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ABSTRACT: Peroxidase-like nanozymes with robust catalytic Qualitative detection Quantitative detection
capacity and detection specificity have been proposed as

substitutes to natural peroxidases in biochemical sensing. However, o

the catalytic activity enhancement, detection mechanism, and e =

application of nanozyme-based biosensors toward L-cysteine (L- = i
~-Cys :

doped ferrite nanozyme with well-defined structure and surface <

charges is fabricated by a two-step method of continuous flow
coprecipitation and high-temperature annealing. The resulted
ferrite nanozyme possesses an average size of 54.5 nm and a OX-TMB

zeta-potential of 6.45 mV. A high-performance biosensor is

manufactured based on the peroxidase-like catalytic feature of the doped ferrite. The ferrite nanozyme can oxidize the 3,3’,5,5'-
tetramethylbenzidine (TMB) with the assistance of H,0, because of the instinctive capacity to decompose H,O, into -OH. The
Michaelis—Menten constants (0.0911 mM for TMB, 0.140 mM for H,0,) of the ferrite nanozyme are significantly smaller than
those of horseradish peroxidase. A reliable colorimetric method is established to selectively analyze L-Cys via a facile mixing-and-
detecting methodology. The detection limit and linear range are 0.119 yM and 0.2—20 uM, respectively. Taking the merits of the
ferrite nanozyme-based biosensors, the L-Cys level in the human serum can be qualitatively detected. It can be anticipated that the
surface-charged ferrite nanozyme shows great application prospects in the fields of bioanalytical chemistry and point-of-care testing.

Concentration of L-Cys (uM)

TMB
Cys) detection still remain significant challenges. In this work, a . j

B INTRODUCTION present, the enzyme-like properties of nanozymes have
. . 21,22
expanded from peroxidase-like properties to catalase-
like,”>™*° oxidase,***’ superoxide dismutase,** ™! lactic acid
enzyme,’” and other different properties.
Among various nanozymes, peroxidases are most widely used
to detect hydrogen peroxide, glucose, cholesterol, glutathione,

Natural enzymes including nucleic acids, proteins, and other
biomacromolecules not only play a significant role in biological
activities but also their purified extract is widely used in the fields
of molecular detection, biochemical reaction, and tumor

1—4 .
treatment. However, natural enzymes have inherent short- _

. . ’ .. and other macromolecules in body fluids.>*™>" As a substitute of
comings. Subject to expensive instruments and labor, the

purification and extraction of natural enzymes cost a lot. The natural enzymes, most peroxidase-like nanozymes follow a

poor thermal stability makes it difficult to transport and store.”™” similar catalytic mechanism. The complex valence states of

Researchers are committed to exploiting efficient substitutes for n;qlcnyltnes. arel (i[onts.}llderecj lto.bei:’ a}rll H,np or;anttreaf on for its
natural enzymes to promote specific biochemical reactions. In ablity to simulate the catalytic behavior of natural enzymes.

2007, Yan's group took the lead in discovering that Fe;O, Specifically, the catalytic mechanism of peroxidase-like nano-

nanoparticles can simulate the catalytic behavior of natural zyme 3sgh3<gws e Mlchaehs—Ment.en ki-
8 netics.”””” Furthermore, there are mainly two strategies for
enzymes.” In 2013, researchers first proposed the concept of . L
9,10 the detection of the biological molecules (glucose, urea,
nanozymes. Nanozymes fully make up for some short- ) 4 S
. cholesterol, glutathione, tyrosine, ascorbic acid, etc.), namely
comings of natural enzymes. They present the advantages of low ) i
. . . . the one-step detection and the cascade detection. In the first
cost, high stability, and massive production. Because of the
development of nanotechnology, biotechnology, and catalytic
mechanism, researchers have obtained a deeper understanding Received: March 15, 2022
of nanozymes. In addition to the magnetic Fe;O, nanoparticles, Revised:  June 9, 2022
other kinds of materials also possess enzyme-like catalytic Published: June 24, 2022
properties, including but not limited to iron-based materials," ">
precious-metal materials,'*'* carbon-based materials,'>'® metal
sulfides,'”'® metal—organic frameworks, and so on.'”?" At

g
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Figure 1. Concept, mechanism, and application of the colorimetric analysis of the L-Cys based on the ferrite-catalyzed biochemical reaction. (a)
Mechanism of the colorimetric detection of the L-Cys including the oxidation reaction between H,0, and TMB catalyzed by the peroxidase-like ferrite
nanozymes to generate the blue ox-TMB and the L-Cys triggered reduction reaction to generate the colorless TMB. (b) Schematic procedure of the
colorimetric analysis of the L-Cys in the real serum samples based on the turnoff absorption of the ferrite-catalyzed biochemical reaction. (c) Visual and
qualitative detection of L-Cys according to gray difference when adding different L-Cys dosages. (d) Quantitative sensing of L-Cys based on the linear

calibration plot between the L-Cys concentration and the absorbance.

mode, the detection principle is based on the absorption turnoff
at about 652 nm (450 or 413 nm) in the detection system
consisting of peroxidase-like nanozyme, oxidant hydrogen
peroxide, the chromogenic agent TMB (OPD or ABTS),*
and the reductive biomolecules to inhibit the oxidation reaction
in the detection systems.'”*' When the concentrations of
peroxidase-like nanozyme, hydrogen peroxide, and chromo-
genic agent are set to be fixed values, the concentrations of target
detectors and the absorbance can form a linear equation toward
the quantitative detection of unknown samples. In the second
mode, the detection principle is based on the generation of
hydrogen peroxide in the oxidation reaction between oxidase
and the target detectors (glucose, uric acid, cholesterol, etc.) and
followed by the absorption turnoff at about 652 nm (450 or 413
nm) in the detection system consisting of peroxidase-like
nanozyme, the generated hydrogen peroxide, and the TMB
(OPD or ABTS)."””* When the concentrations of oxidase,
peroxidase-like nanozyme, and the chromogenic agent are set to
be fixed values, the concentrations of target detectors and the
absorbance at about 652 nm (417 or 413 nm) can form a linear
equation toward the quantitative detection of unknown samples.

