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Design and application of histidine-functionalized
ZnCr-LDH nanozyme for promoting bacteria-

infected wound healing
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Excessive use of antibiotics can lead to an increase in antibiotic-resistant bacteria, which makes it a serious

health threat. Therefore, developing new materials with antibacterial activity, such as nanozymes, has

gained considerable attention. Reactive oxygen species (ROS) produced by nanozymes have rapid and
effective antibacterial efficacy. Here, histidine (His) modified ZnCr layered double hydroxide (LDH) was

synthesized inspired by the natural enzyme, and the enzyme-like activity of His/ZnCr-LDH was tested

using a colorimetric method. Then, we developed an acid-enhanced antibacterial method based on the
high peroxidase-like activity of His/ZnCr-LDH, and its ROS-generating capability in the presence of
glucose oxidase (GOx) and glucose (Glu) as a source of hydrogen peroxide (H,O,). Gluconic acid (GA),

the main product of the GOx reaction, provides an acidic environment and promotes ROS generation.

The mentioned strategy shows high antibacterial activity at a low minimum inhibitory concentration
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(MIC) which represents the potential of His/ZnCr-LDH for effective bacterial elimination (3.5 ng mL™* for

S. aureus and 6 ng mL~! for E. coli). In addition, animal experiments illustrated that the His/ZnCr-LDH

DOI: 10.1039/d3ra07364e
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1. Introduction

Enzymes are usually globular proteins of biological origin that
can catalyze reactions under mild conditions (aqueous solution
at ambient temperature and pressure, etc.) and are widely
utilized in medical, industrial, and various biological fields due
to their high stereoselectivity and substrate specificity.”
Nevertheless, they suffer from some weak points, including
instability, time-consuming procedures, inactivation through
non-optimal conditions, high price, easy denaturation, and
difficulty in their preparation, purification, and storage in
biology and nanotechnology.>* Artificial enzymes have diverted
extensive research efforts regarding their potential capabilities
to dominate the natural enzyme's intrinsic limitations.
Numerous nanomaterial-based artificial enzymes, also referred
to as nanozymes, have peroxidase, oxidase, catalase, and
superoxide dismutase mimic features and have wide
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can successfully boost the curing of infected wounds. The outcomes indicate that amino acid modified
LDHs offer a new strategy for effective bacterial removal in different medical applications.

application in biochemistry because of their benefits of low
cost, easy fabrication, stability, and long-term storage.*® These
merits allow them to serve as promising materials in various
fields, including biosystems control, in vitro implementation,
and biomedical applications.

The extensive infectious disease outbreak caused by different
pathogenic strains of bacteria and other microorganisms is one
of the most serious health challenges worldwide and could
result in fatal tissue lesions and chronic non-healing trauma.
Several drugs have been detected to act as an initial defense
system against pathogens by either inhibiting the proliferation
or directly damaging the detrimental microorganisms.*’
Nevertheless, the risks of drug resistance, environmental
pollution, complex chemical preparation, and expressivity have
limited the extensive utilization of antibiotics.®? Hence, recent
investigations intend to discover novel alternative approaches,
including antimicrobial photodynamic inactivation,” metal-
organic semiconductors,' cations," and artificial enzymes to
obtain effective bacterial sterilization in low-dose usage of
antibacterial elements. In particular, the peroxidase-like activity
of nanozymes has drawn the most consideration for medical
utilization in the case of antibacterial disinfection, which is
associated with their reactive oxygen species (ROS), such as
hydroxyl radical generation properties through the decompo-
sition of hydrogen peroxide (H,0,).">**
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In recent years, several nanosized scaffolds including metal
oxide nanoparticles,” nanofibers,"”® metal chalcogenides,"®
carbon nanotubes,” nanowires,'”® spinel ferrites,” metal-
organic frameworks (MOF),*** and layered double hydroxides
(LDHs),” have been applied for use as natural peroxidase
enzyme. Among the plentiful peroxidase mimic nanozymes,
LDH-based hybrid or biohybrid substances, which are formed
by positively charged brucite-like layers and interlamellar
anions, have attained remarkable popularity to adopt in many
processes owing to their great catalytic performances, simple
synthesis, the flexibility of the compositions, and conforma-
tional stability. Structure formula of LDH is stated by
MM, (OH), ] [(A")x/ny YH,0] which M>* and M>" refer to
divalent cations (Mg”**, Ni**, Ca**, Cu®", Mn>*, Co**, Ru*", Rh*"
or Zn>") and trivalent metal cations (AI**, Cr**, Ga*", Mn**, Co®",
Ni** or Fe*"), respectively. A"~ acts as an interlayer balancing
anion that compensates the positive charge of the metal cations
to recover the charge neutrality of LDH.>® A number of studies
have illustrated the capability of LDHs in photochemistry,
separation technology, and medical applications such as
different biomarker detection and drug carriers for cancer
therapy.> The peroxidase-like activity of some LDHs, such as
Co, Fe, and Ni has been reported as a novel property of LDHs.>
The uniform distribution of metal ions and the large surface
area of these two-dimensional inorganic solids make them
suitable to act as nanozymes and to immobilize biomolecules to
improve their efficiency in ROS generating.*

