SPMn composites at different PMn doses of 0.1 mg PMn/g SL,
10 mg PMn/g SL, and 100 mg PMn/g SL, corresponding to doses (a) below (b) at, and (c) above
the IEP of the SPMn system, respectively. (d, €) Amplitude AFM images along with height
profiles. The different samples were prepared at 125 mg/L SL, and 200 mg PDADMAC/g
MnO: (the onset of ASP in the adsorption curve in Figure 28(a)).

Figure 33. (a,b) TEM images, as well as (c) amplitude and (d) height AFM images, of SL-CeO>
composite deposited on a mica substrate along with (e) the height profile, corresponding to the
regions indicated by the white lines. The sample was 100 mg/L in SL with 1,000 mg CeO2/g
SL (the onset of the ASP of the immobilization curve of the SL-CeO; system in Figure
30(c)).1%

Figure 34. (a-c) TEM images of SPCe at different magnifications. (d) Amplitude and (e) height
AFM images of SPCe deposited on a mica substrate along with (f) the height profile,
corresponding to the regions indicated by the white lines. The SL concentration was 100 mg/L,
with 40.0 mg PDADMAC/g CeO: (the onset of ASP in the adsorption curve in Figure 28(b))
and 200 mg CeO2/g SL (the onset of ASP in the immobilization curve in Figure 30(d)).1%2

Figure 35. Raman spectra of CeO2, SL, PDADMAC, SL-CeO,, and SPCe. Raman peaks
marked with squares refer to CeO2, while those marked with circles refer to SL. The absolute
Raman intensities (prior normalization) are shown, intensity unit “m cps” refers to 10° counts
per second.

Figure 36. Inhibition of the NBT-superoxide reaction (SOD-like activity) of (a) PB NPs
containing samples, (b) bare MnO> MFs, and (c) the SPMn composite. The solid lines are
mathematical functions used to calculate the ICso values, located by the dashed arrows.

Figure 37. The guaiacol-oxidation reaction rate (HRP-like activity) at different guaiacol
concentrations, catalyzed by PB NPs and AL-PB. The lines represent the Michaelis-Menten fits
(equation (2)). The graphical schematic inset shows the color of oxidized guaiacol, which
indicates positive HRP-like activity for PB NPs and AL-PB.

Figure 38. (a) The UV-Vis spectra of TMB/CeO> (green/a spectrum), TMB/H202 (blue/p
spectrum), and TMB/H20,/CeO: (black/y spectrum). The inset graphics shows the real samples,
measured at pH 4.0. (b) The relative reaction rate of TMB oxidation at acidic (pH 4.0), neutral
(pH 7.0), and alkaline (pH 9.0) conditions, the samples were prepared with the following
relevant concentrations: 1.0 mM TMB, 25 mg/L CeO2 NPs, and 5.0 mM H20..

Figure 39. The TMB-oxidation reaction rate at different TMB concentrations catalyzed by
CeO2 NPs, SPCe, or SL-CeO at pH 4.0. The lines represent the Michaelis-Menten fits,
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expressed by equation (2). The graphical inset shows that the intensity of the blue color
(oxidized TMB) gradually increases with the amount of TMB.

Figure 40. The CAT-like activity of bare MnO2 MFs and SPMn at 25 °C, 50 °C, and 75 °C.
The MnO2 MFs concentration or its content in SPMn was kept at 10.0 mg/L. The solid lines
represent the Michaelis—Menten fits, obtained from equation (2).

Figure 41. The DPPH radical scavenging potential of CeO2 NPs, SL-CeO>, and SPCe. The
concentration of DPPH radical in the final samples was fixed at 15.0 mg/L. The DPPH% was
calculated according to equation (40), and the data was fitted with the Hill equation to obtain
the ECsp values. The inset image shows that the intensity of the yellow color of reduced DPPH
increases with the increased nanozyme concentration.

Figure S1. The Helmholtz-Smoluchowski, Hiickel, and Henry models for the calculation of the
zeta potential from the electrophoretic mobility.
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1 Introduction

Antioxidant enzymes have numerous key functions within living systems including cell
protection against oxidative stress. The highly intricate chemical structure of the comprising
proteins brings about unparalleled catalytic potential, specificity, and selectivity. These
attributes have led to wide use in numerous fields such as pharmaceuticals, cosmetics, and the
food industry. Yet, the applicability of these biocatalysts is often hindered due to several
inherent flaws that are detrimental to their catalytic potential. For instance, enzymes suffer from
extreme sensitivity to such conditions in their microenvironment as pH, temperature, solvent,
and the presence of inhibitors. Undesignated conditions, therefore, lead to irreversible structural
alternations and subsequent permanent loss of catalytic activity. Thus, the extraction and
purification processes of enzymes are highly complex and time-consuming rendering them

particularly expensive materials.

These drawbacks have unavoidably given rise to an ever-growing demand for versatile
enzyme alternatives with indistinguishable antioxidant potential. Among the earliest reported
artificial enzymes were to include cyclodextrins, coordination compounds, and polymeric
substances. However, the discovery of the enzyme mimicry of nanostructures, also called
nanozymes, presented a promising alternative to antioxidant enzymes since the biocatalytic
potential is expected to be maintained at pH and temperature conditions, where the mimicked
enzymes are inactivated. In addition, nanomaterials have highly tunable physicochemical
properties as well as scalable, straightforward, and low-cost production processes. These
advantages have led to the discovery of numerous nanozymes with highly varying structures
and compositions including (bi)metallic particles, nanostructured carbon materials, metal
oxides/chalcogenides, and metal-organic frameworks (MOFs). Such materials were proven to
possess the mimetic potential of several essential antioxidant enzymes including catalase
(CAT), superoxide dismutase (SOD), and horseradish peroxidase (HRP) that play pivotal roles

in living systems and are widely used in many industrial fields.

However, due to the tendency to minimize the high surface Gibb’s energy, numerous
nanostructured materials are prone to aggregation when introduced into fluid media, and the
extent of aggregations is often maximized under certain conditions including solvents of
different polarity, high ionic strength, a characteristic point of zero charge (PZC) or an
isoelectric point (IEP), and presence of surfactants or polyelectrolytes. Moreover, particle
aggregation is expected to adversely affect the catalytic potential since the catalytic action takes
place on the particle surface. Therefore, the prevention of particle aggregation is a vital step for
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the efficient use of nanomaterials as effective artificial enzymes. One of the common
approaches to prevent particle aggregation is the immobilization of the catalytic nanoparticles
onto larger support materials such as clays, graphene oxide, and latex particles. The formulation
of such support-nanozyme composite prevents aggregation of nanozymes, enables separation
of the composites after the catalytic cycle, and preserves the particles’ large surface area; hence,
preserves their biocatalytic potential. These composites are, therefore, expected to be robust
antioxidants with superb enzyme-like catalytic potential as well as sustained catalytic surface,

and thus, are foreseen to be highly beneficial in industries involving the mimicked enzymes.

In the work pertaining to this dissertation, potential nanozymes including organometallics
(Prussian blue) and metal oxides (MnO2 and CeO>) were synthesized as potential nanozymes
and were further formulated into composites under controlled heteroaggregation with
polystyrene latex beads. Prior to heteroaggregation, the surface and colloid properties of both
the nanozymes and the latex were carefully examined under various experimental conditions
and the formulation of the composites was carried out under the optimal conditions to maximize
the interaction between the nanozyme and the latex, and hence, obtain latex-nanozyme

composite with high structural and functional stability.
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2 Literature Review

2.1 Oxidative stress

The oxidative stress phenomenon is the state of serious imbalance between the production
of reactive oxygen species (ROS) and the ability of biological systems to restore proper ROS
levels resulting in their accumulation in cells and tissues. ROS include various radical, neutral,
and ionic oxygen species such as hydroxyl radical (¢OH), peroxyl radical (*O2R), superoxide
(*O2"), alkoxy! radical («OR), hydrogen peroxide (H202), singlet oxygen (*O2), ozone (Os),
hypochlorous acid (HOCI), and organic peroxides (ROOR’).%:2

These highly active species are mostly acquired through aerobic metabolic pathways that
exclusively or collaterally result in ROS production. In mitochondria, for instance, *O2" is
generated as a by-product during the ATP production process, where O is normally reduced to
water through a series of electron transfer processes. However, a small proportion (1-3%) of O>
molecules acquires an additional electron, resulting in the formation of «O2".2 2 Similarly,
cytochrome P450 enzymes, a family of heme monooxygenases located in liver cells, have vital
roles in the biotransformation of drugs such as acetaminophen; uncoupling of their enzymatic

cycle leads to the formation of ROS including <O~ and H20,.*
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Figure 1. Endogenous and exogenous sources as well as the health-related effects of oxidative
stress. ROS are capable of inflicting severe and non-specific damage to cellular components
such as membrane lipids, proteins, and DNA.

In addition, during an immune response, phagocytic cells such as macrophages and
neutrophils trigger a respiratory burst, during which phagocytic NADPH oxidases generate <Oz~
that takes part in the elimination of invading pathogens. The NADPH oxidases are a family of

membrane-bound enzymes whose primary function is the catalysis of Oz~ production.® ©
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Besides, peroxisomes are organelles that are present in the cytoplasm of eukaryotic cells,
these oxidative organelles host a variety of enzymes that play vital roles in the metabolism of
lipids as well as the generation and detoxification of ROS including *OH, H>O2, and *O>".
Peroxisomal enzymes include urate oxidase, nitric oxide synthase, xanthine oxidase, CAT, and
SOD.® 7 ROS can also be produced during the metabolism of certain substances such as
arachidonic acid by lipoxygenases and cyclooxygenases.® While ROS are unavoidably formed
under normal conditions, certain exogenous influences can greatly contribute to elevated ROS
levels as well, as shown in Figure 1. Cigarette smoke, for example, is a significant source of
free radicals such as superoxide and nitric oxide.? Other external contributors to elevated levels
of ROS include pesticides, pollutants, hypoxia, heavy metals, and exposure to ionizing radiation

and ozone.2 210

At normal levels, ROS are essential to numerous physiological processes. As mentioned
earlier, superoxide, produced during phagocytosis, is heavily involved in eliminating invading
pathogens.® In fact, a defective NADPH oxidase system compromises the ability of phagocytes
to produce superoxide giving rise to granulomatous disease, where the resulting
immunodeficiency renders diagnosed individuals prone to multiple and persistent infections.!!
ROS are also essential in cross-linking of the extracellular matrix and in the hardening of the
fertilization envelope after egg-sperm fusion.!! They also play a major part in biosynthetic
reactions as well as various cellular redox-signaling pathways.*? In fact, ROS such as H20; play
a major role as a redox signaling agent in many biological functions such as DNA repair,
transcription, protein folding, and genome integrity.!® Excess or non-regulated accumulation of
ROS, however, is associated with several serious health-related issues.'* ROS may adversely
interact with proteins and vital components of cell structures resulting in protein denaturation,
lipids peroxidation as well as damage and fragmentation of nucleic acids (DNA and RNA).% 5
Often, these interactions result in mutations and irreversible alterations in signal transduction
leading to altered cell proliferation and ultimately trigger cell death.*® As Figure 1 shows, these
non-specific damages may develop and express into countless complications and health-related
issues such as aging, atherosclerosis, cancer, cardiovascular diseases, diabetes, and

neurodegenerative disorders such as Parkinson’s and Alzheimer’s diseases.!” 18

2.2 Antioxidants

2.2.1 Classification of antioxidants
To combat oxidative stress and preserve cell health, biological systems employ several

defense mechanisms against ROS including prevention, scavenging, and repair mechanisms
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using a vast array of antioxidants, which are highly effective in the regulation and elimination
of excess ROS and are, therefore, essential to the well-being of a living system.'? 19
Antioxidants are classified according to different criteria such as structure, source, and mode of
action. Structurally, antioxidants can be enzymatic (complex proteins) or non-enzymatic
(simple organic molecules or metal ions such as selenium and manganese).” 2° On the other
hand, non-enzymatic antioxidants can be endogenous (e.g., glutathione) or exogenous, i.e.,

obtained from dietary sources (e.g., carotenoids, a-Tocopherol, and vitamin C).?2

In addition, the defense mechanism of antioxidants depends on the way, in which the
oxidative damage is inhibited. Like any free-radical chain reaction, the autoxidation of cellular
substrates such as membrane lipids, proteins, or DNA involves initiation, propagation, and
termination phases. Various pathways lead to the formation of initiating radicals, which can
trigger the propagation of the free-radical chain oxidation of substrates. For example, the Fenton
reaction leads to the formation of «OH as initiating radicals. Preventive antioxidants prevent the
formation of initiating radicals by the conversion of their mother ROS into harmless chemical
species. For example, the SOD/CAT enzyme cascade catalyzes the conversion of superoxide
(*O2") into O and water, and thus, prevents the formation of *OH via the Fenton reaction.* On
the other hand, chain-breaking antioxidants (e.g., glutathione and vitamin E) act by competing
with the substrate for the intermediate radicals, generated during chain propagation. Thus,
chain-breaking antioxidants terminate free-radical chain reactions through the elimination
(scavenging) of radical intermediates through electron donation. Naturally, these antioxidants
are converted to new radicals during their antioxidation action, but the newly formed radicals
are largely less harmful.* 2t Also, repair systems play maintenance roles by repairing the

oxidative damage already caused to biomolecules such as DNA.%

2.2.2 Applications of antioxidants

Apart from oxidative stress prevention, antioxidants are widely applied in numerous fields
such as pharmaceutical, cosmetic, textile, food, fuel, lubricants, plastic, and rubber industries,
as shown in Figure 2.2 2% In pharmaceuticals, for example, antioxidants are added to prevent
degradation and improve the stability of therapeutic agents that are prone to oxidation.?? In
addition, lanthanides, lycopene, glutathione, and flavonoids are antioxidants that are reported
to have potential as anticancerous agents. Antioxidants are also used as additives in commercial
cosmetic products.?* For example, vitamin A derivatives, phenolic compounds, and carotenoids
are added to commercial skin care products as anti-aging agents to prevent inflammation,

premature aging, and pigmentation disorders.?> 26 Vitamin B5 (panthenol) is used in haircare
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products to improve hair elasticity, while retinaldehyde (vitamin A derivative) can also serve
as a stabilizer to prevent lipid rancidity.?® In addition, the combination of vitamins C and E in
recently-manufactured cosmetics is expected to provide enhanced skin protection against UV

radiation as well as photooxidation.?’

In the food industry, antioxidants
are widely used in food processing and
food packaging materials.?® 2° They
have the potential to slow down the
autoxidation process of biological
molecules such as lipids and proteins
that can lead to rancidity, reduced
shelf-life as well as the development of
undesirable taste and fragrance,
resulting in the deterioration of texture
and quality of nutrient substances.*

Examples of antioxidants used in the

food industry include propyl gallate,

tertiary butyl hydroquinone, and Figure 2. Various established industrial applications

butylated hydroxytoluene.® Thus, the of enzymatic and molecular antioxidants.

prevention of oxidation of biological molecules in food products can effectively extend the
shelf-life and preserve the texture, color, freshness, fragrance, and quality of nutrient
substances.

Moreover, antioxidants are also frequently used as additives and stabilizers in numerous
other industrial applications. For instance, antioxidants prevent the oxidation of fuels and
polymerization of gasoline, which leads to the formation of engine-fouling residues.* Also,
they prevent photooxidative degradation as well as the loss of strength and flexibility in

polymeric materials such as rubber and polyolefins especially polyethylene.?

On the other hand, antioxidant enzymes are heavily used in industrial applications as
well.3 For example, peroxidase enzymes are used in food manufacturing to improve food
quality, as well as produce flavor, color, and texture. They are also used in biosensors, polymer
synthesis, management of environmental pollutants, treating phenolic effluents from industries,
and antimicrobial products.® 3 The CAT enzyme, on the other hand, is used in the textile
industry to remove excess H.O from fabric. In the food industry, the glucose oxidase/CAT
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combination is used during milk processing, and for the elimination of O, from wine prior to
bottling. In the baking industry, the CAT enzyme is also added to remove H>O> from milk, as
well as glucose from egg white. In addition, the CAT enzyme is also incorporated in food
wrappers to prevent oxidation and control the quality of food.3* In the textile industry, the
peroxidase and CAT enzymes are used for the removal of excess dye and bleach termination,
respectively.®® The SOD enzyme is used as an anti-aging additive in cosmetic products to
reduce free-radical damage to the skin, and thus, to eliminate signs of aging such as wrinkles
and hyperpigmentation. The SOD enzyme also exhibited potential in preventing hair graying,
promoting hair growth, wound healing, protection against UV rays, and suppressing fibrosis
after radiation treatment.®® In addition, the SOD enzyme is frequently applied in medical

treatments due to its anticancerous, antioxidant, and anti-inflammatory effects.®® 3’

2.2.3 Enzyme kinetics

Generally, enzymes primarily consist of highly complex protein structures with one or
more active sites, where the enzymatic reaction takes place. The structure of the active site is
highly specific to the substrate (the substance on which the enzyme acts such as ROS), where
the binding is enabled through a unique combination of hydrogen bonding, electrostatic forces,
and van der Waals interactions among the various functional groups on the substrate and the
active site.334% The complexity of enzymatic structures, and thus, the binding interactions have
rendered many enzyme-catalyzed reactions stereoselective and stereospecific such as

hydrolysis reactions catalyzed by C. cylindracea lipase, acylase, pig liver esterase.*

The substrate-active site binding is believed to occur in several binding mechanisms,
shown in Figure 3. In the lock-and-key model, proposed by German chemist Emil Fischer
(1852-1919) in the 1890s, the active site and substrate have complementary 3D structures and
docking occurs without the need for major structural changes. However, the experimental
evidence on the flexibility of proteins in solution and the distortion in the conformation of the
transition state upon biding suggests the induced-fit mechanism and conformational selection
mechanisms. In the former, the binding of the substrate induces a conformational change in the
active site, resulting in the ideal fit, after which the enzymatic reaction takes place. In the
conformational selection mechanism, on the other hand, the active site undergoes a

conformational change prior to the binding of the substrate.*!

The kinetics of enzyme-catalyzed reactions is among the most studied aspects of bio-
catalysis, for it provides critical information on the mechanism of biocatalysis. Studies on
enzyme kinetic typically involve monitoring the initial rate of product formation at very low
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enzyme concentration, since significant acceleration may be observed, even when their

concentration is more than three orders of magnitude lower than that of the substrate.

a) Lock-and-key Mechanism

Active site

‘0
+ —

Substrate

Enzyme

b) Induced-fit Mechanism

—

Enzyme

c) Conformational selection

=@ 0-@@

Figure 3. Schematic representation of substrate-active site binding mechanisms: (a) lock-and-
key, (b) induced-fit, (c) conformational selection. For simplicity, enzymatic and substrate
structures are represented as rigid blocks.

Experimental studies on enzyme kinetics revealed several observations:*?

1. The initial rate of product formation, v, is proportional to the total enzyme
concentration, [E]o (for a given initial substrate concentration, [S]).

2. Conversely, for a given initial enzyme concentration, [E]; v is proportional to [S] (at
low [S]) and independent of [S] (at high [S]). In the latter case, all enzyme molecules

are bound to the substrate molecules, and the rate becomes zero-order in [S].

Based on these observations, a mathematical analysis shows that the relationship between

v and [S] can be represented by the equation of a rectangular hyperbola:

alS]

T b+[S] 1)

v

where a and b are constants. To account for these observations, German biochemist Leonor
Michaelis (1875-1949) and Canadian biochemist Maud L. Menten (1879-1960) proposed a
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mechanism in 1913 to explain the dependence of the initial rate of enzyme-catalyzed reactions
on the concentration by assuming that enzyme and substrate are in thermodynamic equilibrium
with the enzyme-substrate complex, ES, that can separate back into substrate and enzyme or
proceed to product, P, formation. Later in 1925, British biologists George Briggs (1893-1978)
and John Haldane (1892-1964) alternatively used the steady-state approximation to obtain the
Michaelis-Menten equation of enzyme kinetics:*

vmax [S] (2)

" Km+ 5]

The derivation of the Michaelis-Menten equation based on both assumptions is fully
described in Appendix A. The vmax represents the maximum possible reaction rate, where the
total enzyme concentration equals that of the enzyme-substrate complex, i.e., all the enzyme
molecules are bound with the substrate as ES. On the other hand, Km is the Michaelis constant
and represents the [S], at which the initial rate is half that of vmax, or the [S] at which half the
enzyme active sites are occupied by substrate molecules. The K is different for each enzyme
and depends on the substrate, it is a measure of the affinity between the enzyme and the
substrate, where lower Kn, values indicate higher affinity between the enzyme and the substrate,
and vice versa. Hence, the vmax and Km of the Michaelis-Menten model are the commonly
reported kinetic constants characterizing enzyme-catalyzed reactions including those catalyzing

ROS scavenging.

2.2.4 Artificial enzymes

Despite their flawless catalytic performance, antioxidant enzymes possess several inherent
drawbacks such as high sensitivity to operational conditions including pH and temperature.*3
When subject to undesignated conditions, the vital structures of the comprising proteins
gradually denature leading to a permanent loss of enzymatic activity.** For example, the optimal
operating temperatures of SOD and CAT enzymes were reported to be around 30 °C, where
their activities rapidly deteriorate when the operation temperature is significantly different from
30 °C. The SOD lost 90% and 100% of its activity when the operating temperature was 10 °C
and 70 °C, respectively. Also, the CAT enzyme undergoes an 80% reduction in activity when
the operating temperature is either 70 °C or 10 °C.* On the other hand, the optimal operational
pH of SOD and CAT enzymes are 6-7 and 6.5-7, respectively. Like the operational temperature,
the activities of both enzymes significantly deteriorate when the pH is substantially different
from the optimal pH range. The SOD becomes inactive when the pH is reduced to 3.0 and

undergoes around 60% loss of activity when the pH is 9. The CAT enzyme, on the other hand,
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loses around 95% of its activity at pH 3, and 80% at pH 9. In addition, the thermal stability of
the SOD enzyme is reported to be highly affected by incubation temperature. In fact, the SOD
enzyme underwent a total loss of activity when incubated at 80 °C for 60 min.*® For the
horseradish peroxidase (HRP) enzyme, the optimal operation pH was reported to be around 4.8,
and the activity rapidly deteriorates when the pH is altered, the HRP loses activity as the pH
approaches 3 or 5.5, leaving a small window of operation. In addition, the optimal operating
temperature of HRP is 35 °C. Similar to SOD and CAT, the activity of HRP is significantly

affected by the change in temperature, where a total loss of activity was observed at 60 °C.*

Thus, with such high sensitivity to experimental conditions, the enzyme production and
purification processes are considerably complicated, expensive, and time-consuming.*3 44 48.49
These limitations have paved the way for the exploration and subsequent discovery of artificial
enzymes, which are non-enzymatic substances with enzyme-like biocatalytic potential. These
enzyme mimics are foreseen to have low sensitivity to experimental conditions and yet deliver
equally effective enzyme-like catalytic potential. In fact, the investigation of the enzyme-like
catalysis of cyclodextrin inclusion compounds in 1965 is among the earliest reports on artificial
enzymes.>® Later, other structures of artificial enzymes were slowly emerging such as polymers
with enzyme-like potential in 1971, catalytic antibodies in 1986, catalytic RNA in 1992,
catalytic DNA in 1994, and SOD mimicry and DNA-cleavage potential of fullerene
derivatives.>®->? Further works revealed enzyme mimics of diverse structures including metal

complexes, polymers, and dendrimers.53-5¢

However, since the reports on peroxidase mimicry of FesOs nanoparticles in 2007,
extensive research has been devoted to the exploration of the enzyme-like antioxidant potential
of nanomaterials, which revealed immense potential in mimicking a vast array of enzymes
including antioxidant ones such as CAT, HRP, and SOD.* " These nanostructures include
metallic nanoparticles such as Ag,*® Au,> Pt,%° and Pd;®* metal oxides such as C0304,%? Ce02,%
and CuO nanospheres®, as well as V20s nanowires;®® metal chalcogenides such as FeS,®
MoS,,%” and WS, nanosheets;®® carbon derivatives as fullerenes, carbon nanotubes, nanodots;
and MOFs.>" 6% 70 Unlike natural antioxidants, enzymatically active nanomaterials (nanozymes)
have low-cost and often simple synthesis processes, as well as robust structural and functional
stability in wide pH and temperature ranges, typically well outside the operational range of the
mimicked enzymes. Most importantly, many nanozymes are biocompatible and biodegradable
materials with highly tunable physicochemical properties. Thus, nanozymes are expected to

possess outstanding antioxidant potential in various biomedical and industrial applications, as
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well as in conditions where the native enzymes are inactive.”> "2 Nanozymes with antioxidant
potential have indeed been applied in numerous biomedical applications such as tumor therapy,
bioanalysis, disease diagnosis, biosensors, and cytoprotection.*® "> " For instance, Fe3O4-PtFe
composites exhibited antitumor potential while boron oxynitride showed potential in breast
cancer therapy.” " In addition, the peroxidase activity of nanozymes has been heavily explored
in the clinical diagnosis of numerous target molecules such as As>* (ACP/hemin@Zn-MOF),
chloramphenicol (C0304), and MiRNA-141 (Coz0s-Au polyhedron), as well as in the removal
of a large variety of pollutants in water including phenols (Zr-MOF), atrazine (FesOs-
TiO2/rGO), methyl blue (Au@cuxs/Zn0O), and natural organic matter (Carbon-doped FesO4).”
A summary of the advantages, scope, and potential applications of nanozymes is shown in
Figure 4.

Figure 4. Structures, physicochemical properties, and potential applications of enzyme-
mimicking nanomaterials (nanozymes) as alternatives to many natural enzymes of diverse
catalytic roles.

