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Nanozymes have gained much attention as a replacement for natural enzymes duo to their unique
advantages. Two-dimensional layered double hydroxide (LDH) nanomaterials with high physicochemical
plasticity are emerging as the main forces for the construction of nanozymes. Unfortunately, high-
performance LDH nanozymes are still scarce. Recently, defects in nanomaterials have been verified to
play a significant role in modulating the catalytic microenvironment, thereby improving catalytic
performances of nanozymes. Therefore, the marriage between defect engineering and LDH nanozymes
is expected to spark new possibilities. In this work, twenty kinds of natural amino acids were separately
inserted into the interlayer of CoFe-LDH to obtain defect-rich CoFe-LDH nanozymes. The peroxidase
(POD)-like activity and catalytic mechanism of the as-prepared LDH nanozymes were systematically
studied. The results showed that the intercalation of amino acids can effectively enhance the POD-like
activity of LDH nanozymes owing to the increasing oxygen/metal vacancies. And L-cysteine intercalated
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nanozymes with superb POD-like activity were used in biosensing and antibacterial applications. This
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Introduction

As a new generation of artificial enzymes, nanozymes, which are
nanomaterials with enzyme-like activity and which follow
enzymatic kinetics, have gained a lot of attention." Two-
dimensional layered double hydroxide (LDH) nanomaterials
with high physicochemical plasticity are emerging as main
forces for the construction of nanozymes.>* LDH is an anionic
two-dimensional plate-like nanomaterial consisting of posi-
tively charged divalent and trivalent cation layers and anion
exchangeable interlayer galleries alternatingly. The flexible
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work suggests that modulating the catalytic microenvironment through defect engineering is an
effective way to obtain high-efficiency POD mimics.

composition of LDH enables the metal cations and defect sites
in the LDH layer to be tailored to mimic the properties of
natural enzymes.* Therefore, LDH nanozymes are considered to
have excellent potential for biocatalysis and biomedicine.

To meet the high requirements of practical applications, the
performances of nanozymes are improved by accurately
adjusting their components, sizes and so on.® However, the
activity of most nanozymes is relatively low in comparison with
that of natural enzymes. How the development of effective
strategies to achieve the preparation of high-performance
nanozyme has always been a key issue in the field of nano-
zyme research. As for LDH nanozymes, various strategies have
been developed to enhance their catalytic activities, such as
multi-metal coordination, intercalation of functional mole-
cules, exfoliation of the layer and combination of other mate-
rials. Unfortunately, LDH nanozymes with high catalytic activity
are still scarce.

The catalytic microenvironment is very important for nano-
zymes to exert catalytic activity, so it is expected that highly
active nanozymes can be obtained by the directional modifica-
tion of the catalytic microenvironment. For example, Yan's
group reported that the introduction of histidine residues onto

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the Fe;O, nanoparticle surface to mimic the enzymatic micro-
environment of natural peroxidase (POD) enzymes can enhance
the catalytic efficiency of Fe;O, nanozyme effectively.® Qu's
group constructed a highly active single-atom nanozyme by
modifying sulfonic acid groups on the surface of Fe-N, centers.”
The oxidized sulfur functionalities could assist in substrate
orientation and facilitate the desorption of H,O, and thereby
improve the specific activity of nanozymes. Specifically, the
optimization of the catalytic microenvironment of LDH nano-
zymes can be achieved by molecular intercalation, which can
generate more oxygen vacancies (Vo) or metal vacancies (Vy),
a kind of point defect. Amino acids are the basic units of
peptides and proteins, and are closely related to many life
activities. Many amino acid residues are also catalytically active
sites for natural enzymes, which can promote the binding of
enzymes to substrates. Thereby, defect engineering induced by
amino acids is expected to be an effective strategy to enhance
the catalytic activities of LDH nanozymes.

Herein, in this work, CoFe-LDH with good POD-like activity
was selected as the research object. As shown in Scheme 1,
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twenty kinds of natural amino acids were separately inserted
into the interlayer of CoFe-LDH by a facile coprecipitation
process along with an ultrasonic-assisted ion exchange reac-
tion, to increase the Vo/Vy, in the structure of CoFe-LDH, so as
to regulate the catalytic microenvironment of CoFe-LDH and
thereby improve its catalytic activity. The results indicated that
the POD-like activity of 1-cysteine (L-Cys)-intercalated CoFe-LDH
(1-C-LDH) was the strongest in comparison with that of other
amino acid-intercalated CoFe-LDH (L-AA-LDH) and pristine
CoFe-LDH. It is well-known that 1-Cys is unique amongst the
twenty natural amino acids as it contains a thiol group (-SH),
which is a versatile functional group with strong binding
affinity and reactivity. It was speculated that the -SH of 1-Cys
was crucial for the enhancement of the catalytic activity of LDH
nanozyme. To confirm this conjecture, different analogues of r-
Cys were further prepared and intercalated into CoFe-LDH,
respectively. And their POD-like activity and catalytic mecha-
nism were systematically studied. Finally, LDH nanozymes with
superb POD-like activity were used in biosensing and antibac-
terial applications.
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Scheme 1 Schematic diagram of (a) the synthesis and screening of L-AA-LDH nanozymes with superior POD-like activity and (b) their catalysis

mechanism and applications.
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Results and discussion
Synthesis and characterization of LDH nanozymes

