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Manganese dioxide (MnO,) nanomaterials have garnered significant attention as enzyme mimics due to
their excellent catalytic properties. However, when applied to catalytic oxidation in biological systems,
pure MnO, has shown limited performance. To address this limitation, we synthesized Co-doped MnO,
nanoparticles with enhanced oxidase-mimicking activity through a facile chemical method. These Co-
MnO, nanoparticles are characterized by the structural incorporation of Co ions into the MnO, lattice,
likely substituting Mn sites, which crucially induces a high density of surface oxygen vacancies (OVs),
a key factor for enhanced catalysis. The presence of these OVs, confirmed by XPS, alongside the
introduction of Co, leads to modulated electronic configurations and promotes the active participation
of Mn**/Mn** and Co?"/Co®" redox couples. This combination is believed to facilitate synergistic
catalytic reactions and accelerated electron transfer during catalytic reactions. Co—MnO, nanoparticles
demonstrated notable kinetic parameters toward the oxidation of 3,3,5,5'-tetramethylbenzidine (TMB),
exhibiting a low Michaelis—Menten constant (K, = 1.17 mM) and an elevated maximum velocity (Vinax =
469 x 107® M s7Y. UV-Vis spectroscopy and colorimetric analysis revealed a notably intensified

chromogenic response at 650 nm for Co-MnO, systems. Leveraging these properties, a sensitive and
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Accepted 11th September 2025 reliable colorimetric platform was developed for ascorbic acid (AA) detection, achieving a broad linear

range (2-100 puM) and a low detection limit (1.23 uM). The practical application of this colorimetric

DOI-10.1039/d5ra037559 sensing platform was validated through successful testing with real samples, highlighting its potential for
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1. Introduction

Nanomaterials with enzyme-mimicking functions are progres-
sively attracting significant attention from researchers world-
wide due to their superior properties, such as electrical
conductivity," ion exchange,” optical properties,* and catalytic
activity.* Various nanomaterials, including metal oxides, carbon
nanomaterials, noble metals, and functional polymers, have
been studied and developed as efficient nanozymes.>® Despite
their ability to withstand extreme environmental conditions
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various colorimetric sensing applications.

and suitability for large-scale production, nanozymes still lag
behind natural enzymes in terms of selectivity and catalytic
activity. To address these limitations, researchers have devel-
oped various tuning strategies to maximize nanozyme activity,
focusing on size, morphology, structure, ligand modification,
heteroatom doping, and external stimuli. For instance,
a hydrothermally synthesized SnFe,0, nanozyme with catalase
and glutathione peroxidase-like activity showed significant
improvement after modification with poly(styrene)-block-poly(-
ethylene glycol) (pS-PEG).® Notably, the activity of carbon-based
nanozymes can be enhanced by doping with Fe and N. Wang's
team created a nanozyme material with a higher ID/IG intensity
ratio than the undoped material by introducing N, heteroatoms
into Q-graphene to generate N-doped surface defects.*
Designing and optimising nanozymes with enhanced cata-
Iytic performance represents a frontier in materials science
research. These artificial enzyme mimics offer distinct advan-
tages over their natural counterparts, including greater stability
under harsh conditions, longer shelf life, and scalable produc-
tion at lower costs. Metal oxide-based nanozymes, in particular,
have emerged as promising candidates due to their tunable
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physicochemical properties and versatile surface chemistry.****
Recent advances in synthetic methodologies and characteriza-
tion techniques have enabled precise control over nanozyme
architecture and functionality, opening avenues for their
application in sensing, biomedicine, environmental remedia-
tion, and catalysis. The strategic incorporation of dopants into
nanozyme structures presents an efficient approach for modu-
lating catalytic activity. Dopants can significantly alter the host
material's electronic properties, introduce crucial defect sites
such as OVs, and modify surface reactivity, thereby enhancing
substrate binding and conversion efficiency.*

Among metal oxides, manganese dioxide (MnO,) is a cost-
effective, environmentally friendly, and easily prepared mate-
rial known for its intrinsic multi-enzyme mimetic activities.'®
The enzyme-like activity of MnO, is highly dependent on its
structural properties, including crystalline phase, morphology,
and surface characteristics such as OV. Many studies have been
conducted to document that the properties of nanoparticles can
be tuned by changing the synthesis method and modifying their
surface, size, shape, and composition. MnO, nanomaterials
with different morphologies (nanoparticles, nanoclusters,
nanorods, nanowires, nanosheets,...) have been characterized
for their oxidase activities. MnO, nanowires have the highest
activity and stability for immunoglobulin binding applica-
tions.'® For MnO, nanorods, Meng's group*” modified different
crystal structures, including a«-, B-, and y-MnO,, through
different fabrication methods. Using TMB as the substrate for
the oxidation catalytic reaction, the results showed that f-MnO,
nanorods exhibited the highest activity for applying glutathione
(GSH) content detection. In a catalytic oxidation application for
formaldehyde (HCHO) degradation, MnO, in the form of
nanoparticles with a crystal structure in the y-MnO, phase gave
the best efficiency,” while in another study, y-MnO, with
a short nanorod structure achieved a lower HCHO removal
efficiency than 3-MnO, in the flower-shaped form." In addition
to the influence of the morphology and crystal structure of
single MnO,, the oxidation activity of this nanozyme was also
studied in doped and surface-modified materials.**>® Studies
have shown that the catalytic oxidation efficiency of modified
materials is higher than that of pristine MnO,. Metal doping,
especially transition metals (Fe, Co, Cu, Zn,...), is a key strategy
to engineer the catalytic sites. Such doping can influence crys-
tallinity, but more importantly, it is known to increase the
amount of surface oxygen defects and modulate the availability
of multiple metal valence states (e.g., Mn**/Mn*", Co**/Co>"),
which can work synergistically to boost the oxidase activity of
the material.

Beyond crystalline phase and morphology, the presence of
OV is strongly correlated with the enzyme-like activity of MnO,.
These OVs are not mere imperfections; they are critical catalytic
enhancers.”* OVs can lower the band gap of MnO, and
generate intermediate energy levels, accelerating electron
transfer, which is crucial for catalytic reactions. They can also
provide additional active sites for the adsorption and activation
of reactants like molecular oxygen and the chromogenic
substrate (e.g., TMB), directly participating in or facilitating the
catalytic turnover. Strategies to further enhance MnO,
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nanozyme activity include controlling its crystal structure and
morphology, inducing structural changes like creating hetero-
phase junctions, and doping with transition metals. Metal
doping is a practical and effective approach to modulate the
electronic or geometrical structure of metal oxides, often
resulting in enhanced specific surface area, improved electronic
conductivity, and, critically, promoting the formation of OVs.