L-Cys plays a highly valuable role in detoxification and
metabolism, and its deficiency leads to slow cell proliferation,
liver injury, hair discoloration, and malabsorption syn-
drome.”"™** Meanwhile, 1-Cys can generate disulfide bonds in
biological tissues, which is necessary for the formation of protein
secondary structure.”” Therefore, the accurate sensing of L-Cys
under physiological conditions is significant to evaluate human
health. Previously, a variety of nanozymes (reduced graphene
oxide derivative,”” Fe;O, magnetic nanoparticles,”” nickel oxide
nanoflowers,” CuMnO, nanoflakes,” cobalt sulfide nano-
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sheets,”’ vanadium tetrasulfide,”’ CeO,/C00,”> MoS,—Au@
Pt,” and Cu@Au(Ag)/ Pt°*) have been exploited to detect the
L-Cys concentration. However, the limit of detection (LOD) or
the linear range of most nanozymes is generally at relatively high
levels. Furthermore, the detailed mechanism in the L-Cys
biosensing is seldom discussed because of the lack of
comprehensive verification methods and the unclear struc-
ture—activity relationship between peroxidase-like nanozyme
and the detection reaction path. Therefore, the catalytic activity
enhancement, detection mechanism, and application of nano-
zyme-based biosensors toward L-cysteine (L-Cys) detection still
remain significant challenges.

Inspired by the iron-based nanozymes with high catalytic
activity, high biocompatibility, and low-cost feature,”>™>*
ferrite nanozyme with well-defined structure and surface charge
is fabricated by a facile method. The ferrite nanocrystals are
revealed to possess peroxidase-like attributes (Figure la).
Furthermore, the positive surface charges caused by the Cu**
and Mn*" codoping can inhibit the aggregation of the ferrite
nanocrystals, thus leading to low Michaelis—Menten constants
(K,,). Afterward, a label-free colorimetric detection approach is
conducted to visually detect the trace L-Cys by one-pot
biosensing (Figure 1b). The turn-off mechanism in the
TMB—H,0,—ferrite nanozyme—1-Cys system is confirmed to
be the reduction of -OH and ox-TMB by L-Cys. Importantly, the
ferrite nanozyme-based sensing platform is proved to be highly
efficient in the qualitative and quantitative detection of low
concentration L-Cys in real serum samples (Figure 1c,d).
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B MATERIALS AND METHODS

Materials. Manganese chloride terahydrate (MnCl,-4H,0, AR)
and isopropanol (IPA) were purchased from Damao Chemical Reagent
Co., Ltd. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO, 99%) and iron
chloride hexahydrate (FeCly-6H,0, 99%) were purchased from
Macklin. Copper chloride dihydrate (CuCl,-2H,0, AR), homocysteine
(Hcy), ascorbic acid (AA), arginine (Arg), uric acid (UA), hemin,
glutamine (GSH), and L-Cys were purchased from Macklin. 3,3',5,5'-
Tetramethylbenzidine (TMB), sodium hydroxide (NaOH, 99.99%),
hydrogen peroxide (H,0, 30 wt %), and disodium terephthalate
(Na,TA, HPLC) were purchased from Aladdin. HAc-NaAc buffer
solution was purchased from Haibiao Technology Co., Ltd. Serum
samples were provided by the Guangdong Second Provincial General
Hospital.

Synthesis of Ferrite Nanozyme. Ferrite nanozyme was
synthesized by a two-step process of chemical coprecipitation and
thermal annealing. Typically, 1.649 g of MnCl,-4H,0, 1.421 g of
CuCl,-2H,0, and 9.01 g of FeCl;-6H,0 were synchronously dissolved
in 100 mL of deionized water under vigorous stirring to obtain a
uniform precursor solution. 1.66 g of NaOH was mixed with 100 mL of
deionized water to form a precipitating agent. The precipitating agent
was injected into the precursor solution (2 mL min™") to initiate the
coprecipitation reaction. The precursor solution and precipitating agent
were mixed in a sample vial under vigorous stirring at a speed of 700
rpm. The whole mixing process lasted for 1 h before the reaction was
terminated. The obtained mixtures were purified by washing with
deionized water to eliminate residual reactants and followed by drying
at 120 °C to remove the water. The final ferrite nanozyme was obtained
by thermal annealing the above crude product at 600 °C (heating rate
10 °C min™") for 120 min in a muffle furnace (Hefei Kejing, KSL-
1400X-A1) in an air atmosphere.

Peroxidase-like Catalytic Activity Characterization. The
ferrite nanozyme powder was mixed with the HAc—NaAc buffer
solution (200 mM, pH 3.6) and followed by treatment in a sonication
apparatus (FUYANG-030S, 180 W, 40 kHz) under an ice bath for 40
min to obtain the nanozyme dispersion. The peroxidase mimicking
capacity of ferrite nanozyme was tested via the catalytic conversion of
colorless TMB into blue oxidized TMB (ox-TMB) with the assistance
of H,0,. The generation of the ox-TMB can be dynamically monitored
by recording the real-time absorbance at 652 nm. Typically, 1110 uL of
HAc—NaAc buffer solution (200 mM, pH 3.6), 200 uL of TMB
solution (final concentration 0.1 mM), 600 uL of H,0O, solution (final
concentration 0.3 mM), and 100 uL of nanozyme dispersion (final
concentration 50 mg L") were successively added into a centrifugal
tube and followed by homogeneous mixing at 25 °C, unless otherwise
stated. The concentration and pH-dependent catalytic behaviors were
studied by changing the pH and nanozyme concentration in the
catalytic system.