Despite the comprehensive investigations on the variety of
nanomaterials in the case of enzyme imitating activity, their
catalytic abilities are still inferior in comparison with natural
enzymes due to the existence of confined sites on the surface of
nanomaterials, which inevitably restrict their practical appli-
cations in disease diagnosis, potential bacterial control, virus
detection, environmental treatment, biosensing, and nano-
medicine.”” In order to overcome the deficiencies of enzyme
mimic nanomaterials, numerous strategies have been devel-
oped to simulate the natural enzymes' active site and improve
the catalytic function of nanozymes.”> Among these strategies,
the most accurate sensing nanozymes could be obtained by
decorating their surfaces with diverse functional compounds.
To this day, different modifiers, including macromolecules,
amino acids, DNA, and inorganic ions, have been utilized to
improve the enzymatic properties of nanozymes.*®*

Naturally, the active site of enzymes has served as a vital
catalytic center where the distribution of essential functional
groups and amino acids follows a detailed spatial configuration.
However, amino acids attract increasing attention based on
their capabilities to simulate the catalytic active site of
enzymes.”” Some functional amino acids, such as histidine (His)
in natural enzymes' active sites, act as Lewis acid-base and
influence electron transition. His residue in the horseradish
peroxidase (HRP) enzyme active site prepares an electronic local
in natural enzymes active site to increase the production of
hydroxyl radicals.***" In addition, the distal histidine amino
acid of HRP activates H,O, molecules, binds them to the acti-
vated site's surface, and accelerates ROS production.*” Herein,
His provides the possibility of an effective catalytic performance
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through forming a hydrogen bond between the deprotonated N
atom of its imidazole ring and the H atom of H,0, thereby, the
activation of H,O,. Therefore, introducing His on the nano-
particle surface increases the affinity for H,O, as well as ROS
production.®®

However, the high pH of the bacterial systems inhibits the
ROS production of nanozymes which commonly need an acidic
condition.**** Several studies have reported the ineffective
production of ROS in an infected region with high pH.** An
efficient technique is the design of nanozymes with high
peroxidase activity in an acidic environment. In some reports,
glucose oxidase (GOx) was utilized to produce gluconic acid to
obtain an area with an acidic pH value. In these reports, the
production of ROS and, consequently antibacterial efficacy was
enhanced.?”*® Nevertheless, a high concentration of nanozyme
is still needed to successfully eliminate bacteria. As a result, it is
a great issue to offer a highly efficient antibacterial nanozyme
with high catalytic activity at a low dosage and acidic pH.

In this work, we comprehensively investigated the biological
and nanozymatic potentials of His functionalized ZnCr-LDH
nanoparticles as a new peroxidase-like platform inspired by
the specific catalytic mechanism of the natural peroxidase.
Zwitterionic 1-His has an anionic carboxyl group and could be
attached to positively charged layers of ZnCr LDH through
electrostatic bonding. As expected, His could efficiently deco-
rate the ZnCr-LDH with the co-existence of Zn and Cr ions due
to the high specific surface area and rich redox reaction active
sites of ZnCr-LDH, inducing a distinguished peroxidase mimic
performance. Additionally, the strong peroxidase and antibac-
terial property of the His/ZnCr-LDH hybrid in the presence of
GOx and glucose (Glu) was discovered as a feasible clinical
approach against Gram-negative and Gram-positive bacteria
and in vivo experiments, which have not been explored before.
Moreover, the possible antimicrobial mechanism of the His/
ZnCr-LDH hybrid was studied to meet the requirements of
real-life applications.