Transition metal doping, specifically with elements like Fe,
Cu, Zn, Ni, and Co, has been reported to significantly increase
the amount of surface oxygen defects and improve the oxidase
activity of MnO,. Notable examples include Mo-doped MnO,
nanoflowers synthesized via microwave-assisted hydrothermal
methods, which exhibited enhanced enzyme-like activity and
a stronger affinity for TMB compared to pure MnO,.** Similarly,
Sr-doped MnO, nanoflowers demonstrated significantly
enhanced oxidase-like and laccase-like activities, which was
attributed to increased OVs confirmed by EPR analysis.*
Hydrothermally synthesized MnO, nanoflowers also showed
enhanced oxidase-like catalytic activity, attributed to numerous
active surface sites and the synergistic reaction between Cu'/
Cu?*" and Mn**/Mn*" redox couples.?

Based on these successful examples, doping MnO, with
other transition metals, such as Co, is a promising strategy to
optimize its catalytic properties for specific applications further.
Due to the similar ionic radii of Co and Mn ions, Co doping is
expected to integrate effectively into the MnO, lattice without
drastically altering its overall crystal structure or morphology at
reasonable doping concentrations. Previous studies on Co-
doped MnO, for other applications, such as magnesium ion
storage, have shown that Co doping leads to a change in the
coordination environment and is more oxygen-deficient than
undoped MnO,, generating abundant Ovs.** These OVs,
confirmed by techniques like EPR and XPS, improve electronic
conductivity, expose more active sites, and promote ion trans-
port. While the primary focus of these studies was electro-
chemical performance, the demonstrated structural and
electronic modifications - particularly the increase in OVs and
enhanced conductivity, and the introduction of multivalent Co
ions alongside Mn ions — are also highly relevant to and directly
implicated in enhancing enzyme-mimicking catalytic activity.”

Inspired by these advancements, our study investigates Co-
doped MnO, nanoparticles as high-performance nanozymes
for colorimetric sensing applications. Using a facile chemical
synthesis method, we aimed to create Co-MnO, nanoparticles
with uniform size and enhanced oxidase activity. Based on these
considerations, we hypothesize that Co doping into MnO, can
induce a series of synergistic effects, including the successful
substitution of Co ions into Mn lattice sites, leading to the
creation of abundant OVs, modulation of the electronic struc-
ture, enhancement of electrical conductivity, an increased
density of active catalytic sites, and improved substrate
adsorption. Critically, we propose that these factors foster
a synergistic catalytic mechanism involving both the OVs and
the multivalent redox couples of Mn and Co. These modifica-
tions are anticipated to collectively accelerate reaction kinetics
and enhance the oxidase-mimicking catalytic performance of
MnO,. The enhanced oxidase-like activity is effectively utilized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Process synthesis of Co-MnO, nanoparticles.

for the sensitive colorimetric detection of AA using the Co-
MnO, + TMB system as a probe. Our findings highlight the
potential of Co-doped MnO, nanoparticles as a promising, cost-
effective platform for developing sensitive colorimetric sensors
for critical analytes like AA.

2. Experimental section

2.1. Chemicals

3,3',5,5'-Tetramethylbenzidine (TMB) were purchased from
Sigma-Aldrich (USA). Manganese(u) chloride tetrahydrate
(MnCl,-4H,0), Hydrogen peroxide (H,0,, 30%wt), sodium
hydroxide (NaOH), cobalt(u) acetate tetrahydrate (Co(CHs-
CO,),-4H,0) and ascorbic acid (AA) were provided by Sino-
pharm Chemical Reagent Co., Ltd (China). In addition, the
double-distilled water used in the process was prepared using
a Mili-Q® system (18.2 MQ cm at 25 °C). The phosphate-
buffered saline (PBS) buffer solution (pH 7.3) was prepared by
using NaCl, KCl, Na,HPO,-12H,0, and KH,PO, (>99%, Merck
KGaA, Germany). The pH of PBS buffer was adjusted by using
HNO; (0.1 M) and NaOH (0.1 M). All chemicals were used as
received without any further purification.

2.2. Synthesis of Co-MnO, nanoparticles

Co-MnO, nanoparticles were synthesized by a modified
method.?® First, 990 mg of MnCl,-4H,0 and 8 mg of Co(CHj;-
CO,), 4H,0 were dissolved in 100 mL of distilled water by
magnetic stirring for 30 min. Next, 0.1 M NaOH solution was
added dropwise and slowly until the brown suspension reached
PH 9.0. The mixture was further stirred at room temperature for
30 min. Finally, 30%wt H,0, was added until the solution
turned black, indicating that Mn>* had been oxidized to Mn**.
The mixture was stirred for 3 h in the air at room temperature.
At the end of the process, the solution was centrifuged and
washed with distilled water several times to remove the residue
and dried at 60 °C for 6 h. The resulting black powder was
ground and calcined at a temperature of 400 °C for 2 h. After

© 2025 The Author(s). Published by the Royal Society of Chemistry

calcination, the resulting powder was stored in a dry, dark
environment at room temperature prior to characterization and
further use (Scheme 1). The samples were characterised using
SEM, EDS Mapping, TGA, FTIR, XRD and UV-Vis methods.

2.3. The oxidase-mimicking activity of Co-MnO,
nanoparticles

In this experiment, 1.2 mL of MnO, solution (0.02 mg mL™")
was added with 2 mL of PBS buffer solution pH 4.0 and shaken
well for 5 min. Finally, 0.4 mL of TMB (0.5 mM) was added and
shaken again for 5 min to complete the reaction.

2.4. Selection of optimal conditions and kinetic analysis for
the oxidase-mimicking reaction

To choose appropriate parameters for TMB oxidation by Co-
MnO,, conditions such as Co-MnO, nanozyme concentration,
TMB substrate concentration, pH of reaction buffer solution
and response time were inspected.

The kinetics of Co-MnO, material were evaluated by
measuring the absorbance changes of the Co-MnO, + TMB
system every 50 seconds. The kinetic parameters — Michaelis
constant (K,) and the maximum initial (V;ax) were calculated
through the Lineweaver-Burk equation:

1 Ky (1 N 1
V' Vo \[S]  Kn
where V represents the initial velocity, V.« represents the

maximum reaction velocity, K, is the Michaelis-Menten
constant, and [S] is the TMB substrate concentration.