Measuring the -OH by Fluorescence Spectrometer. The -OH
produced from the ferrite-catalyzed H,O, decomposition was evaluated
by monitoring the fluorescence (FL) change of 2-hydroxy disodium
terephthalate (Na,TAOH) generated through the oxidizing of
disodium terephthalate (Na,TA). In brief, the hydroxyl radical can
oxidize Na,TA to form Na,TAOH with a characteristic FL peak at 440
nm when excited by a UV light of 315 nm. The HAc—NaAc buffer
solutions (pH = 3.6, 200 mM) containing (a) only Na,TA, (b) Na,TA
and H,0,, (c) Na,TA, H,0, and nanozymes, (d) nanozymes and
Na,TA, and (e) nanozymes and H,O, were reacted for 24 h. Then, the
fluorescence spectra were recorded. The final concentrations of Na,TA,
H,0,, and ferrite nanozymes were set to be 0.5 mM, 1 mM, and 50 mg
L7}, respectively.

Investigation of the Nanozyme Activity through Scavenging
*OH. It is well-established that hydroxyl radicals have been regarded as
active intermediates, which can be scavenged by IPA. The typical
process was performed as follows: adding different volumes (0, 400,
600, and 800 uL) of IPA to a mixture containing 20 uL of TMB solution
(10 mM), 200 L of H,0, solution (10 mM), and 100 L of nanozyme
dispersion (1 mg mL™") and finally adding a certain amount of acetate
buffer until the final total volume was 2 mL. The final concentrations of
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TMB, H,0,, and ferrite nanozyme were set to be 0.2 mM, 1 mM, and
50 mg L™, respectively. Finally, the UV—vis spectra of the catalytic
reactions were recorded.

Steady-State Kinetic Assays of the Nanozyme. Steady-state
kinetic analysis was performed by recording the real-time absorbance of
ox-TMB at 652 nm (gg530m = 39000 M™! cm™). The detailed process
was conducted by mixing 100 uL of nanozyme dispersion (final
concentration 50 mg L™'), 1110 uL of buffer solution (200 mM HAc-
NaAc, pH 3.6, 25 °C), 200 uL of TMB solution (final concentration 0.1
mM) as substrate, different volumes of H,0, solution (final
concentration from 0 to 0.8 mM) or 200 uL of H,0, solution (final
concentration 0.3 mM) as substrate, and different volumes of TMB
solution (final concentration from 0 to 0.1 mM), unless otherwise
stated. Accordingly, the oxidation rates of TMB by H,0, were analyzed
in terms of the Michaelis—Menten model.

Measurement of 1-Cys Using the Nanozyme-Based Bio-
sensor. The measurement procedure of L-Cys was listed as follows: (1)
adding TMB solution, H, O, solution, and nanozyme dispersion into a 2
mL of centrifuge tube successively, then adding L-Cys solution with
different concentrations (the final concentrations varying from 0 to 20
UM) as the samples to be tested, and finally adding HAc—NaAc buffer
solution to a final total volume of 2 mL; (2) putting the centrifuge tube
on a mixer with a rotating speed of 1000 rpm and mixing for 10 min,
then putting the centrifuge tube on a palm centrifuge, and centrifuging
for S min at a rotating speed of S000 rpm; (3) collecting the supernatant
and placing it in a spectrophotometer for absorbance detection. The
final concentrations of TMB, H,0,, and nanozymes in the L-Cys
detection system were set to be 0.1 mM, 1 mM, and 50 mg L7},
respectively.

Verification of the Turnoff Mechanism of L-Cys in the Ferrite
Nanozyme—Hydrogen Peroxide—TMB System. The experiment
was divided into two parts to verify two possible turnoff mechanisms of
L-Cys in the ferrite nanozyme—hydrogen peroxide—TMB system; the
detailed procedures are as follows. In the first part, 100 uL of enzyme
dispersion, 1580 uL of buffer solution, 200 uL of hydrogen peroxide
solution, and 20 yL of TMB solution were mixed in a centrifuge tube
(A) for 60 min to realize the complete oxidation of TMB and then
transferred to a cuvette to measure the absorbance at 652 nm with a
spectrophotometer. Afterward, 100 L of L-Cys solution (0.4 mM) was
mixed with the above solution for 1 min. The absorbance at 652 nm was
immediately measured again with a spectrophotometer. In the second
part, two groups of mutually controlled experiments were designed to
verify whether L-Cys reacts with hydroxyl radical: (1) First, 100 uL of
enzyme dispersion, 1580 uL of buffer solution, and 200 L of hydrogen
peroxide solution were mixed in two centrifuge tubes (B and C) for 10
min. (2) Second, 100 uL of buffer solution (200 mM) and 100 uL of L-
Cys solution (2 mM) were added into tube B and tube C, respectively
and were fully mixed for 15 min. (3) Lastly, 20 uL of TMB solution was
added into tubes B and C and followed by measuring the absorbance at
652 nm. The final concentrations of TMB, H,0,, and nanozymes in the
above experiments were set to be 0.1 mM, 1 mM, and 50 mg LY
respectively.

Detection of Hydroxyl Radical Elimination by Electron
Paramagnetic Resonance (EPR). Hydroxyl radicals were trapped
by DMPO and detected by electron paramagnetic resonance
spectroscopy (EPR, Bruker EMXplus-10/12 spectrometer). The
HAc—NaAc buffer solutions (pH = 3.6, 200 mM) include (a) H,0,
+ ferrite nanozyme, (b) H,O, + ferrite nanozyme + 1-Cys, and (c) only
H,0, which were reacted for S min. Then, the above solutions were
immediately mixed with 2 4L of DMPO. Finally, the mixtures were
transferred into a capillary tube for EPR measurements. The final
concentrations of H,0,, nanozyme, and L-Cys were set to be 0.5 M, 0.5
mg mL™!, and § uM, respectively.

