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Abstract

Layered double hydroxides (LDHs) have been widely used in the field of plant engineering, such as DNA/RNA
transformation and enhancing plant disease resistance. However, few studies have examined the direct effects

of LDHs on plants and their potential utility as nanofertilizers. In this study, the retention capacity of Cu/Fe-layered
double hydroxide nanoparticles (CuFe-LDHs) was assessed by comparative experiments on vegetables. The results
showed that the retention of CuFe-LDHs in leafy vegetables was high, such as lettuce. Phenotypic analysis revealed
that the fresh and dry weights of lettuce leaves were both increased by spraying 10-100 ug/mlL CuFe-LDHs. Using
the optimal concentration of 10 ug/mL, we conducted further experiments to elucidate the mechanism of CuFe-
LDHs promoting lettuce growth. It was found that the application of CuFe-LDHs had a significant effect on growth
and induced physiological, transcriptomic, and metabolomic changes, including an increase in the chlorophyll b
content, net photosynthetic rate, and intercellular carbon dioxide concentration, as well as modifications in gene
expression patterns and metabolite profiles. This work provides compelling evidence that CuFe-LDHs can efficiently
adsorb on the surface of lettuce leaves through hydrogen bonding, promote lettuce growth, mitigate the toxicity
of heavy metal ions compared to their raw materials at the same concentration and offer a molecular-scale insight
into the response of leafy vegetables to CuFe-LDHs.
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Introduction

Chemical and mineral fertilizers have ushered in a new
era of agriculture, solved the historical challenge of
food shortages, and substantially boosted global food
production for centuries [1, 2]. However, the current
cropping systems are facing significant challenges as a
result of climate change and rapid population growth,
which casted doubts on their long-term sustainability
[3]. Contemporary agricultural practices rely heavily
on traditional fertilizers for nutrients, but prolonged
use of these fertilizers poses significant threats to the
environment, soil fertility, and the nutritional balance
of the rhizospheric microbiome [4, 5]. This can be
attributed to the limited ability of plants to efficiently
assimilate nutrients from conventional fertilizers or
the inadequate and unbalanced nutrient composi-
tion of these fertilizers [6, 7]. Agricultural production
urgently needs to utilize new technologies and develop
more new materials to reduce the amount of organic
and inorganic compounds, and improve crop yields and
increase stress tolerance [2, 5, 7].

Nanomaterials have become unique tools for agri-
cultural technology research due to their exceptional
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physicochemical properties [2, 8, 9]. Compared to con-
ventional fertilizers, nanomaterials exhibit the capa-
bility to regulate nutrient release rates, enhance plant
nutrition, improve crop absorption efficiency and
diminish the unfavorable effects stemming from tradi-
tional fertilizer use (such as volatilization and eutrophi-
cation), thereby conferring high practical value [1].
The study of the biological effects of nanomaterials on
plants originated from scientists’ concerns about the
potential negative impacts that caused by the extensive
use of nanomaterials [10, 11]. To evaluate the influence
of nanomaterials on plants and ecology, nanotoxicology
researches have been conducted. Researchers found
that nanomaterials can modulate plant growth, devel-
opment, and metabolism, but their effects depend on
factors such as category, physicochemical properties,
concentration, and crop treatment conditions, lead-
ing to positive or negative outcomes [6, 10-13]. For
instance, incorporating ZnO nanoparticles (NPs) into
the peat moss:perlite (1:1) substrate led to notewor-
thy enhancements in both biomass production and the
concentrations of chlorophyll and antioxidant com-
pounds including phenolics, flavonoids, and vitamin
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C in lettuce [14]. Meanwhile, studies had shown that
incorporating 5-250 mg/L ZnO nanoparticles (NPs)
into hydroponic nutrient solution suppressed lettuce
growth, reduced biomass, and hinders photosynthesis
by affecting mineral nutrient absorption, chlorophyll
synthesis, and photosystem II activity with increasing
ZnO NPs concentration [15]. The above studies indi-
cated that identical nanomaterials can have varying
biological effects on a given vegetable depending on
cultivation conditions. In summary, for optimal results
with nanomaterials in plants, it’s crucial to identify and
implement suitable cultivation conditions.