2.5.
detection

Application in colorimetric sensor assay for AA

2.5.1. Colorimetric assay. The experiment was performed
similarly to experiment 2.4. However, the input parameters
such as Co-MnO, material concentration, TMB substrate
concentration and reaction environment temperature were
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changed to optimize experimental conditions. The Co-MnO, -
TMB system was used to detect AA with the change in absor-
bance at 650 nm wavelength as a function of AA concentration.

2.5.2. Detection of the AA in real sample. Oranges and
tomatoes obtained from a local market were washed with
distilled water, squeezed, and sonicated for 30 minutes. The
resulting juice was centrifuged at 3000 rpm for 10 minutes. The
supernatant was sifted through filter paper, collecting 5 mL of
each sample. Vitamin C tablets purchased from a nearby
pharmacy were pulverized. The powder was then thoroughly
dissolved by sonicating 60 mg in 10 mL of distilled water for 30
minutes. The mixture was next filtered using filter paper to
remove the ingredients that were not fully dissolved. Three
crude extract samples were diluted fifty times with double-
distilled water before being detected using the Co-MnO, +
TMB method.

2.6. Characterization methods

The morphology of nanomaterial was studied by scanning elec-
tron microscopy (SEM) and energy dispersive X-ray spectrometry
(EDS) mapping techniques (Hitachi S-4800, Japan). The crystal
structures of synthesized nanomaterial were analyzed using an X-
ray diffractometer (XRD Empyrean, PANalytical, Netherlands)
with Cu Ko radiation in the 26 range from 5° to 70°. Fourier
transform infrared (FTIR) spectra were obtained using Nicolet
iS10 FT-IR (Thermo Scientific, USA). The thermal properties of
the materials were verified by TGA measurement (TGA/DSC 3+,
Metler Toledo). Absorbance spectra were acquired using NANO-
COLOR UV/VIS 1II Spectrophotometer (Macherey-Nagel,

g
by
IMS-NKL 5.0kV 5.3mm x100k SE(M)

0O Ka1 Mn Ka1

Fig.1 SEM (A) and EDS Mapping (B and C) of Co—MnO, nanoparticles.
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Germany). An XPS measurement was carried out using a Nexsa
instrument from Thermo Fisher Scientific, equipped with an Al
Ko (1486.6 eV) X-ray source (with 150 W anode power) under
ultra high vacuum conditions of 10—9 mbar.

3. Results and discussion

3.1. Characterization of Co-MnO, nanoparticles

Fig. 1 illustrates the morphology and elemental distribution of
Co-MnO, through SEM and EDS mapping. The SEM image
reveals uniformly dispersed particles with consistent size
distribution. The morphology of MnO, remains unchanged
mainly after Co doping, suggesting that the introduction of
cobalt ions does not significantly alter the growth mechanism
or particle formation (Fig. 1A). Fig. 1B presents an overlay of the
EDS maps, providing visual confirmation of the elemental
composition and spatial distribution within the Co-MnO,
material. The color-coded mapping shows the distribution of
oxygen (O), manganese (Mn), and cobalt (Co), with overlapping
signals indicating regions where these elements coexist
(Fig. 1C). The consistent and uniform presence of the Co signal
throughout the mapped area confirms the successful incorpo-
ration of cobalt into the MnO, matrix without segregation or
formation of separate cobalt oxide phases. The EDS spectrum
showed that the present of Mn and Co within the as-synthesized
sample (Fig. S1), consistent with both the input mass ratio of
Mn>" and Co®" salts and the previously published result.?
This homogeneous distribution of cobalt within the MnO,
structure is crucial for enhancing the catalytic properties, as it
ensures that the electronic and structural modifications

CoKa1

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03755g

Open Access Article. Published on 22 September 2025. Downloaded on 4/1/2026 7:06:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

induced by Co doping occur uniformly throughout the material.
The even distribution of dopants typically leads to a more
consistent catalytic performance by creating a uniform distri-
bution of active sites across the nanozyme surface. Further-
more, the preserved particle morphology with added Co doping
suggests that the enhanced catalytic activity observed in Co-
MnO, likely stems from electronic and structural modifications
rather than morphological changes.

Fig. 2 presents a comprehensive set of characterization data
for the synthesized Co-MnO, nanoparticles, providing insights
into its structural, compositional, and surface chemical prop-
erties. The XRD patternin Fig. 2A provides crucial information
regarding the crystal structure and phase purity of the Co-MnO,
nanoparticles. The presence of distinct diffraction peaks indi-
cates the crystalline nature of the synthesized material. Obser-
vation of the diffraction pattern shows the appearance of
characteristic diffraction peaks of a-MnO, material (JCPDS 44-
0141) at 18°, 28.7°, 32.4°, 36.5°, 42.4°, 56.4° and 60.1° corre-
sponding to the crystal planes (200), (310), (101), (211), (301),
(600), and (251), respectively. Fig. S2 provides a simulated
structure of Co-MnO, nanoparticles based on XRD data, illus-
trating the structural arrangement of Co atoms within the MnO,
framework.

Doping does not fundamentally alter the crystalline struc-
ture of MnO,, but it does enhance the material's crystallinity, as
evidenced by the increase in intensity of the relevant diffraction
peaks when compared to the diffraction pattern of the undoped
MnO, sample.?** The absence of additional peaks corresponding
to cobalt oxides suggests the successful incorporation of cobalt
ions into the MnO, lattice rather than forming a separate phase
at this doping level. This integration is likely facilitated by the
comparable (though not identical) ionic radii of Co ions (which
can exist as Co>* or Co®") and Mn ions (primarily Mn** in MnO,,
with some potential Mn’*),** allowing Co to effectively substi-
tute specifically at the Mn octahedral sites within the MnO,
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RSC Advances

crystal framework.** This substitution occurs without drastically
altering its overall crystal arrangement at the utilized doping
concentration. By applying the Scherrer equation to the whole
width at half maximum of the (211) plane, the crystallite size of
the Co-MnO, sample was determined to be approximately
11 nm, indicating the nanocrystalline nature of the synthesized
material. This enhanced crystallinity observed in the Co-doped
sample may contribute to the improved catalytic properties, as
better-defined crystal structures often provide more effective
electron transfer pathways crucial for oxidase-like activity.
Furthermore, incorporating Co into the MnO, lattice (specifi-
cally, the substitution of Mn** by lower-valence Co ions like Co**
or Co*") likely creates significant local coordination environ-
ment changes, induces lattice strain, and necessitates charge
compensation mechanisms. These mechanisms primarily
include the generation of oxygen deficiencies (OV) and poten-
tially the modulation of oxidation states in adjacent Mn ions
(e.g., reduction of some Mn** to Mn>").** These resultant OVs
and altered electronic structures are vital for enhanced catalytic
performance, as supported by previous studies on transition
metal-doped MnO, systems.