CoFe-LDH nanozyme and twenty kinds of 1-AA-LDH nanozymes
were synthesized, respectively. The morphology and structure of
the as-prepared LDH nanozymes were characterized by trans-
mission electron microscopy (TEM). As shown in Fig. S1a and
b,f a layered structure with a typical regular hexagonal
morphology of CoFe-LDH nanozyme can be observed along with
a nanosheet size of about 100 nm and a thickness of about
1.8 nm. In comparison with CoFe-LDH nanozyme, r-C-LDH
nanozyme displayed a small layer size, which was around 50 nm
(Fig. 1a). A loose and small-size structure could provide abun-
dant active functional groups and large specific surface area,
which might be beneficial for the catalytic performance of the
catalyst.®* And the thickness of 1-C-LDH nanozyme was about
1.8-1.9 nm (Fig. 1b). Elemental distribution mapping showed
the presence of C, N, O, Co, Fe and S and their homogeneous
distribution in 1-C-LDH nanozyme (Fig. 1c). The crystal struc-
tures of CoFe-LDH nanozyme and 1-C-LDH nanozyme were
tested by X-ray powder diffraction (XRD) (Fig. 1d). In the pattern
of CoFe-LDH nanozyme, the obvious peaks at 26 of 11.52°,
22.93°, 34.21° and 59.29° were ascribed to the (003), (006), (009)
and (110) planes of a typical CoFe-LDH (JCPDS No. 50-0235).%*
The clear diffraction peaks indicated the high crystallinity of
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CoFe-LDH nanozyme. And 1-C-LDH nanozyme retained the
original phase of CoFe-LDH. In particular, the (003) peak of r-C-
LDH nanozyme (11.06°) was of a smaller angle than that of
CoFe-LDH nanozyme. Based on the calculation by Bragg's law,™
the basal spacing (dgo3) of CoFe-LDH nanozyme was 0.767 nm,
while that of L-C-LDH nanozyme was enlarged to 0.799 nm. The
increased interlayer spacing confirmed the successful insertion
of Cys." Fig. S1c and S8at show Fourier transform infrared (FT-
IR) spectra, which indicated the stretching vibration of O-H,*
the asymmetric and symmetric stretching vibrations of -COO™"*
and the lattice vibration of M-O or O-M-O (M = Co, Fe)* in
LDH nanozymes. In addition, according to Table S1,f the
distribution proportion of the element S in 1-C-LDH nanozyme
was 3.4% obtained by inductively coupled plasma optical
emission spectrometry (ICP-OES). The zeta potentials of CoFe-
LDH nanozyme and r-C-LDH nanozyme in deionized (DI)
water were +14.78 mV and —22.09 mV, respectively (Fig. S2 and
S3t), further indicating the successful insertion of Cys.
Thermogravimetric-differential thermal analysis (TG-DTA)
results also confirmed the insertion of Cys (Fig. S47).