Analysis of L-Cys in Serum Samples Using the Nanozyme-
Based Biosensor. L-Cys detection was conducted by the following
procedure: (1) TMB solution (10 mM), H,0, solution (10 mM),
ferrite nanozyme dispersion (50 mg L"), and acetate buffer solution
(pH 3.6) were prepared. The serum sample was diluted 10 times with
the buffer to obtain the sample to be tested. (2) 20 uL of TMB solution,
200 uL of H,O, solution, 100 uL of ferrite nanozyme dispersion, and

https://doi.org/10.1021/acs.langmuir.2c00657
Langmuir 2022, 38, 8266—8279


pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir pubs.acs.org/Langmuir
a
/ ! ; —OH % Centrifugation \
G Drying

\Coprecipitation reaction stage

Grinding

Pretreatment stage

Thermal annealing stagy

e ——  Fe,0, (JCPDS No, 89-0579)
—~ CuFe,0, (JCPDS No, 34-0425)
-~
3 ‘
< i
- |
w
g JM\J
]
= >
o h .
‘ a ‘ .l I. H N “ PR
20 30 40 50 60 70
20 (degree)

d

Intensity

-100 -80 -60 -40 20 0 20 40 60 80 100
Zeta Potential (mV)

] 54.5+16 nm

Count

-
0 80

20 40 6 100 120
Size (nm)

Figure 2. Preparation and basic characterization of the ferrite nanozyme. (a) Experimental setup for the preparation process of the ferrite nanozyme,
mainly including the chemical coprecipitation and the thermally annealed reaction. (b) Digital image of the as-prepared ferrite nanozyme. (c)
Photograph of the ferrite nanozyme dispersed in aqueous phase and the corresponding Tyndall effect of the ferrite nanozyme dispersion. (d) Zeta-
potential of the ferrite nanozyme dispersion. (e) XRD pattern of the ferrite nanozyme powder (black) and the standard XRD pattern of Fe,O;
nanocrystals (JCPDS Card No. 89e0579) (blue) and ferrite CuFe,O, (JCPDS Card No. 34e0425) (green). (f, g) SEM image and the particle size of

the ferrite nanozyme.

100 pL of serum samples were added into a centrifuge tube
successively; finally the buffer solution was added to a total volume of
2 mL. (3) The centrifuge tube was put on a mixer with a rotating speed
0f 1000 rpm and mixed for 10 min, and then the centrifuge tube was put
in a palm centrifuge and centrifuged for 5 min at a rotating speed of
5000 rpm. (4) The supernatant was collected and placed it in a
spectrophotometer for absorbance detection.

Instrument and Characterization. The micromorphology and
lattice fringe of the ferrite nanozyme were recorded by transmission
electron microscope (TEM) (JEM-2100F, Japan). The surface
morphology and particle size of the ferrite nanozyme were investigated
by scanning electron microscopy (SEM) (Zeiss Sigma 300, Germany).
An X-ray photoelectron spectroscopy (XPS) (Thermo ESCALAB
250Xi, USA) measurement was conducted to determine the hybrid
compositions and the bonding configurations of the ferrite nanozyme.
X-ray diffraction (XRD) (Bruker AXS, Germany) was used to examine
the crystal structure of the ferrite nanozyme. The UV—vis spectra of the
catalytic reactions were obtained by using a spectrophotometer
(Lengguang, China). Fluorescent spectra were collected by a
fluorescence spectrometer (Varian FLR02S, USA). The zeta-potentials
of nanozyme and binary nanozyme—TMB were tested by the zeta-
potential instrument (Beckman Coulter, USA).

B RESULTS AND DISCUSSION

Structural and Composition Analysis of Ferrite Nano-
zyme. The detailed procedure of the ferrite nanozyme

fabrication is shown in Figure 2a. In this work, the continuous
flow injection and dynamic chemical coprecipitation are
synergistically utilized to synthesize the ferrite precursors and
followed by the thermal annealing to obtained the ferrite
nanozyme. The sodium hydroxide aqueous solution is
independently injected into a closed reactor containing a
ternary aqueous solution of MnCl,, CuCl,, and FeCl; and
violently mixed to initiate the chemical coprecipitation between
the metal cations (Mn**, Cu®**, and Fe**) and the OH™ (eq 1).
The purified metal hydroxide precipitates are ground and then
thermally annealed to form the Mn** and Cu** codoped ferrite
nanocrystals (eq 2).

xCu’* + yMn®* + zFe’" + (Zx + 2y + 3z)OH_

PP, xCu(OH), + yMn(OH), + zFe(OH),
1
Cu(OH), + Mn(OH), + Fe(OH),
thermal annealing .
—— ferrite nanozyme (2)

The Mn?* and Cu®" codoped ferrite presents a brown
appearance under white light irradiation (Figure 2b), indicating

https://doi.org/10.1021/acs.langmuir.2c00657
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Figure 3. Chemical composition and crystal microstructure of the ferrite nanozyme. (a, b) TEM image and the magnified high-resolution TEM image
of the ferrite nanozyme. (c—f) SEM EDS elemental mapping images of Cu, Mn, Fe, and O, respectively. (g—j) XPS spectra of four elements (O, Fe, Mn,

and Cu) in the ferrite nanozyme sample.

a significant visible light absorption. After treatment with
sufficient ultrasonic dispersion, a homogeneous ferrite dis-
persion in deionized water was obtained as presented in Figure
2c. When a laser beam (532 nm) passes through the ferrite
dispersion, a clear light scattering of the T'yndall effect appeared,
thus revealing a typical behavior of colloid. The cation doping
also introduces additional charges to the ferrite, which is
identified by a zeta-potential of 6.45 mV in Figure 2d. The
crystal structure of the Mn**, Cu®* codoped ferrite is determined
by powder XRD. Results in Figure 2e illustrate that the ferrite
possesses high crystallinity degree. The diffraction peaks at 26 =
24.16°,33.18°,40.84°,49.52°, 57.62°, 62.44°, 64.06°, 75.5°, and
77.9° are assigned to the Fe,0; nanocrystals (JCPDS Card No.
89e0579). The diffraction peaks at 260 = 30.5° 35.6°, 54.14°,
57.62°, 62.44°, 64.06°, and 71.86° are assigned to the ferrite
CuFe,0, (JCPDS Card No. 34e0425).