2. Materials and methods

2.1. Chemicals

Zinc nitrate hexahydrate (Zn(NO;),-6H,0), chromium(u)
nitrate nonahydrate (Cr(NO3);-9H,0), sodium hydroxide
(NaOH), disodium phosphate (Na,HPO,), sodium acetate
(NaAc)(C,H;3Na0,), acetic acid (CH3;COOH), and yeast extract
were provided from Merck (Germany). 1-His (CsHoN3zO,),
3,3/,5,5-tetramethylbenzidine (TMB, C16H0N,), Glu (C¢H;,04),
GOx (CgH1¢0g), glutaraldehyde (Cs;HgO,), ethanol (C,HgO),
hydrogen peroxide (H,0,), monosodium phosphate (NaH,PO,),
sodium chloride (NaCl), propidium iodide (PI, C,;H3z,I,N)
tryptone (C3HsNO), agar (C1,H,400), and yeast extract were ob-
tained from Sigma-Aldrich (USA). Ketamine hydrochloride and
xylazine hydrochloride used to anesthetize rats were purchased
from Alphasan (the Netherlands). Luria-Bertani medium was
prepared by dissolving 0.5 g of yeast, 1 g of NaCl, and 1 g of
tryptone in 100 mL of DI water. In addition, phosphate-buffered
saline (PBS) was made by dissolving 8.475 g NaCl, 1.093 g
Na,HPO,, and 0.276 g NaH,PO, in 1 L DI water.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2. Fabrication of ZnCr-LDH and His/ZnCr-LDH

The LDH used in this study was prepared by the co-precipitation
process. Briefly, 7.9 g of Zn(NOs),-6H,0 and 4.6 g of Cr(NO3);-
‘9H,0 were dissolved in deionized water (DI). Then, NaOH
solution (10~" M) was added dropwise to the mentioned solu-
tion under the Ar atmosphere and stirred until it reached pH 9.
The solution was stirred overnight at ambient temperature
under an Ar atmosphere and the next day, the produced LDH
was accumulated using a centrifuge and washed with DI water.
Finally, precipitated LDH was dried in the oven at the temper-
ature of 60 °C for 24 h.** To synthesize His/ZnCr LDH,
a homogeneous suspension of ZnCr-LDH was prepared by dis-
solving 2 mg mL™" of the LDH in DI and ultrasonication for
30 min. The obtained solution was mixed with His (500 uM, pH
8) with magnetic stirring for 24 h at ambient temperature.
Zwitterionic 1-His has an anionic carboxyl group and could be
attached to positively charged layers of ZnCr LDH through
electrostatic bonding. Then, the unbonded r-His was removed
after centrifugation, and the His-modified ZnCr LDH (His/ZnCr
LDH) precipitate was washed several times with DI water.
Finally, the functionalized His/ZnCr LDH precipitate was
dried.*

2.3. Characterization of nanomaterials

To determine the crystalline structure of the synthesized LDH
and His/LDH, X-ray diffractometer (XRD) analysis Tongda, TD-
3700 X-ray diffractometer system (Dandong, China) was
applied. To assess the functional groups of the nanostructures,
Fourier-transform infrared spectroscopy (FT-IR) analysis
(Bruker, TENSOR 27 FT-IR, Germany) was utilized. Also, the
morphological characteristics of the obtained nanostructures
were evaluated using field effect scanning electron microscopy
(FE-SEM) and EDX spectra analysis (MIRA3 FEG-SEM, Tescan,
Czech Republic).

2.4. Catalytic activity of ZnCr-LDH and His/ZnCr-LDH

The peroxidase-like activity of the nanozymes was investigated
via a colorimetric reaction using TMB as a chromogenic
substrate. The nanostructure with peroxidase-like activity cata-
lyzes the oxidation of TMB. It produces oxidized TMB in the
proximity of H,O, which has blue color, and a maximum
absorbance peak at 652 nm and can be characterized by a UV-
Vis spectrophotometer. For this purpose, the reaction solution
containing nanostructure (400 pg mL™'), TMB (0.2 mM), Glu
(10-100 mM), and GOx (1 mg mL~ ") was mixed, and the UV-Vis
absorption spectra were recorded at 625 nm after 5 min. In
addition, the reaction of the nanostructures and TMB was
studied, while the concentration of H,O, was 300 uM. On the
other hand, the enzyme-like activity of nanozymes is strongly
influenced by pH, temperature, and substrate concentration.
Therefore, the enzyme-like activity of His/ZnCr-LDH was
measured at different pHs, temperatures, and concentrations of
the substrates.