To investigate the surface elemental composition and valence
states of the as-prepared LDH nanozymes, X-ray photoelectron
spectroscopy (XPS) was conducted. Fig. S1df showed peaks from
the XPS survey spectrum of CoFe-LDH nanozyme, which were
mainly attributed to Co 2p, Fe 2p, C 1s, O 1s and Cl 2p regions. In
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Fig. 1 Characterization of LDH nanozymes. (a) TEM and HRTEM (inset) images, (b) AFM image, and (c) TEM elemental mapping of L-C-LDH
nanozyme. (d) XRD patterns of CoFe-LDH nanozyme and -C-LDH nanozyme. High-resolution XPS spectra of (e) Co 2p, (f) Fe 2p and (g) S 2p
regions of CoFe-LDH nanozyme and L-C-LDH nanozyme. (h) The comparison of the absorbance at 652 nm of CoFe-LDH nanozyme and
different L-AA-LDH nanozymes. Insets show the corresponding color changes of TMB in different systems.
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the XPS survey spectrum of .-C-LDH nanozyme (Fig. S9bt), new N
1s and S 2p peaks could be found. This further indicated that Cys
was intercalated into CoFe-LDH. As shown in Fig. 1e, the Co 2p
XPS spectrum of CoFe-LDH nanozyme showed two peaks corre-
sponding to Co®" and Co®" (783.48 and 799.28 eV for Co®* and
780.20 eV for Co®"), while the other two peaks at 788.66 eV and
804.77 eV were doublet satellite (Sat.) peaks of Co 2p;,, and Co 2py,
2, Tespectively. As for 1-C-LDH nanozyme, the pair of peaks for Co**
shifted towards low binding energy (shifted by about 0.26 eV for Co
2p3s, and 0.25 eV for Co 2p, ), indicating that the electron density
of metal layers in CoFe-LDH decreased after the intercalation of
Cys.'® Meanwhile, the content of Co** in 1-C-LDH nanozyme was
slightly increased compared with that in CoFe-LDH nanozyme.
Analogously, the pair of peaks for Fe** in 1-C-LDH nanozyme
shifted towards low binding energy (shifted by about 1.44 eV for Fe
2ps, and 0.60 eV for Fe 2p;,,) compared with that of CoFe-LDH
nanozyme (Fig. 1f)."*** In addition, the content of Fe*" in 1-C-
LDH nanozyme was significantly increased compared with that in
CoFe-LDH nanozyme. And the ratio change of Co**/Co*" was
consistent with that of Fe*"/Fe*" in the nanozyme. This may be
ascribed to the Vo, formed by the intercalation of amino acids. The
S 2p XPS spectrum of 1-C-LDH nanozyme showed two distinct
peaks centered at 162.80 eV and 164.91 eV, corresponding to C-S
2ps» and C-S 2p;,, respectively, which were lower than that of r-
Cys (Fig. 1g)." And the two peaks at 167.12 eV and 170.04 eV were
ascribed to C-SO,, which may be produced from the partial
oxidation of C-SH in an alkaline solution.***' The characterization
studies of other 1-AA-LDH nanozymes are illustrated in the ESI
(Fig. S5-S24 and Table S27).

Screening the catalytic activity of LDH nanozymes

To demonstrate the catalytic activities of CoFe-LDH nanozyme
and 1-AA-LDH nanozymes as POD-like mimics, the catalytic
oxidation of 3,3,5,5-tetramethylbenzidine (TMB) by LDH nano-
zymes was determined. As illustrated in Fig. 1h and S25,} the
CoFe-LDH/TMB/H,0, system exhibited an enhanced absor-
bance at 652 nm in comparison with pure H,O,/TMB and the
CoFe-LDH/TMB system. And its solution was blue. These results
demonstrated that CoFe-LDH nanozyme exhibited POD-like
activity. In addition, various 1-AA-LDH/TMB/H,0, systems
showed different absorbance intensities at 652 nm, all of which
were stronger than that of the CoFe-LDH/TMB/H,0, system,
indicating that the intercalation of amino acids can enhance
the POD-like activity of CoFe-LDH nanozyme. Notably, the 1-C-
LDH/TMB/H,0, system exhibited the highest absorption peak
intensity at 652 nm, which was about 2.31 times that of the
CoFe-LDH/TMB/H,0, system. It was speculated that the active
reducing -SH of 1-Cys played a critical role.®

In order to explore the reason for the enhancement of the
POD-like activity of 1-C-LDH nanozyme, different Cys derivative-
intercalated CoFe-LDH (C-LDH) nanozymes were prepared for
comparison. The characterization studies of a series of C-LDH
nanozymes are illustrated in the ESI (Fig. S26-S35 and Table
S37). As shown in Fig. 2a, different Cys derivatives (methionine
(-Met), cystine (Cys-Cys), N-acetyl-L-cysteine (Acet-L-Cys), L-
cysteine methyl ester (Me-1-Cys), and 1-cysteine ethyl ester (Et-L-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Cys)) were prepared. And the corresponding Cys derivative-
intercalated CoFe-LDH nanozymes were named in turn as .-M-
LDH, C-C-LDH, Acet-.-C-LDH, Me-1.-C-LDH and Et-.-C-LDH. As
illustrated in Fig. 2b and ¢ and S36,7 compared to the CoFe-
LDH/TMB/H,0, system, the absorbance intensities of different
C-LDH/TMB/H,0, systems were increased to different degrees,
the order of which was Me-.-C-LDH > 1-C-LDH > 1-C-LDH (HCl) >
Et-1-C-LDH > C-C-LDH > D-C-LDH > Acet-.-C-LDH > 1.-M-LDH.
These results may be because the lack of electron-rich regions of
-SH groups in r-Met and Cys-Cys lead to the reduction of
catalytic activity of .--M-LDH and C-C-LDH compared with that
of 1-C-LDH. The amino group, which is an electron-rich region,
in Acet-.-C-LDH was replaced by an electron-deficient acetyl
group, resulting in a decrease in its catalytic activity. This also
suggested that -SH and -NH, groups (containing lone pair
electrons and electron-rich regions) played a catalytic role in the
reaction (electron-donating). The -COOH groups of Me-L-Cys
and Et-1-Cys were replaced by methyl ester and ethyl ester
groups, which increased the steric hindrance during intercala-
tion. The steric hindrance of Et-L-Cys was higher due to its larger
molecular weight than methyl ester, resulting in a decrease in
its catalytic activity.