As seen above, nanozymes are often applied in composite form rather than bare materials.
Hence, the formulation of such composites via the ex-situ method, for example, requires a
thorough understanding of the colloidal behavior of nanoparticles and the interparticle
interactions governing the colloidal behavior, since numerous industrial and biomedical

applications require their introduction into fluid, typically agueous, media.
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2.3 Colloidal systems

Colloids are heterogeneous mixtures in which one component, the dispersed phase, is
suspended throughout another, called the dispersion medium. Both constituents can be solid,
liquid, or gas; and the nature of the system is largely dependent on the state of both phases. For
instance, gaseous dispersed phases result in foams, while gaseous dispersion media give rise to
aerosols. In colloids of condensed phases, on the other hand, dispersed liquid phases result in
emulsions, while solid dispersed phases form sols.’® ™ The various classifications of colloidal

systems along with examples are listed in Table 1.

Table 1: Classification of colloidal systems.

Colloid Dispersed phase Dispersion medium Examples
Aerosol Liquid Gas Fog
Solid aerosol Solid Gas Smoke
Foam Gas Liquid Soap
Solid foam Gas Solid Lava
Sol Solid Liquid Colloidal gold
Solid sol Solid Solid Ruby glass
Emulsion Liquid Liquid Milk
Solid Emulsion Liquid Solid Opal

In such mixtures, however, the dispersed phase is not present as individual ions or
molecules as the case with true solutions; rather, it occurs as gas bubbles, liquid droplets, or
solid particles. To be classified as a colloid, the dispersed phase must have at least one
dimension in the range of 1-1,000 nm.”® Hence, colloidal systems have observable properties
that are intermediate between those of true solutions and suspensions (characterized by micron-
sized dispersed particles). In stable sols, for example, solid particles do not spontaneously settle
down under the influence of gravity but remain well suspended in the liquid medium under
constant thermal motion, called the Brownian motion.2% Colloidal systems also exhibit the
Tyndall effect, i.e., the scattering of lights by colloidal particles, as evidenced by visible light
path upon shining a beam of light through the system.

2.3.1 Applications of colloidal systems

Colloids occur frequently in nature such as blood, mud, river deltas, fog, clouds, smoke,
and dust. Also, natural phenomena such as haze and red sunset are attributed to the colloidal
nature of the earth’s atmosphere. Colloids are also central in biology, the environment, and
numerous other fields such as pharmaceuticals and the food industry, where many items such
as milk, ice cream, and butter are colloidal in nature.8* As shown in Figure 5, stable colloids
also occur in many commercial products such as cosmetics, paints, inks, plastics, pigments, and

paper.81-83
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On the other hand, many essential

industries and engineered processes

River Deltas

are based on the manipulation of

existing colloidal systems to achieve
g y Blood [—

the desired purpose. The induction of

artificial rain or cloud seeding, for =

Mud Dust
example, is attained by spraying
clouds with charged particles such as
silver iodide or dry ice, these can
neutralize the charge on water droplets

leading to the coalescence of and

induction of rain.®* Besides, in water

purification, suspended impurities are

removed via coagulation, i.e., by the Figure 5. Industr_ial applications invol_ving colloidal
) _ ) systems. These include the preparation of stable
introduction  of salts of iron or colloidal systems or bringing about destabilization of

aluminum,  which  leads  to already existing ones.

sedimentation.®®> Similarly, rubber is obtained via coagulation of latex colloidal systems,
whereas the process of tanning (obtaining leather by treatment of animal skin) involves the
addition of negatively charged particles to the colloidal animal skin containing positively

charged components, leading to coagulation and skin hardening.& &

2.3.2 Nanocolloids

Nanocolloids are a subclass of colloidal systems comprising particles of at least one
dimension within the nanoscale (1-100 nm) dispersed in fluid, usually aqueous, media. The
comprising nanostructures encompass a vast array of highly functional materials with various
shapes, sizes, and chemical compositions including metallic and polymeric particles,
(transition) metal oxides, metal chalcogenides, coordination compounds, MOFs, carbon
materials, and cluster compounds.®-1 As shown in Figure 6, which shows the colloidal domain
and the nanoscale, biological structures such as proteins, DNA, and microorganisms such as

viruses also have dimensions within the nanoscale.

Nanomaterials exhibit unique physicochemical properties that are intermediate between
those of individual atoms/molecules and bulk materials. In fact, as the particle size approaches
the nanoscale, significant changes are observed in numerous physicochemical properties such

as electrical conductivity, magnetic properties, heat conductivity, mechanical properties such
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as strength and flexibility, chemical reactivity, catalytic potential, color, and melting point.®2
Such changes are generally attributed to four major phenomena: 1) the enormous increase in
the surface area, 2) the subsequent high surface energy, 3) the quantum confinement, and 4) the

reduced imperfections.

Atomic scale Colloidal domain
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Figure 6. The nanoscale and the colloidal domain. Both scales include not only inorganic
nanostructures but also biomolecules such as proteins as well as biological systems such as
viruses. Beyond the colloidal domain lies particulate systems, which are characterized by
micron-sized components.

Figure 7 illustrates the dramatic increase in the surface area as the particles approach the
nanoscale. A solid cube, with a 1.0-cm side length, has a surface area of 6.0 cm?; however,
when that same 1.0-cm?® cube is divided into 1.0 nm3-sized cubes, the resulting 10 cubes have
a total surface area of 6,000 m?, which is comparable to the area of a soccer field! The creation
of more surfaces results in higher surface free energy and increased chemical reactivity
including the emergence of catalytic potential. For example, metallic Au NPs are active
enzyme-mimicking materials, whereas nanoclusters of transition metals such as Pd exhibit
catalytic potential toward various reactions such as oxidative acetoxylation of ethylene.®® % In
addition, the reduction of particle size to the nanoscale brings about quantum effects such as
the quantum confinement of electrons. As shown in Figure 7, the change in the size and shape
of nanomaterials gives rise to significant changes in the density of charge carriers and the
structure of the energy band, which, in turn, will modify the electronic and optical properties of
the materials by altering the energies of electronic transitions.®® For example, semiconductor
2.3-nm CdSe NPs have blue color that turns into red when the particle size increases to 5.5 nm
while nanosized Au can appear red or purple depending on the particle size.%? Also, the melting
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point of bulk Au (1,064 °C) becomes lower than the boiling point of water when the particle
size is reduced to 2.0 nm.%2 Magnetic properties are also prone to change when the particle size
is reduced. For example, diamagnetic bulk Au becomes magnetic at the nanoscale, while
ferromagnetic metals such as bulk Co and Ni become superparamagnetic at the nanoscale, as
the nanoparticles comprise a single magnetic domain if the particle size drops below a critical
value.®? On the other hand, nanosized particles exhibit improvement in mechanical properties

such as toughness, hardness, and elasticity, compared to their bulk counterpart.®

CHANGE IN SURFACE AREA QUANTUM CONFINEMENT
Bulk semiconductors

Nano-sized semiconductor particles
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Surface Area = 6.0 cm’

Energy

© M

Surface Area = 6000 m’ Decreasing size
1- Higher surface area Changes in:
é' Icr;ﬁreaseq reactllt\_nty int 1- Electronic properties 2- Thermal properties
=nangesiminetngjpoli 3- Magnetic properties 4- Color

Figure 7. The emergence of nanoscale phenomena and their effects on the physicochemical
properties of materials as the particle size approaches the nanoscale.

The gradual change in physicochemical properties has given rise to the concept of
tunability of properties, which allows the preparation of nanomaterials with desired properties
by manipulating the size and shape of the particles through the systematic alternation of
synthesis conditions. This has enabled the use of nanostructured materials in countless
applications and fields including electronics, energy storage and conversion, catalysis,
environmental remediation, and biomedical applications.®® % They are also used in several
industries including cosmetics, food processing, construction materials, and aerospace.®” % In
biomedical applications, biocompatible nanomaterials are commonly utilized in drug delivery,
diagnosis, imaging, and therapy, and often exhibit potential as anticancerous, antibacterial, and
anti-inflammatory agents.®®1% The state of nanomaterials during a certain application,

however, is highly dependent on the nature of the materials as well as the application itself. For
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example, nanomaterials may be suspended in gaseous or liquid media, or they are immobilized
or embedded in a solid matrix. For instance, in supercapacitors, the anode and cathode materials
are typically embedded into a solid substrate,'® while during heterogeneous catalysis (e.g.,
ROS scavenging) or drug delivery, the material is dispersed in aqueous or physiological
media.’® Therefore, a thorough understanding of the physicochemical properties of

nanomaterials in colloidal systems is crucial for their effective use in various applications.

2.3.3 Colloidal stability

As seen earlier, the applications of colloids involve either the formation of stable and
highly functional systems or a systematic manipulation of existing ones and thus, a versatile
utilization of colloidal systems warrants a solid understanding of colloidal stability as well as
the interactions governing colloidal behavior. Hence, it is no surprise that extensive research,
theoretical and experimental, has been devoted to understanding the interparticle interactions

in colloidal systems.

2.3.3.1 Interactions in colloidal systems

In colloidal systems, the introduction of solid phases into fluid media brings about different
interaction regimes including intraparticle, interparticle, and particle-medium interactions and
the overall physicochemical properties of the resulting system are dependent on the magnitude
of these forces and the interplay among the different interaction regimes. In addition, while
some of these interparticle forces are inherent to the nature of the dispersed materials, others
are largely affected by experimental conditions such as temperature, ionic strength, pH, nature
of the dispersion medium, particle size, particle shape, surface modification, and presence of
polymeric materials or surfactants, which render colloidal systems susceptible to a number of
dynamic processes such as sedimentation, coagulation, flocculation, dissolution, or chemical

alterations.

While ion-ion interactions are long-ranged (as evident by the dependence on the separation
distance of force in Coulomb’s inverse-square law), all interaction forces among atoms and
molecules are short-ranged (effective at distances up to 1 nm) but are electrostatic in nature as
well, which means that Coulomb’s inverse-square law can theoretically still be used to obtain
the force of interaction upon obtaining the spatial distribution of electron clouds using
Schrodinger equation.'® However, since exact solutions are difficult to obtain, even for the
simplest cases, these forces are divided into different categories, even though they are all
electrostatic in origin and thus, emerge the concepts of dipole-dipole forces, hydrogen bonding,
solvation forces, and so on. For interactions between macroscopic particles and surfaces, on the
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other hand, interactions are long-ranged (< 100 nm) but can be electrostatic in origin (e.g., van
der Waals forces) or entropically driven (e.g., electrostatic and steric forces).% The different

types of interparticle forces in colloidal systems are summarized in Figure 8.
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Figure 8. Interparticle forces that occur within colloidal systems. The van der Waals forces
always exist among charged and neutral species and are always attractive among similar
particles (unless the refractive index of the particles matches that of the medium). The
electrostatic forces play a significant role among the charged particles. The presence of
polymeric chains (neutral or charged) within colloidal systems brings about several other
regimes of interaction forces. The steric repulsion occurs because of repulsion among extended
neutral polymeric chains adsorbed on interacting particles, while charged macromolecules
(polyelectrolytes) bring about electrosteric repulsion. The patch-charge attractions occur
between a charged surface and patches of oppositely charged polyelectrolyte chains adsorbed
on an approaching surface. Bridging of colloidal particles via adsorbed polymeric chains leads
to the flocculation of particles. Depletion interactions occur in the presence of polymeric
macromolecules in a free (non-bound) state. Hydrophobic interactions are strongly attractive
forces that occur among hydrophobic surfaces in polar solvents, and solvation forces are
oscillatory (repulsive or attractive) forces that occur due to the re-structuring of solvent
molecules as two surfaces approach one another.

2.3.3.1.1 The van der Waals forces

The van der Waals (vdW) forces always exist among charged and neutral species and are
attractive as long as the refractive index of the particles is different from that of the medium. In
addition, these forces comprise three types of interactions depending on the polarity of the
interacting species.1% First, Keesom (1912) or dipole-dipole interactions strictly occur between
permanent dipoles of polar molecules. In the gas or liquid phase, dipoles are in constant rotatory
motion but a favored interaction results in the alignment of dipoles that leads to electrostatic

attraction. Second, the dipole-induced dipole or Debye (1920) interactions are brought about
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when a polar molecule alters the electron cloud distribution, i.e., induces a dipole, in nearby
non-polar molecules, which leads to favored alignment of dipoles and induced dipoles, as in
Keesom interactions. Third, instantaneous dipole-induced dipole or London (1930) forces, also
called dispersion forces, occur between all types of molecules and are quantum mechanical in
origin, as opposed to the electrostatic nature of Keesom and Debye forces. For any molecule
(polar or non-polar), the electron cloud can be unevenly distributed at any arbitrary moment,
which gives rise to an instantaneous dipole that alters the electron cloud of any nearby
molecules, resulting in an induced dipole that interacts with the former via electrostatic
attractive forces. These three forces (Keesom, Debye, and London) are collectively called the
vdW forces, each characterized by short-ranged (6™ inverse power separation dependence) and

attractive (negative) interaction potential, V (r):

1
V(r) « 7 (3)
where r is the center-to-center distance between the two interacting molecules. The total

potential energy of vdW interactions is the sum of the contributions of the three forces:10¢: 107

V(r)vdW = V(r)Keesom + V(T)Debye + V(r)London (4)

Obtaining the interaction potential of vdW forces between two macroscopic surfaces or
particles requires the assumption of pairwise additivity and non-retardation of vdwW
interactions. The pairwise addition is achieved by summing the interaction energies of all
atoms/molecules in one body with all atoms/molecules in the other; this approach is called the
Hamaker summation method.!%® For two surfaces at some surface-to-surface distance, x, from
each other, the resulting net two-body vdW interaction potential, V (x),qw, IS largely dependent

on the geometry of the interacting surfaces. %

For two finite planar surfaces of thickness h; and h,:

lat
VX)paw = =

A(l 1 1 1

—\—= - - X 5
2\ T A+ ) G+h)? G+ h2)2> area (5)
For two spherical surfaces with radii R, and R,:

V(x)SPhere — A 2R, R, + 2R1R, tn (2Ry + 2Ry + x)x (6)
vaw 6 \(2R; + 2R, + x)x (2R, + x)(2R, + x) (2R; + x)(2R, + x)

where A is the Hamaker constant.'%: 11 The above expressions can be simplified for the

limiting cases. For example, when planar surfaces have an infinite or semi-infinite thickness or

30

University of Szeged



LITERATURE REVIEW

when the separation is much smaller than the radii of the particles (R > x), equations (5) and

(6) simplify to equations (7) and (8), respectively:

A
V(x)Plate = ~ Tz X area (7)
A/ RyR,

In addition, at short separations, other interaction potentials have simple expressions. For
example, the interaction potentials between two cylinders (side-to-side) with radii R, and R,

and between an infinite planar surface and a spherical with radius R are!® 11

% cyliner A ( R1R2 >1/2 I th (9)
= — X
() yaw (12vV2)x3/2 \R; + R, eng
AR
V(x)lzjclg/;e/sphere — _a (10)

Thus, the vdW forces between macroscopic particles depend on the size, geometry,
separation distance, the nature of the material, and the physicochemical properties of the
medium. The dependence of vdW interactions on the last two factors is manifested in the value
of the Hamaker constant. Compared to vdW interactions between molecules and atoms, the
interaction potential between macroscopic surfaces decays much slower with the absolute
separation distance, as evident by the separation dependence in the vdW expressions, which

renders vdW forces a long-ranged force in colloidal systems.%

The Hamaker approach is based on numerous assumptions including the disregard for the
influence of neighboring atoms on the interaction between any pair and the pairwise additivity
of the interactions. Thus, while the effect of neighboring species is minimized in gaseous
phases, it cannot be ignored in condensed ones, which questions the validity of pairwise
addition. In the Lifshitz approach, proposed by Evgeny Mikhailovich Lifshitz (1954) to treat
vdW interactions, the chemical structures are neglected as the particles are treated as continuous
media. Also, the forces are derived in terms of bulk properties such as dielectric constant and
refractive index. Thus, the Lifshitz approach is not based on the assumption of pairwise
additivity, and hence, the influence of neighboring molecules is considered. Also, the Lifshitz
approach allows the use of the same interaction potential equations for the various geometries
since only the Hamaker constant is obtained differently. Thus, the effect of the neighboring

species and the presence of a dispersion medium is manifested in the Hamaker constant.106: 111
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2.3.3.1.2 Electrostatic forces

If vdW forces are solely present among macroscopic particles dispersed in a fluid medium,
most colloidal systems would be expected to undergo aggregation and/or sedimentation under
the influence of vdW and gravitational forces. In many cases, however, such destabilization
does not occur as evident in cosmetic products, milk, emulsion medications, etc. The high
colloidal stability of numerous dispersed systems indicates the presence of some repulsive
forces, whose magnitude well outweighs that of vdW forces, which explains why numerous
colloidal systems are highly stable and remain so for days and often for years. Most substances,
when introduced into aqueous media, acquire a surface charge that exerts a repulsive
electrostatic effect among like-charged particles, preventing aggregation and system
destabilization. Macroscopic particles acquire interfacial charge upon introduction into aqueous

media via several charging mechanisms such as'!? 3

1. lonization or dissociation of surface functional groups (e.g., acidic/basic groups
such as metal oxides).

2. Specific adsorption of ions from solution onto neutral surfaces.

3. Differential ion solubility (e.g., preferential dissolution of Ag* over CI from AgCl
crystals).

4. 1somorphous substitution of surface ions (e.g., replacement of Si within tetrahedral

layers in clays by Al resulting in negative surface charge).

The acquired surface charge gives rise to a distribution of oppositely charged ions, called
the counter ions, surrounding the charged surface. These two oppositely charged layers of
surface charge and counter ions distribution form the electrical double layer (EDL) that,
although electrically neutral, plays a fundamental role in the electrostatic stabilization of
colloids via repulsion among similarly charged surfaces and attraction among oppositely
charged ones. The distribution of counter ions close to charged surfaces has been the subject of
several models, which are illustrated in Figure 9 along the potential profile surrounding the
particles. In the Helmholtz model (1853), the counter ions are firmly bound to the surface and
form a fixed plane of opposite charge, called the outer Helmholtz plane (OHP), as shown in
Figure 9(a). The potential, P, decreases linearly with the distance between the surface and the
OHP. In the Gouy-Chapman model (1910-1913), shown in Figure 9(b), the acquired surface
charge is balanced by a diffuse atmosphere of counter ions, called the diffuse layer, within
which W decays exponentially from the surface to the boundary of the diffuse layer. The surface

charge and the diffuse layer constitute the EDL."8 "
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Figure 9. Schematic representations of the various models of the EDL at the solid-liquid
interface. a) In the Helmholtz model, the counter ions are rigidly fixed at some distance from
the surface, forming the outer Helmholtz plane (OHP). The potential varies linearly from the
surface potential, Wo, to the potential at the OHP, W. b) In the Gouy-Chapman model, the
charged surface gives rise to a cloud of diffuse distribution of counter ions, called the diffuse
layer, within which the surface potential, Wo, decays exponentially to the potential at the bulk
solution, . ¢) The Stern approximation combines the two models. The Stern layer is the layer
of surface-bound counter ions while the diffuse layer consists mostly of counter ions in diffuse
and rapid thermal motion. The Stern potential, Vs, is the potential at the Stern layer. The
slipping plane marks the special volume of the solution that is dynamically part of the solid
particle (e.g., moves with the particle in Brownian motion and during electrophoresis), and the
potential at the slipping plane is the electrokinetic or zeta ({) potential.

The Stern model (1942) combines the Helmholtz and Gouy-Chapman models, and thus,
the counter-ion layer is suggested to comprise two parts: surface-bound counter ions (Stern or
Helmholtz layer) and the diffuse atmosphere of ions in rapid thermal motion close to the surface
(Gouy-Champan’s diffuse layer). As shown in Figure 9(c), the Stern potential refers to the
potential at the Stern layer, the layer of counter ions that are tightly adsorbed onto the surface.
Beyond the Stern layer is the diffuse layer of counter ions, within which the effective potential
decays exponentially away from the Stern layer. Thus, the maximum potential occurs at the
particle surface and reduces to zero at the boundary of the EDL, since it is electrically neutral.
The hydrodynamic sphere is the volume of the dispersion, within the EDL, that is dynamically
part of the particle during its motion. The boundary of the hydrodynamic sphere is marked by
the slipping plane, and the potential at this plane is called the electrokinetic or zeta potential.”®
A modified version of the Stern model is the Grahame model (1947), where the Stern layer is
further divided into two regions. The first region is comprised of specifically bound non-
solvated ions, whereas the second region includes nonspecifically bound solvated ions, the latter

region extends until the OHP, after which the diffuse layer is located.'!*
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For planar surfaces in electrolyte solutions, the change in the electrostatic potential, ¥,

away from the surface is quantitatively described by the Poisson-Boltzmann equation (PBE):

e —Zl'elli
Vzl/) = _a . zZic;e kpT (11)
L

where ¢, is the permittivity of vacuum, ¢ is the dielectric constant of the medium, e is the
elementary charge, c; is the bulk number concentration of ion i, z; is the valence of ion i, kg IS
the Boltzmann constant, T is the absolute temperature.” The treatment of the PBE gives rise to
several important relations that help to understand electrostatic stabilization in colloidal
systems. These relations include the variation of electrostatic potential away from the surface
and the relation between surface charge and surface potential. However, because the Poisson-
Boltzmann equation is a non-linear second-order differential equation, it can be solved
analytically only in certain cases. Thus, numerical solutions are more feasible to obtain.
However, they largely depend on the surface geometry, the magnitude of the surface charge,
the separation distance, the presence of the solvent, and the nature of the electrolyte. For planar

surfaces in symmetrical (z:z) electrolytes, the potential at point x away from the surface, ., is

given by:
2kgT 1+ye™
Ve = ze log 1—ye‘Kx] (12)
where
ze

y = tanh (4;”;) (13)

B

2,2

2 = Yi Cwi€Z] (14)

egokgT

where c; is the bulk number concentration and « is the Debye parameter.” 1% The inverse
of the Debye parameter, k™1, is the Debye length, which is a measure of the thickness of the
EDL that solely depends on the properties of the solutions such as the ionic strength, the nature
of the solvent, and the temperature. In addition, the PBE can be integrated once to establish a
relationship between the surface potential and the surface charge. For instance, for planar
geometry at large separation, the relationship between the surface charge density and the surface

potential is

—zieo 1/2
0y = *|2kgTeeyXic;| e kBT —1 (15)

34

University of Szeged



LITERATURE REVIEW

where 1, is the surface potential.**® For symmetric, mostly 1:1, electrolytes, the PBE can

be solved analytically, and equation (15) reduces to the Grahame relation:'®

2kpTeeggk zey,
= sinh ( )

= 16
% ze 2kgT (16)

As the two surfaces approach one other, their EDL overlaps, similarly charged surfaces
will experience electrostatic repulsion whereas oppositely charged surfaces will attract one
another. The EDL interaction potential depends on the geometry of particles as well as the
experimental conditions. However, analytical solutions for the interaction potential are only
possible in limited cases. For example, no simple expression for the EDL interaction potential
exists for surfaces in mixed-valence electrolytes (e.g., 2:1, 1:3, etc.), but for z:z electrolytes, the
EDL interaction potential energy per unit area, V(x)gp., between two similarly charged

identical surfaces (infinite planes or spheres of radius R) is given by:®

64kgTco,y?
VEORT = T e an
2
V(x)zzl))fierical — 647TkBT2RC°°y oKX (18)
K

For surfaces with low surface potential (<25 mV) in 1:1 electrolyte, the PBE can be
linearized and simplified to the Debye-Hiickel (DH) equation:

V2Y = k2P (19)

The DH approximation enables analytical solutions for 1) the change in 1, with distance,
2) the surface charge-surface potential relation, and 3) the EDL interaction potential for
spherical and planar geometries.’® 1% Equations (20-24) show the simplified relations, obtained
from the DH model.

Yy = gllioe"‘(x‘R) for spherical surfaces (20)

Yy = Poe™ for planar surfaces (21)

Oyp = €KYy (22)

V(x)ggl,jl " = 2eegrippe all \ellaelci:?rzcl))r/tes (23)

V(x);%fzerical = 2nReggPpge " all \ellaelti:?rgcl))r/tes 24)
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The formation of stable colloidal systems of charged particles requires strong electrostatic
repulsion forces that outweigh the vdW attraction, the above expressions indicate that
experimental conditions such as low salt content, low ion valence, and solvent of high dielectric
constant result in strong electrostatic repulsion, as evident by the expression of the Debye
parameter. Also, for two similarly charged surfaces, the origin of electrostatic repulsion is
entropic in nature. Indeed, for systems of no added electrolytes (i.e., counter ions solely
originate from the surface), attractive Coulombic forces exist between surface-ionized
functional groups and counter ions that can result in their re-association onto the surfaces. On
the other hand, the osmotic repulsion among the counter ions results in the increase of their
configurational entropy. Such increase maintains the diffuse configuration of the counter ions
and keeps them away from the interacting surfaces and one another, giving rise to the diffuse
layer. Thus, when two surfaces approach one another, the electrostatic attraction forces the
counter ions onto the surface, but the dominant osmotic repulsion results in a net repulsive
interaction, resulting in the formation of the EDL as a compromise between the two opposing
effects. A similar argument can be extended to surfaces in electrolyte solutions, where, again,
an electrostatic force component exists, but the dominant force is the osmotic repulsion among

the counter ions, resulting in overall repulsive forces.