The morphology and microstructure of the Mn®* and Cu**
codoped ferrite are characterized by SEM and TEM. As
displayed in Figure 2f, the Mn®* and Cu*" codoped ferrite
presents well-defined nanostructure. In addition, the atomic
percentages of Fe, O, Mn, and Cu of in the ferrite nanocrystals
are tested to be 49.10%, 49.64%, 0.55% ,and 0.71% from the
EDX analysis (Figure S1 and Table S1), demonstrating the
efficient doping of Mn and Cu in the ferrite nanozyme. The
average particle size is calculated to be about 54 nm through
statistical calculation via Image] and Gaussian fitting via Origin
software (Figure 2g). As presented in the TEM image (Figure
3a), Mn** and Cu®" codoped ferrite possesses a typical flat
morphology. The magnified high-resolution TEM image in
Figure 3b demonstrates that the clear lattice fringe of ferrite
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nanocrystal is figured out to be 0.34 nm, and the lattice fringes
are highly consistent along a certain direction. The SEM EDS
mapping images of the samples in Figure 2f confirm the
coexistence and the uniform distribution of O, Fe, Cu, and Mn in
the doped nanocrystals (Figure 3c—f). XPS measurement is
applied to verify the chemical compositions and the bonding
configurations of the ferrite nanozyme. The full spectrum of XPS
survey scan shows that the ferrite nanozyme is composed of
oxygen, iron, manganese, and copper (Figure S2). Panels g, b, i,
and j in Figure. 3 present the O 1s, Fe 2p, Mn 2p, and Cu 2p
spectra of the ferrite nanozyme, respectively. The peaks at 529.2
and 531.58 eV originate from the oxygen atoms in the ferrite
nanozyme sample (Figure 3g).””° Figure 3h shows the Fe 2p
XPS spectrum of ferrite nanozyme sample with two binding
energies at 710.2 eV (Fe 2p;/,) and 723.8 eV (Fe 2p, ,), which
are assigned to Fe**.°' ~®® High-resolution spectra of Mn 2p in
ferrite nanozyme are deconvoluted into Mn 2p;/, and Mn 2p, /5,
with binding energies at 640.0 and 651.5 eV, respectively
(Figure 3i).°*7°° Figure 3j shows the high-resolution XPS
spectra of Cu 2p, which are deconvoluted into Cu 2p;,, and Cu
2p,,5, with binding energies at 932.5 and 952.3 eV,
respectively.”’~

Peroxidase-like Activity of Ferrite Nanozyme. The
peroxidase-mimicking behaviors of ferrite nanozyme is inves-
tigated by catalyzing the oxidation of TMB. The detailed
oxidation reaction is given in eq 3.

H;C CH; H;C "H3
Ferrite nanozyme
wl g —=wl )= o
H;C CH; H;C CH;
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Figure 4. Peroxidase-like activity analysis of ferrite nanozyme. (a) Visible light absorption spectra and the displayed color of different nanozyme
catalyzed systems: (1) TMB + ferrite nanozyme, (2) H,0, + TMB, and (3) H,0, + TMB + ferrite nanozyme in buffer solution (pH 3.6) after
incubating for 15 min. (b) Visible light absorption spectra of nanozyme-catalyzed systems containing TMB (0.1 mM), H,0, (0.3 mM), and different
concentrations of ferrite nanozyme (from 0 to 50 mg L™"). (c) pH-dependent POD activity of the ferrite nanozyme. (d) Fluorescence spectra of
different groups including only Na,TA, Na,TA + H,0,, Na,TA + H,0, + nanozyme, nanozyme + Na,TA, and nanozyme + H,0,. The final
concentrations of Na,TA, nanozyme, and H,0, are 1 mM, 0.5 mM, and 50 mg L™, respectively. (e) POD activity of the ferrite nanozyme without and
with a hydroxyl radical scavenger in a 2 mL of mixture containing 20 yL of TMB, 200 xL of H,O,, and 200 uL of nanozyme dispersion. The final
concentrations of TMB, H,0,, and nanozymes are 0.2 mM, 1 mM, and 50 mg L™, respectively. (f) Schematic diagram of nanozyme-catalyzed systems

converting the colorless TMB to blue ox-TMB.