Among nanomaterials, layered double hydrox-
ides (LDHs) possess distinctive features, such as fac-
ile synthesis, flexible structure regulation, excellent
biocompatibility, low-cost, negligible cytotoxicity, fac-
ile biodegradation, and tunable release of encapsulated
cargoes [16—18]. These traits qualify LDHs as promising
candidates for various plant science applications, includ-
ing nano pesticides, nano fertilizers, nanomedicine car-
riers, and plant nano gene carriers [19-21]. Wang et al.
successfully synthesized and delaminated a solution
of positively charged Mg/Al LDH nanosheets that are
both stable and homogeneous in solution, exhibiting a
thickness of 0.5-2 nm and a particle of 30-60 nm [21].
Subsequent studies have demonstrated that the afore-
mentioned LDHs are highly effective as plant nanocar-
riers for various biomolecules, including ssDNA and
fluorescein isothiocyanate (FITC) [20], long non-coding
RNAs (IncRNAs) [22], circular RNAs (circRNAs) [23],
and actinobacteria microorganisms [24], delivering them
into plant cells. This is due to that larger LDHs can be
adsorbed onto the cell wall for slower release of inter-
laminar anions, while smaller LDHs can penetrate the
cell wall and enter plant cells via endocytosis or non-
endocytic pathways [25, 26]. LDHs can also be used for
plant disease resistance, with the first reported applica-
tion in 2017: LDH-RNA bioconjugate was used to pro-
tect double-stranded RNA (dsRNA) from degradation
when sprayed on tobacco leaves [27]. By spraying LDH
nanosheets loaded with pDNAs expressing amiRNAs,
Li et al. developed a method for efficiently prevent-
ing tomato yellow leaf curl virus (TYLCV) infection in
tomato plants [28]. Mitter et al. demonstrated that using
BioClay platform (combining dsRNA with MgFe-LDHs
to form BioClay) to induce gene silencing through spray
application effectively increased the mortality rate of cot-
ton bollworms, achieving non-transgenic plant resistance
against the pest [29]. Despite extensive research on the
applications of LDHs, there has been little attention paid
to their potential benefits, impact, and related mecha-
nisms on plant growth and development.
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In the present study, we synthesized and character-
ized Cu/Fe-layered double hydroxide nanoparticles
(CuFe-LDHs) based on the following reasons: (i) Cop-
per (Cu) and Iron (Fe) are known to play crucial roles
in plant growth and development [30]; (ii) Cu and Fe
deficiency are common issues observed in several eco-
nomically important cash crops, including tea, barley,
rose, and jasmine [31, 32]; (iii) Furthermore, Cu®** ions
possess fungicidal properties, making copper nanoma-
terials a promising candidate for integrating pesticides
and fertilizers [33]. Subsequently, we investigated the
effects of spraying CuFe-LDHs on lettuce growth and its
related indexes. By phenotypic analysis, we determined
the optimal concentration of CuFe-LDHs. Furthermore,
we analyzed the ultrastructure of lettuce leaves treated
with the optimal concentration of CuFe-LDHs by scan-
ning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). For the first time, we elucidated
the potential molecular mechanisms underlying the pro-
motion of photosynthesis and yield in lettuce leaves by
CuFe-LDHs through a comprehensive analysis of tran-
scriptomic and metabolomic responses. The findings
of this study significantly contribute to enhancing the
understanding of the mechanism through which CuFe-
LDHs promotes photosynthesis and yield. These results
also provide a robust basis for the development of CuFe-
LDHs nanofertilizers aimed at improving lettuce yields.

