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Peroxidase-mimicking activity of manganese ferrite nanoparticles was studied, based on the oxidation of
TMB (3,3',5,5'-tetramethylbenzidine) by H,0, at pH 4 using acetate and citrate buffers. The aim of this
study was to examine this reaction not only by enzymology (Michaelis-Menten kinetics model) but also
by surface science methods of heterogeneous catalysis. Nanoparticles were characterized by different
techniques to determine their phase composition, surface area, surface composition, surface charge, pH
at the point of zero charge, magnetization, mean size, and morphology. Results show that the nanozymes
are coated with buffer anions that form a shell around them. In addition, the hydrodynamic size and ¢
potential of the nanoparticles under reaction conditions play an important role in the proposed
Fenton-type oxidation mechanism. A greater amount of Mn ions than Fe ions leaches from the nano-
zymes during TMB oxidation, likely because Fe is better protected than Mn by the buffer coating the outer
surface of the nanoparticles. This shortcoming must be addressed when applying these nanomaterials.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Enzymes are biological catalysts that participate in most reac-
tions taking place in living organisms [1]. Peroxidase enzymes
belong to a large family that generally uses H,O, to oxidize the
substrate and are important free radical detoxifying agents for
defense against invading pathogens [2], for the oxidation of differ-
ent organic substrates in wastewater treatments, and for utiliza-
tion as detection tools [3]. The discovery that magnetite
nanoparticles behave similarly to horse radish peroxidase enzyme,
yielding the same oxidation product [3], led to the preparation of
other inorganic nanoparticles that mimic the catalytic activity of
different biological enzymes, including oxidase, catalase, haloper-
oxidase, glutathione peroxidase, uricase, methane monooxygenase,
hydrolase, and superoxide dismutase (SOD) [4,5]. These inorganic

* Corresponding authors.
E-mail addresses: cmoreno@ugr.es (C. Moreno-Castilla), mvlro@ujaen.es
(M. Victoria Lépez-Ramén), esiles@ujaen.es (E. Siles).

https://doi.org/10.1016/j.jcat.2022.09.010
0021-9517/© 2022 The Authors. Published by Elsevier Inc.

nanoparticle catalysts are called nanozymes, although they likely
have distinct reaction mechanisms [6-8]. It was recently ques-
tioned [9] whether some magnetic nanomaterials with intrinsic
peroxidase-like activity in the presence of H,0, are true nano-
zymes, mainly due to their oxidation mechanism. This can follow:
(i) the specific reaction of peroxidase enzymes, which is a two-
electron oxidation mechanism; or (ii) a Fenton type mechanism
in which HO® radicals that oxidize the substrate are generated on
the surface of the nanomaterial.

Advantages of nanozymes over enzymes include their avoid-
ance of some of the drawbacks of the latter, such as their low sta-
bility, difficult storage, high synthesis cost, and sophisticated
purification techniques [5,8], explaining the major interest in
nanozymes over recent years [9]. Nanozymes are, therefore,
related to enzymology and heterogeneous catalysis. In normal
practice, nanozyme activity has been widely described by the
Michaelis-Menten (M—M) kinetics model, which implies an enzy-
mology approach [8]. However, given that nanozymes are hetero-
geneous catalysts, the application of surface science concepts and
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methods can provide new insights into the reaction mechanisms of
these nanomaterials [4,8-10].

The objective of this investigation was therefore to study man-
ganese ferrite nanoparticles as nanozymes that mimic peroxidase
catalysts to oxidize TMB in a heterogeneous catalysis approach,
although the M—M Kkinetics model is also applied. Two manganese
ferrite nanomaterials were used for this purpose: as-prepared
(MSN), and calcined at 350 °C (MSN350). TMB oxidation is con-
ducted at pH 4, an essential requirement [2], using acetate and
citrate buffers.

Surface science methods were used to determine the size, mor-
phology, and surface charge of the nanomaterials under reaction
conditions, studying the hydrodynamic size by dynamic light scat-
tering (DLS), the size and morphology by transmission electron and
atomic force microscopies (TEM and AFM, respectively), and the
surface charge by ¢ potential. The TMB molecular size and surface
charge at pH 4 was also investigated to determine the nature of the
electrostatic interactions between nanoparticles and substrate.
Data were also obtained on M—M kinetic parameters, turnover fre-
quency (TOF), and activation energy of the corresponding reactions
and were related to the hydrodynamic size of the nanomaterials in
solution and their surface composition. Results obtained underlie
the proposal of a reaction mechanism for the nanoparticles used.