2.3.3.1.3 Polymer-mediated forces

The adsorption of polymeric macromolecules onto surfaces gives rise to additional forces
that contribute to the (de)stabilization of colloidal systems (Figure 8). If the adsorbed polymeric
chains on the particles are extended into their EDLs, the aggregation or the approach of two
such surfaces is hindered by steric repulsion among the extended chains. Charged polymers
(polyelectrolytes), on the other hand, result in electrosteric interactions, a combination of steric
and electrostatic repulsions.t’ In both cases, if enough macromolecules exist on the surface,
such polymer-mediated repulsion interactions are sufficient to keep particles separated,
rendering vdW forces ineffective to cause particle aggregation. Like the EDL forces, the steric
repulsion is entropic in origin since compressing the chains between the surfaces of the
approaching particles gives rise to a repulsive osmotic force due to unfavorable entropic
configurations.%® 118 On the other hand, the simple adsorption of polyelectrolyte chains in a
non-extending fashion results in electrostatic repulsion. However, for heterogeneous adsorption
such as low particle coverage, attractive electrostatic interactions, known as patch-charge
interactions, exist between the charged surface and patches of oppositely charged

polyelectrolyte chains on the approaching surface.''® 120 Also, the simultaneous adsorption of
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individual polymeric chains by several particles can result in weak and reversible aggregation,
called flocculation, and gives rise to the bridging forces.’?! In addition, when adsorbed
macromolecules are depleted from the surface or exist in a free state in the medium, the presence
of these non-bound polymeric chains among interacting particles can have both stabilizing and
destabilizing effects. When polymeric chains surround individual particles, they prevent their
aggregation resulting in increased stability, such stabilization is called depletion stabilization.
Nevertheless, the depletion zones of two particles can overlap, resulting in attractive depletion

forces leading to aggregation, as shown in Figure 8122123

2.3.3.1.4 Solvation forces

When two surfaces are a few nanometers apart, the long-ranged forces of vdwW and EDL
cannot fully describe the interaction potential, where the observed short-ranged forces at small
separations are larger than either of the two long-ranged vdW and EDL forces.?* Among the
possible forces acting at short separation distances are the solvation forces. These short-ranged
forces arise because of the re-structuring of solvent molecules in the gap between two
approaching surfaces. Although arising when surfaces are only a few nanometers apart, force
measurements indicate that solvation forces are larger than the vdW forces and are oscillatory
in nature, i.e., varying between repulsive and attractive as the separation distance varies.?> 126
Although, the origin of the repulsion in solvation forces is poorly understood, it is believed to
occur due to the entropic confinement of mobile ions and the dehydration of the surface and the

adsorbed ions.1%®

2.3.3.1.5 Hydrophobic interactions

The hydrophobic interactions refer to the unusually long-range and strong attractive
interactions among hydrophobic surfaces in polar media such as water. Compared to vdwW
forces, hydrophobic interactions are found to be much stronger and of greater range, reported
to be two orders of magnitude stronger than vdW for hydrophobic silica.!% 2 Hydrophobic
surfaces are characterized by the absence of polar or ionic groups as well as the inability to
form hydrogen bonding. Since water molecules typically tend to form a structured network of
clusters, such surfaces have unfavorable interactions with water molecules as they require
entropically unfavorable orientations of the solvent molecules. Thus, as two hydrophobic
surfaces are brought together, the increased free energy of water forces the molecules out of the
gap between surfaces into the bulk, resulting in a strong attractive force among hydrophobic
surfaces. Although several attempts were made to account for these interactions, the origin and

characteristics of the hydrophobic interactions remain poorly understood.®
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2.3.3.2 The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
The DLVO theory, named after scientists who developed it (Derjaguin and Landau, 1941,

Overbeek and Verwey, 1948), is one of the earliest attempts to quantitatively describe colloidal
stability in terms of interactions between the colloidal particles.!? 12 According to this theory,
the particle interactions and the resulting colloidal stability is largely governed by relative
contributions of the vdW and the EDL forces. Thus, the total interaction potential energy,

V(x)r, is expressed as
V) = V(Ovaw + V(X)epL (25)

The attractive vdW forces always exist and are largely inherent to the nature and the
physicochemical properties of the interacting surfaces whereas the electrostatic forces are
highly sensitive to experimental conditions such as the pH, the ionic strength, the surface
charge, and the nature of the solvent.**> 131 Thus, when the overall contribution of the two forces
IS attractive, such as at high ionic strength or pH at the PZC, the particles undergo aggregation
leading to destabilization of the colloidal system. Conversely, when conditions result in an
overall repulsive interaction such as at low ionic strength, highly polar media, and high surface
charge, e.g., highly (de)protonated inorganic nanoparticles; the colloidal system maintains high
colloidal stability characterized by dispersed and well-separated particles. Since various
expressions for vdW and EDL, depending on the geometry, potential, etc. as seen earlier; the
final expression of V(x); can be simply obtained by summing the corresponding individual
expressions of vdwW and EDL.*¥® Thus, in a system of differently sized spherical particles of
low potential and where R; and R, > x, the total interaction potential is the sum of the
individual contributions of vdW and EDL forces, as shown below:

A RiR, RyR,

- + 2 ,—KX 26
xR+ R, T "R, + R, EoVo¢ (26)

174 (x) ;phere —

Figure 10 shows the typical interaction potential of the vdW and EDL forces and the total
interaction (the DLVO profile), as two similar particles approach each other (homoaggregate).
The primary minimum represents a very strong attractive total interaction and indicates that
vdW forces dominate at short separation. At slightly larger distances, on the other hand, the
DLVO profile is characterized by the evolution of an energy maximum, called the energy
barrier, representing a strong repulsive interaction, dominated by the EDL repulsion forces. At
larger separation, the DLVO profile is characterized by a shallow attractive secondary

minimum, which corresponds to interactions leading to weak and reversible aggregation such
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as flocculation.'® At very small distances, strong non-DLVO repulsive forces, indicated by the
dashed portion of the total interaction, arise due to the interaction among the electron clouds

and are known as the Born repulsion.!3

The height of the energy barrier and the -
nergy
barrier

depth of the primary and secondary minima
provide insight into the magnitude of the
individual forces involved. The total

interaction potential of highly charged

particles, for instance, is expected to be -~ Secondary minimum

Total Interaction

potential Van der Waals forces

characterized by a high energy barrier
indicating strong and long-ranged repulsion

forces. Weakly charged particles, on the other Primary minimum

Total Interaction Potential Energy (V)

hand, are expected to have a low energy

barrier and undergo aggregation more rapidly. Separation distance (nm)

When the energy barrier is too high to Figure 10. The total interaction potential (V)
or the DLV O force profile as a function of the
separation distance. The magnitude of V7
even if the aggregation is thermodynamically depends on the sum of the repulsive EDL and
the attractive vdW forces. The dashed line
refers to short-ranged non-DLVO repulsion,
systems are referred to as kinetically stable. ~ known as “Born repulsion”.

overcome, the particles remain well-dispersed,

favorable at the primary minimum. Such

In multi-components colloidal systems, the aggregation among similar and dissimilar
particles occurs simultaneously. The vdW interactions generally remain attractive but vary in
magnitude since the Hamaker constant is different for dissimilar particles. Also, since dissimilar
particles can have different surface charge densities, the interaction energies of EDL forces vary
widely. For oppositely charged particles, the EDL forces between particles are always
attractive. Hence, the DLVO profile for oppositely charged and dissimilar surfaces has no
repulsive energy barrier since both vdw and EDL forces are attractive. 3% 1%

Despite its success, the DLVO theory has significant limitations resulting in discrepancies
between theoretical predictions and experimental results. In the DLVO model, the vdW
interactions are valid as long as the separation distances between colloidal particles are greater
than atomic dimensions, and significant deviations are observed in the measured and predicted
electrostatic interactions in systems of divalent electrolytes. In addition, discrepancies can also

arise as a result of frequent assumptions involving oversimplification of the properties of real
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colloids such as smooth surfaces, uniform charge distribution, and ideal geometries. Also, the
disregard of non-DLVO forces such as short-range repulsions, hydrogen bonding, hydrogen
donor/acceptor reactions, hydration, and (electro)steric interactions can result in significant
disagreement between theory and experiment. In some cases, however, various models of
extended DLV O theory have been formulated to account for certain limitations such as surface

roughness and the involvement of other forces such as steric or hydrophobic interactions. 136 137

2.3.4 Particle aggregation kinetics

2.3.4.1 Aqgreqgation of similar particles (homoaggregation)

The DLVO theory enabled the determination of the various regimes of the interparticle
forces, at which the colloidal stability of a given system can be qualitatively predicted. Since
colloidal systems are constantly susceptible to aggregation, a quantitative description of the
aggregation process is of special importance since control over colloidal stability is vital in
numerous applications involving colloidal systems. Also, the course and the extent of the
aggregation process are largely dependent on whether the net interaction is repulsive or
attractive, which is determined by the total interaction potential of the system, as predicted by
the DLVO theory.

The aggregation phenomenon can generally be divided into two aggregation phases.
Initially stable suspensions are often assumed to be monodisperse in terms of the spatial
distribution of primary particles. In the early-stage aggregation phase, the aggregation is
dominated by the formation of dimers while in the late-stage aggregation phase, higher-rank
aggregates (trimers, tetramer, etc.) are formed.'*® The occurrence of these two phases is
expected to be influenced by the physicochemical properties of particles and the experimental
conditions such as the pH, the ionic strength, and the particle concentration.

Figure 11(a) shows the change of the hydrodynamic radius over time when the particle
concentration is raised at given pH and ionic strength. Stable systems (white region) exhibit no
change in the hydrodynamic radius over time, which typically occurs in highly diluted systems.
In addition, colloidal systems are said to exist in the early-stage aggregation if the aggregation
statistically results in dimer formation (within a given time frame). For spherical particles, the
hydrodynamic radius of the dimers was determined to be 1.38 times that of the comprising
monomers, as estimated from the hydrodynamic interactions in fluids of low Reynold
numbers.3® As shown in Figure 11(a), for diluted systems of spherical particles (green region),

such a condition is met when the maximum increase in the hydrodynamic radius is around
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~38%. The late-stage aggregation (gray region), on the other hand, results in a higher increase
in the hydrodynamic radii due to the formation of large aggregates (Figure 11(a)). The late-
stage aggregation frequently occurs in concentrated systems, in which subsequent phenomena

such as sedimentation, creaming, and gel formation can be observed.14% 141
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Figure 11. (a) The various phases of the aggregation process. The early-stage aggregation
statistically involves the formation of dimers and mostly occurs in diluted systems. The late-
stage aggregation, on the other hand, involves the formation of higher-rank aggregates and
occurs in concentrated systems. At given pH and ionic strength, the change in the particle size
over time is used to probe the different aggregation phases at various particle concentrations.
(b) In the early-stage aggregation, the aggregation rate is affected by the salt level in the system.
At low salt levels, the system is stable or very slowly dimerizes (slow aggregation regime),
while at high salt levels, the dimer formation proceeds rapidly (rapid aggregation regime). The
system transitions between the two regimes at a characteristic salt concentration, called the
critical coagulation concentration (CCC).

In addition, two aggregation regimes exist within the early-stage aggregation. Figure 11(b)
illustrates the course of early-stage aggregation (the green region in Figure 11(a)) when the
salt-induced aggregation is probed by the systematic increase of ionic strength at a given pH
and particle concentration. At low salt content, the colloidal system is generally stable or slowly
aggregating into dimers. Such systems remain in the slow aggregation regime until the salt
level reaches a certain value, called the critical coagulation concentration (CCC). When the
ionic strength is larger than that at the CCC, the colloidal system transitions to the rapid

aggregation regime where the dimer formation occurs very rapidly.

In the quantitative treatment of aggregation kinetics, a prime assumption is that the
aggregation phenomenon is a second-order process, and thus, particle aggregation is brought

about because of binary collisions. Hence, the number of collisions per unit time and volume,
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Jij» occurring between i and j particles, is expressed as follows:
Jij = kijN;N; 27

where k;; is the collision rate coefficient of primary particles while N; and N; refer to the
number concentrations of i and j particles, containing i and j primary particles in the formed
aggregates. The final form of this expression largely depends on the nature of the interaction
forces in the system as well as the particle transport mechanism. When repulsive interactions
are absent, the particles approach one another via diffusion. Using the Einstein-Stokes equation,

Marian von Smoluchowski (1917) showed that k;; for spherical i and j particles with radii R;

and R; is

_ 2kgT (R; + R))?

28

where kg is the Boltzmann constant, T is the absolute temperature, and 1 is the medium’s
dynamic viscosity. In the case of similarly sized particles, the collision rate no longer depends

on the aggregate size and the k;; becomes the Smoluchowski rate constant, k:*% 143 144

8kyT

s=—3—=123x1077m3s™t at25°C (29)
U

In addition, Smoluchowski proposed an expression for the rate of change of k-fold

aggregated particles:4?
l k-1

de
= Z kiiN;N; — Ny Z ki N; (30)

l+]—>k

In the development of this expression, all collisions are assumed to lead to irreversible
aggregation. Also, the particles are assumed to be spherical, and the aggregation is a second-
order process. The first term represents the rate of formation of aggregates formed as a result
of collisions of i and j aggregates such that i + j = k, while the second term expresses the loss

of k-fold aggregates by collisions with any other aggregates.'#2

In the early-stage aggregation, however, the aggregation is limited to the dimer formation
of two primary particles in a second-order process, with a net loss of one particle. Hence, the
Smoluchowski expression enables the determination of the change in the number concentration

of primary particles, N;, as well as the change in the total number of particles, N;:
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dn, ,
2 = — 31
( dt )HO faaNi 1)
dNT kll dNT kll
—_— = ——NZ _— = ——N2 32
(dt)tﬁo 2 07T g 2 T (32)

where Ny = N; + N,.1*® By obtaining the integrated second-order rate law, and setting the
final number concentration of particles as half of the initial one (N, = N; + 2N,), the expression
of the aggregation half-time, T, ,,, the time required for half of the primary particles to aggregate
into dimers, can be obtained:4% 143

2

_ 33
hz =1 (33)

In the absence of an energy barrier, the aggregation is controlled solely by diffusion and
the k4, is equivalent to the Smoluchowski rate constant, k., obtained using equation (29). On
the other hand, when both attractive and repulsive interactions are present, only a fraction of
collision will lead to aggregation, and thus, the slower aggregation rate is related to particle
interactions by the Fuchs stability ratio, W, introduced by Nikolai Fuchs (1934), by treating the

problem as particle diffusion in a force field.108 110,145

Vr

I (34)
W—ZJ0 (2+u)2du

where V; is the total interaction potential and

The magnitude of the stability ratio is directly proportional to the colloidal stability of the
corresponding systems. Stable colloidal systems are characterized by very high stability ratio
values while unstable and rapidly aggregating colloidal systems have low stability ratio values

close to one.

2.3.4.2 Quantitative assessment of colloidal stability

Experimentally, the state of colloidal systems is often characterized by dynamic (DLS) and
electrophoretic (ELS) light scattering.'? The DLS technique is used to obtain the hydrodynamic
radius, Rn, and the particle size distribution of colloidal particles and polymers in solutions,

while ELS is used to obtain the electrophoretic mobility and the electrokinetic (zeta) potential
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of charged particles. Appendix B details the theoretical background and data acquisition of
both scattering techniques. Moreover, during the time-resolved DLS, the aggregation rate can
be quantitatively determined by monitoring the change in hydrodynamic radii of particles over
time. The apparent aggregation rate constant, k,,,,, can be obtained from the time-resolved

DLS measurements using the following expression: 1%

1 /dRy (D)
k, = .( ) (35)
app Rh(O) dt t—=0

where N, is number particle concentration (in m=), Ry (o) is the hydrodynamic radius of

the monomer particles, and deLt(t) is the slope of the linear fit of the R;,-time data for the system

under study. Then, the stability ratio, W, can be experimentally determined via the time-
resolved DLS by obtaining the ratio of the experimentally obtained rate constants.'4®
k
W = app(fast) (36)
Kapp

The kgpp(rast) €an be measured by determining kg, at diffusion-controlled conditions at

app
high ionic strengths where no energy barrier exists, i.e., no repulsive electrostatic forces. Since
the magnitude of the stability ratio is directly proportional to the colloidal stability of the system
under study, the salt-induced aggregation measurements, where the ionic strength is changed,
can be carried out to obtain the CCC from the stability ratio-ionic strength data using the

following expression:

cce >ﬁ a7

Celectrolyte

W:1+<

Where cereceroyte 1S the bulk electrolyte concentration (in mol/L) and f is obtained from

the stability ratio values in the slow aggregation regime as follows:4’

1
dlog (W) (38)

dlog Celectrolyte

A step-by-step explanation of how to obtain the CCC from experimentally determined
stability ratio-ionic strength data is illustrated in Appendix C.

2.3.4.3 Aqggregation of dissimilar particles (heteroaggregation)

In colloidal systems of two or more components, the aggregation among similar particles
(i.e., homoaggregation) can take place in parallel to heteroaggregation, the aggregation among
different particles.*® Since most naturally occurring and industrial colloidal systems are multi-
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components in nature, heteroaggregation is a fundamental colloidal phenomenon and occurs
frequently between components of different chemical composition, surface charge,
morphology, and size.**® Depending on the application of interest, the heteroaggregation may
be an undesired process in such fields as pharmaceuticals and paint. On the other hand,
aggregation is often deliberately induced as part of the manufacturing processes in several
industries such as rubber-making and leather tanning.® 87 In addition, the coagulation of
dissimilar components has been widely used in the treatment of industrial wastewater

(effluents) in several industries and fields including leather, mining, power generation, and

150, 151

paints.

Figure 12. A Schematic illustration of heteroaggregation of particles of various sizes and
shapes, where the aggregation of different particles is initiated by careful manipulation of the
experimental conditions, and thus, the variation of the interparticle forces.

Most importantly, however, the controlled heteroaggregation between nanostructured
materials (e.g., nanospheres, nanoplates, or nanotubes) has been used in the preparation of
highly functional composite material with diverse structures and numerous applications
potentials such as catalysis, drug delivery, water purification, artificial enzymes, and energy
storage, among others.'%>1% Such engineered hybrid materials have been prepared via both in
situ (by preparation of one material in the presence of another) or ex-situ heteroaggregation
(direct aggregation of pre-synthesized particles by simple mixing of the respective dispersions).
The heteroaggregation is illustrated in Figure 12; in both cases, the aggregation of dissimilar
particles is induced by careful manipulation of experimental conditions, and thus, the
optimization of the interparticle forces. Like homoaggregation, dissimilar particles form
heteroaggregates via DLVO and non-DLVO forces including vdW, electrostatic, and bridging

forces.’® Several fundamental studies have probed the interactions between dissimilar
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particles, these include heteroaggregation of oppositely charged polystyrene latex particles, as
well as heteroaggregation among metal oxides including ZnO and CuO and between SiO> and
Al,03. 571 Compared to homoaggregation, though, the heteroaggregation has not been studied
to the same extent due to the difficulty in either theoretical or experimental approaches. For
example, Lin et al. proposed an approach for distinguishing heteroaggregation and
homoaggregation to determine the heteroaggregation rate constants. However, the approach is
only valid for systems of particles with identical size and composition but different surface
properties.'®® Thus, the heteroaggregation process remains quantitatively poorly understood due

to the limitations of existing theories and their underlying assumptions.

46

University of Szeged



OBJECTIVES

3 Objectives

In the work pertaining to this dissertation, we aspire to deliver multi-functional composites
with antioxidant potential. The composites are formed by the systematic and controlled
heteroaggregation of inorganic nanozymes (Prussian blue, MnO,, and CeO2) with amidine-
(AL) and sulfate- (SL) functionalized polystyrene latex beads. The latex-nanozyme composites
are foreseen to mimic such antioxidant enzymes as SOD, CAT, and HRP enzymes. Also, the
heteroaggregation is expected to occur under the influence of electrostatic and van der Waals

attractive forces after systematic optimization of the experimental conditions.

Initially, the colloidal properties (the aggregation status, the particle size, and the zeta
potential) of nanozymes and latex were probed at various pH, ionic strength, and concentration
conditions to determine the optimal aggregation conditions, where the electrostatic attractive
forces are maximized and homoaggregation is prevented to allow the effective formation of
composites of robust stability and antioxidant potential.

In addition, when the particles to be heteroaggregated, i.e., latexes and nanozymes, are
similarly charged at the optimal pH conditions, the surface charge on the nanozymes is modified
with the adsorption of an oppositely charged polyelectrolyte prior to their heteroaggregation
with the relevant latex. Here, a positively charged polyelectrolyte, named PDADMAC or
poly(diallyldimethylammonium chloride), is used to surface-modify the charge of the metal
oxides (MnO2 and CeOy). The proper dose of the PDADMAC is carefully determined by
observing the colloidal properties (aggregation rate and zeta potential) at various PDADMAC
doses, where the proper dose shall bring about highly positively charged metal oxide particles

that are foreseen to effectively heteroaggregate with negatively charged SL.

Next, the formulation of the latex-nanozyme composite was achieved by heteroaggregation
of the components under the assessed experimental conditions (pH, ionic strength, PDADMAC
dose, and latex concentrations). Similar to the adsorption process, the amount of nanozyme to
be immobilized on the latex is expected to largely affect the stability of the resulting composites,
and thus, the aggregation rate and zeta potential of the latex-nanozyme composite is assessed
at various nanozymes doses, where the optimal dose is expected to give rise to highly charged

hybrid particles with high stability ratio.

Finally, standardized assays were used to examine the antioxidant activities of the
formulated composites including SOD, CAT, and HRP enzymes, as well as the potential to
reduce the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical.
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4 Experimental Section

The current section details the experimental aspects of the measurements performed

including the instrumental methods, procedures of material synthesis, procedures pertaining to

nanoparticles functionalization and composite formation, qualitative and quantitative

description of the enzymatic assays followed during the assessment of the enzyme-like potential

of the bare nanozymes and their corresponding composites.

4.1 Reagents and precursors

Table 2 lists the details of reagents and precursors used for material synthesis as well as

various measurements. The chemical grade and purity are provided when available. In addition,

Table 3 lists other accessories used throughout the experimental work.

Table 2: Reagents and precursors used during material synthesis, composite formulation, and
assessment of the enzyme-like potential.

Material Form Grade Purity Supplier
Hydrochloric acid HCI AnalaR NORMAPUR  37% m/m VWR™
Sodium hydroxide NaOH AnalaR NORMAPUR  >99.3%, VWR™
Hydrogen peroxide H202 N/A 30% m/m VWR™
Sodium chloride NaCl N/A 99.9% VWR™
Ethanol CHsCH,0H AnalaR NORMAPUR  absolute VWR™
Ammonia solution NH,OH AnalaR NORMAPUR 25% VWR™
Methanol CH3OH AnalaR NORMAPUR VWR™
Dimethyl sulfoxide C2HsOS AnalaR NORMAPUR VWR™
Ethylene glycol C2Hs0> AnalaR NORMAPUR 95% VWR™
Cerium (111) nitrate hexahydrate Ce(NO3)3-6H,0 99.5% Acros Organics™
*PDADMAC (CeH16NCl)n 20% m/m Sigma-Aldrich
*TMB CisH20N2 >99% Sigma-Aldrich
*DPPH C1gH12N5056 95% Alfa Aesar
Acetic acid CHsCOOH Ph.Eur./USP glacial VWR™
Sodium acetate trihydrate NaCH3COO-3H,0 >99.5% VWR™
Disodium phosphate Na;HPO4 GPR RECTAPUR® >99% VWR™
Monosodium phosphate NaH2PO4 99% Acros Organics™
*TRIS C4H11NO3 AnalaR NORMAPUR VWR™
Acetone C3HsO 99.8% VWR™
Potassium persulfate K2S,0s AnalaR NORMAPUR 98% VWR™
Potassium permanganate KMnO4 Reagent grade 99% Acros Organics™
*NBT CaoH30CI2N1006 90% Acros Organics™
Styrene CgHs 99% Acros Organics™
Polyvinylpyrrolidone (CeHoNO) Acros Organics™
Oleic acid CigH3402 Technical grade 99% Sigma-Aldrich
Xanthine oxidase enzyme 0.4-1.0 Sigma-Aldrich
Xanthine CsHaN4O2 99% Alfa Aesar
*AL (CgHs)n 4% wiv Invitrogen™
Potassium chloride KClI >99.5% VWR™
Potassium ferricyanide Ks[Fe(CN)g] >99.0% VWR™
Iron (1) chloride tetrahydrate FeCl,-4H,0 >99% Acros Organics™
Guaiacol C7/HsO> 99% Acros Organics™

*PDADMAC: Poly(diallyldimethylammonium chloride), TMB: 3,3',5,5"-Tetramethylbenzidine, DPPH: 2,2-
diphenyl-1-picrylhydrazyl, TRIS: Tris(hydroxymethyl)aminomethane, NBT: Nitro blue tetrazolium chloride,
AL: Amidine-functionalized polystyrene latex.

48

University of Szeged



EXPERIMENTAL SECTION

Table 3: Accessories used during material synthesis, composite formulation, and
assessment of the enzyme-like potential.

Accessory Remarks Supplier
Helmanex Glassware cleaning agent Hellma
Puranity TU 3 UV/UF+ system Ultrapure water supply VWR™
PVDF-based syringe filters (0.1 pm) Filtration of ultrapure water MILLEX-VV
Spectra/Por® 6 Dialysis membrane tubing SpectrumLabs

4.2 Instrumental methods

4.2.1 X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) analysis of synthesized nanozymes was
carried out using the SPECS™ instrument. The Al Ka X-ray source was operated at 14 kV and
150 W. The PHOIBOS 150 MCD 9 hemispherical analyzer was run in fixed-analyzer
transmission mode. The pass energies for the survey and high-resolution scanning were set at
40 eV and 20 eV, respectively. A small sample of the material under study was pressed into a
piece of indium foil and loaded into the main chamber (operated under a pressure range of 10~°-
1071° mbar) on the Au-coated sample holder. Using surface adventitious carbon (284.8 eV) for
charge referencing, the XPS data were evaluated using the commercial CasaXPS software

package.