The optimum catalytic conditions of LDH nanozymes were
further screened, and the effects of pH values and temperature
on the POD-like activity of LDH nanozymes were investigated
(Fig. 2d and e). The results showed that the POD-like activity of
LDH nanozymes was affected by pH and temperature. The
catalytic activity of LDH nanozymes was the highest at pH 3.0
and 50 °C, respectively. In addition, the absorbance at 652 nm
of various LDH nanozymes also increased over time (Fig. 2f),
and 10 min was selected as the incubation time.

In order to further investigate the catalytic activities of LDH
nanozymes as POD mimics, the POD-like activity of LDH
nanozymes was detected by changing the concentration of TMB
or H,0, to obtain kinetic parameters, namely the Michaelis
constant (K,,) and the maximum initial reaction rate (Viay),
which could be calculated via fitting the Michaelis-Menten
curve.” CoFe-LDH nanozyme, 1-C-LDH nanozyme and Me-L-C-
LDH nanozyme were selected for comparison. The steady-state
kinetic curve and the corresponding double-reciprocal plot of
LDH nanozymes with varied concentrations of TMB and H,0, at
37 °C are illustrated in Fig. 3 and S37-S39.7 The results indi-
cated that all LDH nanozymes exhibited lower K,, and higher
Vmax than that of natural horseradish peroxidase (HRP). And
Me-1-C-LDH nanozyme exhibited the lowest K, and highest
Vmax- In addition, the results obtained at 25 °C showed
a consistent trend (Fig. S40-S421). The comparison of the K,
and V.« between this work and reported nanozymes is illus-
trated in Table S4.7 Moreover, LDH nanozymes could maintain
their catalytic activities after repeated use (Fig. S43-S46+).

Proposed catalysis mechanism of LDH nanozymes as POD
mimics

To reveal the catalysis mechanism of LDH nanozymes, the main
reactive oxygen species (ROS) were identified through quench-
ing experiments and electron paramagnetic resonance (EPR)

Chem. Sci., 2024, 15, 6002-6011 | 6005
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analysis. -OH and -0, are generally considered to be the main
ROS formed in catalytic wet oxidation systems. Thus, thiourea
(TH) and p-benzoquinone (p-BQ) were used as the scavengers
for -OH and -0, , respectively. As shown in Fig. 4a-c, the
addition of TH and p-BQ significantly inhibited the absorption
intensity at 652 nm of CoFe-LDH/TMB/H,0,, 1-C-LDH/TMB/
H,0, and Me-1-C-LDH/TMB/H,0, systems, while O, had no
significant effect on the systems, indicating that -OH and -O,~
were the main ROS generated in the reaction system.>® To gain
further evidence, 5,5-dimethyl-1-pyrroline-1-oxide (DMPO) was
used as a free radical trapping agent for -OH and -O, . As

6006 | Chem. Sci, 2024, 15, 6002-601

shown in Fig. 4e and f, in comparison with pure H,0,, obvious
signals of DMPO--OH and DMPO--O,  could be observed in
CoFe-LDH/H,0,, .-C-LDH/H,0, and Me-L.-C-LDH/H,0, systems,
indicating the generation of -OH and -O, . Another trapping
agent 5-tert-butoxycarbonyl 5-methyl-1-pyrroline = N-oxide
(BMPO) was used to repeat the experiments, and consistent
results were obtained (Fig. S471). In addition, at around g =
2.004, all of LDH nanozymes showed strong symmetric EPR
signals (Fig. 4d), which can be attributed to paramagnetic Vy.>*
And Me-1-C-LDH nanozyme and 1-C-LDH nanozyme had
stronger signal peaks than that of CoFe-LDH nanozyme, which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(b) L-C-LDH/TMB/H,0O, system and (c) Me-L-C-LDH/TMB/H,0O, system
spectra of CoFe-LDH nanozyme, L-C-LDH nanozyme and Me-L-C-LDH

nanozyme. EPR signals of the () DMPO—--OH adduct and (f) DMPO--O,~ adduct in CoFe-LDH/H,0,, L-C-LDH/H,0, and Me-L-C-LDH/H,0,

systems. (g) Valence band structure of CoFe-LDH nanozyme, L-C-LDH

nanozyme and Me-L-C-LDH nanozyme. Relative activity of CoFe-LDH/

TMB/H,0,, L.-C-LDH/TMB/H,0, and Me-L-C-LDH/TMB/H,0O, systems with different weights of (h) L-Cys and (i) Me-L-Cys, respectively.