The colorless TMB in the detection system can be transformed
into a blue oxidized TMB (ox-TMB), possessing a strong light
absorption at 652 nm.”°~"? For the detection system containing
TMB and ferrite nanozyme, there is no absorption at 652 nm
due to the absence of a key reaction substrate (H,0,). This
phenomenon also reveals the absence of dissolved O, in the
detection system and the absence of oxidation capacity of the
ferrite nanozyme. While for the detection system containing
TMB and H,0,, there is slight absorption at 652 nm probably
on account of the slow oxidation reaction between TMB and -
OH. With the addition of ferrite nanozyme in the TMB—H,0,
solution, the color for the ternary mixed system is evolved into
deep blue because of the increased generation of -OH when
H,0, and ferrite nanozyme are mixed together. Meanwhile, an
enhanced absorbance at 652 nm is determined in the absorption
spectrum (Figure 4a), indicating the generation of the blue ox-
TMB. The absorption spectra listed in Figure S3 demonstrate
that ferrite nanozyme possesses no characteristic absorption
peak from 500 to 800 nm. The above results imply that the
ferrite nanozyme can efficiently boost the oxidation reaction.
Furthermore, the superior peroxidase-like activity of the ferrite
enables its application as peroxidase-like artificial enzyme.
Generally, the catalytic behaviors of natural enzymes are
sensitive to the enzyme concentration and pH. The enzyme
concentration (or pH) dependence of the peroxidase enzyme
performance is investigated by recording the generation of ox-
TMB when only changing the enzyme concentration or pH in
the ternary detection system of ferrite nanozyme, TMB, and
H,O,. Figure S4 shows the color of dispersion containing H,O,
and TMB becomes deeper when increasing the concentration of
ferrite nanozyme from 0 to S0 mg L™". The increased absorbance
at 652 nm is ascribed to the enhanced catalytic activity in the
reaction system (Figure 4b). Thus, we are convinced that the
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mimicking enzymatic activity of ferrite nanozyme is the catalyst
dose dependence. Similarly, Figure S5 shows the changing color
of dispersion containing the fixed contents of ferrite nanozyme,
TMB, and H, 0O, along with the increased pH condition from 2.8
to 7. The results in Figure 4c and Table S2 demonstrate the
production of ox-TMB at pH = 2.8 is slightly smaller than that at
pH = 3.6, whereas the production of ox-TMB presents a
dramatic decrease when increasing the pH from 3.6 to 7. It is
worth noting that the strongest absorbance at 652 nm is
generated at pH = 3.6, revealing the highest activity of the ferrite
nanozyme. Thus, concentration of 50 mg L™" and pH of 3.6 are
the optimized conditions for the subsequent experiments.

To confirm the generation of -OH by decomposing the H,0,
with the assist of the ferrite nanozyme, a fluorescent probe
disodium terephthalate (Na,TA) is applied to capture -OH to
form disodium 2-hydroxyterephthalate (Na,TAOH) possessing
a characteristic fluorescence emission around 440 nm when
excited by UV light of 315 nm. The detailed oxidation reaction is
given in eq 4.

NaOOCO—COONa + + OH —— Na00OC

The detection systems containing only Na,TA and Na,TA +
ferrite nanozyme show no fluorescence emission around 440 nm
when irradiated by UV light of 315 nm due to the absence of
H,0,. Furthermore, the detection system of containing H,O,
demonstrates no fluorescence around 440 nm due to the
absence of Na,TA probe, whereas a mild fluorescence emission
appeared in the Na,TA + H,0O, detection system. Finally, the
strongest fluorescence emission is presented in the Na,TA +
H,0, + ferrite nanozyme detection system, verifying the
generation of -OH by decomposing the H,O, in the presence

OH

/
7 N\

COONa

4
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of the ferrite nanozyme (Figure 4d). To further confirm the
function of -OH in the TMB oxidation process, IPA is selected as
a radical scavenger to neutralize the -OH.”* Compared to the
control without IPA addition, the absorbance of 0x-TMB at 652
nm is gradually reduced when increasing the IPA addition from
100 to 800 uL (Figure 4e), proving that -OH is directly involved
in the oxidation process of TMB to produce ox-TMB as shown
in Figure 4f.

Catalytic Mechanism of the Ferrite Nanozyme. To
deeply analyze the catalytic kinetic behavior of the ferrite
nanozyme, the peroxidase-like activity of the ferrite nanozyme
together with enzyme kinetics theory is investigated according
to eqs S and 6.

/A
K, + [S] (8)
i = &[S] + L

where K, [S], V, and V,,,, represent the Michaelis constant,
substrate concentration, conversion rate of the substrates, and
the maximum conversion rate. In accordance with eqs 5 and 6,
there is linear relationships between 1/V and [S]. Exper-
imentally, the steady-state kinetic calculation is conducted by
changing the concentration of TMB or H,0, in the ferrite
nanozyme—H,0,—TMB systems. As listed in Figure Sa,c, the
oxidizing behavior of TMB catalyzed by ferrite nanozyme
demonstrates a classical Michaelis—Menten feature when using
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TMB or H,O, as substrates. Meanwhile, the double-reciprocal
plots of catalytic performances for both TMB and H,O,
substrates are in accordance with the Lineweaver—Burk
equation (Figure Sb,d). The K, of the ferrite nanozyme for
the H,O, substrate is then calculated to be 0.140 mM based on
the data in Tables S3 and S4, which is smaller than those of
reported peroxidase-like nanozymes and that of HRP (3.7
mM).”*~”” Notably, the K,,, value of the ferrite nanozyme for the
TMB substrate is 0.0911 mM based on the data in Tables S5 and
S6, which is also smaller than that of HRP (0.43 mM)."””® The
relatively low K, indicates that the superior affinity between the
ferrite nanozyme and H,0, (or TMB), leading to the improved
peroxidase-mimicking activity. To figure out the mechanism on
the intensive affinity between the ferrite nanozyme and TMB,
the zeta-potential analysis of the ferrite nanozyme dispersion is
conducted. As listed in Figure 2d, the pristine ferrite nanozyme
presents a positive charge (6.45 mV) at pH 3.6. It is worth noting
that the zeta-potential of the ferrite nanozyme after combining
with TMB shows an increase to 7.37 mV (Figure S6). The
increased positive charge is probably ascribed to the
phenomenon that the nonoxidized TMB can carry partial
positive charge in a weak acid environment (pH 3.6),'7° further
proving the efficient combination of the ferrite nanozyme and
the substrate. The surface charges can inhibit the agglomeration
of the nanosized ferrite nanozyme, thus leading to the enlarged
specific surface area. Furthermore, the Cu and Mn doping also
can strengthen the polarization of the nearby Fe atoms, causing
more structure defects in the ferrite nanozyme and more active
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at 652 nm in the absence and presence of L-Cys.

catalytic sites.”” The detailed mechanism is not fully understood,
but a combination of surface defects, polarization, and surface
charge seems to be the most plausible reason for observation of
low K.