The FTIR spectrum shown in Fig. 2B reveals the vibrational
modes of the chemical bonds present in the Co-MnO, sample,
providing insights into the functional groups and structural
characteristics of the synthesized material. Two strong charac-
teristic peaks observed at 526 cm ™" and 615 cm ™" are attributed
to the stretching vibrations of the Mn-O bond in the MnOq
octahedra network along the double chains of a-MnO,.* These
peaks confirm the formation of the MnO, framework in the
synthesized material. The bands observed in the range of 400-
700 cm ! further reveal the presence of the MnOg octahedral
structure. Weaker bands at 1112 cm™ ' and 1405 em ™" corre-
spond to the metal bond vibration (M-O-M) and the stretching
vibration of the carboxyl acetate group (C=0), respectively.***
The presence of symmetric and asymmetric stretching

=—Co-MnO,
MnO, (JCPDS 44-0141)
* Co (JCPDS 15-0806)
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Fig. 2 (A) XRD and (B) FTIR spectrum, (C) TGA and DTG curve of Co-MnO, nanoparticles, and (D—G) XPS spectra of Co-MnO, nhanoparticles.
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vibrations in the C-H bond is evidenced by the vibrational
modes at 2854 cm ™' and 2925 cm ™ '.** The spectrum also shows
prominent peaks at 1633 cm™ ' and 3428 cm™ ', which indicate
bending and stretching vibrations of hydroxyl groups from
water molecules on the sample surface. The bands observed in
the range of 700-3500 cm ™' can be attributed to vibrations
caused by the interaction of Mn with Co metal ions and various
functional groups, including OH, O, H, and C. The overall FTIR
profile confirms the successful synthesis of manganese cobalt
nanoparticles with the expected a-MnO, structure. Subtle shifts
in the position and intensity of the Mn-O bands compared to
pure MnO, may indicate the influence of cobalt ions on the
vibrational modes of the MnO, lattice, further supporting the
successful incorporation of Co into the MnO, framework.**

The TGA and DTG curves depicted in Fig. 2C illustrate the
thermal stability and decomposition profile of the Co-MnO,
material as a function of temperature. The thermogravimetric
analysis (TGA) of the Co-MnO, sample was performed in the
temperature range of 25 to 1000 °C, providing valuable insights
into the material's thermal behavior and phase trans-
formations. The thermogram reveals that the Co-MnO, mate-
rial exhibits relatively good thermal stability, with three distinct
mass loss events totalling less than 15% of the initial mass. The
primary thermal loss occurs below 200 °C and corresponds to
the evaporation of adsorbed water molecules and the thermal
decomposition of surface functional groups such as carboxyl
and hydroxyl groups. This initial weight loss is characteristic of
manganese oxide materials, which typically contain surface-
bound water molecules. The second thermal event, observed
as a distinct peak at approximately 565 °C with a weight loss of
2.6%, can be attributed to the melting of MnO, (478 °C) and the
subsequent crystallization of Mn,0; (606 °C). This phase
transformation is a critical thermal characteristic of manganese
oxide materials and provides information about the structural
stability of the synthesized Co-MnO,. A third thermal peak is
identified in the range of 895-980 °C, corresponding to a weight
loss of approximately 1.3%. This event is ascribed to the phase
transition or formation of the Mn;0, structure.* The DTG curve
exhibits clear peaks at these transition temperatures, confirm-
ing the discrete nature of these thermal events. The overall
thermal profile of Co-MnO, demonstrates its stability at
moderate temperatures, making it suitable for applications
under varied thermal conditions.

The XPS spectra in Fig. 2D-G provides detailed information
about the surface elemental composition and the oxidation
states of the constituent elements in the Co-MnO, material.
The full spectrum data shown in Fig. 2D confirms the presence
of four elements — Mn, Co, and O - which align with the findings
from both XRD and EDS characterization. Analysis of the high-
resolution O 1 s spectrum (Fig. 2E) is paramount for under-
standing the nature and influence of surface oxygen species,
particularly OVs, which are widely recognized as pivotal for the
catalytic activity of metal oxides. The O 1 s spectrum of Co-
MnO, can be deconvoluted into two main peaks. The peak at
the lowest binding energy (approximately 529.4 eV) corresponds
to lattice oxygen (Op,) in the Mn-O-Mn bonds of the MnO,
framework. A distinct peak at an intermediate binding energy
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(around 531.1 eV) is attributed to oxygen in defect-rich sites or
OV. The intensity and relative area of this OV peak are critical,
as a higher concentration of Ovs (O,qs/Oota ~0.33), often
induced by aliovalent doping like the incorporation of Co into
the MnO, lattice, directly correlates with enhanced catalytic
performance.>*?

The Mn 2p spectrum (Fig. 2F) is crucial for determining the
multiple oxidation state of manganese in the Co-MnO, sample
and understanding its role in synergistic redox reactions. The
spectrum consists of two main spin-orbit split peaks, Mn 2p;,
and Mn 2p,,,, with a characteristic energy separation. By fitting,
we obtained Mn** (640.05 eV and 652.07 V), Mn*" (641.01 eV
and 653.08 eV), and Mn*" (642.99 eV and 654.84 eV), indicating
the coexistence of three chemical valence states.*® Further
analysis was conducted on the Mn 3 s spectrum (Fig. S3), which
exhibits multiplet splitting into two distinct peaks at 83.08 eV
and 88.06 eV. Using the energy separation between these peaks
(AEss), the average manganese valence (V) was calculated to
be +3.43 according to the linear equation Vy, = 7.875-
0.893AE;s.*” This value is significantly lower than the theoret-
ical +4.0 for pure MnO,, confirming that Co-doping induces the
formation of Mn>" ions as part of a charge compensation
mechanism likely involving oxygen vacancies.