4.2.2 X-ray diffraction

The X-ray diffraction (XRD) patterns were obtained for CeO, NPs using Bruker D8
Advance diffractometer. The Cu Ka source provides an incident monochromatic beam with a
wavelength of 1.5406 A. The XRD diffraction patterns were recorded at 5°/min over a 20 range
of 20°-80° and were further compared with the standard reference patterns of the Joint
Committee on Powder Diffraction Standards (JCPDS) databases of the International Center for

Diffraction Data.

4.2.3 Electrophoretic light scattering
Zeta potential values were determined via the ELS technique using the Anton Paar
Litesizer™ 500 device, equipped with a 658-nm laser source (40 mW). The applied voltage
was kept at 200 V throughout all ELS measurements, and the scattered light was collected in
backscattering mode and analyzed using the phase analysis technique.'®* After the sample
preparation, the samples were allowed to equilibrate for 120 min at room temperature before
the measurement. To obtain the zeta potential, 750 uL was withdrawn from the sample under
study and introduced into an omega cuvette (Anton Paar™). The zeta potential measurement
was then performed at 25.0+0.2 °C and reported as an average of 6-8 runs.
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4.2.4 Dynamic light scattering

The aggregation rates were obtained using the ALV-NIBS/HPPS Particle Sizer, equipped
with a 632.8-nm laser source. Also, the hydrodynamic radii were obtained using the Anton Paar
Litesizer™ 500, equipped with a 658-nm laser source. The scattered light was collected at 173°,
and the data analysis was based on the cumulant fit.*3® The aggregation rate measurements were
initiated immediately upon the addition of the desired volume of the last component in the
sample under study. The final volume for all samples is 2.0 mL. Also, the aggregation rates and
hydrodynamic radii were obtained at 25.0 + 0.2 °C using disposable polystyrene cuvettes. The
hydrodynamic radius results were reported as an average of 30-50 runs. On the other hand,
during time-resolved DLS, the change in the hydrodynamic radius over time was recorded
(containing 30-100 measurement points) to obtain ky,,, W, and Ty , using equations (35), (36),

and (33), respectively.

4.2.5 Electron microscopy

The morphology of bare nanozymes as well as the formulation of the composites were
probed via scanning electron microscopy (SEM, Hitachi S-4700) and transmission electron
microscopy (TEM, FEI Tecnai G2-20-X-TWIN). During the preparation of TEM samples,
small aliquots (~5 puL) were withdrawn from the dispersion of interest and introduced on a Cu-
coated carbon mesh in a drop-wise fashion, with each aliquot left to adsorb for 10 seconds
before the addition of more material. To ensure complete evaporation of the solvent, the
samples were prepared at least 30 min before imaging. As for SEM samples, 5-uL volumes
from the dispersion of interest were introduced onto the sample holder, which is comprised of
a silicon wafer on a disk of aluminum, and were left to dry for at least 10 min. Since SEM
requires conductive specimens, the sample holder was coated with Au thin film via the

sputtering technique to enable SEM imaging.

4.2.6 Atomic force microscopy

The atomic force microscopy (AFM) images were obtained via the tapping mode at room
temperature using a Multimode Nanoscope Illa AFM microscope (Digital Instruments, USA).
The Si-tip cantilever (Veeco Nanoprobe Tips) was operated with a resonance frequency of 275—
300 kHz. Height and amplitude AFM images were simultaneously obtained at a scan rate of 1.0
Hz. The Gwyddion software was used for image analysis. As for the sample preparation, small
aliquots of dispersions were deposited on a freshly cleaved mica (Ted Pella, Highest Grade V1)
and were left to dry at room temperature prior to imaging.
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4.2.7 Raman spectroscopy

The formation of CeO, NPs and their composites were confirmed via recording and
comparing the Raman spectra of bare and immobilized CeO> NPs. The spectra were recorded
with Bruker Senterra Il Raman microscope, equipped with a laser source (100 mW) with a
wavelength of 785 nm. The results were reported as an average of 128 spectra with 6.0 s

exposure time.

4.2.8 UV-Vis spectrophotometry

The spectrophotometric technique (GENESYS™ 10S, Thermo Fischer Scientific) was
used to characterize nanozymes as well as observe the change in absorbance of the relevant
chemical species during the assessment of the enzyme-like catalytic potential. The enzymatic
assays typically involve the use of indicator compounds that change color due to significant
alteration in chemical structures, these changes result in notable changes in their absorption

spectra that can be indirectly used to qualitatively assess the enzyme-like catalytic potential.

4.3 Synthesis of nanozymes and latex beads

4.3.1 Synthesis of Prussian blue nanoparticles (PB NPs)

PB NPs (Fes[Fe(CN)s]3) were prepared by the co-precipitation of ferrous (FeCl.) and ferric
(K3[Fe(CN)g]) salts.'®? Using Hellmanex® III and concentrated HCI solution, the glassware
was rigorously cleaned and washed with a copious amount of ultrapure water. Then, 100 mL
of K3[Fe(CN)e] solution (1.0 mM) was added dropwise to 100 mL of FeCl; solution (1.0 mM)
under vigorous magnetic stirring. The color of the mixture slowly developed into dark blue as
more Kaz[Fe(CN)e] was added. Then, 400 mL of acetone was added to the resulting blue
dispersion, and the solid PB was collected by centrifugation at 9,000 rpm for at least 30 min
and washed using acetone. The centrifugation step was repeated until all material was retrieved.
The solid PB was then dispersed in a proper volume of ultrapure water to obtain a 10.0-g/L

stock dispersion.

4.3.2 Synthesis of manganese (1V) oxide microflakes (MnO2 MFs)

The MnO, MFs were prepared by a redox procedure.!®® After a thorough cleaning of
glassware, a 0.013 M KMnOg4 solution was prepared by dissolving 1.0 g of KMnOg in 500 mL
of ultrapure water followed by vigorous stirring of the purple solution for 30 min. Then, the
formation of MnO> MFs was initiated by the addition of 10.0 mL of oleic acid to the KMnO4
solution, maintained at 28 °C, and the resulting mixture was then left under vigorous agitation

for 5 h at the same temperature. After 5 h, the black MnO solid was retrieved by centrifugation
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and subsequent washing with water and ethanol to remove unreacted components. The obtained
solid precipitate was then dried at 80 °C for 10 h. After that, the prospective MnO- solid was
dispersed in an adequate volume of ultrapure water to obtain a 10.0-g/L stock.

4.3.3 Synthesis of cerium (IV) oxide nanoparticles (CeO2 NPs)

Initially, glassware was vigorously cleaned with Hellmanex® III and concentrated HCI
solution. The CeO2 NPs were synthesized according to the reported procedures.'®* First, 7.8 mL
of 95%-ethylene glycol was added to 92 mL of ultrapure water followed by 5.16 g of
Ce(NO3)3.6H20, and the pH of the mixture was adjusted to 9.6, by the careful addition of NHa.
The reaction was left under mild stirring at 50 °C, where the reaction mixture gradually
developed a yellow color, signaling the formation of CeO2 NPs. The yellow solid was retrieved
by centrifugation and subsequent washing with ethanol and water. The solid was then left
overnight at room temperature to allow the complete evaporation of the solvents. The yellow

CeO- solid was dispersed in a proper volume of ultrapure water to obtain a 10.0-g/L stock.

4.3.4 Synthesis of functionalized polystyrene latex particles

The AL particles were commercially obtained with a mean diameter of 510 + 2 nm. On the
other hand, the SL particles were prepared by emulsifier-free emulsion polymerization.1®°
Initially, 60.5 mg poly(vinylpyrrolidone) (PVP) and 12.1 g styrene were mixed in 100 mL of
deionized water in a 250-mL round bottom flask, kept under N> atmosphere. The three-neck
flask was connected to a reflux setup and was then immersed in an oil bath, maintained at 25
°C. After that, the mixture was stirred at 400 rpm for 30 min, during which the temperature was
progressively increased to 70 °C. The polymerization was then initiated by the introduction of
300 mg of K>S>0s (dissolved in 20 mL of deionized water), where the reaction was left at 70
°C for 24 h. After that, the mixture was allowed to cool to room temperature, and the unreacted
styrene and PVP were removed by repeated washing, centrifugation, and re-dispersing, where
the product was washed using ultrapure water and ethanol. The product mixture was then
dialyzed against water for 24 h and the final SL concentration was set at 50 g/L, obtained by

properly diluting the original mixture.

4.4  Structural and colloid characterization

After synthesis, the identity and the chemical composition were initially characterized for
each of the prepared nanoparticles (PB NPs, MnO. MFs, CeO2 NPs) via several techniques
such as XPS and XRD, as well as Raman and UV-Vis spectroscopy. The AFM, SEM, and TEM

techniques were utilized to probe the morphology of the synthesized particles at the condition
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of interest. In addition, for nanoparticles and support materials (AL and SL), initial
characterization of the surface properties is deemed necessary to obtain information on the
aggregation tendencies upon introduction in aqueous media, i.e., the changes in the aggregation
status with two of the most characteristic parameters of aqueous systems, the pH and the ionic
strength. The obtained trends are expected to provide a vital starting point to set the optimal
experimental conditions for the effective heteroaggregation of the comprising particles and

subsequent formulation of robust composite materials.

4.4.1 The optimization of the pH conditions

The origin of the surface charge in metal oxides is attributed to the deprotonated surface
hydroxyl and carboxyl groups. If significant surface charging occurs, the generated electrostatic
repulsion prevents particle aggregation giving rise to stable systems. Hence, in the pH-
dependent surface charging measurements, the dependence of hydrodynamic radius and zeta
potential on the pH is probed at constant ionic strength to determine the optimal pH conditions
for the SL and nanozymes. For each material, equally concentrated acidic (pH 3.0) and alkaline
(pH 11.0) stock dispersions were prepared. After that, a series of secondary dispersions was
prepared by systematic mixing of the two stocks so that the pH of the secondary dispersions
incrementally spans the pH range of 3-11. The purpose of such a procedure is to maintain
constant material concentration and ionic strength while solely changing the pH of the medium.
In fact, the ionic strength is automatically fixed at 1.0 mM in the secondary dispersions since
the acidic and basic stocks have identical p-values for hydroxide (pOH 3.0) and hydronium (pH
3.0) ions, respectively. The pH in the secondary dispersions was then unambiguously measured
and the dispersions were left to equilibrate for 120 min prior to DLS and ELS measurements.
For each secondary dispersion, the obtained hydrodynamic radius and zeta potential data were
then plotted as a function of the pH. The stocks of nanozymes are prepared as follows: 100
mg/L PB, 125 mg/L SL, 50 mg/L MnOz2, and 50 mg/L CeO2. The commercially obtained AL
particles were not characterized for pH-dependent surface charging.

4.4.2 The optimization of the latex concentration

The optimal concentration of SL or AL particles is established by probing particle
aggregation over time using time-resolved DLS.1® Precisely, the change in the hydrodynamic
radius over time in 2.0 mL samples was probed at different SL or AL concentrations (1-200
mg/L). The ionic strength was fixed at 1.0 M (using KCI for AL and NaCl for SL), at pH
conditions determined from prior measurements. The optimal concentration of the support

particles could be obtained by comparing kg, and T; , values at the corresponding particle
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concentration, these two parameters can be obtained using equations (35) and (33), respectively.
As established earlier, the presence of high salt levels leads to significant charge screening and
weakens the electrostatic forces, resulting in diffusion-controlled homoaggregation under the
influence of the vdW forces. Thus, in each of the 2.0-mL samples, 1.0 mL was withdrawn from
the 2.0-M salt solution and added to a certain complementary volume of filtered water; after
that, a certain volume of AL or SL dispersion was added immediately prior to running the time-

resolved DLS measurements.

4.4.3 The salt-tolerance of latex and nanozyme systems

The trends in the homoaggregation of individual particles (latex and nanozymes) induced
by the presence of progressively increased salt level (KCI for AL, and NaCl for SL, CeO2 NPs,
and MnO2 MFs) was probed using ELS and time-resolved DLS to obtain the zeta potential and
stability ratio values, respectively. By fixing particle concentrations and changing the ionic
strength up to 1.6 M, the salt tolerance of the colloidal systems can be evaluated in a series of
samples of systematically increased salt concentrations. In each of the 2.0-mL samples, a certain
volume of salt was added to a certain complementary volume of filtered water, after that, the
volume of particle dispersion is added immediately prior to running the time-resolved DLS
measurements. Similar samples were similarly prepared and left to equilibrate for 2 hours
before the ELS measurements to obtain the zeta potential values. The stability ratio and zeta
potential values are graphed against the corresponding ionic strength. The final concentration
of particles is set as follows: 25 mg/L AL, 125 mg/L SL, 100 mg/L MnO3, and 100 mg/L CeOs-.

4.5 Functionalization of MnO2 MFs or CeO2 NPs

For MnO2 MFs or CeO2 NPs, the preparation of latex-nanozyme composites is achieved
by heteroaggregation of negatively charged SL particles with oppositely charged MnO2 MFs or
CeO2 NPs. Both metal oxides, however, have a negative surface charge at the optimal pH, and
hence, the formation of the composites requires surface charge modification by surface
functionalization with positively charged PDADMAC.

The optimal PDADMAC dose was determined by the systematic increase in the
PDADMAC concentration in a series of nanozyme/PDADMAC dispersions. The pH, ionic
strength, and nanozyme concentration we fixed at 9.0, 1.0 mM, and 100 mg/L, respectively.
The PDADMAC dose (mg PDADMAC/g nanozyme) was gradually changed between 0.01 and
1,000 mg/g (for CeO2 NPs) and 0.1 and 1,000 mg/g (for MnO2 MFs). The ELS and time-

resolved DLS were used to measure the zeta potential and aggregation rates of the PDADMAC-
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functionalized MnO2 MFs (PMn) and PDADMAC-functionalized CeO, NPs (PCe). Table 4
lists the experimental conditions for the functionalization of the metal oxides. During sample
preparation, after the addition of nanozyme, salt, and a complementary volume of ultrapure
water, the PDADMAC is introduced immediately prior to the time-resolved DLS measurement.
For zeta potential, measurements were performed 120 min after the sample preparation. The
PDADMAC doses resulting in highly positively charged PCe and PMn particles are selected
for further heteroaggregation with SL.

Table 4: The experimental parameters for the functionalization of MnO, MFs and CeO

NPs at the designated experimental conditions.

System Nanozyme Polyelectrolyte Cnanozyme  pH  lonic strength Salt
PMn (-)-MnO2 MFs  (+)-PDADMAC 100 mg/L 9.0 1.0 mM NaCl
PCe (-)-CeO2 NPs (+)-PDADMAC 100 mg/L 9.0 1.0mM NaCl

4.6 Heteroaggregation & composite formation

Four prospective antioxidant composites were formulated via heteroaggregation of
oppositely charged particles, these are listed in Table 5 along with the comprising components
as well as the pH and ionic strength conditions.

Table 5: The experimental parameters for the composite formulation at the designated

experimental conditions.

Composite Nanozyme Latex Clatex pH  lonic strength Salt
AL-PB (-)-PB NPs (+)-AL 25mg/L 4.0 1.0 mM KCI
SPMn (+)-PMn (-)-SL 125mg/L 9.0 1.0 mM NaCl

SL-CeO2 (+)-CeO2 NPs (-)-SL 125 mg/L 4.0 1.0 mM NaCl
SPCe (+)-PCe (-)-SL 125mg/L 9.0 1.0mM NaCl

For each composite, the heteroaggregation was realized by mixing proper volumes of the
nanozyme and support dispersions along with a certain volume of salt solution to fix the ionic
strength. The proper mass ratio of the components was established by probing the colloidal
properties during and after the heteroaggregation process at various mass ratios, expressed in
the nanozyme dose (in mg nanozyme/g latex). In each of the 2.0-mL samples, the latex
concentration was kept constant (25 mg/L AL and 125 mg/L SL) while the nanozyme doses
were changed as follows: 1) 1-1,000 mg PB/g AL, 2) 0.01-1,000 mg PMn/g SL, 3) 0.1-10,000
mg CeO>/g SL and 4) 0.1-1,000 mg PCe/g SL. The ELS and time-resolved DLS were used to
measure the zeta potential and aggregation rate, respectively, in the formulated composites. The
trends in the aggregation rate were obtained during the heteroaggregation process, i.e.,

immediately after preparing the sample, while the zeta potential was obtained 120 min after
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sample preparation. During the preparation of the 2.0-mL samples, the last component to be
introduced was the nanozyme (after the latex, salt, and a complementary volume of ultrapure
water). The dispersions of PMn and PCe were prepared with the doses selected during the
PDADMAC adsorption measurements, during which highly positively charged PCe and PMn

particles were obtained.

4.7  Assessment of the enzyme-like activity
The current section details the underlying principles of the enzymatic assays including the
experimental design, the reagents used, the interpretation of the results, and the assessment of

the enzymatic activity using the UV-Vis spectrophotometry.

4.7.1 Assessment of the SOD-like activity (the Fridovich assay)

The SOD enzyme is an antioxidant ROS scavenger responsible for bio-catalyzing the
breakdown of superoxide (¢O2") to H202 and O.. The assessment of the SOD-like activity of
nanozymes is performed using the Fridovich assay.!®’

As shown in Figure 13, the superoxide is generated by the oxidation of xanthine, catalyzed
by xanthine oxidase. The presence of superoxide is detected using the indicator compound nitro
blue tetrazolium chloride (NBT), which is a yellow compound that develops a sharp purple
color upon the reduction reaction with superoxide. The purple product, called formazan,
exhibits a UV-Vis spectrum characterized by a strong absorption band around 565 nm. Thus,
in the absence of the SOD-mimicking nanozymes, the complete NBT reduction reaction will
result in strong absorption around 565 nm. However, when SOD-mimicking nanozymes are
present, a proportion of the superoxide is eliminated, resulting in the incomplete reduction of
the NBT. Hence, the NBT-superoxide reaction is partially inhibited as a result of the ROS
scavenging action, resulting in weaker absorption and decreased purple color intensity,

depending on the mimicking potential of the nanozyme.

The UV-Vis spectrophotometry is used to monitor the extent of inhibition. During the
Fridovich assay, the development of the formazan absorption peak at 565 nm over time is
observed at different nanozymes concentrations. Thus, in each of the 3,000-uL samples, a
certain volume of nanozymes dispersion was added to 200 puL of a 3.0-mM xanthine solution
followed by 100 uL of a 3.0-mM NBT solution. Then, a certain volume of a 10.0-mM phosphate
buffer solution (pH 7.0+ 0.1) was added to obtain 2,700-uL samples. The cuvette was then
vortexed for 5 seconds to ensure a homogenous mixture. To initiate the SOD-enzymatic
reaction, 300 uL of xanthine oxidase stock (1.5 g/L) was added and the cuvette was immediately
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vortexed for 5.0 seconds and introduced into the spectrophotometer. In this assay, all the
reagents including the nanozymes were prepared using ultrapure water that is 10.0 mM in
phosphate buffer. The evolution of the absorbance at 565 nm was recorded for 6.0 min. In
addition, eight control samples were also prepared and measured similarly, each of which was
prepared by the addition of all reagents except the nanozymes, with an additional volume of

phosphate buffer solution to maintain the final sample volume.

MONITORING THE APPEARANCE OF FORMAZAN:

Monitoring the initial rate of absorbance

increase of Formazan Eormazan

at 565 nm over time. ~ Purple
Absorption peak at 565 nm

Xanthine oxidae 5
Xanthine —————— H,0, + Uric acid + *C,

Formazan (reduced NBT)

‘.;'. Nitroblue / Rurele

tetrazolium + -Q;
(NBT) %‘ SOD inhibits radical-"/" | reaction

H.0, + O, + NBT

Absorbance

Time

Figure 13. The SOD assay for the determination of the SOD-like activity. The *O2", generated
via the oxidation of xanthine to uric acid by xanthine oxidase, can reduce the yellow NBT into
a purple product, called formazan, which possesses a characteristic absorption peak at 565 nm.
The SOD enzyme, nevertheless, effectively converts <O, to H2O2, which leaves the NBT
unchanged or partially reduced, resulting in the inhibition of the radical-NBT reaction. The
extent of inhibition is studied via the UV-Vis spectrophotometry by probing the emergence of
the formazan absorption peak at 565 nm over time. The inhibition curve of the radical-NBT is
constructed as a function of nanozyme concentration using equation (39).

The inhibition curve is constructed by graphing the radical-NBT reaction inhibition, I,
against the corresponding nanozymes concentration in the final sample. The inhibition can be
calculated as follows:

| _ A4, — 44

) 0 39
A4 100% (39)

where AAs is the change in absorbance at 565 nm during the 6 min measurement time while
AAo is the average change in absorbance of the eight control samples. The half maximal
inhibitory concentration (ICso) is the nanozyme concentration at which the NBT-radical
inhibition is 50%. During the assays, while particle light scattering may contribute to the
absolute absorbance value, this contribution is eliminated by taking the relative absorbance

increase in the individual experiments.
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4.7.2 Assessment of the HRP-like activity (the guaiacol and TMB assays)

The HRP catalyzes the breaks down of numerous peroxide compounds such as H>0O. and
organic hydroperoxides into water and some activated donor molecules. In the presence of
suitable substrates as indicators, the enzymatic reaction is typically accompanied by color
changes that can be studied via spectrophotometry to assess the enzymatic activity.%® Here,
TMB and guaiacol were used as peroxidase substrates to probe the HRP-like activity of CeO-
NPs and PB NPs, respectively. During both assays, the concentration of nanozymes and H>O>

were kept constant while the concentrations of substrates were varied.

OXIDIZED TMB

oxidized TMB Diamine/Diimine Complex

Absorption peak at 652 nm

Absorbance

Time
Figure 14. The TMB assay for the HRP-like activity. The colorless TMB is oxidized in the
presence of H.O> and HRP (or its mimetic nanozyme). The oxidized TMB, in the form of a
diamine/diimine complex, is characterized by a blue color as well as a strong absorption peak
at 652 nm. The increase in the absorbance of the blue complex over time at 652 nm is probed
via the UV-Vis spectrophotometry. The molar absorption coefficient, €, of oxidized TMB is
39.0mM ' ecm ™.

The TMB assay is based on the oxidation of the colorless TMB substrate in the presence
of H202 and an HRP-mimicking nanozyme.'®® As shown in Figure 14, the oxidized TMB has
a distinctive blue color and a characteristic absorption peak at 652 nm. The HRP-like activity
of CeO»-based composites was assessed at pH 4.0, 7.0, and pH 9.0 using acetate, phosphate,
and TRIS-HCI buffers, respectively. During the TMB assay, the TMB was dissolved in
dimethyl sulfoxide (DMSO) due to its poor solubility in water. Hence, with a final sample
volume of 2,000 pL, a certain volume of a 5.0-mM TMB solution was mixed with 100 pL of a
500-mg/L CeO- stock, 500 pL of a 200-mM buffer solution, and a complimentary volume of
ultrapure water to obtain 1,900-uL samples. To initiate the enzymatic reaction, 100 uL of a 100-
mM HO> solution was added to the reaction mixture. The sample was then immediately
homogenized before measurements, where the change in the absorption over time was

monitored at 652 nm for 10 min.
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On the other hand, the guaiacol assay is used to assess the HRP-like activity of PB NPs.1"

Similar to TMB’s, the guaiacol assay relies on the oxidation of the colorless guaiacol in the
presence of H20, and HRP-mimicking nanozymes. As shown in Figure 15, the oxidized
guaiacol has a distinctive brown color with a characteristic absorption peak around 470 nm.
The activity was assessed at pH 7.0 using phosphate buffer. Hence, with a final volume of 2,400
uL for each sample, a varied volume of a 100-mM guaiacol solution was mixed with 912 uL of
a 131.6-mM buffer solution, 240 pL of a PB stock (that is 100 mg/L in PB NPs or PB content
in AL-PB) followed a complimentary volume of ultrapure water to obtain 2,352-uLL samples.
After the cuvette was then vortexed for 10 s, the reaction was initiated by the addition of 48 pL
of a 135-mM H20O> solution, after which the sample is then immediately vortexed for additional
5 s before the introduction into the spectrophotometer, where the change in absorption over

time was monitored at 470 nm for 10 min.

MONITORING THE APPEARANCE OF TETRAGUAIACOL:
Monitoring the initial rate of absorbance
increase of tetraguaiacol
at 470 nm over time.

Tetraguaiacol
Brown
Absorption peak at 470 nm

Absorbance

Guaiacol
colorfess

Time
Figure 15. The Guaiacol assay for the determination of the HRP-like activity. In the presence
of HRP-mimicking nanozymes and H.O3, the colorless guaiacol is oxidized to a brown product,
called tetraguaiacol which is characterized by a strong absorption peak at 470 nm. The UV-Vis

spectrophotometry is utilized to probe the emergence of such an absorption peak over time. The
e of tetraguaiacol is 26.6 mM ™' cm™.