The enzymatic kinetic parameters of the LDH for H,0, were
analyzed in the detection solution containing acetate buffer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(0.01 M, pH 5.0), His/ZnCr LDH (400 pg mL '), varying
concentrations of H,0, (50-500 uM), and a fixed concentration
of TMB (0.2 mM). In another group, the kinetic parameter for
TMB was obtained by changing the concentrations of TMB (26—
280 uM) at a fixed concentration of H,O, (500 uM) and the
nanozyme (400 pg mL ™), in acetate buffer (0.01 M, pH 5.0). For
this purpose, the reactions were performed, and the absorbance
changes of the reaction solution were studied at 652 nm.
Finally, apparent kinetic parameters were estimated by fitting
the obtained data to the Michaelis-Menten and Lineweaver-
Burk plots and equations.™

2.5. Antibacterial activity of His/ZnCr-LDH

To investigate the antibacterial activity, bacteria suspensions
were treated with various groups (Glu, Glu + GOx, GOx, His/
ZnCr-LDH, His/ZnCr-LDH + Glu, His/ZnCr-LDH + GOx, ZnCr-
LDH + Glu + GOx, and His/ZnCr-LDH + Glu + GOx) for 12 h
and then, their optical density at 560 nm (ODsg,) was recorded.
Subsequently, to determine the minimum inhibitory concen-
tration (MIC), bacteria suspension (S. aureus and E. coli, 10°
CFU mL " in LB Broth solution) was incubated with different
concentrations of His/ZnCr-LDH (2-8 uM) in the presence of
GOx (1 mg mL™ ") and Glu (70 mM) at 37 °C overnight. After that,
to enumerate the bacterial colonies, we made the agar plates by
dissolving agar in LB Broth medium (0.015 g mL ') and then
treated the bacteria with MIC concentrations and cultured them
on the agar plates.

The morphological structure of treated S. aureus and E. coli
suspension with His/ZnCr was tested by red fluorescence (PI)
staining. For this purpose, S. aureus and E. coli suspension
(~10° CFU mL™") was treated with MIC concentration of His/
ZnCr-LDH (3.5 pg mL™" for S. aureus and 6 pg mL ™" for E.
coli) in the presence of GOx (1 mg mL™ ') and Glu (70 mM) at 37 ©
C for 6 h. Then, the suspensions were centrifuged and washed
with PBS 3 times. After that, the obtained bacteria were mixed
with PI (2 ug mL™") and incubated at 37 °C for 20 min. Finally,
the bacteria precipitations were collected by centrifuging and
washing with PBS and investigated by fluorescence microscope.

In addition, the morphologies and membrane structures of
treated and untreated bacteria samples were observed by SEM
microscopy. In this regard, the bacteria were treated with His/
LDH (3.5 ug mL™~" for S. aureus and 6 pg mL~" for E. coli) at
37 °C for 4 h, and after that, the bacteria suspension was
centrifuged. Then, PBS buffer was added to the bacteria
precipitation, centrifuged, and fixed with 2.5% glutaraldehyde
solution at 37 °C for 12 h. After that, the bacteria precipitate was
dehydrated with 10, 30, 50, 70, 80, 90, and 100% ethanol solu-
tions. Finally, the appearance and morphology of bacteria were
observed and photographed with SEM microscope.

2.6. Disk diffusion method

Antibacterial activity of His/ZnCr-LDH in the presence of Glu
and GOx was investigated against S. aureus and E. coli using the
good diffusion method. For this purpose, we utilized LB-agar
medium plates and then His/ZnCr-LDH + Glu + GOx contain-
ing disks were placed on the plates. After 24 h incubation, the
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diameter of the growth inhibition zone of His/ZnCr-LDH was
measured. A clean zone surrounding bacteria indicates that the
antimicrobial treatment has effectively stopped or prevented
microbial development.