Experimental section

Preparation and characterization of CuFe-LDHs

The synthesis of CuFe-LDHs followed the procedure
described by Laipan [34], with slight modifications of
our own. To prepare CuFe-LDHs, a solution contain-
ing 100 mmol Cu(NOs3), (99.99%; Macklin, China) and
50 mmol Fe(NOs); (99.99%; Macklin, China) in 100 mL
deionized water (ddH,O) was sonicated and stirred.
Additionally, a 100 mL solution of 4 mol/L NaOH (99%;
Macklin, China) was prepared separately. Under nitro-
gen protection and with vigorous stirring at room tem-
perature, both solutions were gradually added dropwise
into a three-necked round-bottom flask containing
40 mL ddH,O, while maintaining the pH of the reac-
tion mixture at 5.5+0.2. The resulting viscous gel was
then crystallized at 75 °C for 12 h in a completely sealed
environment. Following crystallization, the product was
filtered and washed until the supernatant reached a pH
near 7. Finally, the solid was dried at 60 °C to obtain the
final product CuFe-LDHs. The elemental contents of Cu
and Fe in CuFe-LDHs were quantitatively analyzed by
ICP-OES technology. The raw material (RW) consisted
of Cu(NO;), and Fe(NO;), in quantities consistent with
the amount of elemental Cu and Fe in the final product
CuFe-LDHs. For X-ray diffraction (XRD) analysis, the



Wu et al. Journal of Nanobiotechnology (2023) 21:417

heated products’ patterns were obtained using a Bruker
D8 ADVANCE diffractometer equipped with Cu Ka
radiation, operating at 40 kV and 40 mA. The patterns
were recorded over a 26 range from 10° to 70°, with a
scan speed of 5°/min. The size was measured by TEM,
and the zeta potentials of CuFe-LDHs (1 g/L) were meas-
ured using a Malvern 2000 zeta potential analyzer (Mal-
vern Instruments, UK).

SEM images of CuFe-LDHs on leaves surfaces

To observe the surface structure of the leaves after
spraying, a scanning electron microscope technique
was employed. Lettuce leaves that had been growing for
2 weeks were selected and sprayed with H,O, 10 ug/mL
CuFe-LDHs, or 10 pg/mL RW. After drying, samples
were taken by using a double-sided blade and tweezers,
with each sample measuring approximately 5*5 mm.
These samples were then fixed in 2.5% (v/v) glutaral-
dehyde for 4 h. Next, the fixed samples were washed 3
times with 100 mM phosphate buffer saline (PBS; pH
7.2). Dehydration was carried out using a series of graded
ethanol concentrations (30%, 50%, 70%, 85%, 95%, 100%).
The samples were subsequently transferred to tert-
butanol (Sigma, USA) and dried on copper wire at 4 °C.
Finally, the samples were observed under a SU8020 scan-
ning electron microscope (SEM; Hitachi, Japan).

Retention rate and adsorption mechanism of CuFe-LDHs

on lettuce leaves surfaces

The leaf adhesion characteristics of CuFe-LDHs materials
were evaluated using an indirect measurement method.
The specific procedure involved dissolving centrifuged
and purified CuFe-LDHs in a 1 g/L solution, and deter-
mining the concentration of Cu element (C1) using ICP-
OES. Subsequently, 1 mL of H,O, CuFe-LDHs or RW was
uniformly sprayed onto lettuce leaves (Lactuca sativa;
Italy Elite Lettuce; Huiren, China) using a spray gun
after ultrasonic dispersion. The droplets were left to dry
at room temperature. To simulate the washing effect of
rainwater on the surface of lettuce leaves, 100 mL ddH,O
was vertically flushed onto the lettuce leaves. The result-
ing solution volume (V) was collected, and the concen-
tration of Cu element (C2) was measured using ICP-OES.
The amount of LDHs material retained on the crop leaves
was calculated with three repetitions for each crop using
the retention rate formula: Rr=1-C1/(V*C2). To inves-
tigate the mechanism of CuFe-LDHs adsorption on the
leaf surface, the aforementioned steps were repeated,
and the crop leaves were subjected to vertical flushing
with 100 mL of ddH,0, as well as 1%, 5%, and 10% urea
solutions. To compare the retention rate of CuFe-LDHs
on various vegetables, the above steps were repeated by
evenly applying a uniform spray of 1 mL CuFe-LDHs on
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fruit vegetables such as tomatoes and cucumbers, as well
as leaf vegetables like rapeseed and lettuce.