The Co 2p spectrum (Fig. 2G) provides information about the
oxidation state and chemical environment of cobalt in the Co-
MnO, material. Like Mn 2p, the Co 2p spectrum also exhibits
splitting into Co 2ps,, and Co 2p,,, peaks, along with charac-
teristic satellite peaks. Given the trace Co doping (low concen-
tration as confirmed by EDX), the Co signal is weak and overlaps
with matrix effects, making precise oxidation state assignment
challenging from this spectrum alone. However, based on the
overall XPS data (e.g., Mn 2p showing mixed Mn**/Mn*" states)
and literature on similar Co-doped MnO, systems, we infer the
presence of Co redox pairs contributing to enhanced catalysis.*®

Furthermore, the presence of multiple oxidation states for
both manganese (Mn>*, Mn**, Mn**) and cobalt (Co*", Co*")
within a single Co-MnO, material suggests the potential for
synergistic redox reactions similar in principle to those
observed in CuMnO, nanoflowers.” In the Co-MnO, system,
it's hypothesized that electron transfer could occur between the
different oxidation states of Mn, the different oxidation states of
Co, and also between Mn and Co species. A potential synergistic
pathway in Co-MnO, for its oxidase-like activity could involve
several steps. Initially, molecular oxygen (O,) might be activated
by accepting electrons from the lower oxidation states of the
metals, such as Co*" and Mn** (or even Mn>" if present and
reactive), leading to their oxidation to Co®" and Mn*" respec-
tively, and the formation of superoxide radicals (O, ~). These
superoxide radicals could then participate in further reactions,
potentially leading to the generation of other reactive oxygen
species (ROS) like hydrogen peroxide (H,0,) and hydroxyl
radicals (OH"). Subsequently, these ROS, or the higher oxidation
states of the metals (Co®", Mn**) directly, would then oxidize the
chromogenic substrate (e.g., TMB). During this substrate
oxidation, the metal ions (Co®*, Mn*") would be reduced back to
their lower oxidation states (Co>*, Mn**), allowing them to
participate in further catalytic cycles. The underlying idea is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that having multiple metal centers in variable oxidation states
within a material can facilitate these complex electron transfer
pathways and ROS generation loops necessary for catalysis,
leading to a synergistic effect that enhances overall activity. This
interplay between the Co and Mn redox couples (Co**/Co®*" and
Mn**/Mn**/Mn*"), potentially mediated by OVs which can act as
electron relays or sites for O, adsorption/activation, could
therefore create a more complex and decidedly more active
catalytic site compared to materials containing only one of
these metals or fewer oxidation states. This enhanced catalytic
turnover rate is crucial for the sensitivity and efficiency of Co-
MnO, as an oxidase mimic in colorimetric sensing applications.

3.2. The oxidase-mimicking activity of Co-MnO,,
nanoparticles

Fig. 3 presents UV-Vis spectra and corresponding photographs
(inset) of MnO,, MnO, + TMB, Co-MnO,, and Co-MnO, + TMB.
The addition of the TMB substrate to the MnO, sample resulted
in a discernible color change from colorless to blue in the inset
photograph, visually confirming the oxidation of TMB by MnO,
in an acidic atmosphere. This observation is corroborated by
the UV-Vis spectrum for MnO, + TMB, which exhibits increased
absorbance at 650 nm, a characteristic absorption wavelength
for the blue oxidized form of TMB (TMB diamine complex). The
absorbance at 370 nm, also associated with the TMB diamine,
and a potential minor peak at 450 nm (TMB diimine) further
support this finding.* Similarly, the reaction of Co-MnO, with
TMB also led to a blue coloration in the corresponding photo-
graph, indicating that Co-MnO, also possesses intrinsic
oxidase-like catalytic activity capable of oxidizing TMB. The UV-
Vis spectrum for Co-MnO, + TMB shows enhanced absorbance
at 650 nm compared to Co-MnO, alone, confirming the
formation of oxidized TMB.

Crucially, adding cobalt metal atoms to the MnO, lattice rai-
ses the catalytic activity of the material. This enhancement is
visually evident when comparing the intensity of the blue color in

——(2) MnO, + TMB
(3) Co - MnO,
——(4) Co - MnO, + TMB

0.8 4

Absorbance (a.u)

0.4-%1

400

500 600 700

Wavelength (nm)

300 800

Fig. 3 Absorption spectra and photographs (inset) of (1) MnO,, (2)
MnO, + TMB, (3) Co—MnO, and (4) Co—MnO, + TMB.
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the photographs of MnO, + TMB and Co-MnO, + TMB. The Co-
MnO, + TMB solution exhibits a deeper blue color, suggesting
a higher concentration of oxidized TMB. This qualitative obser-
vation is quantitatively supported by the UV-Vis spectra in Fig. 3,
where the absorbance intensity at 650 nm for Co-MnO, + TMB is
demonstrably higher than that for MnO, + TMB. This increased
absorbance signifies a greater extent of TMB oxidation catalyzed
by Co-MnO, within the same reaction time, thus confirming the
enhanced oxidase-like activity upon cobalt doping.

The mechanism of TMB oxidation by MnO,-based materials
involves the redox properties of manganese ions, particularly
the interconversion between Mn®" and Mn*" states, which
facilitate electron transfer from TMB to oxygen. Co doping does
not change the intrinsic catalytic activity type but rather elevates
it. The observed increase in activity with Co doping could be
attributed to a combination of beneficial factors stemming from
the successful incorporation of Co into the MnO, lattice, as
discussed in the characterization section. Foremost among
these is the increased concentration of surface OVs resulting
from Co doping, as clearly demonstrated by the XPS analysis
(Fig. 2E). These additional OVs function as active sites for both
O, adsorption/activation and substrate interaction, effectively
accelerating the reaction rate.

The modulation of the electronic structure through the
introduction of multivalent Co ions (Co*'/Co**) alongside
existing Mn redox states (Mn*‘/Mn**, and potentially Mn>")
creates a more sophisticated and efficient electronic environ-
ment that facilitates critical electron transfer processes
throughout the catalytic cycle. Perhaps the most significant
contributor to the enhanced performance is the synergistic
effect between the doped cobalt ions and the manganese redox
couples within the MnO, lattice. This synergy, which is
promoted by the OVs, enables more efficient oxygen activation
and accelerated TMB oxidation through multi-step electron
transfer pathways, ultimately resulting in the superior catalytic
performance we observed. Fig. 3 confirms that both MnO, and
Co-MnO, exhibit oxidase-like activity by oxidizing TMB, with
comparative spectral analysis demonstrating that cobalt doping
significantly enhances this catalytic performance, expanding
potential applications in colorimetric sensing and catalysis.