indicated that Me-.-C-LDH nanozyme and 1-C-LDH nanozyme
had more abundant V,**?® which would greatly affect their
electronic properties and catalytic properties.”” Furthermore,
the valence band obtained from XPS spectra of LDH nanozymes
was also studied. As shown in Fig. 4g, the maximum valence
band energy of CoFe-LDH nanozyme was 1.03 eV, while the
maximum valence band energy of .-C-LDH nanozyme and Me-1-
C-LDH nanozyme was about 0.57 eV and 0.39 eV, respectively,
both of which blue shifted to the vacuum level. These results
demonstrated that Me-.-C-LDH nanozyme and 1-C-LDH nano-
zyme had a lower electron transfer barrier due to the interca-
lation of Me-.-Cys and 1-Cys, which was more favorable to
electron transfer.”® As shown in Fig. 4h and i, after the addition
of different mass ratios of 1-Cys/Me-1.-Cys into the CoFe-LDH/
TMB/H,0,, 1-C-LDH/TMB/H,0, and Me-1-C-LDH/TMB/H,0,
systems, the absorbance at 652 nm decreased to different
degrees. This demonstrated that free L-Cys/Me-1-Cys may inhibit
the catalytic activity of LDH nanozymes. This was mainly
because both 1-Cys and Me-1-Cys contained active reducing -SH
groups, which may reduce blue oxTMB to colorless TMB,
resulting in reduced catalytic activity. These results further
proved that only intercalated amino acids but not free amino
acids can enhance the catalytic activity of LDH nanozymes.

© 2024 The Author(s). Published by the Royal Society of Chemistry

To further investigate the changes in various types of oxygen
and the presence of Vo in LDH nanozymes, the XPS spectra of O
1s were further obtained in addition to EPR tests. The four
fitting peaks in the XPS spectrum of CoFe-LDH nanozyme
correspond to metal-oxygen (M-O, M = Co, Fe) in the lattice,
oxygen atoms in the hydroxyl group (M-OH), V, and surface-
bound water molecules, the binding energy of which was
529.31 eV, 530.99 eV, 532.36 eV and 533.96 eV, respectively
(Fig. 5a).**®*"2° And the percentage of Vo was 22.50%. The
fitting characteristic peaks of 1-C-LDH nanozyme and Me-L-C-
LDH nanozyme were consistent with that of CoFe-LDH nano-
zyme (Fig. 5b and c). In particular, the percentage of Vg in 1-C-
LDH nanozyme and Me-.-C-LDH nanozyme was 24.92% and
44.12%, separately. It was further proved that the POD-like
activities of Me-1-C-LDH nanozyme and 1-C-LDH nanozyme
were stronger than that of CoFe-LDH nanozyme due to the
increase in the content of Vo, which was consistent with the
results of the EPR test. In order to further explore the effects of
amino acid intercalation on the coordination environment and
chemical state of CoFe-LDH, X-ray absorption fine structure
(XAFS) was applied to study the structure of LDH nanozymes.
And the valence states of Co and Fe were characterized by X-ray
absorption near edge structure (XANES) spectroscopy. As shown

Chem. Sci., 2024, 15, 6002-6011 | 6007


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00469h

Open Access Article. Published on 15 March 2024. Downloaded on 6/29/2026 12:43:21 PM.

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

(cc)