Plant material, growth conditions and content of elements

in the leaves of lettuce in different treatments one month
after the initial spray

The experiment was conducted at the China Academy of
Agricultural Sciences in Beijing, China (116.33°E, 39.96°N).
Lactuca sativa seeds were sterilized using a solution of
68% EtOH and 20% H,0, (30%) for 5 min. The sterilized
seeds were then planted on a nursery substrate consisting
of turf, vermiculite, and perlite. The seedlings were cov-
ered with black plastic bags to block out light for 3 days
and subsequently allowed to grow under normal condi-
tions for 4 days. Afterwards, seedlings with similar growth
status were carefully selected and transplanted into a coir
substrate. At the same time, lettuce plants were subjected
to spray treatments without or with 1, 10, and 100 pg/mL
CuFe-LDHs, as well as 1, 10, and 100 pg/mL RW. Each
treatment group consisted of ten lettuce plants, and a vol-
ume of 100 mL of solution was sprayed twice a week. The
culture solution was poured twice a week, and the nutrient
solution formula is provided in Additional file 1: Table S1.

One month after the initial application of CuFe-LDHs
and RW, various parameters were measured to assess the
growth and yield of lettuce. These parameters included
fresh weight and dry weight of leaves, moisture content,
leaves number, plant height, and plant width. Before sep-
arating the roots and leaves of each lettuce plant, leaves
number, plant height, and plant width were recorded. The
leaves were then rinsed with ddH,O and weighed to deter-
mine their fresh weight. After drying for a week at 60 °C,
the leaves were weighed again to calculate their dry weight
and calculate their moisture content.

The elemental content of control check (CK), 10 pg/mL
CuFe-LDHs (LDH10 for short), and 10 pg/mL RW (RW10
for short) was measured using ICP-OES. From each treat-
ment group, six vigorously growing plants were randomly
selected, and the leaf with the largest surface area was
chosen as the experimental material for each plant. These
selected leaves were collected, mixed, dried, and ground
before sampling. Each measurement was repeated 3 times.
The concentrations of the following elements in lettuce
were determined using ICP-OES: Ag, Ho, Yb, Pd, Sc, Tb,
Be, Lu, Tm, Rh, Bi, T1, Ga, Ir, Se, W, Pr, Sm, V, Y, Dy, Nd,
Ni, Zr, Ge, Nb, Hg, Gd, La, Ta, Cd, Co, Eu, Pb, Er, As, Pt,
Te, Mo, Au, Sb, Li, In, Ru, Ce, Hf, Cr, Ti, Cu, Ba, Sr, Sn, B,
Si, Min, Zn, Al Fe, S, Mg, P, Ca, Na, K. Only elements with
concentrations exceeding 1 mg/kg were selected for statis-
tical analysis.
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Photosynthetic characteristics, antioxidant system,

and ultrastructure of lettuce leaves two weeks after initial
spray

Two weeks after the initial application, the lettuce
plants treated with CK, LDH10, and RW10 were uti-
lized as experimental materials to evaluate their pho-
tosynthetic characteristics, antioxidant system, and
ultrastructure. For the photosynthetic characteris-
tics experiment, a portable photosynthesis measure-
ment system Li-6400 (LICOR, USA) was employed.
Real-time measurements were conducted using an
artificial light source with a flux density of 800 umol
CO, m™2 S7%. The flow rate was set at 1200 pmol S},
while the leaf chamber temperature was maintained at
room temperature. The measurement area was stand-
ardized to 6 cm? targeting the leaf with the largest
exposed surface area per lettuce plant. The param-
eters measured included net photosynthetic rate (Pn),
stomatal conductance (GS), intercellular CO, con-
centration (Ci), and transpiration rate (Tr). To ensure
technical replication, each treatment group consisted
of five sampled plants, with each plant being measured
5 times.

To assess antioxidant activity, leaf samples (0.10 g
per sample) were immediately flash-frozen in liquid
nitrogen and homogenized into a fine powder. The
powdered samples were then transferred to a centri-
fuge tube containing 2 mL of extraction buffer and
centrifuged at 8000 g for 10 min at 4 °C. The resulting
supernatant was collected and kept on ice for further
measurements. The activities of superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT) were
determined using assay kits obtained from Beijing
Solarbio Science & Technology Co., Ltd. (Solar-
bio, China), following the provided instructions. To
ensure representative sampling, each treatment group
included four plants, with the careful selection of
the leaf possessing the largest surface area from each
plant.