2. Materials and methods
2.1. Materials

Iron (III) chloride hexahydrate and manganese (II) chloride
tetrahydrate, TMB, acetic acid, tri-sodium citrate, ethylene glycol,
ethylenediamine, sodium acetate, and dimethyl sulfoxide (DMSO)
were analytical grade reagents supplied by Sigma Aldrich. Ethanol
absolute (100%) was provided by VWR Chemical and H,0, (30% wt
%) by Panreac Applichem. All reagents were used as-received with
no further purification.

2.2. Preparation of MnFe,0,4 solid nanospheres

MSN was prepared following a previously reported solvother-
mal method [11], and MSN350 was obtained after calcining MSN
at 350 °Cin an air-oven for 4 h, as described elsewhere [12]. Details
of the synthesis are given in Text S1 of Supplementary material.

2.3. Characterization methods

The crystallographic structure of the two samples was deter-
mined by XRD, and their morphology was characterized by TEM.
The specific surface area, Sger, was obtained by applying the BET
equation to the N, adsorption isotherms at —196 °C. The pHpyzc
was obtained by potentiometric titrations. Data were also obtained
on the magnetization of the nanozymes against the applied exter-
nal magnetic field applied. XPS studies were also conducted. Mean
nanozyme size was measured by TEM, DLS, and AFM, and the ¢
potential of nanozymes was determined at pH 4 in each buffer.
The characterization techniques employed are described in detail
in Text S1 of Supplementary material.

2.4. Assays of the peroxidase-mimicking activity of nanozymes

Determination of the peroxidase-mimicking activity of MSN
and MSN350 was based on the oxidation of TMB by H,0, and
application of the M—M kinetics model. Different concentrations
of nanozymes were assayed with a fixed H,0, concentration to
obtain the TOF of their peroxidase-mimicking activity. Finally,
the activation energy was obtained between 25 and 35 °C. The
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activity assays are described in detail in Text S1 of Supplementary
material.

3. Results and discussion
3.1. Characteristics of nanozymes and the TMB substrate

Fig. 1 depicts the morphology of MSN and MSN350 catalysts
from TEM, showing them to be composed of nanospherical parti-
cles formed by the heterojunction of smaller spherical building
blocks. Tables 1 and 2 display most of the surface characteristics
reported and discussed elsewhere [12]. Briefly, the calcination
treatment of MSN at 350 °C to obtain MSN350 changes its surface
characteristics. For instance, X-ray diffraction (XRD) patterns
(Fig. S1 of Supplementary material) reveal that cubic spinel jacob-
site is oxidized to non-stoichiometric maghemite (MnFe;04.5) and
there are reductions in crystal size, BET surface area, pH at the
point zero charge (pHpzc), and saturation magnetization (Ms).
However, there is no change in remnant magnetization (Mg) or
coercivity (Hc). The high Mg value of the two ferrites permits their
ready separation from the solution using an external magnet.

X-ray photoelectron spectroscopy (XPS) results are displayed in
Table 2, and the corresponding spectra are depicted in Figs. S2 and
S3. Both ferrites show 2ps, peaks at around 710 and 711 eV, attrib-
uted to Fe(Ill) in B (octahedral) and A (tetrahedral) sites, respec-
tively. Hence, they have a partially inverted spinel structure. In

Fig. 1. TEM micrographs of MSN and MSN350.



C. Moreno-Castilla, A. Naranjo, Mari. Victoria Lépez-Ramén et al.

Journal of Catalysis 414 (2022) 179-185

Table 1
Results from XRD patterns, BET surface area, pHpzc and magnetic behavior of nanozymes.
Nanozyme Crystal phase Crystal size SpeT pHpzc Ms Mg Hc
nm m?g! emu g! emu g! kOe
MSN Jacobsite 10.2 138 8.0 54.3 2.4 0.03
MSN350 Maghemite 8.0 104 7.0 43.7 25 0.04
Table 2
Binding energy (eV) of the main XPS peaks of the nanozymes with percentage (in parentheses), Fe, Mn and O atomic percentages and Mn/Fe atomic ratio.
Nanozyme Fe 2p3p Feat Mn 2ps; Mn,e Mn/Fe 0O 1 Oac
eV % eV % eV %
MSN 710.1 (32) 19.2 640.6 (65) 9.5 0.49 529.7 (71) 713
711.4 (68) 641.7 (35) 531.4 (29)
MSN350 709.9 (30) 15.6 641.1 (66) 12.2 0.78 529.6 (73) 72.2
711.2 (70) 642.4 (34) 531.2 (27)