2.7. Rat injury experiments

Twenty-four healthy adult male Sprague Dawley rats (190 & 10 g,
~8 weeks of age) were provided from the animal house of the
Laboratory of Physiology of Faculty of Veterinary Medicine of
Urmia University and Veterinary Ethics Committee of the
Faculty of Veterinary Medicine of Urmia University approved
animal use procedures (IR-UU-AEC-3/1, 3/4/2023). The rats were
randomized into four groups of 6 rats each according to the
treatments and wound infections: (1) E. coli infected + PBS
treated, (2) E. coli infected + His/ZnCr-LDH + Glu + GOx (20 pg
mL™") treated, (3) S. aureus infected + PBS treated, and (4) S.
aureus infected + His/ZnCr-LDH + Glu + GOx (20 pg mL™")
treated. On the 0 days of experiments, rats were anesthetized
using a cocktail of ketamine and xylazine (80 and 8 mg kg™,
respectively). After shaving the backs of rats and aseptic prep-
aration, a unilateral circular full-thickness cutaneous wound
area was created by a sterile biopsy punch (6.0 mm diameter).
The wounds of infected animal groups were soaked with 10 pL
of the bacterial suspension (10° CFU mL™") and spread with
a sterile swab to the wounds. From the first day, the mentioned
solutions (PBS or His/ZnCr-LDH) dripped daily on the wound's
surface. After that, the body weight and wound diameter in all
rats were noted daily. The measuring tool of Adobe Acrobat 9
Pro Extended software (Adobe Systems Inc, San Jose, CA) was
used to analyze the wound areas, and relative wound sizes (%)
of the infected wound after, various treatments were calculated.
Data collected from relative wound areas were analyzed using
two-way ANOVA and Bonferroni's post hoc tests. GraphPad
Prism 8.2.1 software (GraphPad Software, San Diego, CA, USA)
was used for statistical analysis and a P-value less than 0.05 was
considered significant.

3. Results and discussion

3.1. Characterization

Fig. 1A shows the FTIR spectra of the pure 1-His, ZnCr-LDH, and
His/ZnCr-LDH. This figure shows that pure 1-His exhibits the
characteristic vibrations of the OH, and C=O bands at
2852 cm™ ', and 1633 cm ™, respectively.” In addition, N-H
bending vibration and C-N stretching bands were observed at
1458 cm™" and 1245 cm™ ', respectively. The pick around
3425 em ™! is related to the NH, stretching vibrations of the
amino acid.*"** In the spectra of ZnCr-LDH, the OH stretching
vibrations of the basal OH groups and interlayer water were
observed at 3100-3600 cm™'. The characteristic »; and v,
vibration modes of compensating NO;~ interlayer anions were
observed at 1382 cm ™' and 833 cm ™ '.* On the other hand, the
characteristic absorption peaks at 567 cm ™' and 505 cm ™" are
assigned to the Zn-O and Cr-O stretching modes, respectively.*
The observed spectral changes in the FTIR spectrum of His/
ZnCr-LDH confirmed the successful modification of ZnCr-
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Fig. 1 Characterization of fabricated nanostructures: (A) FTIR spec-

trum of ZnCr-LDH, His, and His/ZnCr-LD; (B) XRD pattern of ZnCr-
LDH.

LDH by 1-His. The decrease of the OH vibration, N-H bending
vibration, C=O0 vibration, and C-N stretching of His after
immobilization on ZnCr-LDH point to the condensation reac-
tion and the formation of amide bonds.

The XRD pattern of the fabricated ZnCr-LDH is given in
Fig. 1B. According to our previous study (JCPDS standard card
51-1525),* the sharp diffraction peaks that are located at about
10°, 20°, 32.5°, 34°, 39.5°, 48.5°, and 60.6° can be indexed to the
003, 006, 101, 012, 015, 018, and 110 crystalline planes of ZnCr-
LDH.

The morphology of ZnCr-LDH and His/ZnCr-LDH was
investigated by the FE-SEM method and the obtained results are
presented in Fig. 2. ZnCr-LDH displays a stacked disk-like shape
with submicron size (Fig. 2A-C). As shown in these images, the
ZnCr-LDHs have a plate-like structure assembled by the side-
face contacted ultra-fine LDH nanosheets.*® In addition, His
and modified ZnCr-LDH SEM images were shown in Fig. 2D-F.
As depicted in Fig. 2D and reported in previous studies, His
amino acids have a crystalline morphology*” and were detected
on the surface of the modified ZnCr-LDH (Fig. 2E and F). These

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 FE-SEMimages: (A—C) ZnCr-LDH; (D) His, (E and F) His/ZnCr-LDH; (G) elemental mapping of C, N, O, Zn, and Cr; and (H) EDX pattern and
elemental weight percent of His/ZnCr-LDH.

images show the attachment of the crystal-like structure of His Fig. 2G depicts the elemental mapping analysis of ZnCr-LDH
to the nanosheet structure of the LDHs in His/ZnCr-LDH. after modification. In the mapping images of His/ZnCr-LDH, in
addition to the nanoparticle elements, C and N were also
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observed, which were related to the His amino acids. On the
other hand, the EDX spectrum and elemental weight percent of
His/ZnCr-LDH are shown in Fig. 2H. As expected, EDX analysis
for His/LDH shows the presence of the nanoparticle elements
(zn and Cr) and histidine elements (N, O, C), which confirms
the modification of the LDH.