In both assays, the increase in the absorbance of the oxidized substrate over time was used
to obtain the reaction rate of the enzymatic reactions. The slope of the linear region in the
spectra represents the reaction rate (in s™!), and the molar rate (mM/s) is obtained using the
Beer-Lambert law. In the current setup, the optical light path is 1.0 cm, and the molar extinction
coefficients, ¢, of the oxidized substrates are 39,000 M 'cm™ (for oxidized TMB) and 26.6
mM~!cm™! (for oxidized guaiacol). To assess the HRP-like catalytic potential, the reaction rate,
v, Is plotted against the corresponding substrate concentration, [S], in each sample and the
kinetic parameters are obtained by fitting the rate data with Michaelis-Menten model of enzyme

kinetics, equation (2).
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4.7.3 Assessment of the CAT-like activity (the catalase assay)

The CAT enzyme exclusively catalyzes the breakdown of H>O> into water and O. The
UV-Vis spectrum of H>O: is characterized by a strong absorption peak at 240 nm. In the
presence of CAT-mimicking nanozymes, the reduction in the absorbance of H.O> with time at

240 nm is a measure of their CAT-like activity, as shown in Figure 16.

During the catalase assay, the concentration of the CAT-mimicking nanozyme is kept
constant while that of H,0; is varied.!%*17° The pH in the samples was maintained at 7.0+0.1
using phosphate buffer. Hence, in each of the 2,400-uL samples, 1,000 puL of the 120-mM
buffer solution was added to a certain volume of H20O- followed by a volume of ultrapure water
to obtain 2,200-uL. samples, which was then vortexed for 5 s. To initiate the nanozyme-
catalyzed breakdown of H202, 200 uL of 120 mg/L nanozyme dispersion was added, and the
sample was immediately vortexed for 3 s before it was introduced into the UV-Vis
spectrophotometer. The decrease in the absorption of H2O2 with time was recorded at 240 nm

for 10 min.

d T2 A @
H,O, H,O 0,

CATALASE

Absorbance

MONITORING THE BREAKDOWN OF H,0,:
Observing the decrease in the
absorbance of H,O, at 240 nm with time.

Time
Figure 16. The catalase assay for the determination of the CAT-like activity. The CAT enzyme
breaks down H20O: into water and Oz. The H20: has an absorption peak at 240 nm. By
monitoring the decrease in absorbance of H.O> at 240 nm over time, the CAT-like activity can
be assessed. The & of H202is 39.4 M' cm™,

The negative slopes of the initial linear portion of spectra represent the corresponding
reaction rate measured in s™! that is converted to mM/s using the Beer-Lambert law. In the
instrumental setup, the optical light path is 1.0 cm, and the molar extinction coefficient, ¢, of
H20; is 39.4 Mt cm™. Similar to the HRP, the CAT-like catalytic potential was quantitatively
assessed by graphing the reaction rate, v, in each sample against the corresponding H20>
concentration. and the kinetics of the enzymatic reaction was assessed by fitting the data with

the Michaelis-Menten model, equation (2).
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4.7.4 Assessment of the antioxidant potential (the DPPH assay)
The antioxidant potential of nanozymes is often evaluated by their ability to reduce the
DPPH, a deep violet radical that has a strong absorption band around 517 nm. The reduction

results in the formation of a yellow product (reduced DPPH) with no absorption at 517 nm.

As shown in Figure 17, the extent of DPPH reduction by a potential antioxidant is assessed
using the DPPH assay, where the change in the absorption at 517 nm with time was recorded
at various nanozyme concentrations and a fixed concentration of DPPH.""1”® The DPPH stock
is prepared in methanol due to its poor solubility in water. With a final volume of 3,000 uL,
each sample was prepared by the addition of a certain volume of nanozyme dispersion to 1,800
uL of a 25-mg/L DPPH solution with an additional volume of methanol to maintain the same
final volume. After the addition of all components, the sample under study was immediately
vortexed before the introduction into the UV-Vis spectrophotometer. The proportion of

unreacted DPPH (DPPH%) is obtained using the following equation:

A
DPPHY% = T 100% (40)
0

where A, and A are the initial and steady-state absorbance values of the sample under
study, respectively. To assess the DPPH scavenging potential, the DPPH% is plotted against
the corresponding nanozyme concentration, and the effective concentration (ECso), a
quantitative measure of the antioxidant potential, is the nanozyme concentration at which
DPPH% is 50%, that is, half of the initially present DPPH radicals are reduced.

Q A
/ - Antioxidant
N—N NO, —
@ o

DPPH
Radical

Absorbance

300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 17. The DPPH assay for the assessment of the antioxidant potential. The deep violet
DPPH radical has a strong absorption peak at 517 nm. The reduced DPPH, however, has no
such absorption peak. The disappearance of such peak over time in the presence of some
material is a measure of the antioxidant potential of the material.
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5 Results & Discussion

5.1  Structural characterization

Nanozymes (PB, MnO,, and CeO.) were prepared according to reported protocols. An
essential and crucial step is the confirmation of successful preparation, which was achieved via
several instrumental techniques including XRD, XPS, as well as Raman and UV-Vis

spectroscopy.

5.1.1 Characterization of PB NPs

The recorded UV-Vis spectrum of PB NPs, Figure 18(a), exhibits a broad absorption band
around 700 nm, which is characteristic of PB and is attributed to the charge transfer between
Fe(I11) and Fe(I1) through the cyano groups.t’* The morphology of PB NPs was examined via
electron microscopy. The TEM image, embedded in the background of Figure 18(a), shows

that PB NPs exhibit distinct semi-spherical morphology with a particle size of ~42.0 nm.

In addition, the surface chemical composition was probed via XPS. Shown in Figure
18(b), the XPS survey scan contains characteristic peaks of Au, Fe, C, N, and O, with Au
originating from the Au-plated sample holder rather than the solid PB sample. Also, the high-
resolution deconvoluted XPS spectrum of Fe 2p, Figure 18(c), further reveals the presence of
mixed-valence Fe, indicating the formation of the PB compound. The peaks at 708.69 eV and
710.29 eV corresponds to Fe(ll) 2ps2 and Fe(lll) 2pap, respectively, which agrees quite well
with reported values in the literature.!” The high-resolution deconvoluted spectrum of C 1s
indicates that surface carbon moieties exist in four separate chemical environments, as shown
in Figure 18(d), with an overlap between the C-OH functionalities and the cyano groups. In
addition, the deconvolution of the N 1s region (Figure 18(e)) gives rise to three major peaks.
The peak at 397.78 eV corresponds to nitrogen in the cyanide ligands,'” 176 while the 399.35
eV peak is attributed to charge transfer among surface moieties.}’” The peak at 402.3 eV, on
the other hand, suggests the presence of positively charged nitrogen such as ammonium ions,
which have been detected in PB compounds.}” The mild heat treatment during the sample
drying process presents a likely source of ammonium ions. The presence of ammonium ions
can also be indirectly inferred from Figure 18(c). The satellite peak of Fe(ll) at 712.68 eV
indicates that surface Fe(l1l) mostly exists in a high-spin state. However, since the cyanide is a
strong field ligand, Fe(ll) should exist solely in a low-spin state. In PB lattice, only the Fe(lll)
sites are characterized by weak ligand field, these sites can be occupied by Fe(ll) in the presence
of monovalent cations (such as ammonium) by the formation of an Everitt's salt-type

compounds (an analog of PB) on the surface.
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Figure 18. (a) UV-Vis absorption spectrum of PB NPs at pH 4, the TEM image of PB NPs is
embedded in the background of the UV-Vis absorption spectrum. (b) The XPS survey spectrum
of the PB sample. The Auger transitions within K, L, and M energy levels give rise to O KLL
and Fe LMM peaks. The high-resolution XPS spectra of (c) Fe 2pap, (d) C 1s, (e) N 1s, and (f)
O 1s of the PB sample. The Shirley background estimation serves to distinguish the background
signal occurring due to energy loss as a result of inelastic scattering.

The high-resolution O 1s region in Figure 18(f) contains a single peak around 532.76 eV,
which is attributed to surface OH groups. Based on the XPS compositional analysis, the
following surface composition was obtained: 4.3% Fe, 53.1% C, 30.9% N, and 11.7% O. The

detailed XPS composition information is shown in Table S1 in Appendix D.

5.1.2 Characterization of MnO2 MFs

The surface chemical composition of the as-prepared MnO2 MFs was explored with XPS.
As shown in Figure 19(a), the survey scan reveals the presence of Mn, C, K, and O elements.
The deconvolution of the Mn 2p region (Figure 19(b)) is not straightforward due to a large
number of different oxidation states, the presence of mixed valence oxides, and the complex
multiplet splitting within the region.*’® 7® However, the average oxidation state of Mn on the
surface was initially assessed by evaluation of the peak separation in the Mn 2s region, shown
in Figure 19(c). The peak separation (5.1 eV) was found to be slightly lower than those of
common Mn(I11) compounds (5.5 eV for Mn,Oz or 5.4 eV for MnOOH), which indicates the
possible presence of compounds of varying valence states on the sample surface. In MnO3, the
peak separation of Mn(IV) is 4.4 eV, which agrees well with the splitting of NaxMnO>-type
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compounds.'® However, this approach is not reliable for the determination of the chemical
species on the surface and requires the fitting of the Mn 2p peak.1’”® The fitting of the Mn 2p
peak in Figure 19(b) was performed by considering the multiplet splitting of the species and
revealed that surface Mn is primarily present as MnO(OH) (64%) and MnO> (36%).
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Figure 19. (a) XPS survey spectrum of the as-prepared MnO2 MFs. The Auger transitions
within K, L, and M energy levels give rise to O KLL and Mn LMM peaks. The high-resolution
XPS spectra of (b) Mn 2p, (c) Mn 2s, (d) C 1s and K 2p, and (e) O 1s regions. The Shirley
background estimation serves to distinguish the background signal occurring due to energy loss
as a result of inelastic scattering. The (f) SEM and (g-i) TEM images of MnO, MFs.

The high-resolution C 1s spectrum (Figure 19(d)) indicates the presence of adventitious
carbon. The peaks at 288.09 eV and 286.14 eV are attributed to O-C=0O and C-OH
functionalities, respectively, while the 284.79 eV peak is indicative of C-C and C—H states. A
likely source of minimally present K™ is the chemicals used during the synthesis. The high-
resolution O 1s spectrum (Figure 19(e)) reveals the presence of two oxygen states originating
from the lattice oxide (529.73 eV) and surface hydroxides (531.39 eV). The position and
relative contribution of those peaks, however, suggest that hydroxide species are prevalent.!’
The quantitative XPS composition analysis revealed the following sample composition: 23.4
at% Mn, 19.5 at% C, 1.3 at% K, and 55.8 at% O. The morphology of MnO2, MFs was visualized
using electron microscopy. The SEM and TEM images, shown in Figure 19(f) and Figure
19(g, h, and i), respectively, feature flake-like morphology of MnO,, the aggregated state of

64

University of Szeged



RESULTS & DISCUSSION

the sample is attributed to the drying process during sample preparation. The MnO. sample is
fairly polydisperse with the size of the flake-like particles ranging between 150 and 200 nm.
Such morphology of MnO; is well reported in the literature, 18- 182

5.1.3 Characterization of CeO2 NPs

The successful preparation of CeO> NPs was verified by the X-ray diffraction (XRD)
technique (Figure 20(a)). The XRD patterns of the CeO> powder show all the characteristic
XRD reflections of CeO», within the measured 26 range, that match those reported in the
standard patterns of CeO2 (JCPDS card no. 34-0394).18 The sharp reflection peaks indicate
that the formed CeO2 NPs are highly crystalline. Similar XRD patterns were reported in the
literature as well, and the reflections can be indexed to CeO> with a fluorite structure (Fm3m

space group).'8

In addition, the XPS survey scan, shown in Figure 20(b), reveals the presence of Ce, O,
C, and Fe elements on the surface of the sample. The Fe originates from the sample holder.
Similar XPS spectra for CeO2 are reported in the literature.'8 18 In addition, the high-resolution
Ce 3d core-level spectrum (Figure 20(c)) suggests the presence of two sets of multiplets. The
(v, v*) and (U°, u’) peaks are attributed to Ce(l11), while the (v, v”*, and v’”’) and (u, u”, and u””’)
peaks are attributed to Ce(IV), which indicate the presence of mixed-valence Ce.*8% 18 The
contribution of Ce(l11) to the toral composition is around 15 at%, indicating sub-stoichiometric
surface composition.'®® In addition, the presence of the C 1s region is attributed to the
adventitious carbon. The high-resolution deconvoluted spectrum of the C 1s region is shown in
Figure 20(d), the peaks at 286.37 eV and 289.07 eV refer to C-OH and O—C=0, respectively,
whereas the 284.82 eV peak refers to C—C and C—H states. The high-resolution O 1s spectrum
(Figure 20(e)) reveals two peaks at 529.62¢V (lattice oxide) and 531.62¢V (surface
hydroxide). The relative contribution as well as the position of the two peaks indicate the greater
presence of hydroxide species on the sample surface.’®” The quantitative XPS composition
analysis revealed the following surface composition: 14.8 at% Ce, 24.8 at% C, and 60.4 at% O.
The lattice oxide comprised 43.7% of the overall O 1s peak, and hence, the surface
stoichiometry of the sample is CeO1s, which is quite close to CeO,. Detailed binding energies
for all detected surface species are listed in Table S2 in Appendix D.

The Raman spectrum of CeO, NPs (Figure 21(a)) shows an intense peak at 462 cm?,
which is attributed to the symmetrical stretching mode of the Ce—O. The inset graph provides
a closer look at the 462-cm™ peak in the Raman shift range of 350—-550 cm™?, such a peak is
characteristic of CeOg, as reported elsewhere.'®® 18 The UV-Vis spectrum (Figure 21(b)) is
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recorded in the range of 250-550 nm range. The characteristic broad peak around 300 nm for

CeO: is well reported in the literature. ' 191
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Figure 20. (a) XRD patterns and (b) XPS survey spectrum of the CeO> NPs. The Auger
transitions within K, L, and M energy levels give rise to O KLL and Ce LMM peaks, and the
presence of Fe is attributed to the sample holder. The high-resolution XPS spectra of (a) Ce 3d,
(b) C 1s, and (c) O 1s regions.

The morphology of CeO, NPs was analyzed with TEM and high-resolution TEM (HR-
TEM). The TEM image of the as-prepared CeO2 NPs (Figure 21(c)) shows particles with well-
established boundaries and characterized by semi-cubic morphology; the sample is quite
monodisperse with particle size in the range of 10-15 nm, and the aggregated state of the sample
can be attributed to the drying process during sample preparation. The HR-TEM image (Figure
21(d)) of CeO2 NPs exhibits crystal fringes with varying orientations, the squared region in the
HR-TEM image has a number of distinct and superimposed lattice spacings. Therefore, the fast
Fourier transform (FFT) analysis was performed and resulted in the FFT pattern (Figure 21(g)),
the inverse FFT analysis enabled the determination of lattice spacings, which are shown along
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the evaluated values in the inset images of Figure 21(e). The ~0.25 nm lattice spacing
corresponds to the XRD (200) peak. The ~0.36 nm is close to the lattice spacing obtained by
the (111) peak, which is ~0.31 nm, but it cannot be unambiguously assigned. Similarly, the
lattice spacing of ~0.75 nm corresponds to a 260 value outside the measured 26 range in the

recorded XRD patterns, and thus, cannot be unambiguously assigned.
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Figure 21. (a) The Raman spectrum (Inset graph: the magnified 462-cm™"! peak), (b) the UV-
Vis absorption spectrum, (c) the TEM image, and (d) the HR-TEM image of bare CeO2 NPs.
(e) The extracted pattern, obtained by FFT analysis of the squared section in the HR-TEM
image, the inset images, and lattice spacing values are obtained by inverse FFT analysis of the
FFT pattern, using ImageJ software.*%

Based on the results of the various analyses above, the preparation of the three nanozymes
(PB, MnOz, and CeO) was successful. For all nanozymes, the XPS data agrees very well with
those reported in the literature. For CeO., the Raman spectrum and XRD diffractogram are also
in good agreement with literature and standard databases. In addition, the TEM imaging of the
nanozymes revealed a large size difference between nanozymes and the latex particles, which
would enable the immobilization of a significant amount of nanozymes. Next, the colloidal
properties of the individual particles are thoroughly examined at various pH and ionic strength

conditions.
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5.2 Colloidal characterization

The nanozymes used involve metal oxide and cyanide nanoparticles, whose effective
surface charge varies with experimental conditions. Thus, for the appropriate formation of
nanocomposites via electrostatic attraction, certain experimental conditions ought to be
optimized such as the pH, the ionic strength, and the optimal concentration of the latex particles.
The aim here is to obtain fine dispersions of non-aggregating particles with an appropriately
high magnitude of surface charge.

5.2.1 The pH-dependent surface charging

The pH profile of the nanozymes and the SL particles were probed in the pH range of 3-
11 at 1.0 mM ionic strength. The pH profiles of PB NPs, MnO, MFs, CeO> NPs, and SL
particles were generated. On the other hand, the AL particles were commercially obtained and

were not further characterized.

As shown in Figure 22, the PB NPs showed no extreme change in the hydrodynamic radii
or electrophoretic mobility values throughout the pH range of 3-11. Around pH 4, the PB NPs
possessed an average hydrodynamic radius of 58.0 = 7.0 nm and an electrophoretic mobility
value of —1.50 + 0.20 (x10® m?/Vs) corresponding to a zeta potential of around —19.24 + 2.60
mV. The origin of the negative charge is attributed to the deprotonated surface hydroxyl and
carboxyl groups, where the generated electrostatic repulsion prevents particle aggregation
giving rise to stable dispersions. Thus, pH 4.0 was selected for the formulation of PB-based

composites.
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Figure 22. The pH profile of PB NPs. The ionic strength was fixed at 1.0 mM and the PB
concentration was 100 mg/L.
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Figure 23. The pH profile of MnO2 MFs. The ionic strength was fixed at 1.0 mM and the MnO;
concentration was 50 mg/L. (Reproduced from Ref. 193 with permission from the Royal
Society of Chemistry).

In the case of MnO2 MFs (Figure 23), the size and zeta potential were found to be highly
dependent on the pH of the medium. The MnO> MFs experienced heavy aggregation in acidic
and neutral pH conditions resulting in hydrodynamic radii as high as 1.5 um and zeta potential
values well below 20 mV due to protonated surface functionalities. In these two pH regimes,
the electrostatic forces are significantly weakened, and the EDL can be modeled by the Debye-
Hiickel approach. Hence, the vdW forces are dominant resulting in micron-sized particles,
rendering acidic and neutral conditions not suitable for composite formation. As shown in
Figure 23, when the pH is increasingly alkaline, the particles become well dispersed, and the
aggregation is minimized. At pH > 9.0, the particles are characterized by a hydrodynamic radius
of 83.0 + 2.0 nm and a PDI of 11.9%. In alkaline media, surface hydroxyl groups are
deprotonated, and thus, MnO> MFs have a high negative electrophoretic mobility of —2.88 +
0.02 (x10® m?/Vs), corresponding to a zeta potential value of —37.02 + 1.4 mV, which is high
enough for the prevalence of electrostatic repulsive forces. Thus, pH 9.0 was selected for the

formulation of MnO2-based composite systems.

The CeO2 NPs exhibited a high positive charge in acidic media, due to the protonated
surface OH groups. At pH 4.0, the electrophoretic mobility was 2.55 £ 0.06 (x10°8 m?/Vs),
which is equivalent to 32.7 £ 0.7 mV. As shown in Figure 24, the extent of protonation
decreased as the pH increased resulting in a gradual decrease in the zeta potential. The CeO>
NPs exhibited an IEP at pH ~6.2, above which the particles undergo charge reversal, where the

deprotonation of surface OH groups gave rise to the development of negative surface charge,
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whose magnitude increased as the pH became more alkaline. At pH 9.0, the electrophoretic
mobility and the corresponding zeta potential were —2.28 = 0.07 (x10~8 m?/Vs) and —29.2 + 0.9
mV, respectively. The increase in the absolute values of the zeta potential was paralleled by a
decrease in the hydrodynamic radii reaching as low as 181.2 = 24.2 nm and 180.0 = 31.4 nm at
pH 4.0 and 9.0, respectively. Within the pH range of 5.5-8.5, the zeta potential fell in the range
+10 mV, within which surface charge provides insignificant electrostatic repulsive forces,
triggering diffusion-controlled aggregation under the influence of vdW forces, as indicated by
the sudden and significant rise in hydrodynamic radius, reaching 950 nm around pH 7.0. In the
CeO2 NPs system, both pH 4.0 and 9.0 are suitable for composite formation due to the non-

aggregated state and the high zeta potential magnitude.
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Figure 24. The pH profile of CeO2 NPs. The ionic strength was fixed at 1.0 mM and the CeO-
concentration was 50 mg/L.

As shown in Figure 25, the SL particles exhibited remarkable colloidal stability
throughout the pH range of 3-11, within which they maintained an average hydrodynamic
radius value of 432 + 16 nm, indicating no effect of the pH. The zeta potential, on the other
hand, was observed to gradually increase as the pH was raised due to increased deprotonation
of the surface sulfate groups. At pH 9.0, the average electrophoretic mobility and the zeta
potential values of SL particles were found to be —5.03 + 0.04 (x10°8 m?/Vs) and —64.6 £ 0.5
mV, respectively. The hydrodynamic radius was 441 + 33 nm with a PDI of 20.9%. At pH 4.0,
on the other hand, the average hydrodynamic radius was 415 + 27 nm with a PDI 0 20.9%. In
addition, the average electrophoretic mobility and zeta potential of SL at pH 4.0 were —3.28 +
0.06 (%1078 m?/Vs) and —42.1 + 0.7 mV, respectively. Thus, the SL particles are expected to

serve as an excellent support material throughout a wide pH range and maintain excellent
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colloidal stability. The commercial AL particles have a surface charge density of +19.7 pC/cm?
and a mean diameter of 0.51 = 0.02 um with a 4.6% coefficient of size variation. The AL
particles also formed stable dispersions that heavily resist the pH change, as reported in the

literature, 160 194
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Figure 25. The pH profile of SL particles. The ionic strength was fixed at 1.0 mM and the SL
concentration was 125 mg/L. (Reproduced from Ref. 193 with permission from the Royal
Society of Chemistry).

The radically different response to the pH among the different nanozymes substantiates the
importance of such measurements since it also enables the assignment of the latex to the proper
nanozyme and allows the determination of optimal pH conditions, where the particles possess
the maximum magnitude of surface charge that would maximize the electrostatic interactions
during composite formation. For instance, MnO. MFs cannot form composites in acidic and
neutral media. Similarly, CeO2 NPs cannot form catalytic composites via heteroaggregation at
a neutral pH regime, as a result of the IEP. Therefore, based on the pH profiles, the PB NPs are
heteroaggregated with AL, as well as CeO> NPs with SL, in acidic conditions (pH 4.0). On the
other hand, MnO, MFs and CeO2 NPs can be heteroaggregated with SL at pH 9.

5.2.2 The diffusion-controlled aggregation

After the proper pH condition is determined, the optimal latex concentration for composite
formulation must be assessed. This was achieved by systematically probing the aggregation
kinetics at various particle concentrations, at the optimal pH and high ionic strength. By setting
the background salt concentration at 1.0 M, all electrostatic repulsive forces are screened, and
thus, particles are expected to undergo diffusion-controlled aggregation under the influence of
vdW forces, according to the DLVO theory.*?® In addition, the selected optimal concentration
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is a compromised value, it is high enough to provide adequate scattering intensity during DLS
and ELS measurements. At the same time, it is sufficiently low, so the system remains in the
early-stage aggregation regime within the measurement time frame. The k,,,, and T; /, can be
obtained for the diffusion-controlled latex aggregation, using equations (35) and (33), by

probing the relative change in the hydrodynamic radii over time via time-resolved DLS.
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Figure 26. Time-resolved DLS measurements of (a) AL (pH 4.0) and (d) SL (pH 9.0) at various
particle concentrations, Ny, and 1.0 M ionic strength. The gray-shaded regions represent the
early-stage aggregation regime within the given time frame. The straight lines represent the
linear fits used to calculate the k,,,,, and Ty , of (b) AL and (e) SL at the corresponding N,. The

TEM images of (c) AL and (f) SL particles.

Figure 26(a) shows the time-resolved DLS measurements of the diffusion-controlled
aggregation of AL particles at pH 4.0 in the particle concentration range of 1-25 mg/L and 1.0
M KCI. As the graph shows, the aggregation occurs faster in more concentrated dispersions, in
which the collision frequency is higher, and thus, the k,,,, is expected to be proportional to the
particle’s concentration (Figure 26(b)). Simultaneously, the T, ,, decreases with increasing
particle concentration due to accelerated aggregation in concentrated samples. The TEM image
of AL particles (Figure 26(c)) shows that the particles are characterized by distinct and uniform
spherical morphology, as reported by the manufacturer as well, with an average diameter of

0.51 £ 0.02 um. Similar aggregation trends were observed for the SL particles (Figure 26(d)),
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for which the diffusion-controlled aggregation was probed in the concentration range of 1.0-
200 mg/L at pH 9.0 and 1.0 M NaCl. Like the AL system, more concentrated SL samples

resulted in faster aggregation, higher k and lower Ty, (Figure 26(e)). In addition, the

app:
morphology of SL particles is characterized by well-defined spherical morphology, as shown
in the TEM image of SL in Figure 26(f). Also, the average diameter of SL is 0.864 + 0.032 um,

based on DLS measurements with a low PDI value (20.9%).