View Article Online

Chemical Science Edge Article
(@)  [Corerpn on] (b) [Cciom on| (€) [VMercipn ots
~ ~ M-OH —_
= § Vo 53106 eV g Vo %009;' v
& < 531.58 ¢V = 531.81 eV eTe
> >
7 7| mo 7 H,0
g 5| 53380ev M-0 S| s3389ev
= = 529.17 eV =
S = ¢ |
540 538 536 534 532 530 528 526 540 538 536 534 532 530 528 526 540 538 536 534 532 530 528 526
( d) Binding Energy (eV) (C) Binding Energy (eV) ( f) Binding Energy (eV)
2.0 12
Co K-edge CoFe-LDH Co R-space CoFe-LDH 30 CoFe-LDH Co K-space
o = L-C-LDH . Filling e L-C-LDH b W
= 15 \ Me-L-C-LDH ~10 Co:Colfe | y.cipm 20 MeL-C-LDH ' *
§ [‘ S5 & /GE0! = Fitting 2 R
] i\ Co foil s 8 Co0 Me-L-C-LDH[ o 10
i\ 3 - o —~ Fitting ~
N 10 .-/\/\——«/ ~ = 6 \ iting =0
5 0s{CN 2 = )
Z Il =T =, ‘ 20 -
(WA | S
s R -30
0.0 Photon energy (V) 0
7700 7750 7800 7850 7900 0 1 2 3 4 5 6 0 2 4 6 8 10 12
(g) 2o Energy (eV) (h) - R (A) (i)4 k(A
" [ Fe K-edge CoFe-LDH Fe R-space CoFe-LDH 0 CoFe-LDH [ Fe K-space|
a = L-C-LDH 10 Fitting 304 — L-C-LDH .
~ 15 Me-L-C-LDH ~ Fe-O0 . L-C-LDH Me-L-C-LDH
] = Fe,O = Fitting j [P . &
=) 2 < 8 20 Fe,0; ;
- A\ .= Fe foil = Fe-Fe Me-L-C-LDH | > + Fe foil :
N [ - LR PV ~ Fitting = glol
o 10 0 e A > 6 R = 10
— ] = J
g : & f B A
£ h By / L maaa VAR
S 05 I,'.': = / , 4%
!, ui = 2 : i/ ‘:\: -101
0.0 42" " Simomagi: ol ' 4 g - 201
7100 7150 7200 7250 7300 0 1 2 3 4 5 6 0 2 4 6 8 10 12
Energy (eV) R (A) k (A™h

Fig. 5 High-resolution XPS spectra of O 1s for (a) CoFe-LDH nanozyme, (b) L-C-LDH nanozyme and (c) Me-L-C-LDH nanozyme. (d) Co K-edge
and (g) Fe K-edge XANES spectra of CoFe-LDH nanozyme, L-C-LDH nanozyme and Me-L-C-LDH nanozyme in comparison with those of CoO,
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nanozyme and Me-L-C-LDH nanozyme. (f) Co K-edge and (i) Fe K-edge extended XAFS k>x(k) oscillation functions for CoFe-LDH nanozyme, L-

C-LDH nanozyme and Me-L-C-LDH nanozyme.

in Fig. 5d, Co foil and CoO were selected as reference. The
characteristic peaks in XANES spectra of CoFe-LDH nanozyme,
1-C-LDH nanozyme and Me-L.-C-LDH nanozyme were higher
than that of Co foil but lower than that of CoO, indicating that
the oxidation state of Co in LDH nanozymes was increased.*
Similarly, the absorption edges of the Fe K-edge XANES spectra
of CoFe-LDH nanozyme, 1-C-LDH nanozyme and Me-.-C-LDH
nanozyme were between those of Fe foil and Fe,O; (Fig. 52), and
were very close to those of Fe,0j3, indicating that Fe carried
a positive charge in LDH nanozymes.**** The corresponding Co
K-edge k*x(k) oscillation curves (Fig. 5f) of 1-C-LDH nanozyme
and Me-1-C-LDH nanozyme showed a reduction in the oscilla-
tion amplitude compared to that of CoFe-LDH nanozyme, and
the corresponding Fe K-edge k*x(k) oscillation curves of LDH
nanozymes (Fig. 5i) also showed consistent results, revealing
a structural change in the coordination environment of the Co
atoms and Fe atoms. Moreover, the first derivative obtained by
Fourier transformed extended X-ray absorption fine structure
(FT-EXAFS) fitting revealed the oxidation states of Co and Fe
(Tables S5 and S6t). In particular, FT-EXAFS spectra also
provided detailed coordination number (CN) information for
the first layer Co-O (at about 2.07 A) and second layer Co-Co/Fe
(at about 3.14 A) of LDH nanozymes.* As illustrated in Fig. 5e