regard to Mn, MSN shows the presence of Mn(Il) and Mn(III) with
2ps2 peaks at 640.6 and 641.7 eV, respectively, whereas MSN350
has peaks at 641.1 and 642.4 eV, attributed to Mn(Ill) and Mn
(IV), respectively. The Mn/Fe atomic ratio is very close to 0.5, the
theoretical value of the manganese ferrite spinel. However, this
ratio is increased in MSN350 due to Mn segregation to the ferrite
surface. Finally, two O;s peaks at around 529.6 and 531.2 eV are
attributed to surface lattice oxygen and surface -OH groups,
respectively [12].

Mean sizes of ferrite nanoparticles, from various techniques, are
displayed in Table 3. Mean hydrodynamic size by DLS is higher
than the mean size by TEM in water due to the hydrophilic charac-
ter of the nanozyme surface and its consequent hydration. Suspen-
sion of the nanozymes in acetate or citrate buffers produces a
major increase in their mean hydrodynamic size, indicating a
greater attraction to the nanozyme surface for the buffers than
for water. This is because the surfaces of both ferrites are positively
charged at the working pH (4.0) used for the peroxidase reaction
due to their pHpzc (Table 1), and they would therefore strongly
attract acetate and citrate anions in the suspension. Mean nano-
zyme sizes are the same by AFM and TEM in water, and the mean
size is markedly lower by AFM than by DLS in both buffers. This is
attributable to evaporation of the solvent before the AFM measure-
ment, leading to desorption of some of the water, acetate, or citrate
adsorbed on the nanozymes. Fig. 2 depicts some AFM micrographs
of the two ferrites in different media, showing that nanozymes are
coated with buffer anions that form a shell around them. More
information about this coating is given in Figs. S4 and S5.

The coating of nanozyme surfaces by water or buffer anions
affects not only their size but also their ¢ potential (Table 4). In this
way, MSN350 shows a more negative { potential in water and acet-
ate buffer in comparison to MSN, attributable to the presence of
Mn(IV). Hence, Mn**— OH complexes are readily formed in aque-
ous solution due to the dissociative adsorption of water molecules
[13], attracting OH™ ions from the water. For their part, acetate ions
are also attracted by Mn(IV) to the MSN350 surface due to their
negative charge. However, the two nanozymes have the same (
potential in citrate buffer, which coats their surface and forms a
coordination complex with the surface metal ions due to the

citric-citrate complexation capacity [14,15]. In addition, all nano-
zyme particles coated by buffer anions are negatively charged in
the studied media, and repulsive interactions among them would
prevent their agglomeration [16].

To our best knowledge, this is the first report that nanozymes
are coated by the anions of buffers used to control the suspension
pH for the reaction. Unlike in the case of biological enzymes, this
phenomenon is widespread in these types of material due to the
presence of metal ions in different oxidation states on their sur-
faces. Hence, the surface coating of nanozymes is one of the most
important differences between the two types of catalyst, inorganic
nanozymes and biological enzymes.

Fig. 3 depicts the molecular structure of TMB. It has a molecular
volume of 0.37 nm? and a Van der Waals surface area of 3.98 nm?
[17]. The pK, and dipole moment of TMB are 4.17 and 0.42 D,
respectively [18]. With two amino groups, the non-oxidized TMB
is partially positively charged at pH 4 [19].

3.2. Manganese ferrite nanozymes as peroxidase catalysts.

Nanozymes share many features with enzymes but are
heterogeneous inorganic catalysts rather than biological cata-
lysts. Nevertheless, nanozyme activity has usually been
described with the M—M kinetics model, involving the applica-
tion of enzymology methods [2,4,5,8,20,21]. Fig. 4A depicts the
activity of MSN and MSN350 nanozymes at 25 °C as a function
of TMB concentration in acetate and citrate buffers. The results
of applying the M—M kinetics model to these curves are com-
piled in Table 5. Ky, is the M—M catalytic constant, V,ax is the
maximum reaction rate, and k¢, is the V. per surface area unit
of the nanozyme. This is an enzymology term, whereas the TOF
is more frequently used in heterogeneous catalysis [8]. The sur-
face area was considered in the present study because enzymes
typically have one active site, whereas nanozymes, as in the case
of heterogeneous catalysts, have more than one active center
(metal ions) on their surface.