L-Cys Detection Based on the Ferrite Nanozyme as the
Sensing Platform. 1-Cys can participate in the reduction
process of cells and the metabolism of phospholipids in the liver.
It can not only protect hepatocytes from damage but also restore
liver function and promote the detoxification effect of the
liver.**~®* Thus, the construction of facile and efficient methods
of detecting trace L-Cys has subsequently attracted considerable
attention. L-Cys can be regarded as a reductant to convert the ox-
TMB to TMB.*® As illustrated in Figure 6a, the TMB substrate
can be catalyzed by the ferrite nanozyme in the presence of
H,0,, generating a blue ox-TMB with intensive absorption at
652 nm. A colorless solution appeared, and no absorption can be
detected when the 1-Cys was introduced into the detection
system. According to the above-mentioned inhibition effect of L-
Cys toward the TMB oxidation, a feasible colorimetric detection
method is established to both qualitatively and quantitatively
analyze the L-Cys contents by a mixing-and-detecting protocol.
In the preferred detection systems, the sensitivity of the L-Cys
sensing method is evaluated by mixing the targets with TMB,
H,0,, and ferrite nanozyme. The absorption at 652 nm is
gradually decreased when increasing the L-Cys dosage (Table S7
and Figure 6a,b). Furthermore, the color change of the detection
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systems with different contents of L-Cys is clearly distinguished
on visual observation (inset in Figure 6b). Thus, the ferrite
nanozyme-based sensing platform offers a reliable way to
conduct the visual analysis of L-Cys by the naked eye. It is worth
noting that the absorbance reaches a lowest value when the L-
Cys concentration is 20 #M on account of the complete
reduction of the oxidized substance by excessive L-Cys. As
presented in Figure 6¢,d, the data exhibit two linear relationships
between L-Cys concentration and absorbance at 652 nm: Y1 =
0.07x + 0.0056 when the L-Cys concentration increases from 0.2
to 1.2 uM (R* = 0.97) and Y2 = 0.007x + 0.074 when the L-Cys
concentration increases from 1.2 to 20 uM (R* = 0.99). The
LOD of the L-Cys is calculated to be 0.119 yM based on the 30/
slope role, which is at a relatively low level compared with
previous colorimetric detection of L-Cys by nanozymes (Table
1).3747-54

Turnoff Mechanism of L.-Cys in the Ferrite Nanozyme—
Hydrogen Peroxide—TMB System. As for the high-
sensitivity response, the detection principle at the molecular
level is analyzed. The first thing to know is that both TMB and -
Cys can be oxidized by -OH as demonstrated in eqs 7 and 8.
Meanwhile, the L-Cys as a reductant can probably convert the
ox-TMB into TMB. Therefore, the presence of a trace amount L-
Cys can interfere with the H,0,-mediated oxidation of TMB to
form ox-TMB. On the basis of the above transformation
relationship among TMB, H,0,, ferrite nanozyme, and 1-Cys,
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Table 1. Comparison of Linear Range and LOD toward
Colorimetric Detection of L-Cys by Nanozymes

peroxidase-like nanozymes linear range (uM) 64(?\/[1)) ref

reduced graphene oxide 2-30 0.1 37
derivative

Fe;0, magnetic 0-50 0.97 47
nanoparticles

nickel oxide nanoflowers 20—-100 1.1 48

CuMnO, nanoflakes 25-300 11.26 49

cobalt sulfide nanosheets 0.2—100 2.7 S0

vanadium tetrasulfide 50-300 5.0 S1

Ce0,/Co0O 5-10 3.71 52

MoS,—Au@Pt 4.8-38.4 0.7 s3

Cu@Au(Ag)/Pt 0—0.4 mM and 4 54

0.4—3 mM
ferrite nanozyme 0.2-20 0.119 this work

two possible reaction paths can be deduced in the absorption
turnoff as follows (Figure 7a). Path one is conducted by the ox-
TMB production in the TMB—H,O,—ferrite nanozyme ternary
system, and the L-Cys dominated the absorption turnoff process
of reducing the blue ox-TMB into colorless TMB (eq 7). Path
two is composed of the L-Cys-initiated neutralization of -OH
produced in the H,O,—ferrite nanozyme binary system and the
oxidation of TMB to generate ox-TMB by the residual -OH (eq
8). Results in Figure 7b show that the absorbance at 652 nm in

the ternary system of the TMB—H,O,—ferrite nanozyme is 0.49
after reaction for 60 min to realize the complete oxidation of
TMB. When the L-Cys solution is added into the above mixture,
the absorbance presents a dramatic decrease to 0.05 within 1
min, confirming that the L-Cys as a reductant can quickly convert
the ox-TMB to TMB. Results in Figure 7c demonstrate that the
reaction system eventually possesses negligible absorbance at
652 nm when the L-Cys is introduced into the binary H,O,—
ferrite nanozyme in the early stage, whereas, the reaction system
finally presents strong absorbance at 652 nm without the L-Cys
addition into the binary H,0O,—ferrite nanozyme in the early
stage. The above phenomenon reveals that the L-Cys as a
reductant can eliminate the -OH and inhibit the generation of
ox-TMB. The -OH can be captured by DMPO to produce the
DMPO--OH adduct, which can be detected by EPR measure-
ment. Results in Figure 7d indicate the four strong characteristic
peaks of the DMPO—-OH adduct in the mixture of ferrite
nanozyme + H,0, + DMPO, whose intensity ratio is observed as
1:2:2:1.5% However, there is no obvious EPR signal peak in the
signals of neat H,O,. These shreds of evidence testify that the
ferrite nanozyme can effectively convert H,O, into -OH.
However, the intensities of four strong characteristic peaks are
dramatically decreased after the 1-Cys addition, further
demonstrating the hydroxyl radical elimination by L-Cys.
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Figure 7. Turnoff mechanism of L-Cys in the ferrite nanozyme—hydrogen peroxide—TMB system. (a) Schematic diagram of experimental steps for
verification of L-Cys detection mechanisms. (b) and (c) are the results of path 1 and path 2, respectively. The inset images visually indicate the amounts
of the produced ox-TMB. (d) EPR assays of three systems (H,0,, H,O, + nanozyme, and H,O, + nanozyme + L-Cys). (e) Visible light absorption at
652 nm wavelength of ferrite nanozyme (50 mg L™") with the TMB (1 mM) and H,0, (10 mM) systems in the presence of L-Cys and six other
substances in serum, where concentrations of L-Cys and Hey are 20 M and the concentrations of other substances (AA, UA, hemin, L-Arg, and GSH)