6008 | Chem. Sci., 2024, 15, 6002-6011

and Table S5, the CN of Co-O and Co-Co/Fe in 1-C-LDH
nanozyme and Me-L-C-LDH nanozyme was lower than that in
CoFe-LDH nanozyme, revealing the presence of more Vo and Vy
(cobalt and iron vacancies (V¢, and Vg)). Similarly, the CN of
Fe-O and Fe-Fe in 1-C-LDH nanozyme and Me-.-C-LDH nano-
zyme was lower than that in CoFe-LDH nanozyme, again veri-
fying the presence of more Vo and V¢o/Vg. (Fig. 5h and Table
S67). Furthermore, in comparison with CoFe-LDH nanozyme, L-
C-LDH nanozyme and Me-i.-C-LDH nanozyme had a lower
Debye-Waller factor, which also revealed the increase in the
disorder degree, demonstrating the presence of the structure
distortion and dangling band on the surface Co atom in r-AA-
LDH nanozymes.*® From the above analysis, L-AA-LDH nano-
zymes had a lower CN, increased structure distortion and
dangling bands on the surface, which could serve as the cata-
Iytically active sites to enhance their POD-like activities.
Furthermore, density functional theory (DFT) calculations
were used to investigate the catalytic mechanism of LDH
nanozymes deeply. Based on the results of PXRD, XPS, EPR and
XAFS, the models of CoFe-LDH nanozyme, 1-C-LDH nanozyme
and Me-1-C-LDH nanozyme were constructed, and the free
energy graphs of POD reactions of different nanozymes were
calculated respectively. The optimal adsorption site (Co or Fe)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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can be determined by using the Gibbs free energy difference
(AG) of the reaction with each intermediate.*® The energy
diagrams of the homolytic path and heterolytic path of H,0O, on
different metal atoms are illustrated in Fig. 6 and S48,7 sepa-
rately. The results indicated that after activation, the reaction
intermediate (2*OH) adsorbed by LDH nanozymes through the
homolytic path had more negative Gibbs free energy than the
*O and *H,O produced by the heterolytic path, indicating that
the adsorption capacity of 2*OH was stronger, and thereby the
homolytic path was more likely to occur.?*

The homolytic path can be categorized into Fe sites-prior
(Fig. 6a) and Co sites-prior (Fig. 6b) according to the priority
of the reaction site. As for CoFe-LDH nanozyme, either Fe sites-
prior or Co sites-prior, it had the weakest adsorption strength to
the H,O molecules generated by the reaction during the second
hydrogenation and positive AG, which made it harder for the
reaction to occur compared to 1-C-LDH nanozyme and Me-1-C-
LDH nanozyme. These results indicated that the catalytic
activity of 1-C-LDH nanozyme and Me-.-C-LDH nanozyme was
higher than that of CoFe-LDH nanozyme. As for Fe sites-prior, L-
C-LDH nanozyme exhibited higher catalytic activity than Me-1-
C-LDH nanozyme. This was because that when Fe atoms acted
as the *OH adsorption site for the first hydrogenation reaction,
the Fe in Me-.-C-LDH nanozyme had a weaker adsorption
strength for the H,O molecules generated by the hydrogenation
than 1-C-LDH nanozyme, which resulted in a higher Gibbs free
energy, thus making it more difficult for the reaction to occur
(Fig. 6a).*® As for Co sites-prior, Me-1.-C-LDH nanozyme exhibi-
ted higher catalytic activity than 1-C-LDH nanozyme. This was
because when Fe atoms were used as adsorption sites in the
second hydrogenation reaction, 1-C-LDH nanozyme adsorbed
weakly to the H,O molecules generated by the second hydro-
genation, resulting in a higher Gibbs free energy, thereby
making it harder for the reaction to occur (Fig. 6b). The above
results indicated that 1-C-LDH nanozyme and Me-.-C-LDH
nanozyme were more conducive to the reaction than CoFe-LDH
nanozyme, verifying that amino acid intercalated LDH nano-
zymes had stronger catalytic activity. This was mainly because
the -SH group of 1-Cys and Me-1-Cys acted as the electron donor
to coordinate with Co and Fe sites, which enhanced the electron
transfer between LDH nanozymes and reaction intermediates.
Meanwhile, the intercalation of amino acids introduced more
Vo and Vy,, thereby resulting in more active sites and decreasing
adsorption energy between active sites and intermediates.
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Fig. 6 DFT studies on the POD-like activity of LDH nanozymes. The
activation process of H,O, by the homolytic path at (a) Fe sites-prior
and (b) Co sites-prior. Insets: the catalytic structure modeling of CoFe-
LDH nanozyme (yellow) and L-C-LDH nanozyme (pink).
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Application potential of LDH nanozymes