As shown in Table 5, MSN350 has the highest k.. value in acet-
ate buffer and MSN the highest value in citrate buffer. This is
related to the mean hydrodynamic size of the nanozymes (Table 3),

Table 3
Mean nanozyme size (nm) by various techniques.
Nanozyme TEM DLS AFM
Water Acetate buffer Citrate buffer Water Acetate buffer Citrate buffer
MSN 75+5 127 +2 2971 £ 77 1400 + 70 74 £1 158+ 4 194 +5
MSN350 755 130 £2 1802 + 69 1704 = 86 77 £1 248 £ 7 337 £13
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Fig. 2. AFM micrographs of (A) MSN-H,0; (B) MSN-Acetate; (C) MSN-Citrate; (D) MSN350-H,0; (E) MSN350-Acetate; (F) MSN350-Citrate.

Table 4 given that the nanozyme with lowest mean hydrodynamic size in

¢ potentials (mV) of nanozymes in different media. each buffer has the highest K., value. Table 5 does not report the
Nanozyme Water Acetate buffer Citrate buffer Keat/Km ratio, which should only be used to compare reaction rates
VSN 903203 67105 07111 of different substratgs catalyzed by the same enzyme and not to
MSN350 _339+10 134 +06 197 +1.9 compare the catalytic efficacy of different enzymes [16,22].
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Fig. 3. TMB molecular structure.

TOF values at 25 °C and activation energies between 25 and
35 °C were calculated from Fig. 4B and 4C, respectively, and the
results are displayed in Table 6. They indicate that the nanozyme
with the lowest mean hydrodynamic size in each buffer has the
highest TOF value and the lowest activation energy. TOF results
evidence a similar trend to that observed for k., results, and
Fig. 4D shows the linear relationship (0.9705 correlation coeffi-
cient) between K¢,c and TOF values. Finally, the results indicate that
the DLS-estimated mean hydrodynamic size of the nanozyme plays
a key role in its activity, being of major importance in the first steps
of the TMB oxidation mechanism, as described below.

The proposed Fenton-type TMB oxidation mechanism is
depicted in Scheme 1. Under reaction conditions, pH 4, the TMB
is partially positively charged and would be electrostatically
attracted by the negatively charged coating of the nanozymes.

400+

Activity (umol L™ min™)

[TMB| (mmol L)

C

In v (mol L!s1)

-4.5

0.00324 0.00328 0.00332

1T (K1)

0.00336
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According to the { potentials (Table 4), attractive interactions
would be higher for MSN350 in acetate buffer but would not differ
between these nanozymes in citrate buffer. Consequently, TMB
cannot pass through the buffer coating to reach the nanozyme sur-
face. In contrast, H,0, can reach the nanozyme surface more read-
ily, which depends on the mean hydrodynamic size, because of its
much lower molecular volume (0.004 nm?) and Van der Waals sur-
face area (0.49 nm?) in comparison to TMB (0.37 nm’> and
3.98 nm?, respectively). It would decompose on the surface into
HO- radicals according to Egs. (1)-(6) [23,24], which would oxidize
the TMB attached to the outer coating of the nanozymes.

Fe?* + H,0, — Fe3* + OH~ + HO*

Fe3* + H,0, — Fe?* + H* + HO,* (2)
Mn?t + H,0, — Mn?** + OH- + HO* (3)
Mn3* + H,0, — Mn?t + H+ + HO,* (4)

Mn** + H0, — Mn3* + H* + HO,*

Mn3t + H,0, — Mn** + OH- + HO®

On the other hand, Mn and Fe ions leach from the nanozymes
during TMB oxidation (Table 7). There is practically no difference
in the amounts of ions leached between reaction temperatures of
25 and 35 °C. The amount of Mn leached from MSN is similar in
each buffer, while a larger amount leaches from MSN350 due to
the surface segregation of Mn detected by XPS, with little differ-
ence between buffers. In comparison to Mn, a much smaller
amount of Fe is leached from MSN and MSN350 in acetate and

0.003 -

B

e
o
S
5

pmol min!

0.001 1

0.004 0.006 0.008

Nanozyme (mg)

0.002

550 -

450 1

350 1

250 1+

Key¢ (pmol min"'m-2)

150 T T "
3

TOF ( pmol min! m?)