To examine the leaf structure, ultra-thin sectioning
and electron microscopy techniques were employed.
Leaves measuring approximately 1*2*4 mm per sample
were carefully sampled using a double-sided blade and
tweezers, followed by three washes with 10 mmol/L
EDTA-2Na. The samples were then fixed in 2.5% (v/v)
glutaraldehyde for 4 h. After fixation, they were rinsed
with 100 mM phosphate buffer saline (PBS; pH 7.2) and
post-fixed in 1% osmium tetroxide for 2 h. Dehydration
was carried out using a series of ethanol concentra-
tions (30%, 50%, 60%, 70%, 80%, 90%, 95%, and 100%),
followed by transfer to acetone. Finally, the samples
were embedded in Spurr’s resin (Sigma, USA). Sections
from a minimum of ten leaves per treatment were cut

Page 5 of 19

using an LKB-V ultramicrotome, stained with 2% ura-
nyl acetate (w/v) in 70% methanol (v/v) and 0.5% lead
citrate. The samples were examined using a JEM-1230
transmission electron microscope (TEM; Tokyo, Japan)
operating at 80 kV.

Transcriptome sequencing of lettuce leaves two weeks

after initial spray

The experiment extracted RNA and characterized the
transcriptome of lettuce leaves after the first LDH10
and RW10 spraying for 2 weeks. For each treatment
group, six vigorously growing plants were randomly
chosen, and the leaf with the largest surface area was
selected as the experimental material from each plant.
To ensure the removal of contaminants, the leaf sur-
faces were thoroughly rinsed with DEPC water, and any
residual moisture was absorbed using filter paper. The
leaves were then diced into small cubes, approximately
0.5 cm in size (similar to a soybean). After homogeni-
zation, the samples were divided into 100 mg aliquots
and placed into RNase-free cryovials (Biosharp, China).
These cryovials were rapidly frozen in liquid nitrogen
for 0.5 h before being transferred to self-sealing bags for
storage at — 80 °C in a freezer for preservation. The tran-
scriptome sequencing experiment utilized the Illumina
Novaseq 6000 sequencing platform (Illumina, USA) and
followed the Illumina TruSeqTM RNA sample prep Kit
method for library construction. To identify differentially
expressed genes (DEGs), genes/transcripts with a false
discovery rate below 0.05 and an absolute fold change >2
were considered significant. Further details of the experi-
mental workflow, read mapping and the data analysis
can be found in Additional file 1: Section S1. The raw
sequence data of the samples were uploaded to NCBI
at https://www.ncbi.nlm.nih.gov/sra/PRJNA1000780
(SUB13720407).

Metabolomics analysis of lettuce leaves two weeks

after initial spray

The sampling method was consistent with the transcrip-
tome sampling method. A 100 pL sample was trans-
ferred to a 1.5 mL EP tube, followed by the addition of
300 pL of methanol and 20 pL of internal standard. The
mixture was vortexed for 30 s and subjected to 10 min of
ultrasonication at 0 °C. Following this, it was cooled to
— 20 °C. After this treatment, the samples were further
cooled at — 20 °C for 1 h and centrifuged at 13,000 g for
15 min at 4 °C. Carefully, 200 pL of the supernatant was
extracted and transferred into a 2 mL injection bottle.
From each sample, 20 puL was taken and mixed to create
a Quality Control (QC) sample. Subsequently, 200 pL of
the mixture was carefully transferred into sample vials
for ultraperformance liquid chromatography/tandem
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mass spectrometry (UPLC-MS/MS). The lettuce leaf
extracts underwent metabolic analysis using UPLC-MS/
MS to examine the effects of LDH10 and RW10. More
information about the measurement and data analysis
can be found in the Additional file 1: Section S2. The raw
data for the samples have been uploaded to Metabolights
(https://www.ebi.ac.uk/metabolights) with the accession
number MTBLS8323.