Based on the superior POD-like activities of LDH nanozymes,
they exhibit potential application prospects in the field of bio-
sensing. The above mechanism studies have confirmed that LDH
nanozymes can decompose H,O, to produce -OH and -O, ", and
thereby it can be used to determine H,0,. Under optimal
experimental conditions, various concentrations of H,O, were
added to the L-C-LDH/TMB system and Me-L-C-LDH/TMB system,
respectively and incubated for 10 min at 37 °C. It can be seen in
Fig. S49a and c7 that with the increased concentration of H,0,,
the absorbance at 652 nm was enhanced. Fig. S49b and
df illustrate that when the concentration of H,O, was in the
range of 5.00-100 pM, there was a good linear correlation
between AA, where AA = Abs (blank, 652 nm) — Abs (H,0,, 652
nm) and the concentration of H,0,. The limit of detection (LOD)
of H,0, was 0.780 uM and 0.420 pM, respectively. The perfor-
mances of different reported nanozymes for H,0, detection are
illustrated in Table S71 for comparison. Ascorbic acid (AA) can
reduce oxTMB and meanwhile, is itself oxidized to dehy-
droascorbic acid. Based on this property, the r-C-LDH/TMB
system and Me-.-C-LDH/TMB system were used to detect the
concentration of AA via recording the absorbance at 652 nm. As
shown in Fig. 7a-c, when the concentration of AA was in the
range of 0.050-1.00 pM, there was a good linear correlation
between AA, where AA = Abs (blank, 652 nm) — Abs (AA, 652 nm)
and the concentration of AA. The LOD for AA based on the 1-C-
LDH/TMB system and Me-.-C-LDH/TMB system was 0.024 uM
and 0.027 uM, respectively. To demonstrate the selectivity of LDH
nanozymes for the detection of AA, some probable interfering
substances in practical samples, namely CO;>7, 80,27, SO5%7,
Zn**, K*, glycine (Gly), valine (Val), threonine (Thr), glucose (Glu),
alanine (Ala), tryptophan (Trp) and leucine (Leu) were added in
the reaction system, respectively. As depicted in Fig. S50,T the
above usual interfering substances almost had no influence on
the absorbance when their concentrations were much higher
than that of AA, demonstrating that LDH nanozymes had certain
anti-interference selectivity for the detection of AA. The perfor-
mances of different reported nanozymes for AA determination
are illustrated in Table S8 for comparison.

POD-like nanozymes have also been widely used in the anti-
bacterial field. Based on the superior POD-like activities of LDH
nanozymes, the antibacterial activities under weak acidic condi-
tions were further studied. Escherichia coli (E. coli) and Staphy-
lococcus aureus (S. aureus) were selected as the Gram-negative
bacteria model and Gram-positive bacteria model for antibacte-
rial experiments, respectively. As shown in Fig. 7d and e, H,0, at
a concentration of 1 mM was almost non-toxic to E. coli. However,
CoFe-LDH nanozyme, 1-C-LDH nanozyme and Me-.-C-LDH
nanozyme can kill 35%, 66% and 67% of E. coli, respectively, the
kill rates of which further increased to 81%, 99% and 99%,
respectively in the presence of H,0,, that was comparable to that
of the reported superb nanozymes.***” To study the bactericidal
mechanism of LDH nanozymes, AA was added to the systems,
which acted as the inhibitor of ROS. As shown in Fig. S51,} the
number of bacterial colonies increased after the addition of AA,
indicating that the LDH nanozymes killed bacteria by catalyzing
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the production of -OH and -O, . Furthermore, SEM was used to
observe the morphology and membrane integrity of bacteria. As
illustrated in Fig. 7f, in the absence of H,0,, E. coli attached to
the surfaces of all samples individually and presented a relatively
intact rod-like form, whereas in the presence of H,0O,, the
membranes of E. coli underwent partial contraction (yellow
arrow) and were damaged. Damaged bacterial membranes would
lead to cytoplasmic leakage and disruption of ATP synthesis, thus
resulting in bacterial death.*® In addition, LDH nanozymes also
exhibited an antibacterial effect on S. aureus (Fig. S521) and
antibiotic resistant bacteria (Fig. S537). These results indicated
that LDH nanozymes exhibited potential broad-spectrum anti-
bacterial activity.

Conclusions

To sum up, a kind of high-efficiency POD mimic has been con-
structed based on the modulation of the catalytic microenviron-
ment of LDH nanozymes through defect engineering induced by
amino acid intercalation. Experimental results and DFT simula-
tions indicated that the intercalation of amino acids can effectively
enhance the POD-like activity of LDH nanozymes via increasing
Vo/Vy of LDH and facilitating electron transport. In particular, 1-C-

6010 | Chem. Sci, 2024, 15, 6002-60T1

LDH nanozymes exhibited the strongest POD-like activities
benefiting from the thiol group. Moreover, amino acid intercalated
LDH nanozymes exhibited desirable performance in the detection
of H,O, and AA, as well as the elimination of bacteria. Amino
acids, which are naturally occurring in nature, are excellent
candidates for modifying nanozymes. Regarding the use of amino
acids to modify nanozymes, there is still a lot of work worthy of
further exploration, such as the comparison of different amino
acid derivatives for the regulation of enzyme activity, and whether
the unique characteristics and special functional groups of amino
acids can provide more new functions to nanozymes. This study
provides an original paradigm and a novel idea for engineering
high-performance nanozymes.
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