3.3. The oxidase-mimicking reaction of Co-MnO,
nanoparticles

3.3.1. Selection of optimal conditions. Fig. 4 presents the
optimization of the oxidase mimetic activity of Co-MnO, by
investigating the influence of various reaction parameters.
Regarding the influence of the catalyst concentration, our
investigation, with Co-MnO, concentrations ranging from 5 to
30 ug mL™', revealed a direct correlation between the catalyst
concentration and the catalytic activity of Co-MnO, (Fig. 4A). As
the concentration of Co-MnO, increased, the rate of TMB
oxidation, indicated by the change in absorbance, also
increased. The catalytic reaction system, as observed through
absorption intensity and color stability at 370 nm, 450 nm, and
650 nm, reached a steady state after the Co-MnO, concentra-
tion attained 20 pug mL™" (Fig. S4). This stabilization suggests

RSC Adv, 2025, 15, 34537-34550 | 34543
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Error bars are for 3 replicates (n = 3).

that at concentrations beyond 20 ug mL ", the increase in active
sites does not proportionally enhance the reaction rate, poten-
tially due to substrate availability or other limiting factors.
Consequently, a Co-MnO, concentration of 20 pug mL™" was
determined to be optimal for subsequent assays, ensuring
sufficient catalytic activity without excessive use of the material.
This is consistent with observations in other nanozyme systems
where an optimal catalyst concentration is crucial for efficient
substrate conversion.

Furthermore, the impact of the TMB substrate concentration
on the catalytic activity of Co-MnO, was systematically exam-
ined, as depicted in Fig. 4B. The results indicated that catalytic
activity generally increased with increasing TMB concentration.
As previously described, the oxidation of the colourless TMB
substrate proceeds through intermediate oxidation complex
products absorbing at 370 nm and 650 nm (blue), eventually
leading to the fully oxidized form, oxTMB, absorbing at 450 nm
(vellow).* Our findings showed that when the TMB concentra-
tion was below 0.5 mM, the concentration of the immobilized
Co-MnO, material appeared to become a limiting factor,
resulting in a relatively low absorption intensity at 650 nm
(incomplete formation of the blue intermediate) and a signifi-
cant rise at 450 nm (over-oxidation to the yellow diimine form)
(Fig. S6A). This suggests an imbalance where a surplus of
catalytic sites relative to substrate molecules leads to rapid and

34544 | RSC Adv, 2025, 15, 34537-34550

complete oxidation. However, the system demonstrated
stability at a TMB concentration of 0.5 mM, evidenced by
a slight and uniform increase in absorbance across all three
wavelength regions (370, 450, and 650 nm) with further
increases in TMB concentration up to 1.0 mM (Fig. S6B). This
suggests that at 0.5 mM TMB, a suitable equilibrium is estab-
lished between substrate availability and the concentration of
active catalytic sites on the Co-MnO, surface, allowing for effi-
cient and controlled oxidation. Therefore, a TMB concentration
of 0.5 mM was identified as the ideal concentration for further
research, providing a balance between reaction rate and selec-
tivity for the desired oxidation state of TMB.

The influence of the reaction medium's pH was thoroughly
investigated to optimize the Co-MnO, + TMB catalyst system.
Our experiments revealed that the color reaction between Co-
MnO, and TMB occurs exclusively under acidic conditions, with
no observable reaction in neutral to alkaline environments
(Fig. 4C). This pH dependency aligns with findings reported for
similar metal-doped MnO, systems, particularly the CuMnO,-
TMB system, which also demonstrated reactivity only in acidic
media. In the highly acidic range (pH 3), the catalytic reaction
proved excessively strong, resulting in disproportionately high
absorption at the 450 nm peak, which negatively impacted the
controlled color development of TMB. The 4, 5, and 6 pH values
produced comparable color intensity and absorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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characteristics (Fig. S5). However, detailed analysis revealed
that pH 4 provided the most optimal conditions for the catalytic
reaction, offering an ideal balance between reaction rate and
controlled color development. This optimal pH determination
at 4 is consistent with previous studies,***”* which similarly
identified moderate acidic conditions as ideal for oxidase-like
reactions involving manganese dioxide-based nanozymes. The
pH dependency observed can be attributed to the influence of
hydrogen ion concentration on both the surface charge of the
Co-MnO, nanoparticles and the protonation state of TMB.
These factors significantly impact the adsorption and subse-
quent oxidation of the substrate at the catalyst surface.

The interaction time between the reactants in the Co-MnO,
+ TMB system was also a critical parameter studied. The results
demonstrated that the catalytic activity of the system increased
with response time from 10 to 500 seconds. This is expected as
a longer reaction time allows for more substrate molecules to
interact with the catalytic sites on the Co-MnO, material,
leading to increased product formation. However, as shown in
Fig. 4D, the absorption progressively stabilized after 5 minutes
(300 seconds) of reaction, indicating that the reaction reached
a near steady-state. Considering the balance and potential
reciprocal influence of other reaction parameters, a response
time of five minutes was chosen for further studies. This
suggests that while longer times lead to slightly increased
product formation, a five-minute reaction time provides a good
compromise for achieving sufficient and stable catalytic activity
for subsequent experiments, likely preventing unnecessary
delays without significant loss of signal intensity.

3.3.2. Kinetic analysis of Co-MnO, nanoparticles. Steady-
state kinetic studies were conducted to evaluate their oxidase-
like activity using TMB as the substrate. The enzymatic reac-
tion rates were measured as a function of TMB concentration,
and the kinetic parameters, specifically the K,,, and V., were
determined by fitting the data to the Michaelis-Menten model.
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The Lineweaver-Burk plots, derived by plotting the inverse of
the reaction velocity against the inverse of the substrate
concentration (as shown in Fig. 5), provided linear relationships
that facilitated the accurate calculation of these parameters.

The K, is a crucial parameter that reflects the affinity of the
enzyme (in this case, the nanozyme) for its substrate (TMB). A
lower K, value indicates a higher affinity, meaning that the
enzyme can achieve half of its maximum velocity at a lower
substrate concentration. Our results show that the Co-MnO,
nanozyme exhibited a lower K, value (1.17 mM) than the
undoped MnO, (1.81 mM).** This observation suggests that
incorporating cobalt (Co) into the MnO, matrix enhances the
binding affinity of the nanozyme towards the TMB substrate.
This stronger affinity likely facilitates the initial interaction and
subsequent oxidation of TMB by the Co-MnO, nanozyme. The
maximum initial velocity (Vimax) represents the highest rate at
which the enzyme can catalyze the reaction when the substrate
concentration is saturating. A higher V., value signifies
a greater catalytic activity. The kinetic data revealed that the Co-
MnO, nanozyme displayed a higher Via, (4.69 x 107° M s77)
than the undoped MnO, (3.88 x 107°® M s ').* This clearly
demonstrates that the doping of Co significantly enhances the
catalytic performance of the MnO, nanozyme for TMB oxida-
tion. The increased V,,,x indicates a faster substrate turnover
rate to the oxidized product (0xTMB) by the Co-MnO, nano-
zyme under optimal conditions. This is consistent with the
observation that metal doping in MnO, also resulted in
enhanced enzyme-like activity.