3.2. Peroxidase-mimic activity of His/ZnCr-LDH

The enzyme-like activity of His/ZnCr-LDH was tested using
a TMB oxidation-based colorimetric method in the presence of
H,0, and recording the absorption peak at 652 nm. By cata-
lytically oxidizing Glu with GOx enzyme, which was added to the
reaction solution, the required H,0, was generated in situ.
Then, the produced H,0, was catalyzed by His/ZnCr-LDH and
released free radicals, reacting with TMB to produce ox-TMB.
The findings revealed that colorless TMB can be oxidized in
the presence of His/ZnCr-LDH, GOx, and Glu, producing a blue-
colored ox-TMB with maximum absorption at 652 nm (Fig. 3A).
In control experiments, His and ZnCr-LDH were used as cata-
lysts to investigate their peroxidase-mimic activity alone
(Fig. 3B-D). The mixture of His or ZnCr-LDH with Glu and GOx
showed no significant peroxidase-like activity. In contrast,
a considerable amount of catalytic activity was observed after
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the modification of ZnCr-LDH with His (His/ZnCr-LDH). These
results proved that the binding of His on the surface of the LDH
increases the production of free radicals and, thus the oxidation
of TMB.*®

In addition, the optimum concentration of Glu for the
peroxidase-like activity of the prepared catalyst was estimated to
be 70 uM, and the reaction rate reaches a plateau at high
substrate concentrations (higher than 70 uM), which is due to
the saturation of active sites on GOx with substrate and the
reduction of the generation of H,0O, at high Glu concentrations.

On the other hand, the generation of gluconic acid (GA), the
other product of the oxidation of Glu through the GOx enzyme
activity, was evaluated by recording the alterations in pH during
the reaction time. As expected according to previous reports,
the in situ pH value gradually decreased to about 4.0, confirming
the production of GA (Fig. 3E). Therefore, the peroxidase-like
activity of His/ZnCr-LDH was investigated at pH 4 and
different pH values. Since His/ZnCr-LDH can oxidize TMB and
cause an obvious absorption change, the absorbance of the
reaction solution in the presence of H,O, at 652 nm was
recorded during the catalytic reaction to investigate the catalytic
activity of the modified LDH at different pHs. As shown in
Fig. 3F, with decreasing pH values (up to 4), TMB oxidation
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(A) The peroxidase-mimic activity of ZnCr-LDH, His, and His/ZnCr-LDH in the presence of GOx and different concentrations of Glu; (B—D)

oxidation of TMB by His/ZnCr-LDH, ZnCr-LDH, and His; (E) change of pH value during the reaction of GOx with Glu; (F) effect of pH change on

peroxidase-like activity of His/ZnCr-LDH.
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increased, and when the pH value reached 4, the highest reac-
tion rate was observed. Also, the enzyme-mimic activity of His/
ZnCr-LDH was tested after incubation at different temperatures
(from 15 to 50 °C). The results illustrated that the His/ZnCr-LDH
has high catalytic activity at 20-30 °C. These results revealed
that the peroxidase-mimic activity of His/ZnCr-LDH is strongly
dependent on pH and temperature. It has been reported that
small and monodispersed particles can be produced under the
optimum conditions of temperature and pH. The generation of
small particles enhances the surface/volume ratio, which can
increase the catalytic activity.*

The reaction kinetic parameters were obtained using various
concentrations of TMB and H,O, as substrates. The obtained
results indicated that the initial reaction rate increased with
increasing H,0, and TMB concentrations. However, the reac-
tion rate reached its maximum at higher substrate concentra-
tions, which was due to the active site saturation on the surface
of His/ZnCr-LDH (like natural enzymes).*® The Lineweaver-Burk
curves of peroxidase-mimic His/ZnCr-LDH were plotted (Fig. 4A
and B) and the kinetic parameters were calculated (Table 1). The
K, values (an indicator of enzyme affinity towards its substrate)
for the His/ZnCr-LDH with TMB and H,O, were 0.27 and
1.55 mM, respectively. Compared to horseradish peroxidase
(HRP), the K, values of peroxidase-mimic His/ZnCr-LDH were
low for both substrates, indicating the highest affinity of the
prepared particles for TMB and H,O0,.