As shown in Figure 26(e), the kg, and Ty, of SL particles are similar in magnitude to
those of the AL system since the diffusion-controlled aggregation is mainly driven by vdW
forces. As established earlier, the vdW forces are relatively independent of the experimental
conditions, and hence, the diffusion-controlled aggregation of AL and SL will be more affected
by the nature of the particles. Since both latex materials are based on polystyrene, the

aggregation rate relative to the initial particle size, i.e., k is not expected to differ by a large

app:
magnitude. The shaded regions in Figure 26(a) and (d) represent the early-stage aggregation
regime within the measurement time frame. As detailed in Figure 11, the early-stage
aggregation regime is the region within which dimer formation is dominant, and hence, the
maximum increase in the hydrodynamic radii of spherical particles is 38%, i.e., 1.38Rmonomer.*
These correspond to ~345 nm and ~690 nm for AL and SL dimers, respectively. Thus, at 1.0
M, AL and SL concentrations above 5.0 mg/L and 75.0 mg/L, respectively, lead to the
formation of high aggregates and the cessation of the early-stage phase of the aggregation. The
selected concentrations of AL and SL particles are 25.0 mg/L and 125.0 mg/L, respectively. At
those concentrations, the systems will not exist in the early-stage aggregation at 1.0 ionic
strength, within the measurement time frame. Nevertheless, in further measurements, the
aggregation regimes are further explored at various salt concentrations, where it will be shown
that the selected latex concentrations resulted in colloidal systems that remain in the early-stage

aggregation at ionic strength values lower than 1.0 M.

5.2.3 The salt-induced aggregation

For the latex particles (SL and AL) and metal oxides (CeO2 NPs and MnO; MFs), the salt-
induced aggregation in the respective dispersions was examined at the designated pH by
following the variation in the stability ratio and the zeta potential at various ionic strength
conditions. Such measurements enable the characterization of the salt tolerance of the
individual systems. Also, the surface charge density, o, (in C/m?) can be estimated by fitting
the zeta potential data with the Grahame relation, equation (16), and the measured value of CCC

are obtained using equations (37) and (38), as illustrated in Appendix C.
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Thus, the trends in the aggregation and charging of the AL particles at 25 mg/L and pH 4.0
were assessed at various KCI concentrations. As shown in Figure 27(a), the zeta potential of
AL particles decreased significantly as the ionic strength (KCI concentration) in the dispersion
was changed from 1.0 mM to 2,000 mM. At 1.0 M the zeta potential of AL particles approached
zero, as quantitatively predicted by the PBE. The addition of salt leads to a counter-ion buildup
within the EDL around charged AL particles, resulting in reduced effective surface charge. In
addition, the reduction of surface charge with elevated salt level gradually weakens the
repulsive electrostatic forces as the vdW forces become more significant leading to increased
aggregation, and thus, decreased stability ratio. The estimated CCC occurred at 58.9 mM KCI.
At the ionic strengths at and beyond the CCC, the stability ratio approaches unity, and the
system is characterized by rapid and diffusion-controlled aggregation under the influence of

vdW forces.
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Figure 27. The salt-induced aggregation. The stability ratio (squares) and zeta potential
(circles) values for (a) AL, (b) SL, (c) MnO2 MFs, (d) CeO2 NPs (pH 4.0), and (¢) CeO2 NPs
(pH 9.0) as a function of the ionic strength, at the designated pH. The concentrations of AL and
SL were fixed at 25 mg/L and 125 mg/L, respectively, while the concentrations of the CeO>
NPs and MnO, MFs were fixed at 100 mg/L. The dashed lines represent the calculated stability
ratios, based on equations (37) and (38), as shown in Appendix C. The solid lines represent the
Grahame relation fit, equation (16), for the zeta potential-ionic strength data.
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Similar trends were observed in the dispersions of SL particles at 125 mg/L and pH 9.0.
As Figure 27(b) shows, the magnitude of the zeta potential of SL particles also decreased
significantly as the NaCl concentration was increased, approaching zero when the NaCl
concentration is around 1.0 M. Similar to the AL system, the addition of background salt shrinks
the EDL, reduces the effective surface charge, and triggers rapid aggregation of the SL particles.
The stability ratio decreased as the ionic strength was raised due to the increased significance
of the vdW forces, as predicted by the PBE theory. The CCC occurred at 224.5 mM, after which

the system is characterized by rapid aggregation with stability ratio values near unity.

Apart from the latex particles, the salt-induced aggregation was probed for the nanozymes
that exhibit pH-dependent aggregation, i.e., MnO> MFs and CeO> NPs. The tendency in the
salt-induced aggregation of MnO2> MFs (100 mg/L and pH 9.0) is shown in Figure 27(c).
Similar to latex particles, the increase in the ionic strength gradually decreased the stability ratio
and the magnitude of the zeta potential as a result of charge screening, and the subsequent
predominance of the vdW forces, which led to systematically higher aggregation rates. The
CCC occurred at 12.2 mM and indicates rather low stability of bare MnO2 MFs in media of
significant salt content.

Table 6: The optimal experimental conditions, as well as size and charge data together with

CCC values of the prepared nanozymes (PB, MnO., CeO>) and latex particles (AL, and SL).

. Rn PDI g Cmaterial (g CCC
Particle 2 @) (mv)r mgiL): P ST omzes mmye
PB 42 235 -197 100 40 KCl X ¥
MnO, 83 119 370 50 90 NaCl 5.2 12.2
CeO, 1812 280 327 50 40 NaCl 230 79.1
CeO, 1800 287 -292 50 90 NaCl  -47 5.1
AL 249 134 612 25 40  KCl 15.0 58.9

SL 441 209 -731 125 90 NaCl  -150 2245

Rh: hydrodynamic radius, PDI: polydispersity index, : zeta potential, o: surface charge density. These
parameters are obtained at the Cmaterial @S Well as the designated pH and 1.0 mM ionic strength, using
the designated salt. ®The o values were obtained by fitting the Grahame relation, equation (16), with
the ¢ data in Figure 27, while the CCC values were obtained from stability ratio data in Figure 27
using equations (37) and (38), as shown in Appendix C.

For CeO2 NPs systems (100 mg/L), the salt-induced aggregation was assessed both at pH
4.0 and 9.0. In the acidic regime, where the particles are positively charged (Figure 27(d)),
increasing the salt content gradually decreased the stability ratio of CeO2 NPs dispersions until
it reached unity at a NaCl concentration of 79.1 mM, the CCC. In addition, the CeO> NPs
exhibited high zeta potential at low ionic strength due to deprotonated OH groups, the surface
charge was increasingly screened with the increase of salt content, which is reflected in the

gradual drop in the zeta potential. The trends at pH 9.0 were similar, as shown in Figure 27(e).

75
University of Szeged




RESULTS & DISCUSSION

However, the CCC occurred at 5.1 mM, indicating lower colloidal stability of CeO2, NPs in
alkaline media, which can be attributed to the lower magnitude of zeta potential, compared to
pH 4. The CCC values of the latex and nanozymes system are listed in Table 6.

The examination of the CCC values reveals that the latex particles form more highly stable
systems than the nanozymes. The significantly charged surfaces of SL and AL result in high
initial zeta potential, and thus, higher salt concentration is needed to induce heavy aggregation
and bring about the destabilization of the system. In addition, the fits of the Grahame relation
in Figure 27 show significant deviation from the experimentally obtained zeta potential values,
especially at low ionic strength. Also, the deviation is more emphasized in nanozymes rather
than in latex particles. A prime reason for such deviations is that the Grahame equation relates
the surface charge to the surface potential rather than the zeta potential, and thus, a deviation is
expected. The deviation is more evident for commercial AL particles, where the estimated o
was 15.0 mC/m?, while the manufacturer reported ¢ is 197.0 mC/m?. In addition, because the
Debye length of the EDL is large at low ionic strength, the difference in the zeta and surface
potential is expected to be substantial. Hence, the o values in Table 6 are a mere approximation
and do not accurately reflect the actual charge status on the particles, since ¢ is obtained by
selecting the best Grahame fit to the relevant experimental data. Nevertheless, particles with
high zeta potential have high surface charge density and require higher ionic strength (higher

CCC) to induce heavy aggregation.

5.3 Nanoparticle functionalization

The formulation of composites requires the heteroaggregation of negatively charged SL
particles with either of the negatively charged metal oxides (MnO2 or CeQO,). The composite
formation, however, is expected to be hindered due to electrostatic repulsion. To enable the
formulation under the influence of the electrostatic attraction, the metal oxide particles were
surface modified with positively charged PDADMAC polyelectrolyte to induce charge reversal
on the metal oxides. The PDADMAC is a water-soluble and highly charged cationic polymer,
such polyelectrolytes are commonly used in water treatment, papermaking, and processing of
minerals, and are known to strongly adsorb onto oppositely charged surfaces.??® 19 1% The
proper amount of polyelectrolyte is not arbitrary, and hence, it was determined by
systematically observing the aggregation rate and zeta potential of the metal oxide particles at
various amounts of added PDADMAC. Figure 28(a, b) show the stability ratio and the zeta
potential of PDADMAC-functionalized MnO2 MFs (PMn) and PDADMAC-functionalized
CeO2 NPs (PCe) at various PDADMAC doses (expressed in mg PDADMAC/g metal oxide).
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Figure 28. Stability ratio (squares) and zeta potential data (circles) of (a) MnO2 MFs and (b)
CeO2 NPs in the presence of different amounts of PDADMAC polyelectrolyte at pH 9.0 and
1.0 mM ionic strength, using NaCl. In both systems, the metal oxide concentration was fixed at
100 mg/L. The solid lines serve as eye guidance. The polyelectrolyte concentration is expressed
in mg PDADMAC/g metal oxide. (c) The general trend in the change of the stability ratio and
the zeta potential for particle-polyelectrolyte systems at various polyelectrolyte concentrations.

Figure 28(c) shows the general trends in the stability ratio and zeta potential values for the
obtained particle-polyelectrolyte systems. At low polyelectrolyte doses, the metal oxide
particles maintained their negative charge, which gradually decreased in magnitude as higher
doses of PDADMAC were introduced into the system. Both systems exhibited an IEP, at which
the total positive charge of adsorbed PDADMAC is balanced by the negative surface charge of
metal oxide particles, resulting in functionalized metal oxide particles with no overall charge.
Higher PDADMAC doses than those around the IEP gave rise to positively charged
functionalized metal oxide particles, and the magnitude of the positive charge increased with
increased PDADMAC doses until the surfaces are saturated with PDADMAC, where additional
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PDADMAC caused no change in the zeta potential values, as indicated by the adsorption
saturation plateau (ASP). Moreover, the corresponding aggregation rates, expressed in the
stability ratio, at various PDADMAC doses reflect the trends in the zeta potential. Accordingly,
when metal oxide particles have a high overall charge (well below and above the IEP), the
stability ratio is high, indicating stabilized dispersions. Around the IEP, however, the zeta
potential of particles is significantly low, i.e., <25 mV, and thus, the systems undergo heavy
aggregation resulting in low stability ratio values.

The above colloidal behavior can be interpreted by elucidating the nature of the
interparticle forces involved. In such polyelectrolyte-particle systems, two regimes of forces
exist. First, the forces that lead to the adsorption of PDADMAC onto metal oxides, and second,
the forces that govern the interactions among the functionalized metal oxide particles. The
adsorption of PDADMAC is brought about by vdW and electrostatic attraction forces (DLVO
forces) between surface moieties on the metal oxides and functional groups of the charged
PDADMAC. Once the particles are functionalized, the stability of the system is governed by
the second forces regime of vdW and electrostatic repulsion forces, as shown in Figure 28(c).
The relative contribution of both forces is dependent on the PDADMAC dose. Around the IEP,
the extremely low zeta potential and the subsequent heavy aggregation rate indicate that the
vdW forces are dominant. However, when the overall charge is high (low and high PDADMAC
doses), the high stability ratio can be attributed to electrostatic repulsion between adsorbed

PDADMAC chains on the approaching particles.

The interactions of adsorbed PDADMAC chains with neighboring metal oxide particles
can occur via electrostatic or electrosteric repulsion, depending on the way the PDADMAC is
adsorbed. When PDADMAC is adsorbed as unfolded chains that extend into the dispersion
medium, the stabilization at high or low doses is caused by electrosteric repulsion. On the other
hand, when PDADMAC is adsorbed randomly as coiled chains, the resulting patches give rise
to stability via electrostatic repulsion among patches of interacting particles. In addition, when
the surface of particles is partially covered with PDADMAC patches, the aggregation that
occurs at the IEP of the system might involve patch-charge attractions between positive
PDADMAC patches as well as the negative surface on neighboring particles. In Figure 28(a),
the lower values of stability ratio at doses below the IEP, where the MnO> MFs are partially
covered with PDADMAC, suggest the possible involvement of patch-charge attractions that
gave rise to higher aggregation rates and lower stability ratios. Schematic illustrations of these

forces are shown in Figure 8.
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The PDADMAC functionalization of MnO. MFs (Figures 28(a)) was probed at pH 9.0 in
the dose range 0.1-1,000 mg PDADMAC/g MnO: at 1.0 mM NaCl and 100 mg/L MnO2 MFs.
The IEP and ASP of the PMn system occurred at 20 mg/g and 100 mg/g, respectively. As for
CeO2 NPs (Figures 28(b)), however, the functionalization was carried out within the
PDADMAC dose range of 0.01-1,000 mg PDADMAC/g CeO; at 1.0 mM NaCl and 100 mg/L
CeO2 NPs. The IEP of the PCe system occurred at 1.0 mg/g, which is much lower than that for
the MnO. system, while the onset of the ASP occurred at a PDADMAC dose of around 10.0

mg/g.

Similar tendencies in particle-polyelectrolyte systems have been reported in the literature.
For example, Borkovec et al. probed the adsorption of PDADMAC on commercial SL particles
(-10 mC/m?). At 1.0 mM KClI, the IEP and ASP of the system occurred at around 2.3 mg/g and
4.0 mg/g, respectively, when the SL concentration was 8.0 mg/L.*3! Also, Bauer et al. studied
the colloidal behavior of silica in the presence of PDADMAC among other polyelectrolytes.
For 50 mg/L silica dispersion at 1.0 mM NaCl, the system exhibited similar charging trends
with an IEP around a PDADMAC dose of 1.0 mg/g.*®” Table 7 summarizes the results of the
formation of several particle-polyelectrolyte systems reported in the literature. Generally, low
doses of PDADMAC are required to cause charge neutralization indicating that such
polyelectrolytes are highly effective in the adjustment of surface charge. However, the surface
saturation with PDADMAC can vary widely, reaching two orders of magnitude in some

systems such as (-)-titania and silica particles, as shown in Table 7.

Table 7: The characteristic parameters for polyelectrolyte adsorption for various particle-

polyelectrolytes systems reported in the literature.

- Cparticle |* IEP ASP
Particle Polyelectrolyte (mg/L) pH (mM) Salt (mala)”  (malg)” Ref.
MnO: PDADMAC 100 9.0 1.0 NaCl 20.0 100 Present work
CeO2 PDADMAC 100 9.0 1.0 NaCl 1.0 10.0 Present work
SL PDADMAC 8.0 4.0 1.0 KCI 2.3 4.0 fa
Silica PDADMAC 50 4.0 1.0 NaCl 1.0 2.6 107
(+)-Titania (-)PSS” 1.0 40 1.0 NaCl 5.0 50 &z
(-)-Titania PDADMAC 1.0 10 1.0 NaCl 30 150 108
(-)-Titania PDADMAC 1.0 7.0 4.5 NaCl ~22 ~42 KL
(+)-LDH (-)PSS” 10 10 NaCl 7.0 100 200

“The PSS refers to poly(styrene sulfonate), | refer to the ionic strength, and the mg/g unit for the IEP and ASP refers to mg
polyelectrolyte/g particle.

For the PMn and PCe, systems, the selected PDADMAC dose should give rise to highly
charged particles and should not occur well within the ASP, since free PDADMAC in
dispersions of saturated particles could give rise to depletion interactions.?* Thus, the selected
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PDADMAC dose for PMn is 200 mg/g, at which the corresponding zeta potential of 44.0 + 0.4
mV. Also, the selected PDADMAC dose for PCe is 40 mg/g, with a zeta potential of 32.0 + 0.4
mV. These doses were used when the functionalized metal oxides were immobilized onto SL

particles during the composite formulation.

5.4 Composite formulation
5.4.1 Nanozyme immobilization

Four different composites (AL-PB, SL-PMn, SL-CeO», and SL-PCe) were prepared at
designated conditions (pH, ionic strength, and latex concentration). The composite formulation
was achieved via heteroaggregation between latex particles (AL or SL) and the oppositely
charged designated nanozymes (PB, PMn, CeO., or PCe) under the influence of vdwW and
electrostatic attractive forces. Like particle-polyelectrolyte systems, the formation of particle-
particle systems exhibited trends characterized by charge neutralization followed by charge
reversal when the nanozyme dose was systematically changed. The similarity between charging
and aggregation trends induced by either polyelectrolytes or nanozymes is striking once

Figures 28 (c) and Figure 29 are compared.
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Figure 29. The typical immobilization curve (the trend in the stability ratio and zeta potential
upon addition of nanozymes to latex dispersions) for the latex-nanozyme system at fixed latex
concentration and ionic strength.

Hence, for a given latex concentration, the change in the stability ratio and the zeta
potential is monitored at various nanozyme doses (in mg nanozyme/g latex). The obtained
immobilization curve for particle-particle systems, e.g., latex-nanozyme, is shown in Figure
29. When the nanozyme doses are low, the latex-nanozyme composites maintained the latex’s
original charge that tangibly decreased in magnitude when the introduced dose of nanozyme
was raised. Also, all the latex-nanozyme composites are characterized by an IEP dose, where
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the surface charge of the latex was balanced by that of the immobilized nanozyme, giving rise
to neutrally charged hybrid particles. When the nanozyme dose was higher than those around
the IEP, the latex-nanozyme system undergoes a charge reversal, where the opposite charge
continues to increase in magnitude until the surface of latex particles becomes saturated with
nanozymes, where the addition of further nanozymes does not lead to change in the zeta
potential, resulting in a characteristic ASP. In addition, the trend in the stability ratio at the
corresponding nanozyme doses was in line with that of the zeta potential. As shown in Figure
29, the high overall charge of latex-nanozyme particles (at low and high nanozyme doses)
resulted in high stability ratio values giving rise to stable composite dispersions. On the other
hand, nanozyme doses corresponding to those around the IEP led to heavily aggregating
systems (low stability ratio) since the overall charge of the hybrid particles corresponds to very

low zeta potential values, i.e., <25 mV.

The trend in the charge neutralization and reversal is explained by interpreting the
underlying interparticle forces. Since the particles are initially highly charged, the
homoaggregation is prevented or at least minimized. Like polyelectrolyte-particle systems, two
regimes of interaction forces exist in the latex-nanozyme systems. First, the forces responsible
for the immobilization of the nanozymes onto the respective latex, whereas the second regime
refers to the forces that control the interactions among the individual latex-nanozyme hybrid
particles. In the first interaction regime, DLVO-type forces of vdW and electrostatic attraction
give rise to latex-nanozyme composites. The surfaces of SL and AL are functionalized with
sulfate and amidine groups, respectively, which give rise to electrostatic interactions. The
carbon skeletal of the polystyrene, on the other hand, contributes to attractive vdW interactions
with nanozymes. As for nanozymes, both surface lattice components and (de)protonated —-OH
groups, as well as the adsorbed PDADMAC chains, give rise to electrostatic interactions that

enable their immobilization onto latex particles.

However, once nanozymes are immobilized, the stability of the system is governed by the
second regime of interactions with varying contributions of DLVO and possibly non-DLVO
type forces, depending on the nanozymes dose. As shown in Figure 29, when the overall charge
of the latex-nanozyme hybrid particles is high (low and high nanozyme doses), the observed
colloidal stability (high stability ratio) is attributed to electrostatic repulsion among
(PDADMAC-functionalized) nanozymes on the interacting hybrid particles. Around the IEP,
however, the vdW forces dominate the total interaction resulting in rapid aggregation, as the

hybrid particles have low or zero zeta potential. In addition, in partially covered systems, the
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parch-charge attractions, besides vdW forces, might contribute to the destabilization of the
system at the IEP, where the attractions occur between the negatively charged SL and isolated
positive PDADMAC patches on the oxide of the interacting hybrid particles.
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Figure 30. Trends in stability ratio (squares) and zeta potential values (circles) of (a) AL-PB
(b) SPMn (c) SL-CeO> and (d) SPCe composites as a function of the nanozyme dose. The
concentration of SL and AL were kept at 125 mg/L and 25 mg/L, respectively. The ionic
strength was fixed at 1.0 mM in all systems. The mg/g unit refers to mg nanozyme/g latex. The
solid lines are added for eye-guidance purposes only.

As shown in Figure 30(a), the AL-PB system was formulated at pH 4.0 and 1.0 mM KClI
with a fixed AL concentration of 25 mg/L and within the PB dose range of 1-1,000 mg PB/g
AL. The IEP occurred around 76.6 mg/g and the onset of the ASP occurred at 300 mg/g. The
SL-PMn (SPMn) system, Figure 30(b), was formulated at pH 9.0 and 1.0 mM NacCl at constant
SL concentration (125 mg/L). The PMn dose was altered between 0.01 and 1,000 mg PMn/g
SL. The IEP occurred around 7.1 mg/g and the onset of the ASP occurred at 30.0 mg/g. The
dose of PDADMAC in PMn was selected at 200 mg PDADMAC/g MnO2, based on the
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PDADMAC adsorption measurements. For the formation of SL-CeO; at pH 4.0 and 1.0 mM
NaCl (Figure 30(c)), the CeO2 NPs dose was altered in the range 0.1-10,000 mg CeO-/g SL at
constant SL concentration (125 mg/L). The SL-CeO- system exhibited an IEP around 100 mg/g
and an ASP, whose onset occurred around 1,000 mg/g. On the other hand, the SL-PCe (SPCe)
system was heteroaggregated at pH 9.0 and 1.0 mM NacCl at constant SL concentration (125
mg/L), as shown in Figure 30(d), where the PCe dose was altered in the range 0.1-1,000 mg
PCe/g SL. The IEP of SPCe composite occurred at 16.0 mg/g and the onset of the ASP occurred
around 55.0 mg/g. The dose of PDADMAC in PCe is selected at 40.0 mg PDADMAC/g CeO,
based on the PDADMAC adsorption measurements. Optimal nanozyme doses should result in
highly charged hybrid particles. Thus, the selected dose for AL-PB, SPMn, SL-CeO,, and SPCe
were 600, 100, 1000, and 200 mg nanozyme/g latex, respectively. These doses were used when
the composites with enzyme-like catalytic potential were investigated. Table 8 summarizes the

parameters leading to the latex-nanozyme composites with the desired composition.

Table 8: The optimal experimental conditions for the formulation of the latex-nanozyme

composites.
System Clatex pH:  salt® NZ dose IEP ASP Selected dose PNz dose
(mg/L)? (mg/g)**  (mg/g)°  (mg/g)° (mg/g)° (mglg)°
AL-PB 25 4.0 KCI 1.0-1,000 76.6 300.0 600 -
SPMn 125 9.0 NaCl 0.1-1,000 7.1 30.0 100 200
SL-CeO2 125 9.0 NaCl 0.1-10,000 100 1000 200 -
SPCe 125 4.0 NaCl 0.1-1,000 16.0 55.0 100 40

aThe composites were formulated at the respective latex concentration (Ciarex) and pH, using the designated salt, and within
the given nanozyme (NZ) dose range. °The mg/g unit in the NZ dose, IEP, ASP, and the selected dose refers to mg
nanozyme/g latex. The selected dose is the optimal nanozyme content, selected in the final composites. ‘The PNz dose
refers to the PDADMAC doses in PMn and PCe, expressed in mg PDADMAC/mg nanozyme.

The examination of the trends in Figure 30 and resulting values in Table 8 reveals several
interesting observations. First, the presence of PDADMAC led to a significant reduction in the
value of the IEP and the ASP. For example, for the same SL concentration (125 mg/L), the IEP
and ASP for SL-CeO; are 6.25 and 18.1 times larger than those for SPCe, respectively.
Therefore, the SPCe are expected to be less decorated with functionalized CeO, NPs compared
to the extent of decoration of SL-CeO> composite with bare CeO2 NPs. On the other hand, SPCe
and SPMn exhibited close IEP and ASP values for the given SL concentration. Also, both AL-
PB and SL-CeO: exhibited higher IEP and ASP values, compared to SPCe and SPMn. Such
observations indicate that the PDADMAC is highly effective not only in the charge
modification of the nanozymes but also in lowering the SL capacity to accommodate more
nanozyme, resulting in partially covered systems. In addition, the high stability ratios of SPCe

and SPMn at low/high nanozyme doses suggest the absence of patch-charge interactions.
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5.4.2 Composite visualization

The formulated composites were visualized with TEM, SEM, AFM, and Raman
spectroscopy. Figure 31 shows TEM and SEM images for the AL-PB composite at PB doses
below, at, and above the IEP of the AL-PB composite, namely at 1.0, 30, and 600 mg PB/g AL,
respectively. The images show that the amount of immobilized PB is increased as the PB dose
increases. At 600 mg/g, the selected dose in Table 8, the PB NPs are uniformly distributed on
the surface of AL, and therefore, the 600 mg/g is an ideal dose for a fully coated AL-PB
composite with foreseen antioxidant potential since it also corresponds to highly charged

particles.

PB dose: 1 mg PB/g AL PB dose: 30 mg PB/g AL PB dose: 600 mg PB/g AL
(@) AL-PB (b) AL-PB (c)

200 nm 200 nm

AL-PB &
1000 nm ﬁ?
0O

Figure 31. (a-c) SEM and (d-f) TEM images of AL-PB composites at PB doses of 1.0 mg PB/g
AL, 30 mg PB/g AL, and 600 mg PB/g AL corresponding to doses (a, d) below (b, e) at, and
(c, f) above the IEP of the AL-PB system, respectively.