The enhanced catalytic performance of the Co-MnO, nano-
zyme, as evidenced by the lower K, and higher V., values,
highlights the beneficial effect of heteroatom doping on the
oxidase-like activity of MnO,. These improved kinetic parame-
ters are consistent with the proposed mechanisms discussed in
Section 3.1. Firstly, introducing Co ions into the MnO, lattice
may alter the electronic structure of the material, potentially
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Fig. 5 Plot of absorbance at 650 nm peak versus time of the systems (A) MnO, + TMB and (B) Co—-MnO, + TMB, and Lineweaver—Burk plot

(inset), respectively.
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creating more active sites or enhancing the redox properties
necessary for TMB oxidation. Studies on Mo-doped MnO, have
suggested that doping can increase the specific surface area and
reduce charge transfer resistance, thereby improving catalytic
properties.”® Similar effects might be at play with Co doping.
Secondly, the doping process could increase the concentration
of surface OVs. It is well-established that the enzyme-like
activity of MnO, is highly correlated with its surface OVs,
which can facilitate electron transfer during the catalytic
process. The observed enhancement in OV content through Co
doping is corroborated by XPS findings reported in previous
literature.>® This increase in OVs in Co-MnO, could provide
more active sites for the adsorption and activation of both
oxygen and the TMB substrate, leading to a higher reaction rate
and stronger substrate affinity. Furthermore, the synergistic
interplay between the multiple oxidation states of Co and Mn
(Co**/Co®", Mn**/Mn>*"/Mn*"), facilitated by these OVs, provides
more efficient electron transfer pathways, directly contributing
to the accelerated reaction kinetics (higher V,,,,) and potentially
influencing substrate binding affinity (K,).

Comparing our findings with kinetic parameters reported for
other MnO,-based nanozymes can provide further context. For
instance, one study reported a K;,, of 1.612 mM and a Vj,,x of
6.12 x 10°° M s~ ' for 7-MnO,/B-MnO, heterophase nano-
zymes,* and another cited a K, of 0.0011 mM and a V4« of 30
x 107% M.S™! for MnO,.”® It is important to note that these
values can vary significantly depending on the specific
morphology, crystal structure, and synthesis method of the
MnO, material. However, our results indicate that Co doping
can be a facile strategy to modulate the kinetic parameters of
MnO,, leading to enhanced oxidase-like activity with a higher
affinity for the TMB substrate and a faster maximum reaction
rate. This improvement underscores the potential of Co-MnO,
nanozymes for applications in colorimetric sensing and other
catalytic processes that rely on efficient TMB oxidation. For
a broader comparison, the kinetic parameters of our Co-MnO,
nanozyme alongside other recently reported MnO,,Co-based
nanozymes are summarized in Table S1, highlighting the
competitive performance of our material.

3.4. Colorimetric sensor assay for AA detection

3.4.1. Sensitivity test. Based on the established oxidase-
mimicking activity enhancement of the Co-MnO, nanozyme
with TMB, a colorimetric probe was developed to detect AA. This
detection strategy capitalizes on the principle that AA acts as an
inhibitor of the Co-MnO, catalytic activity. Specifically, AA reacts
with Mn** in the Co-MnO, nanozyme, leading to the formation
of dehydroascorbic acid (DHAA) and Mn**, thereby reducing the
amount of active Mn*" species available for TMB oxidation and
consequently decreasing the production of the blue-colored
oxidized TMB (0oxTMB). In Co-MnO,/TMB/AA system, the
mechanism can be described by the following reactions:

Oxidation of TMB by Mn** in Co-MnO,:

TMB (colorless) + Mn** — oxTMB (blue) + Mn**

34546 | RSC Adv, 2025, 15, 34537-34550
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Reduction of Mn*" by AA:
CeHgOg (AA) + 2Mn*" — C¢HOg (DHAA) + 2Mn>* + 2H

In the presence of AA, part of the Mn*" is consumed to generate
DHAA and Mn**, reducing the amount of Mn*" available for
TMB oxidation. As a result, the production of oxXTMB decreases,
and the color intensity diminishes proportionally with the AA
concentration.

To quantify this inhibitory effect, the change in absorbance
at 650 nm (AA4) was monitored using the formula A4 = 4, — Agso,
where A, represents the initial absorbance of the Co-MnO,, +
TMB system in the absence of AA, and Ags is the absorbance
observed after the addition of AA. As depicted in Fig. 6A,
a steady decrease in the absorbance value and a concomitant
fading of the blue color were observed with increasing
concentrations of AA from 0 uM to 300 puM. This visual and
spectrophotometric observation confirms the inhibitory effect
of AA on the oxidase-like activity of the Co-MnO, nanozyme.

Further analysis of the absorbance changes revealed a near-
linear correlation between the AA value and the AA concentra-
tion within the lower concentration range of 2 uM to 100 uM. This
linear relationship (Fig. 6B and C) is crucial for quantitative
colorimetric detection. Based on this linear range, the estimated
limit of detection (LOD) for AA was calculated to be 1.23 pM using
the 3.34/S criterion, where S is the slope of the linear calibration
curve and ¢ is the standard deviation of the measurements. This
LOD indicates the high sensitivity of the developed Co-MnO,-
based colorimetric probe for AA detection. In contrast, the
undoped MnO, showed inferior performance, with a narrower
detection range (4-100 uM) and a higher detection limit of 3.04
uM (Fig. S7), highlighting the clear advantage of Co-doping.

The observed inhibitory mechanism, where AA reduces Mn*"
to Mn*", is consistent with previous studies on MnO,-based
nanozymes for AA detection. Multiple research groups have
reported similar sensing mechanisms. In studies of ~MnO,/B-
MnO, heterophase nanostructures, researchers demonstrated
that MnO, with oxidase-like activity could be reduced to Mn*"*
by AA, inhibiting TMB oxidation. The Mo-MnO, nanozyme
system similarly exhibited suppressed color development when
exposed to AA, indicating comparable redox interactions.
CuMnO, nanoflowers have also been shown to facilitate the
reduction of blue oxXTMB back to colorless TMB upon AA addi-
tion. These consistent findings across various metal-doped
MnO, systems suggest a common sensing mechanism based
on the competitive redox reaction between AA and the manga-
nese oxide catalyst, which forms the foundation for quantitative
colorimetric detection methods.