3.3. Antibacterial investigation of His/ZnCr-LDH

3.3.1. In vitro antibacterial activity. To determine the
antibacterial activity of LDH, the absorbance (OD560) of S.
aureus and E. coli liquid medium containing His/ZnCr-LDH
with or without Glu, and GOx was measured under the same
conditions. As is shown in Fig. 5A and B, when the concentra-
tion of the nanostructure was 4 ug mL ™, in the absence of Glu
and GOx S. aureus and E. coli samples only exhibited inhibition
rates of 21.42% and 14.28%, respectively. The inhibition rates
were 90.62% and 84.61% in the presence of Glu and GOx for S.
aureus and E. coli, respectively. Similar to the previous findings,
this result also confirmed that the presented nanozyme has
higher activity in acidic conditions resulting from GOx enzyme
activity and produces more radicals using the generating H,0,.
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Table 1 Calculated kinetic parameters for peroxidase-mimic His/
ZnCr-LDH

Catalyst Substrate K (mM) Ref.
HRP TMB 0.43 51
H,0, 3.7 51
His/ZnCr-LDH TMB 0.27 This work
H,O0, 1.55 This work

To measure the minimal inhibition concentrations (MIC) of
His/LDH in the presence of Glu and GOx in S. aureus and E. coli,
we treated the bacteria with Glu, GOx, and different concen-
trations of His/LDH (Fig. 5C and D). When the concentration of
the LDH reached 3.5 pg mL ™}, the ODsg, of media containing S.
aureus was the same as the group that contained only LB broth
(Fig. 5C). Similarly, the MIC for His/LDH accompanied by Glu
and GOx for E. coli is estimated to be 6 ug mL ™" (Fig. 5D). The
obtained MIC values were similar or even better than other
similar works' and indicated that the antibacterial activity of
the presented nanozyme was higher against S. aureus than E.
coli.

Propidium iodide (PI) staining was carried out to confirm the
destruction of bacterial membranes. Through PI staining,
fluorescence microscopy was used to recognize membrane-
compromised treated bacteria with His/LDH. The unscathed
membrane is impenetrable for PI with red fluorescence, while
damage to the bacterial membrane allows the dye to penetrate
the bacteria. So, different fluorescence signals can detect the
destruction of bacterial membranes. As can be seen in Fig. 5E,
when S. aureus and E. coli suspensions were incubated with His/
ZnCr-LDH in the presence of Glu and GOXx, fluorescence images
show increased red fluorescence spots, indicating that His/
ZnCr-LDH can lead to bacteria membrane disruption. The
increase in the number of red fluorescence spots in the pres-
ence of the LDH indicates the production and attack of ROS
toward the bacterial membrane.>

3.3.2. Disc diffusion assay. Antibacterial activity of the His/
ZnCr-LDH was evaluated against S. aureus and E. coli by the
good diffusion method (Fig. 6A). As shown in the figure, His/
ZnCr-LDH in the presence of GOx and Glu was able to inhibit

25
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b= ’/
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x 10 e
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- 5 e
0 T r T T
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Fig. 4 Steady-state kinetic assays of His/ZnCr-LDH: (A) for TMB and (B) H,O,.
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Fig. 5 Antibacterial tests: (A) the OD560 of S. aureus and (B) E. coli liquid medium treated with Glu, Glu + GOx, GOx, His/ZnCr, His/ZnCr + Glu,
His/ZnCr + GOx, ZnCr + Glu + GOx, and His/ZnCr + Glu + GOXx; (C) the ODsgq of S. aureus and (D) E. coli liquid medium treated with different
concentrations of His/ZnCr in the presence of Glu and GOx; (E) fluorescence microscopy images of S. aureus and E. coli treated with PBS and

His/ZnCr + Glu + GOx.

bacterial growth. The zone of inhibition around the discs was
measured to be 3 cm (for S. aureus) and 2 cm (for E. coli).
According to the previous results, this data showed that Gram-
positive S. aureus is more sensitive to free radicals than Gram-
negative E. coli. In addition, control experiments were carried
out using GOx, Glu, Glu + GOx, His, ZnCr-LDH, and His/ZnCr-
LDH alone, and the findings revealed no inhibition zone. So,
as expected, none of the mentioned agents could produce