Similarly, the TEM images of SPMn in Figure 32(a, b, ¢) were captured at PMn doses of
0.1, 10, and 100 mg PMn/g SL, corresponding to concentrations below, around, and above that
of the IEP. The TEM images clearly prove the successful immobilization of PMn on SL, with
a higher amount of immobilized PMn at higher PMn doses. As predicted from the
immobilization curves, the SPMn particles were not covered to the same extent as AL-PB, due
to the presence of PDADMAC, i.e., the neutralization of SPMn required rather few PMn
particles. In addition, AFM images in Figure 32(d, e) also proved the formation of SPMn
composites (100 mg PMn/g SL) along with the height profiles. The obtained AFM images also
show the limited coverage of the SPMn composite.
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Figure 32. TEM images of SPMn composites at different PMn doses of 0.1 mg PMn/g SL,
10 mg PMn/g SL, and 100 mg PMn/g SL, corresponding to doses (a) below (b) at, and (c) above
the IEP of the SPMn system, respectively. (d, €) Amplitude AFM images along with height
profiles. The different samples were prepared at 125 mg/L SL, and 200 mg PDADMAC/g
MnO: (the onset of ASP in the adsorption curve in Figure 28(a)).

The formulation of the SL-CeO composite was successfully visualized via TEM and AFM
techniques as well. The TEM images in Figure 33(a, b) provide direct evidence of the
immobilization of CeO, NPs on the SL particles at 1,000 mg CeO2/g SL, where CeO2 NPs are
heavily and uniformly distributed on the surface of SL. Also, the examination of SL-CeO>
composite morphology via AFM images (Figure 33(c, d)) reveals similar observations, the
CeO2 NPs are uniformly immobilized onto SL particles, as evidenced by the height profiles as
well (Figure 33(e)).
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Figure 33. (a,b) TEM images, as well as (c) amplitude and (d) height AFM images, of SL-CeO>

composite deposited on a mica substrate along with (e) the height profile, corresponding to the

regions indicated by the white lines. The sample was 100 mg/L in SL with 1,000 mg CeO2/g

SL (the onset of the ASP of the immobilization curve of the SL-CeO system in Figure

30(c)).1?
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Figure 34. (a-c) TEM images of SPCe at different magnifications. (d) Amplitude and (e) height
AFM images of SPCe deposited on a mica substrate along with (f) the height profile,
corresponding to the regions indicated by the white lines. The SL concentration was 100 mg/L,
with 40.0 mg PDADMAC/g CeO> (the onset of ASP in the adsorption curve in Figure 28(b))
and 200 mg CeO,/g SL (the onset of ASP in the immobilization curve in Figure 30(d)).1%2
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Finally, the formation of the SPCe composite, at pH 9.0, was visualized with TEM and
AFM techniques. The TEM images in Figure 34(a, b, c) clearly show that the PDADMAC-
functionalized CeO> NPs adsorbed on the latex, as shown by the amplitude and height AFM
images of SPCe Figure 34(d, e) system along with the height profile (Figure 34(f)). For the
SPCe system captured, the PDADMAC dose was 40.0 mg/g (the onset of the ASP in Figure
28(b)), and the CeO2 NPs dose was 200 mg/g (the onset of the ASP in Figure 30(d)). Once
again, the coverage of SL in SPCe is comparable to that in the SPMn. Also, the SPCe is not

covered to the same extent as SL-CeO> and AL-PB composites, as predicted earlier.

Thus, the presence of the PDADAMC had a certain and significant effect on the extent of
coverage of the composites. In fact, the IEP values of the SL-CeO, and SPCe systems occurred
at 100 mg/g and 16.0 mg/g, respectively, even though the CeO2 NPs and PCe doses used in the
imaged sample correspond to doses at the onset of the ASP, where the two saturated systems
had similar SL concentration (125 mg/L). Therefore, the SPCe particles were found to be less
decorated with functionalized CeO> NPs compared to those of the SL-CeO> composite. Thus,
the PDADMAC is indeed highly effective not only in the surface charge modification of
nanozymes but also in lowering the SL capacity to accommodate a larger number of nanozyme

particles, resulting in partially covered systems.

In addition, the formation of CeO,-based

: - : SPCe
composites was  verified via Raman . OA
] - =

spectroscopy. The individual Raman spectra of o

~. |sLice
CeO2, PDADMAC, and SL were recorded. As '@ \ ° ,‘h o A
Q °
shown in Figure 35,19 the characteristic peaks = - P_Q m cps
(4] e e °
in the Raman spectrum of SL at 620 cm™* and .2
o
1000 cm™ can be attributed to various & 017 m CPSI
deformation mode bands of the aromatic rings, .
while those at 1150-1200 cm™ and 1602 cm™* 1.8 mcps [
are attributed to stretches in the C—C and the ' ! ! '
_ ) 1600 1200 800 400
ring skeletal, respectively. The recorded peaks Raman Shift (cm™)

agree very well with those reported elsewhere in  Figure 35. Raman spectra of CeO, SL,
PDADMAC, SL-CeO., and SPCe. Raman
peaks marked with squares refer to CeOs,
spectrum of PDADMAC revealed peaks while those marked with circles refer to SL.
identified as the N—C stretches (790 cm™) and The a_bso_lute Raman Intensities (_pr‘|‘or

normalization) are shown, intensity unit “m
CHs stretching vibration (1449 cm™).2%® The cps” refers to 10° counts per second.

the literature.?’? On the other hand, the Raman
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vibrational modes that give rise to Raman peaks, assigned for SL and PDADMAC, are listed in
Table S3 (Appendix D). In addition, the recorded spectra of SL-CeO» and SPCe revealed the
lone peak of CeO: (indicated by squares) and all characteristic Raman peaks of SL (indicated
by circles), as shown in Figure 35. Compared to the individual spectra, no observable shift in
the peak positions was observed. However, the immobilization resulted in weakened peak
intensities of CeO2 but have no effect on the intensities of SL peaks. On the other hand, the
absence of characteristic peaks of PDADMAC in the spectrum of SPCe is attributed to the

lower Raman intensity of PDADMAC (recorded intensity values are labeled on the graph).?%3

Hence, highly stable latex-nanozyme composites were systematically formulated under
controlled heteroaggregation that not only maximized the electrostatic attraction within the
latex-nanozyme composites but also maximized the repulsion among the individual highly
charged hybrid particles, resulting in colloids of high colloidal stability with promising

antioxidant potential.

5.5 The enzyme-like activity

The enzyme-like catalytic potential of the formulated composites was examined via
standardized enzyme assays. The AL-PB composite was found to have SOD-like and HRP-like
activity, while SPMn mimicked both CAT and SOD enzymes. For CeO2-based composites,

HRP-like activity and radical scavenging potential were observed.

5.5.1 The SOD-like activity of PB- and MnO»-based composites

The SOD enzyme catalyzes the dismutation of superoxide (¢O2") into Oz and H203, and
thus, is an important antioxidant that plays a crucial role in cellular defense in most living cells
exposed to ROS. Both AL-PB and SPMn systems showed SOD-like activity, which was
confirmed via the Fridovich assay. The inhibition of the NBT-superoxide reaction, obtained

using equation (39), is presented as a function of the corresponding nanozyme concentration.

Figure 36(a) shows that inhibition increased with increasing PB concentration. The NBT-
radical reaction at 25 °C was completely inhibited at a bare PB concentration of 4.0 mg/L, while
the AL-PB composite (600 mg PB/g AL) achieved 65% inhibition when the PB content in AL-
PB was 4.0 mg/L. While the immobilization of PB did not compromise its catalytic potential,
the AL-PB composite exhibited lower catalytic potential, indicating the decreased availability
of the catalytic surface of PB NPs upon immobilization. Table 9 summarizes the ICso values
for the bare and immobilized PB. The ICsp values of PB and AL-PB did not differ significantly
and were found to be 1.64 mg/L and 2.55 mg/L, respectively. Similar inhibition curves for
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SPMn for SOD-like enzymatic potential are shown in Figure 36(b, c). The inhibition increases
as the concentration of bare MnO, MFs or its content in SPMn was increased up to 2.0 mg/L.
The 1Cso values for SPMn and bare MnO2 MFs at 25 °C were 0.311 mg/L and 0.274 mg/L,
respectively. Hence, the functional integrity of MnO. MFs was preserved upon both
polyelectrolyte functionalization and immobilization. In addition, the SOD-like activity of
MnO2 MFs and SPMn was evaluated after the stock dispersions were thermally incubated at 50
°C and 75 °C for 90 min. Figure 36(b, c) shows the inhibition curve of thermally treated MnO>
MFs and SPMn at both temperatures. It was found that the heated samples exhibited no loss of
SOD-like activity for either bare or immobilized MnO2 MFs. The native SOD enzyme, on the
other hand, was reported to lose its activity after only 20 min of incubation at 80 °C.*® For native
SOD at 25 °C, the ICso value, however, was reported to be 0.07 mg/L,%** which is lower than
that of SPMn and significantly lower than that of the AL-PB composite.
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Figure 36. Inhibition of the NBT-superoxide reaction (SOD-like activity) of (a) PB NPs
containing samples, (b) bare MnO2> MFs, and (c) the SPMn composite. The solid lines are
mathematical functions used to calculate the ICso values, located by the dashed arrows.

A plausible explanation of the similarity in the SOD-like activity of bare and immobilized
MnO2 MFs is the limited coverage in the SPMn composite and the easier access to the catalytic
surface of the immobilized MnO. MFs. Although the immobilization of bare MnO> MFs
inevitably results in the decrease of the area of the available catalytic surface, the heavy
aggregation of bare MnO> MFs also leads to a loss of some catalytic surface. Hence, the two
opposing effects are balanced, resulting in similar SOD-like activity of SPMn, compared to
bare MnO, MFs. On the other hand, bare PB NPs have high colloidal stability and do not
undergo heavy aggregation; however, the full coverage of AL-PB with PB NPs results in
significant hindrance of the catalytic surface upon immobilization, and hence, reduced SOD-
like activity of AL-PB composite, compared to bare PB NPs. The obtained 1Cso values suggest

excellent SOD-like activity of SPMn, compared to those reported in the literature. For instance,
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Zhang et al. examined the enzyme-like activity of MnO> functionalized with Bovine serum
albumin (BSA). The functionalized MnO> exhibited 50% inhibition at MnO> concentration
between 5.0 and 10.0 mg/L.?% The BSA-MnO- showed excellent in vitro biocompatibility and

effectively inhibited apoptosis.

Table 9: The 1Csp values of the SOD-like activity assay for PB- and MnO.-based

composites at room and elevated temperatures.

Nanozyme Dose (mg/q) 1Cs0 (Mg/L)
PB-25 °C - 1.64

AL-PB-25 °C 600 mg PB/g AL 2.55
MnQO2-25 °C - 0.274+£0.012
MnO2-50 °C - 0.132 +0.005
MnO2-75 °C - 0.192 £ 0.010
* o
NS aomgponDuaCigunO: 03112001
*SPMn-75 °C 100 mg PMn/g SL 0.417 % 0.017
Native SOD - 0.07%%

Although the enzyme-like activities of MnO> MFs and PB NPs, along with their
composites, are lower than that of the native enzyme; the composites, especially SPMn, retain
high functional and colloidal stability at harsh operational conditions, where the native SOD
undergoes permanent loss of activity, and thus, such composites are expected to be ideal
candidates as versatile antioxidants with functional stability and economical edge over the

sensitive and expensive native SOD enzyme.

5.5.2 The HRP-like activity of PB- and CeO,-based composites

The PB- and CeO»-based composites exhibited HRP-like activity by catalyzing the
oxidation of some substrates in the presence of H.O,. The HRP-like activity of AL-PB and
CeO»-based composites were tested via the guaiacol and TMB assays, respectively. In such
assays, the change in color of the added substrate is used to quantitatively probe the enzymatic
reaction rate at various substrate concentrations in the presence of the nanozyme. Also, the rate

data are fitted with the Michaelis-Menten kinetic model, equation (2).

The HRP-like activity of the PB NPs and AL-PB composite is tested using guaiacol as a
substrate. As shown in Figure 37, the obtained reaction rate data were plotted as a function of
the guaiacol concentration (1-40 mM) at a constant PB NPs concentration (10 mg/L), either in
bare or immobilized form. The data was found to fit well with the Michaelis-Menten model.
For bare PB, the obtained vmax and Km values were 6.71 uM/s and 2.19 mM, respectively. For
AL-PB (600 mg PB/g AL), the PB content corresponds to 10 mg/L in the final samples. The
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obtained Vmax and Km values were 4.09 uM/s and 2.92, respectively. The Vmax gives the
maximum reaction rate observed, after which the rate becomes independent of the substrate
concentration and can be attributed to the saturation of the catalytic sites. The Kn, on the other
hand, is the guaiacol concentration that corresponds to the rate half that of the vmax. The Kn
value is inversely proportional to the affinity between the H,O2 and PB NPs, with lower Kn,
indicating a higher affinity. Since the parameters for PB NPs and AL-PB were very similar, it
is evident that the immobilization of the PB NPs did not significantly affect their HRP-like
activity. The decrease in vmax, however, can be attributed to the full coverage of the AL-PB
composite, and the subsequent decrease in the availability of the catalytic surface of PB NPs
hindered as a result of immobilization. For the native HRP with guaiacol as the substrate, the
Vmax and Km are 2.80 pM/s and 3.22 mM, 2% which indicates the formulated AL-PB composite
had a stronger affinity towards the substrate than the native HRP enzyme, as well as higher Vimax

values.
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Figure 37. The guaiacol-oxidation reaction rate (HRP-like activity) at different guaiacol
concentrations, catalyzed by PB NPs and AL-PB. The lines represent the Michaelis-Menten fits
(equation (2)). The graphical schematic inset shows the color of oxidized guaiacol, which
indicates positive HRP-like activity for PB NPs and AL-PB.

On the other hand, the HRP-like activity of the CeO,-based composites was assessed using
the TMB substrate, which undergoes oxidation in the presence of H.O, and HRP. The oxidized
TMB has a characteristic absorption peak at 652 nm.?%” Unlike guaiacol, however, the TMB
substrate is reported to have a pH-dependent response. Thus, the activity of the TMB substrate
is assessed at acidic, neutral, and alkaline conditions. Figure 38 demonstrates the viability of
TMB as a substrate for the evaluation of the HRP-like activity of bare CeO> NPs. At acidic (pH
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4.0) conditions, neither the TMB/CeO> (Figure 38(a) inset: cuvette o) nor TMB/H20> (Figure
38(a) inset: cuvette ) combination resulted in an absorption peak nor a color change, indicating
that no oxidation of TMB took place. For TMB/H20., the mixture exhibited a very pale blue
color indicating an insignificant amount of TMB underwent oxidation, as evident from the very
weak absorption peak. The uncatalyzed oxidation of TMB can be attributed to the spontaneous
and slow decomposition of H20- into hydroxyl radicals that can lead to slight TMB oxidation.
On the other hand, when TMB, H202, and CeO2 NPs are jointly present, the mixture rapidly
developed a deep blue color (Figure 38(a) inset: cuvette y) with a strong absorption peak at
652 nm indicating significant oxidation of TMB occurred. When the same measurements are
carried out at neutral and alkaline conditions, no color change was observed, and the TMB
underwent no oxidation, as shown in Figure 38(b). Thus, the kinetics of the HRP-like activity

of CeOz-based composites were investigated at acidic (pH 4.0) conditions.
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Figure 38. (a) The UV-Vis spectra of TMB/CeO2 (green/o spectrum), TMB/H202 (blue/p
spectrum), and TMB/H20,/CeO: (black/y spectrum). The inset graphics shows the real samples,
measured at pH 4.0. (b) The relative reaction rate of TMB oxidation at acidic (pH 4.0), neutral
(pH 7.0), and alkaline (pH 9.0) conditions, the samples were prepared with the following
relevant concentrations: 1.0 mM TMB, 25 mg/L CeO2 NPs, and 5.0 mM H>Ox.

In addition, the kinetics of the CeO»-catalyzed reaction was studied at various substrate
concentrations. Figure 39 shows the reaction rate of TMB oxidation at various TMB
concentrations (0-1.5 mM) at 25 mg/L CeO2 NPs and 5.0 mM H20,. Measurements with higher
TMB levels were not feasible due to the TMB’s poor solubility in water and its subsequent
precipitation during the measurement. The obtained rate data for bare CeO2, NPs, SL-CeO-, and
SPCe were fitted with the Michaelis-Menten kinetic model. Interestingly, the obtained Km for
SL-CeO2 (0.200 mM) is nearly two times lower than that for bare CeO> NPs (0.359 mM),
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indicating a stronger affinity between SL-CeO. and H202, compared to bare CeO, NPs. For
SPCe, on the other hand, the K (0.467 mM) was slightly larger than that of bare CeO> NPs,
indicating comparable affinities of both SPCe and bare CeO> NPs toward H202. Also, the Vmax
values for SL-CeO> and SPCe were 0.01056 uM/s and 0.01823 uM/s, respectively. For bare
CeO2 NPs, vmax was found to be 0.01058 uM/s. When TMB is the substrate, the native HRP
was reported to have a Vmax of 0.1 uM/s and a Kiy of 0.434 mM, which indicates that both bare
CeO2 NPs and SL-CeO> have lower Km than native HRP enzyme, while SPCe has comparable

Km values, indicating excellent affinity of between the composites and the substrate.?%
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Figure 39. The TMB-oxidation reaction rate at different TMB concentrations catalyzed by
CeO2 NPs, SPCe, or SL-CeO, at pH 4.0. The lines represent the Michaelis-Menten fits,
expressed by equation (2). The graphical inset shows that the intensity of the blue color
(oxidized TMB) gradually increases with the amount of TMB.

For SPCe and SL-CeO, the lower surface coverage in the former led to easier access to
the catalytic surface and higher vmax, which is attributed to the presence of PDADMAC. Unlike
PB NPs, the immobilization of CeO2 NPs enhanced or at least maintained its activity, in terms
of Km and vmax Values. A possible explanation of such disparity in the change of activity upon
immobilization of PB NPs and CeO> NPs is the better colloidal stability of the PB NPs at the
pH of the respective assay. When stable particles (e.g., PB NPs) are immobilized, less catalytic
surface is exposed, resulting in a deteriorated activity. On the other hand, with mildly
aggregating particles (e.g., CeO2 NPs), the loss of catalytic surface due to aggregation of the
bare particles is more significant than the loss of catalytic surface after immobilization, resulting
in better or maintained activity in the composite form. The Michaelis-Menten parameters of
PB- and Ce0O»-based composites, as well as several nanozyme systems reported in the literature,

are summarized in Table 10. Hence, the immobilization and functionalization of CeO2 NPs and
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PB NPs not only enhanced the colloidal stability but also resulted in similar or better HRP-like
activity, compared to the native enzymes, which renders such composites excellent antioxidant

materials for industrial use.

Table 10: The parameters of the Michaelis-Menten fits for the HRP-like activity for PB- and
Ce0O»-based composites.

CpB or ceo2 Km Vmax

Nanozyme (mg/L) (MM) (107 MJs) Reference
PB-25 °C 10.0 2.19 6.71 Present work
AL-PB-25°C 10.0 2.92 4.09 Present work
Ce02-25°C 25.0 0.359 + 0.044 0.01058 + 0.46 Present work
SL-Ce02-25°C 25.0 0.200 + 0.034 0.01056 £ 0.61 Present work
SPCe-25 °C 25.0 0.467 £ 0.077 0.01823 £1.11 Present work
MoSx-Co(OH)2 - 0.236 0.0569 209
ZnS-MMT - 0.055 0.0799 20
DNA-CoAl-LDH - 1.775 0.0409 21l
CoNiS-3/MMT - 0.821 0.6831 =
BNNS@CuS - 0.175 0.0376 213
VO: (fibers) - 0.518 93 214
VO2 (sheets) - 0.111 168 214
VO (rods) - 0.801 399 2L
CeO2 (rods) - 0.0753 0.0401 215
v-Fe203-PB - 0.307 1.06 7
Fes0q4 - 0.434 0.10 214
HRP (Guaiacol) - 3.23 2.80 A
HRP (TMB) - 0.434+0.010 0.100 + 8.83 208

5.5.3 The CAT-like activity of MnO-based composites

Bare MnO2 MFs and SPMn composite exhibited CAT-like activity that was assessed via
the CAT assay, in which the decrease in the absorption of H.O2 over time is monitored at
240 nm during the MnO2-catalyzed breakdown of H>O2. The concentration of MnO2 MFs (or
its equivalent content in SPMn) was fixed at 10 mg/L during the activity assessment. In
addition, the CAT activity of both MnO> MFs and SPMn was probed at 25 °C, and after the
corresponding stock dispersions were thermally incubated at 50 °C and 75 °C for 90 min.
Figure 40 shows the reaction rate at various H>O> concentrations (0-1.0 mg/L). The rate data
evidently well-fit with the Michaelis—Menten model and the obtained Ky and Vmax of MnO2

MFs and SPMn composite at various temperatures are listed in Table 11.

At 25 °C, the Km and vmax for bare MnO2 MFs were found to be 0.083 mM and 30.79 uM/s,
respectively, whereas for SPMn, the obtained Kmn and vmax were to be 0.099 mM and
33.23 uM/s, respectively. The similarity in values indicates that the immobilization and
functionalization of MnO> MFs did not affect its CAT-like activity, i.e., a similar magnitude of

the catalytic surface is exposed in both cases.
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Like the trend in SOD activity, the similarity in the activity of bare and immobilized MnO;
MFs indicates that comparable loss of catalytic surface occurs 1) when bare MnO2 MFs
aggregates in aqueous media during the measurement time frame and 2) upon SPMn
formulation, resulting in comparable CAT-lie activity. In addition, the thermal treatment of the
bare or immobilized MnO> MFs exhibited minimal to no effect on the affinity of MnO2 MFs
towards the substrate as similar K, values were obtained for both bare and immobilized MnO;
MFs at 50 °C and 75 °C, compared to the corresponding values at 25 °C, as shown in Table 11.
However, thermal treatment resulted in the decrease of vmax of both MnO2 MFs and SPMn,
compared to the untreated counterparts. The decrease was more pronounced with bare MnO:
MFs than SPMn. Also, the magnitude of the decrease was independent of the temperature for
either material, as shown in Table 11. Comparatively, the native CAT permanently loses its
activity at 70 °C after only 30 min of thermal treatment,?'® which renders SPMn an excellent

antioxidant with excellent structural stability and enzyme-like catalytic potential.
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Figure 40. The CAT-like activity of bare MnO2 MFs and SPMn at 25 °C, 50 °C, and 75 °C.
The MnO2 MFs concentration or its content in SPMn was kept at 10.0 mg/L. The solid lines
represent the Michaelis—Menten fits, obtained from equation (2).

The CAT-like activity of MnOz is well-reported in the literature.?% 27 Also, such CAT-
like activity is observed for other nanostructured materials.?'® For example, Mu et al. examined
the CAT activity of various Coz04 nanostructures, the obtained Kn, values (Table 11) indicate
a significant dependence on the geometry.®> For example, Km for C03Os nanorods and
nanocubes were 4.82 mM and 63.9 mM, respectively. In addition, Wu et al. probed the activity
of native CAT and obtained relatively high vmax values of 224.3 and 222.6 pM/s for free and
immobilized CAT, respectively. However, the reported Kn values were 25.7 mM and 27.4 mM
for free and immobilized CAT, respectively.?!® Comparison of such values with those of the
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MnOz-based composites indicates that the obtained SPMn exhibits excellent affinity toward the
substrates, and thus, are expected to serve as an excellent antioxidant with significant CAT-like
activity that is maintained at high-temperature conditions, where native CAT is inactive.

Table 11: The Michaelis-Menten kinetic parameters of CAT-like activity determined for the

MnO2 MFs and SPMn composite at room and elevated temperatures.

Nanozyme Cwmno2 Km Vmax
(mg/L) (MM) (107 MJs) Reference
MnQO2-25 °C 10.0 0.083 £0.011 30.79 £ 1.01 Present work
MnO2-50 °C 10.0 0.082 +0.008 15.17+£0.36 Present work
SPMn-25 °C 10.0 0.099 +0.010 16.09 + 0.49 Present work
SPMn-25 °C 10.0 0.099 £0.010 33.23+0.79 Present work
SPMn-50 °C 10.0 0.118+£0.017 23.14+£0.85 Present work
SPMn-75 °C 10.0 0.106 £ 0.025 23.77 £ 1.39 Present work
Free CAT 2.0 25.7 224.3 21
Immobilized CAT 2.0 27.4 222.6 219
Co0304 (plates) 20 24.7 2.36 &2
C0304 (rods) 20 4.82 1.89 62
C0304 (cubes) 20 63.9 1.23 G2

5.5.4 The antioxidant potential of CeO.-based composites

The radical-scavenging potential of the CeO.-based composites was evaluated via the
DPPH assay, in which the purple DPPH radical is reduced to a yellow product. The reduction
is probed by monitoring the decrease in absorbance of the purple DPPH radical at 517 nm. The
DPPH% (the percentage of unreacted DPPH, obtained using equation (40)) is recorded at
various CeO; concentrations and constant DPPH concentration (15.0 mg/L). Figure 41 shows
the DPPH% as a function of CeO2 NPs concentration or its content in either SPCe or SL-CeO..
The DPPH% was found to decrease with increasing CeO2 NPs concentration, indicating fewer
radicals remain when more nanozymes are present. The SPCe exhibited the highest antioxidant
activity, as indicated by the steeper decrease in the curve and the smallest ECso value (46.9
mg/L). On the other hand, SL-CeO> possessed the most deteriorated DPPH reduction potential,
the ECso value was found to be 73.1 mg/L. Bare CeO2 NPs exhibited intermediate DPPH
reduction potential with an ECso value of 60.3 mg/L.