are 1 mM.
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L-Cys + oxXTMB —> TMB + Cys-Cys

Ferrite nanozyme

H,0, ———> -OH

L-Cys + - OH — Cys-Cys (8)

T™MB + -0OH —> oxTMB

The selectivity of the L-Cys detection based on the
peroxidase-mimicking activity of the ferrite nanozyme is studied
by screening its response to biological targets. Several biological
small molecules possessing similar molecular structure with L-
Cys or reducibility are selected to study their interference effect
on this method (Figure 7e). The concentrations of L-Cys and
Hcy are set to be 20 uM, corresponding to the maximum
detection concentration in the linear equation in Figure 6e. The
concentrations of AA, UA, GSH, hemin, and arginine are fixed at
1 mM, whose concentrations are 50 times that of L-Cys. It
should be noted that the concentrations of the AA, UA, GSH,
hemin, and arginine are set at such an ultrahigh level to
strengthen their effect on the detection reaction. The
concentration of Hcy is set to be the same as that of L-Cys
because of its limited solubility in the aqueous phase. A control
experiment consisting of H,O,, ferrite nanozyme, and TMB is
first conducted as a reference standard, presenting an
absorbance of about 0.35. The addition of 1-Cys into the
ternary H,O,—ferrite nanozyme—TMB system leads to an
obvious absorbance decrease from 0.35 to 0.1, matching the
results in Figure. 6. Meanwhile, the high concentration addition
of AA, UA, and GSH only shows a slight absorbance decrease,
which is probably caused by their lower affinity with the
substances in the detection system or the lower reducibility
compared with the L-Cys. The equal concentration addition of
Hcy hardly causes an absorbance decrease, revealing a low
detection selectivity for Hcy. On the contray, the high
concentration addition of hemin and arginine even presents an
abnormal increase, which is possibly a result of their oxidability
to facilitate the generation of ox-TMB. The above results suggest
that the selectivity of the ferrite nanozyme-based sensing system
is quite acceptable.

Detection of L-Cys in Real Samples by Using the Ferrite
Nanozyme. To evaluate the practical applicability of the
proposed method for L-Cys detection in real samples, the ferrite
nanozyme is used for the determination of L-Cys in human blood
serum. The human blood serum samples are collected from the
nearby clinical laboratory and diluted 10 times with buffer
solution (pH 3.6). Considering the difference of 1-Cys
concentrations in different serum samples, the concentrations
of three diluted samples are determined based on the linear eq 1,
which are 0.53, 0.82, and 0.99 uM, respectively (Tables S8 and
1). Similarly, other diluted samples with higher concentrations
(>1 uM) are analyzed with the assistance of the linear eq 2,
whose concentrations are also listed in Tables S8 and 1.

Recovery tests are also employed to estimate the accuracy of
the as proposed method by standard addition method. First, a L-
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Cys solution with an exact concentration is added in the real
samples. Then, the spiked concentrations of L-Cys in the
samples are determined according to the linear equations in
Figure 6. The corresponding results are obtained and shown in
Table 2. The recoveries of the spiked samples are in the range

Table 2. Analysis of Human Serum Sample with the Proposed
Colorimetric Assay

sample  concn (uM)  spiked concn (uM)  recovery (%)  RSD (%)
1 0.53 1.23 99.8 5.32
2 0.82 1.53 102.3 4.28
3 0.99 1.66 95.6 3.13
4 8.70 9.46 108.4 2.89
S 14.01 14.69 97.2 1.57
6 17.94 18.68 104.8 3.49
7 11.46 12.15 98.3 5.21
8 12.85 13.52 95.2 4.11

95.2%—108.4%, which suggests that the present method can be
employed for the detection of L-Cys in real samples. The RSD
values are calculated to be <10%, which are comparable to those
previously reported works.*****’~*° These results demonstrate
the satisfactory reproducibility and applicability of this novel
ferrite nanozyme for L-Cys monitoring in biological samples.

B CONCLUSIONS

In summary, ferrite nanocrystals with excellent peroxidase-like
activity are prepared by a facile two-step of continuous flow
coprecipitation and high-temperature annealing. Comprehen-
sive analysis has demonstrated that the proposed ferrite
nanocrystals can effectively catalyze the oxidation of colori-
metric substrate of TMB in the presence of H,0, and present
the concentration and pH dependence of the peroxidase
performances. This fascinating characteristic stems from their
ability to decompose of H,O, into -OH. A facile colorimetric
method for 1-Cys quantitative detection is established by
employing the ferrite nanocrystal-based enzyme mimics as the
sensing platform. The detailed mechanism of absorption turnoff
in the L-Cys detection is determined to be the reduction of -OH
and ox-TMB by L-Cys. The proposed investigation not only
demonstrates a new strategy for creating highly active and
specific peroxidase mimics but also provides versatile oppor-
tunities for the establishment of nanozyme-based biosensors in
the fields of bioanalytical chemistry and point-of-care testing.
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