1202 | RSC Adv, 2024, 14, 1195-1206

acceptable amounts of free radicals and, therefore destroy
bacteria. These results confirmed that bacterial growth
suppression was due to the production of H,O, in situ through
the GOx reaction, which catalyzes the oxidation of Glu and the
production of GA and H,0,. Then, the peroxidase-mimic His/
ZnCr-LDH oxidizes H,0, during the GOx reaction and
produces free radicals, and the free radicals produced can
inhibit bacterial growth.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Antibacterial tests: (A) disc diffusion assay against S. aureus and E. coli; (B and C) solid agar plate images of S. aureus treated with PBS and
His/ZnCr-LDH + Glu + GOx, (D and E) solid agar plate images of E. coli treated with PBS and His/ZnCr-LDH + Glu + GOx (F) SEM images of S.

aureus and E. coli treated with PBS and His/ZnCr-LDH + Glu + GOx.

Furthermore, bacterial samples (untreated and treated with
MIC concentration of His/ZnCr-LDH) were diluted and sprayed
on solid agar plates. The results indicated that the control plates
had a higher density of bacterial colonies (Fig. 6B and D).
However, the samples treated with His/ZnCr-LDH + Glu + GOx
depicted no bacterial colonies (Fig. 6C and E). These results
agree with the previous outcomes obtained in the present work.

3.3.3. Determination of bacterial morphology. The bacte-
rial morphology was investigated using FE-SEM analysis of S.
aureus and E. coli and after 4 h treatment with His/ZnCr-LDH.
The untreated bacterial cells were considered as control.
Fig. 6F depicts the bacteria without and with the addition of

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

His/ZnCr-LDH. According to this figure, a normal morphology
was observed for the untreated bacterial cells. However, it is
clear that treated samples showed damaged shapes, and the
bacterial cells lost their membrane integrity.>*** These results
indicated the formation of free radicals through the peroxidase-
mimic activity of His/ZnCr-LDH, which damages the bacterial
cell membrane. It has been reported that free radicals damage
cell membranes by reacting directly with polyunsaturated fatty
acids in membranes and initiating lipid peroxidation.>

3.3.4. Rat injury experiments. Fig. 7 displays a schematic
illustration of the antibacterial performance in the rat incision
wound model (A), the wound healing process photos at different

RSC Adv, 2024, 14, 195-1206 | 1203
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In vivo antibacterial test: (A) schematic image of the in vivo antibacterial activity of His/ZnCr-LDH; (B) photographs of wound areas

infected by S. aureus and (C) E. coli after therapies on days 0, 2, 4, 7, and day 10; (D) relative wound areas (%) of the infected wound after different
treatments on day O, day 2, day 4, day 7, and 10; in (D), different letters represent significant differences (P < 0.001) compared to corresponding
time points using two-way ANOVA and Bonferroni post hoc tests. All values are expressed as the mean + SEM.

time intervals (B and C), and percentages of wound area
reduction in different time points (D) across all the experi-
mental groups. The S. aureus + His/LDH + Glu + GOx, and E. coli
+ His/LDH + Glu + GOx treated groups showed a faster wound

1204 | RSC Adv, 2024, 14, 1195-1206

healing process (complete healing after 10 days from wound
induction). The relative wound area was significantly lower (P <
0.001) in S. aqureus + His/LDH + Glu + GOx treated group
compared to the S. aureus + PBS at day 2, day 4, day 7, and 10. In

© 2024 The Author(s). Published by the Royal Society of Chemistry
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addition, the relative wound area of the E. coli + His/LDH + Glu +
GOx treated group was significantly (P < 0.001) lower than the E.
coli + PBS at the above-mentioned intervals.

4. Conclusion

In summary, in the present work, we developed a novel acid-
enhanced antibacterial platform using the high peroxidase-
like activity and excellent ROS generation ability of His-
functionalized ZnCr-LDH. The generated hydroxyl radicals
from H,0,, produced by the GOx enzyme, may damage the
bacterial membranes and thus lead to the elimination of the
bacteria. It is very important to note that the other production of
GOx catalytic reaction, GA, effectively reduces the pH level of the
infected area, which can increase the peroxidase-mimic activity,
production of ROS, and the ability of His/ZnCr-LDH to eradicate
bacteria at a very low concentration. The application of the
antibacterial ability of His/ZnCr-LDH nanozyme was assessed in
rat injury experiments. In vivo tests confirmed that His/ZnCr-
LDH could accelerate the disinfection and curing of infected
wounds. Due to the presence of Glu in the presented method,
the strategy can be an appropriate option for treating diabetic
ulcer wounds.
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