A plausible interpretation of these trends can be obtained by factoring in both the extent of
surface coverage and the magnitude of the loss of the catalytic surface upon immobilization.
Like AL-PB, the immobilization of CeO> NPs into a fully covered composite (SL-CeOy)
hindered the access to the catalytic surface and lowered DPPH reduction potential. However,
in the case of SPCe, the presence of PDADMAC resulted in partial coverage and enhanced
access to the catalytic surface of immobilized CeO2 NPs, resulting in better DPPH activity.
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Figure 41. The DPPH radical scavenging potential of CeO2 NPs, SL-CeO2, and SPCe. The
concentration of DPPH radical in the final samples was fixed at 15.0 mg/L. The DPPH% was
calculated according to equation (40), and the data was fitted with the Hill equation to obtain
the ECsp values. The inset image shows that the intensity of the yellow color of reduced DPPH
increases with the increased nanozyme concentration.

The DPPH reduction potential is frequently reported for materials as an indication of their
antioxidant potential " 22 Olivera et al. probed the antioxidant potential of composites based
on MgAI-LDH and bilva oil meal (BP) proteins. The ECso values for bare LDH and LDH-BP
composite were estimated to be 151.15 mg/L and 42.04 mg/L, respectively.??* Also, Mao et al.
probed the antioxidant potential of PtPdCu NPs, which caused a 50% reduction of DPPH
radicals after 10 min when the trimetallic nanostructure concentration was 42.6 mg/L.??? The
comparison of these ECsg values with those of SPCe and SL-CeO- indicates that the formulated

composites are excellent functional ROS scavengers, even in non-aqueous media.

Also, for the HRP-like activity of PB- and CeO»-based composites, as well as the CAT-
like activity of MnO2-based composites, the obtained activities outperformed or are at least
comparable to the native enzymes, as evidenced by the vmax and Km values. On the other hand,
for the SOD-like activity of PB- and MnO»-based composites, the reported activities were lower
than those of the corresponding native enzymes. Nevertheless, the loss of activity is often
outweighed by the functional, structural, and thermal stability of such composites. For instance,
the high functional, colloidal, and thermal stability of SPMn at harsh conditions (e.g.,
temperature), where native SOD undergoes a permanent loss of activity. Thus, the attained
stability, low cost, ease of preparation, and preservation of enzyme activity of immobilized
nanozymes often outweigh the partially reduced enzymatic activity, if any, given their
economical edge and huge potential industrial applicability.
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6 Conclusions
A colloid approach was presented for the development of antioxidant composites (AL-PB,
SPMn, SL-CeO;, and SPCe) based on inorganic nanozymes and functionalized polystyrene

latex particles via controlled heteroaggregation of the oppositely charged particles.

Initial and thorough characterization of the colloidal state of the individual particles (PB,
MnO., CeOg, SL, AL) proved to be crucial for determining the optimal experimental conditions
(pH, ionic strength, latex concentration). The optimal pH enabled the formation of highly
charged particles, and hence, prevented homoaggregation. Also, for each composite, the
optimal pH resulted in oppositely charged particles and strong electrostatic attraction. In
addition, the assessment of the aggregation status and zeta potential of the individual particles
at various ionic strengths enabled the determination of safe ionic strength conditions, at which

the dispersions remain fairly stable to enable effective composite formulation.

The functionalization of negatively charged metal oxides (MnO; and CeO;) with
PDADMAC served to induce charge reversal and enable heteroaggregation with negatively
charged SL particles via electrostatic forces. The adsorption occurred under the influence of
DLVO-type forces (electrostatic and van der Waals forces). In addition, the variation in the
amount of adsorbed PDADMAC highly affected the stability of the system and led to charge
neutralization and reversal. For the PMn system, the parch-charge interactions are a possible
contributor to the total interactions, as evidenced by the lower stability ratios at low
PDADMAC doses, compared to high doses.

The formulation of antioxidant composites (AL-PB, SPMn, SL-CeO,, and SPCe) occurred
under the influence of electrostatic and vdW forces between the charged moieties on the
comprising particles. The variation in the amount of immobilized nanozyme significantly
altered the major force responsible for the colloidal stability of the resultant latex-nanozyme
systems. The electrostatic attractive forces dominated the total interaction at low and high
nanozyme doses due to the high overall charge on the particles. On the other hand, the
occurrence of characteristic IEP (when the latex-nanozyme hybrid particles have no overall
surface charge) indicates the significance of vdW forces. In addition, the presence of
PDADMAC heavily altered the extent of surface coverage and indicates its high effectiveness
in surface charge modification of both the nanozyme and latex. The PDADMAC-containing
composites were found to be less decorated with nanozymes, compared to PDADMAC-free

composites.
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Also, the immobilization and PDADMAC functionalization of nanozymes did not
compromise their antioxidant potential or enzyme-like activity. The interplay among factors
such as the aggregation status of bare particles, their colloidal stability at the pH of the assay,
and the extent of coverage in the final composites was found to highly affect the relative activity
upon immobilization. Partially covered systems (SPCe and SPMn) exhibited better enzyme-
like activity than the corresponding bare nanozymes, as well as similar fully covered composites
(e.g., SL-CeO- and SPCe). Hence, the PDADMAC exerted a significant effect on the extent of
surface coverage and the ease of access to the catalytic surface, and hence, affected the enzyme-
like activity. Also, the higher the colloidal stability of the bare nanozyme, the more deteriorated
its enzyme-like activity upon immobilization (e.g., AL-PB and SPMn), accounting for the
relative change in the available catalytic surface prior to and after immobilization.

The composites exhibited a multi-enzymatic activity with CAT- and HRP-like activities,
that are comparable to that of the native enzymes, as evidenced by the Michaelis-Menten
parameters. In addition, the preservation of SOD- and CAT-like activities of SPMn after
thermal treatment, where native enzymes lose activities, renders such material versatile
antioxidants. These formulations also exhibit structural, colloidal, and functional stability, and
are foreseen to have promising use in many industrial fields, where economically sustainable

alternatives to enzymes are desired.
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7 Summary

Oxidative stress presents a serious risk to biological systems and results in unwanted
elevated levels of ROS. Naturally, ROS are produced by cytochrome P450 enzymes and
peroxisomes, as well as during various metabolic processes such as ATP production and
immune responses. In addition, certain exogenous sources such as pollution and unhealthy
lifestyle can largely result in increased levels of ROS as well. The presence of ROS is inevitable
as they are essential in various processes such as immune response, and the formation of cellular
structures and signal molecules. However, the non-regulated presence of ROS can result in
various serious and chronic health-related conditions such as cancer, cardiovascular diseases,
diabetes, asthma, and neurodegenerative disorders such as Alzheimer’s and Parkinson’s

diseases.

The biological systems naturally employ a number of defense mechanisms against
oxidative stress including prevention, scavenging, and repair strategies using a vast array of
antioxidants, which are highly effective substances that help regulate and eliminate excess ROS,
and thus, are highly essential to the well-being of the living system. Antioxidant enzymes such
as SOD and CAT are highly effective in scavenging *O." and H2O», respectively. These
enzymes are also widely employed in various industries as well. However, natural enzymes are
highly complex protein structures that suffer from high sensitivity to operational conditions
such as pH and temperature. Hence, undesignated conditions can result in permanent loss of
catalytic activity, which has rendered enzyme production and purification processes time-
consuming and often considerably expensive. Nanozymes have emerged as promising artificial
enzymes that circumvent the significant drawbacks of native enzymes. The preparation of
nanozymes is often straightforward and economical to achieve; most importantly, nanozymes
typically possess catalytic activity well outside the operational conditions of the mimicked
enzyme due to large surface area, structural stability, and the tunability of their physicochemical
properties. Nevertheless, since many inorganic nanoparticles are water-insoluble such as metal
oxides, their colloidal stability largely depends on the experimental conditions such as
temperature, pH, ionic strength, and the presence of stabilizing agents such as surfactants and
polyelectrolytes. Moreover, the industrial or biological applications of these nanomaterials such
as catalysis and environmental remediation may require pH or ionic strength conditions at
which bare particles are heavily aggregating, and thus, versatile use of such materials requires
not only a solid comprehension of their colloidal state but also the development of strategies

and sustainable methods to prevent the aggregation of these nanozymes during their use.
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SUMMARY

The work pertaining to the current dissertation deals with antioxidant nanozymes (PB NPs,
MnO2 MFs, and CeO> NPs) and presents a systematic colloid approach to immobilize these
nanozymes onto highly stable latex particles (AL and SL) via controlled and systematic
heteroaggregation. The latex particles serve as excellent support material and are expected to
result in structurally stable composites (AL-PB, SPMn, SL-CeO, SPCe) with enzyme-like
catalytic potential. The composites are also foreseen to have excellent structural, functional,
and colloidal stability, as well as promising enzyme-like catalytic potential that is comparable
to that of the native enzymes. In the first part of the dissertation, PB NPs, MnO2 MFs, and CeO-
NPs were synthesized according to reported procedures and later characterized via XPS and
XRD, as well as UV-vis and Raman spectroscopy. The as-prepared particles were also
visualized via AFM, TEM, and SEM techniques.

In the second part of the dissertation, the colloidal state of the individual nanozymes and
latex particles was thoroughly examined. First, the pH-dependent surface charging and particle
size were probed in the pH range of 3-11 to determine the optimal pH for composite formation.
For the individual particles comprising each composite, the optimal pH shall give rise to highly
and oppositely charged particles with large size differential. For instance, for the formation of
AL-PB, the optimal pH (pH~4.0) resulted in highly negative PB NPs and highly positive AL,
with PB NPs significantly smaller than AL. Next, the resistance against salt-induced
aggregation of the nanozymes and the latex particles was examined at the optimal pH by
measuring the stability ratio and zeta potential at various salt levels. The results revealed that
at 1.0 mM salt level, the particles maintain high zeta potential and do not aggregate heavily,
and thus, the ionic level was fixed at 1.0 mM during composite formulation. Third, the optimal
latex concentration to be used during composite formation was determined by comparing the
increase in the particle size during diffusion-controlled aggregation at different particle
concentrations, 1.0 M ionic strength, and the optimal pH. At such a high salt concentration, the
surface charge on the particles is effectively non-existent due to charge screening resulting in
diffusion-controlled aggregation under the influence of vdW forces. Optimal latex
concentrations are those corresponding to early-stage aggregation. The results of these three
measurements provide the optimal pH, ionic strength, and latex particle concentration for the
composite formulation. In addition, the pH-dependent surface charging of MnO. MFs and CeO>
NPs revealed an optimal pH of 9.0, where they have a large size differential; however, unlike
PB NPs and CeO2 NPs at pH 4.0, both oxides have similar surface charge as their respective

latex, SL, which required their surface modification to induce opposite surface charge.
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SUMMARY

In the third part, MnO2> MFs and CeO. NPs were surface-modified via the adsorption of
the positively charged PDADMAC polyelectrolyte to induce enough positive surface charge
that will allow heteroaggregation with SL via electrostatic attraction. Thus, at fixed metal oxide
concentration, 1.0 mM ionic strength, and pH 9.0, the stability ratio and zeta potential at various
PDADMAC doses (in mg PDADMAC/g metal oxide) were measured. The PDADMAC
adsorption was enabled by electrostatic and vdW interactions, and in both cases, the system
exhibited a charge neutralization-charge reversal trend. The high stability ratio and zeta
potential of the PDADMAC-functionalized particles (PMn and PCe) is attributed to the
electrostatic repulsion among the individual functionalized particles. The IEP of the system, on
the other hand, corresponds to balanced positive (PDADMAC) and negative (metal oxide)
charges resulting in functionalized particles with no overall charge, which leads to heavy
aggregation and subsequent system destabilization. These measurements allowed the selection
of the proper PDADMAC dose, at which the functionalized metal oxide particles are
sufficiently charged for subsequent heteroaggregation with SL via electrostatic attractive
forces.

In the fourth part, the formation of AL-PB and SL-CeO; at 4.0, as well as for SL-PMn
(SPMn) and SL-PCe (SPCe) at pH 9.0 was achieved via heteroaggregation via electrostatic and
vdW attraction forces. In all cases, the ionic strength was fixed at 1.0 mM and the latex
concentration was fixed at the optimal concentration, determined from diffusion-controlled
aggregation measurements (25.0 mg/L AL and 125.0 mg/L SL). Also, the optimal PDADMAC
doses, assessed during absorption measurements, were determined to be 200 mg PDADMAC/g
MnO; and 40.0 mg PDADMAC/g CeO,. The formation of AL-PB, SPMn, SL-CeO, and SPCe
composites was monitored by measuring aggregation rate and zeta potential at various PB NPs,
PMn, CeO2 NPs, and PCe doses, respectively. Similar to PDADMAC adsorption, the four latex-
nanozyme systems exhibited charge neutralization-charge reversal trends. Low nanozyme
doses (in mg nanozyme/g latex) resulted in minimally covered latex particles; therefore, the
composites maintained their original charge resulting in high colloidal stability due to
electrostatic repulsion, as evidenced by the high stability ratio and zeta potential. The IEP of
latex-nanozyme systems was observed at doses resulting in balanced negative and positive
charges, where the neutral hybrid particles underwent diffusion-controlled aggregation under
the influence of vdW forces. Nanozyme doses higher than those around the corresponding IEP
led to a reversal of the surface charge, and the generated opposite charge that gave rise to stable

composites as a result of electrostatic repulsion among the individual hybrid particles.
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SUMMARY

In the fifth part, the standardized assays were followed to probe the enzyme-like catalytic
potential. In general, neither the immobilization nor PDADMAC functionalization of
nanozymes compromised their enzyme-like activity. Nevertheless, the change in the activity
upon immobilization was different for the different nanozymes. The PB-based composites
exhibited SOD- and HRP-like activities, assessed via Fridovich and Guaiacol assay,
respectively. Compared to bare PB NPs, the activity of immobilized PB NPs (AL-PB) slightly
deteriorated. On the other hand, the MnO2-based composites exhibited SOD- and CAT-like
activities that were assessed at 25 °C, 50 °C, and 75 °C. The CAT-like activity was assessed by
monitoring the decomposition of H2O> via spectrophotometry. At 25 °C, the SPMn showed
similar SOD- and CAT-like activity as the bare MnO2 MFs. At 50 °C and 75 °C, the SOD like-
activity was still unaffected by the thermal treatment. However, after thermal treatment, both
bare and immobilized MnO. MFs exhibited a reduction in the CAT-like activity, as observed
by the slight reduction in the vmax values, obtained from the Michaelis-Menten model. Also, the
Ce0O3-based composites (SL-CeO, and SPCe) showed HRP-like activity and DPPH radical
scavenging potential, assessed via the TMB and DPPH assays, respectively. The SL-CeO> and
SPCe showed comparable HPR-like activity, compared to bare CeO2 NPs. As for the DPPH
radical scavenging, the SPCe showed better activity while SL-CeO, exhibited comparable

reduction potential.

For a given nanozyme, the enzyme-like activity of the corresponding composite depends
on several factors such as the colloidal stability of the bare nanozymes and the extent of
coverage in the composites. The PB NPs form stable dispersions, and thus, the immobilization
results in the decreased availability of the catalytic surface. Besides, the fully covered status of
AL-PB further hiders the access to the catalytic surface, resulting in a deteriorated activity. On
the other hand, bare MnO, MFs forms heavily aggregating dispersions, and hence, the
immobilization results in no overall change in the available catalytic surface, as a result of
partial coverage due to PDADMAC presence. Similarly, for CeO,-based composites, the less
decorated status of SPCe allows more efficient access to the surface of immobilized CeO2 NPs,
and thus, SPCe is expected to exhibit better enzyme-like potential than the fully covered SL-
CeO2 composite. The observed HRP- and CAT-like activity of the composites was better than
the corresponding native enzymes, as evident by the parameters of the Michaelis-Menten
model. Thus, the composites exhibited multi-enzymatic activity with structural, colloidal,
thermal, and functional stability, which renders them versatile nanozymes in industrial

applications, where economically sustainable antioxidants are desired.
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10 Supplementary Information

Appendix A: Michaelis-Menten model of enzyme kinetics

Experimental studies on enzyme kinetics revealed several key observations

1. The initial rate of product formation, vo, is proportional to the total enzyme
concentration, [E]o, at a certain initial substrate concentration, [S]o.

2. For agiven [E]o, Vo is proportional to [S]o (at low [S]o) and independent of [S]o (at high
[S]o).

Two approaches are utilized to derive the rate expression that accounts for these
observations: i) Thermodynamic equilibrium and ii) steady-state approximation. In 1913, the
German biochemist Leonor Michaelis (1875-1949) and the Canadian biochemist Maud L.
Menten (1879-1960) proposed a mechanism that accounts for these observations. Accordingly,
the binding of the substrate, S, to the enzyme, E, forms the enzyme-substrate complex, ES, that

can separate back into substrate and enzyme or proceed into the product, P, formation:

k1/k_ k
E+s MV pspyp (41)

where ki and k-1 are the rate constants for the formation of ES and its dissociation into S
and E, respectively, and k: is the rate constant of the product formation reaction. The product

formation proceeds with the following initial rate:

d[P
Vo = (%)0 = k,[ES] (42)

THERMODYNAMIC EQUILIBRIUM: Since [ES] is not measurable, Michaelis and
Menten assumed that that k-1 > k> and that the ES formation is a rapid equilibrium process,

where ES is in thermodynamic equilibrium with the substrate and enzyme.

_ ks _[ENS)
5= % T Es) “

In addition, at any time the total enzyme concentration [E]o is the sum of [ES] and the

enzyme concentration, [E], and thus:
[E] = [E], — [ES] (44)

Thus, by inserting the expression of [E] in the equilibrium constant, and solving for [ES]
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_ [EL[s)
[55) = 4 159 (45)

And thus, the expression of the initial reaction rate becomes

_(4[P]\  ka[E]o[S]
Vo = ( dt )0 " Ko + [5] (40)

From which,

Vo = I’j—z[E]O[S] at low [S]o when ([S] « Ks)

vy = ky[E], athigh [S]o when ([S] > Ks)

When all the enzyme molecules are bound with the substrate as ES, the measured initial
rate reaches its maximum possible value, Vmax, Which represents the maximum possible reaction

rate, where the total enzyme concentration equals that of the enzyme-substrate complex.
Umax = k2[E]o (47)

STEADY-STATE APPROXIMATION: In 1925, British biologists George Briggs (1893—
1978) and John Haldane (1892-1964), alternatively used steady-state approximation to obtain
the initial rate. According to the approach, it is unnecessary to assume that the enzyme and
substrate are in thermodynamic equilibrium with the enzyme-substrate complex to obtain the
rate expression. Rather, the concentration of the enzyme-substrate complex will reach a

constant value soon after the enzyme and substrate are mixed.

d[ES]

- =k [E][S] — k_1[ES] — k,[ES] = 0 (48)
From which
_ k[E][S]
ES] = ki[S1+ ki +k, (49)
APl _ kaky[E][S]
Vo = (T)O AN E (50)
— kZ[E]O[S] (51)
Kpm + [S]

_1+k2

If Vpax = kz[E]pand K, = £ p , the Michalis-Menten equation is obtained.

1

Y0 K + 5]
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where Vmax represents the maximum possible reaction rate and K, is the Michaelis constant
and represents the [S] at which the initial rate is half that of vmax. Comparing the results of both
approaches, both expressions have a similar dependence on substrate concentration. Km and Ks
are equal only when k1 > ko. In addition, both approaches have the exact definition of the

maximum rate.
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Appendix B: Theoretical background of light scattering techniques

Dynamic light scattering (DLS): The DLS is an instrumental technique for the
determination of particle size as well as the particle size distribution, and thus, provides an
insight into the stability of colloidal systems. The DLS technique involves irradiating the
sample with a monochromatic source of light, e.g., a laser, and detecting the pattern of
fluctuations in the intensity of scattered light at a certain angle upon interacting with the sample.
These fluctuations occur due to the Brownian motion, and the velocity of particles can be related
to the particle size, namely, the hydrodynamic radius, Rn, by the Stokes-Einstein equation:??®

kyT

= 53
Rn 6mnD (53)

where 7 is the viscosity of the medium, T is the absolute temperature, kg is the Boltzmann
constant, and D is the translational diffusion coefficient, the Stokes-Einstein equation shows
that R;, is readily available once D is determined. Autocorrelation of the scattered intensity is

an approach used to generate the correlation function, which can be expressed as:??* 22°

g0y = DI+ D)
N0,

where I(t) is the scattered light intensity at time ¢, and I(t + 7) is the intensity shifted by

(54)

a delay time 7. The Siegert relation:
g%(q,7) = A[1 + pe™?™] (55)

where A is the baseline, S is the coherence factor, and T is the decay rate. The diffusion

coefficient can be obtained as follows:

r
D = ? (56)
where q is the scattering vector and can be obtained as follows:
4mn 0
1=—sin(3) 7

here, n is the medium’s refractive index, 4 is the wavelength of the monochromatic light
source, and 6 is the angle at which the scattered light is collected. Once q and T are obtained,

the Stokes-Einstein relation is used to obtain the Rj.
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Electrophoretic light scattering (ELS): The ELS combines DLS and electrophoresis to
obtain the electrophoretic mobility, and thus the zeta potential, of colloidal particles (under the
influence of external electric field) using frequency shift or phase shift analysis of an incident
laser beam.*5! The electrophoretic mobility, u, of charged particles moving under the influence
of an external electric field, E, is related to their velocity, v, as follows:

u=l (58)

The electrokinetic or zeta potential, , is obtained from u from various models and depends
on the experimental conditions such as the medium’s dynamic viscosity, 7, the ionic strength
(expressed in the Debye parameter, k), and radius of the particles, R. When xR > 20, the

Helmholtz-Smoluchowski model is used to obtain the zeta potential:

_un

= 59
¢ = s (59)
When kR < 1, the zeta potential is given by the Hiickel model:
_ 2un (60)
3gp€
When 1 < kR < 20, the zeta potential is obtained using the Henry model:
2un
=— R 61
¢ =3arg SR (61)

where the value of f(xR) falls within 1-1.5 range.??® A comparison of these models is

shown in Figure S1.

Zeta Potential (mV)

0 1 2 3 4 5
Electrophoretic Mobility (10° m* V's™)

Figure S1. The Helmholtz-Smoluchowski, Hiickel, and Henry models for the calculation of
the zeta potential from the electrophoretic mobility.
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Appendix C: Experimental determination of CCC values.

The CCC values can be estimated from measurements of stability ratio, W, as a function of
the ionic strength, ceiecerotyte:

1. Estimation of the B value: Using the experimentally measured W values (W) at
Various Cejectroryter the  value can be obtained by plotting log(1/W,,,,) as a function
of log(Cerectrotyte) TOr the salt concentrations at the slow aggregation regime, where

is the slope of the resulting linear graph, as shown in the following expression, Equation
(37):

1

dlo
g(We ”

) = Bdlogcelectrolyte

2. Estimation of initially calculated W values (W,4): Since the CCC is the salt
concentration at which the colloidal system transit into the rapid aggregation regime,
the following expression (Equation (36)) is used to obtain W, at the corresponding
Celectrolyte, USING the estimated CCC, taken from the W-c,iectroiyee 9raph, as well as
the 3, obtained in step (1).

ccc 1
Weae =1+
Celectrolyte

3. Estimation of €CC: The sum of the squared differences between W, and W,,, is

used to obtain the best value for CCC using Excel’s solver to find the best fit to minimize
the squared difference
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Appendix D: Raman and XPS compositional analysis data

Table S1: XPS composition analysis of PB NPs.

Region Peak species Peak (at%)? Sample (at%)®
c-C 69+2 36.0
C-OH,CN 20+1 11.0
Cls
C=0 7+1 4.0
0-C=0 4+1 2.0
CN 65+2 20
N 1s Charge transfer 2242 6.8
Ammonium ion 13£2 4.01
Fe(ll) 87+7 3.7
Fe 2p
Fe(lll) 13+2 0.6
O 1s Surface —OH 11.7 11.7

aAtomic percentage (at%) unit is the number-based composition ratio, i.e., based on the number
of atoms. The Peak (at%) is the atomic percentage of a constituent species in its deconvoluted
peak. For a given region, the sum of Peak (at%) for all constituent species is 100%. "Sample
(at%) is the atomic percentage of the species in the whole sample. The sum of Sample (at%)
for all species is 100%.
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Table S2: The binding energies of all transitions in the Ce 3d region of the XPS survey spectrum

of the CeO, NPs.

Surface species | Transition | Binding Energy (eV) Reference value (eV)
% 882.8 882.3
v’ 888.8 888.8
v 898.7 898.2
Ce (IV)
u 901.1 900.7
u” 907.7 907.5
u”’ 917.0 916.6
VO 880.8 880.7
v’ 885.2 885.2
Ce (111)
u® 899.4 899.3
v’ 903.5 903.8
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Table S3: The Raman shift values and the corresponding vibrational mode of recorded Raman

peaks of CeO2 NPs, SL, PDADMAC, SL-CeO», and SPCe.

Raman shift (cm™) Assignment Sample
462 Nsym(Ce-0) CeOy, SL-CeOg, SPCe
573 d(C-C) PDADMAC
620 d(ring) CeOz, SL, SL-CeO2, SPCe
790 n(N-C) PDADMAC
795 n(C-H)
1000 d(ring)
1032 n(C-H)
SL, SL-CeO2, SPCe
1150-1200 n(C-C)
1584 n(C=C)
1602 n(ring)
1449 d(CHs) PDADMAC
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