Fig. 4. (A) Activity of nanozymes against TMB concentration at 25 °C; [H,0,] = 10 mM and [Nanozyme] = 2.17 x 10~> M. (B) Relationship between nanozyme activity at 25 °C
and their mass. [TMB] = 4 mM; [H,0,] = 10 mM. (C) Arrhenius plots at temperatures between 25 and 35 °C; [TMB] = 4 mM; [H,0,] = 10 mM and [Nanozyme] = 2.17 x 107> M.

(D) Relationship between ke, and TOF.
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Table 5

Michaelis-Menten kinetic parameters of MSN nanozymes in different buffers (pH 4). [Nanozyme] = 2.17x10> M; [H,0,] = 10 mM; [TMB] up to 4 mM.
Nanozyme/Buffer K Vinax Keat R?

mmol L umol L' min~! pumol min~! m~2

MSN/Acet. 0.335 2415 349.5 0.976
MSN350/Acet. 0.855 259.0 497.1 0.960
MSN/Citr. 0.089 315.1 456.0 0.934
MSN350/Citr. 0.119 166.6 319.8 0.848

Table 6
TOF at 25 °C and activation energies between 25 and 35 °C of the nanozymes in the
TMB oxidation reaction.

Nanozyme/Buffer TOF Activation energy
pumol min~! m~2 kJ mol~!
MSN/Acet. 243 £0.14 69.2 + 4.8
MSN350/Acet. 3.97 £0.10 305+ 1.1
MSN/Citr. 3.30 £ 0.19 26.1+1.5
MSN350/Citr. 1.75 £ 0.08 504 +2.2

citrate buffers under the same conditions, although the amount of
Fe leached in citrate buffer from both nanozymes was slightly
higher than that leached in acetate buffer.

The finding that much more Mn than Fe is leached by MSN and
MSN350 in both buffers contrasts with observations for the same
catalysts in the oxidation of para-nitrophenol with potassium

peroxymonosulfate at 40 °C in unbuffered solution, with initial
and final pHs of 5.8 and 2.6, respectively [12]. One explanation is
that Fe is better protected than Mn by the buffer that coats the
outer surface of the nanoparticles, likely due to the formation of
more stable coordination complexes with Fe than with Mn ions
on their surface.

Leaching of metal ions is typically observed from heterogeneous
inorganic catalysts in aqueous solutions at certain pH values but
not from enzymatic catalysts. According to the EPA, the maximum
permitted Mn concentration in water is 0.05 mg L~! [25], much
lower than the concentrations observed with these nanomaterials.
The leaching of metal ions from the surface of nanomaterials is a
major problem that must be addressed when they are used as an
enzymatic-mimicking catalyst, given their negative impact not
only on the integrity of the heterogeneous catalyst but also on
the environment.

CH,
NH
oxTMB
Scheme 1. TMB oxidation mechanism proposed.
Table 7
Metal ions leached after 5 min of reaction. [Nanozyme] = 2.17x10~ M; [H,0,] = 10 mM; [TMB] = 4 mM.
Nanozyme T (°C) Acetate buffer Citrate buffer
Mnleached Fe]eached Mnleached Feleached
mg L! mg L’ mg L! mg L’
MSN 25 0.32 0.03 0.27 0.08
30 0.27 0.02 0.29 0.09
35 0.35 0.03 0.32 0.11
MSN350 25 0.49 0.04 0.43 0.11
30 0.46 0.04 0.47 0.13
35 0.48 0.05 0.48 0.13
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4. Conclusions

Nanozymes are coated with the anions of buffers employed to
control the suspension pH at which reactions take place, because
their surfaces contain metal ions in different oxidation states. This
phenomenon is not observed with biological enzymes. Hence, this
surface coating is one of the main differences between inorganic
nanozymes and biological enzymes. The nanozyme with the lowest
mean hydrodynamic size in each buffer has the highest k.,; and
TOF values and the lowest activation energy. A Fenton type mech-
anism is proposed to explain the TMB oxidation at pH 4 with acet-
ate and citrate buffers. Finally, Mn and Fe ions leach from the
surface of the nanozymes during TMB oxidation. This leaching is
typically observed when heterogeneous inorganic catalysts are
used in solutions and must be addressed when using nanozymes,
because it can negatively affect the integrity of the heterogeneous
catalyst and the environment.

Finally, future research is warranted on buffers that minimize
the coating of the nanozyme particles and avoid the leaching of
metal ions from their surfaces. Once this is achieved, it will be of
major interest, given the deleterious role of oxidative stress in
numerous pathologies such as stroke, to evaluate the potential
therapeutic effect of these nanozymes in in vitro and in vivo models
of this and other diseases.
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