The achieved limit of detection of 1.23 uM for AA using the
Co-MnO, + TMB system demonstrates its potential for sensitive
detection. While a direct comparison of LOD values with other
studies is complex due to varying experimental conditions and
nanozyme characteristics, it is worth noting that other MnO,-
based nanozymes have also shown comparable or even lower
LODs for AA detection. For instance, ~-MnO,/B-MnO, hetero-
phase nanostructures achieved an LOD of 0.84 uM, and MnO,
nanosheets reported an LOD of 0.06 puM. However, the Co-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with different AA concentrations.

doping strategy in our system was shown to enhance the overall
oxidase-like activity, which is a crucial first step for a sensitive
inhibition-based assay. Previous studies with Mo-MnO,
systems proposed that nanozyme inhibition mechanisms may
involve aggregation of nanoparticles and masking of active sites
due to electrostatic interactions with inhibitors. While our
observations primarily support a redox reaction mechanism
with Mn*", further investigation into potential morphological
changes or surface charge alterations of the Co-MnO, nano-
zymes upon interaction with AA could provide more compre-
hensive understanding of the inhibition mechanism. Notably,
research by Xu et al. indicates that Co doping can increase
oxygen vacancy concentration, which might significantly influ-
ence the interaction dynamics with TMB and AA.

3.4.2. Selectivity test. The feasibility of developing a probe
is to differentiate the signal to be analyzed from other signals.
To evaluate the practical applicability and selectivity of the
sensor, its response to AA was tested against a range of poten-
tially interfering species. The chosen interferents, including
common metal ions (MnCl,, NiCl,, CdSO,, FeCl;) and organic
molecules (p-Glucose, Acrylamide), were selected because they
represent common redox-active species present in complex
biological (e.g., serum) and food (e.g., fruit juices) matrices
where AA is typically analyzed. The absorbance was measured at
650 nm after the interferents were added to the reaction system
at a particular concentration (200 puM). After the interfering
chemicals were added, the absorbance value changed some-
what, but for AA, the difference was evident (Fig. 7). As a result,
the Co-MnO, + TMB system was thought to be appropriate for
creating an AA detection probe.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The feasibility of developing a practical detection probe
relies heavily on its ability to selectively differentiate the target
analyte signal from other potentially interfering signals. To
evaluate the selectivity of the Co-MnO, + TMB system for AA
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Table 1 Assessment of the amount of AA included in orange fruits, tomatoes and vitamin C tablets (n = 3)

Cspiked (mM)

Sample Cunspiked (MM) Caaa (mM) n=1 n=2 n=3 Average STDEV RSD (%) Recovery (%)
Orange 48.89 5 51.99 51.33 54.07 52.46 1.43 2.73 71.39

15 64.16 63.92 66.12 64.73 1.21 1.86 105.59

25 74.56 75.22 76.55 75.44 1.01 1.34 106.19
Tomato 22.35 5 26.11 26.77 27.15 26.67 0.53 1.98 86.6

15 35.87 36.17 36.75 36.26 0.45 1.23 92.77

25 48.67 48.67 48.45 48.6 0.13 0.26 105.01
AA tablet 38.05 5 42.04 43.05 42.48 42.52 0.51 1.2 89.38

15 53.46 52.4 52.91 52.92 0.53 1.01 99.13

25 65.47 65.68 64.03 65.06 0.9 1.38 103.89

detection, we examined its response in the presence of several
additional ions and analytes. These interferents were intro-
duced into the Co-MnO, + TMB reaction system at a concen-
tration of 200 pM, and the resulting absorbance was measured
at 650 nm. While some degree of absorbance change was
observed upon the addition of these interfering chemicals, the
change in absorbance was notably more pronounced in the
presence of AA. This significant difference in response suggests
that the Co-MnO, + TMB system possesses a certain level of
selectivity towards AA, making it potentially suitable for the
development of an AA detection probe.

The principle behind the AA detection in the Co-MnO, +
TMB system, as described in the introduction, relies on the
specific reduction of Mn** in Co-MnO, by AA to Mn**, leading
to the inhibition of TMB oxidation. This specific redox reaction
contributes to the observed selectivity. While other reducing
agents might interact with the system to some extent, the
magnitude of their effect on the Mn**/Mn>" redox equilibrium
and subsequently on the oxTMB formation appears less
significant than that of AA, as indicated by the experimental
observations. However, it is important to acknowledge that
some absorbance change was observed with the interferents.
This suggests that the selectivity might not be absolute, and
specific compounds present in a sample matrix could poten-
tially lead to false positive or negative results if present at
sufficiently high concentrations. Further investigations
involving a wider range of potential interferents relevant to the
intended application of the probe and at varying concentrations
would be beneficial to fully characterize the selectivity profile of
the Co-MnO, + TMB system.

3.4.3. Detection of the AA in real sample. To assess the
practical applicability of the developed Co-MnO, + TMB color-
imetric probe, it was employed for the detection of AA in
commercial medications and fruits. These samples served as
representative models to evaluate the feasibility of using this
method for real sample analysis. The analyte recovery results
obtained from various real sample conditions are presented in
Table 1. The average recovery of AA ranged from 71.39% to
106.19%, and the relative standard deviation (RSD) value was no
higher than 2.73%. These findings indicate the suitability of the
Co-MnO, + TMB method for real sample analysis.
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4. Conclusions

This study successfully demonstrated the chemical synthesis of
Co-doped MnO, nanoparticles with significantly enhanced
oxidase-mimicking activity. The key to this enhancement lies in
the structural and electronic modifications induced by cobalt
incorporation. Specifically, Co doping promotes the formation
of a high concentration of OVs and facilitates the active
participation of synergistic Co**/Co®* and Mn**/Mn** redox
couples. The synthesized Co-MnO, nanoparticles showed
strong affinity and superior enzyme-like activity for the TMB
substrate, with kinetic analysis yielding a Viax of 4.69 x 107°M
s ' and a K, of 1.17 mM. The enhanced catalytic properties
were effectively applied for colorimetric detection based on the
inhibition principle, where the characteristic blue color devel-
opment was prevented in a concentration-dependent manner.
The developed system demonstrated a linear detection range of
2-100 uM and a detection limit of 1.23 uM. The effectiveness of
this colorimetric sensor was validated using real samples,
confirming its practical application potential. These findings
demonstrate that strategic metal doping, achieved through
a cost-effective and scalable synthesis method, can significantly
improve the performance of nanomaterials for diverse sensing
applications, warranting further biocompatibility studies to
realize their potential in fields such as biomedical diagnostics,
food safety, and environmental monitoring.
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