Real-time quantitative analysis

The sampling method was consistent with the transcrip-
tome sampling method. Leaf tissue was harvested and
flash-frozen in liquid nitrogen. Total RNA was extracted
using the RN53 Total RNA extraction kit (Aidlab Bio-
technologies, China) and reverse transcribed using the
One-Step gDNA Removal and ¢cDNA Synthesis Super-
Mix (TransGen Biotech, China). PCR was performed
in an optical 96-well plate using the SYBR Green Mix
(TransGen Biotech, China) and the ABI PRISM 7300
system (Bio-Rad, USA), following the manufacturer’s
instructions. Each reaction included 0.3 pM primer and
10 ng of ¢cDNA. PCR amplification was carried out in
triplicate for each of the four biological replicates. The
PCR protocol consisted of an initial denaturation step of
5 min, followed by 40 cycles of denaturation at 95 °C for
20 s, annealing at 54 °C for 20 s, and extension at 72 °C
for 20 s. A final extension step was performed at 84 °C
for 30 s, followed by elongation at 72 °C for 10 min. The
PCR cycles were followed by a melting curve analysis.
Four independent biological replicates were analyzed
using the comparative Ct method, as described in the
iCycler manual (Bio-Rad, USA), to determine the relative
mRNA expression levels in each tissue. Actin served as
the internal control due to its similar amplification effi-
ciencies compared to the target genes being analyzed
(LOC111908221, LOC111899016, LOC111886489,
LOC111899011, LOC111899010). The specific prim-
ers used in qRT-PCR are provided in Additional file 1:
Table S2.

Statistical analyses

The data were statistically processed using analysis of
variance (ANOVA). Significant differences among the
mean values were determined at a significance level of
p<0.05 by applying the least significant difference (LSD)
test using SPSS and Excel software. The figures were cre-
ated using Prism 9.0 software.

Results and discussion

XRD results of CuFe-LDHs and its retention rate on the leaf
surface

We conducted an XRD analysis on the synthesized CuFe-
LDHs, and the results are shown in Fig. 1a. When the
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molar ratio of copper (Cu) to iron (Fe) was maintained
at 2:1, distinct diffraction peaks corresponding to spe-
cific crystal planes of the layered structure, namely (003),
(006), and (009), were observed at angles of 26=12.9°,
25.8°, and 33.6°, respectively. These peaks exhibited well-
defined profiles, indicating a high level of crystallinity.
Additionally, the presence of the LDH structure was con-
firmed by the detection of diffraction peaks at 260=36.6°
and 43.6°, which can be attributed to the crystal planes
of (015) and (018) [35]. Compared with the conventional
LDH structure, the diffraction peaks of CuFe-LDHs
were shifted upward at higher angles, primarily due to
the Jahn-Teller effect induced by divalent copper ions,
which results in structural distortion [36]. Furthermore,
additional diffraction peaks at 26=35.5° and 39.0° were
observed, corresponding to the standard card (JCPDS:
48-1548), and this suggested the presence of a low quan-
tity of monoclinic copper oxide (CuO) impurities in the
synthesized material. Previous study showed that CuO
NPs were more toxic than the Cu®* [37]. Nevertheless,
at low concentrations (<2 mg/L), CuO NPs had no det-
rimental effect on plant growth [38]. Consequently, we
can conclude that the presence of a low quantity of CuO
impurities will not interfere the effects of CuFe-LDHs in
plants. The TEM results, as shown in Additional file 1:
Fig. S1, revealed that on the carbon film, CuFe-LDHs
particle sizes range from approximately 30-100 nm. In
order to confirm that the CuFe-LDHs dispersion are sta-
ble, zeta potential analyses are performed. The results,
as shown in Additional file 1: Fig. S2, showed that the
zeta potential of CuFe-LDHs dispersions was+ 24.2 mV,
suggesting that CuFe-LDHs are positive charged and
the dispersions are relatively stable. As shown in Addi-
tional file 1: Fig. S3, the particle size of CuFe-LDHs was
60.1 nm. Both Zeta potential and particle size exhibit a
normal distribution with a single peak, indicating that
particles in the solution possess similar size and charge
distributions, are uniformly dispersed in the solution,
and exhibit high stability.

To investigate whether LDH adheres to the leaves, we
used simulated rainwater flushing to detect the reten-
tion of CuFe-LDHs on the leaf surface before and after
rainwater flushing. After vertical flushing with 100 mL
of ddH,O, the retention rates of CuFe-LDHs on the
tomato, cucumber, rapeseed, and lettuce leaf surfaces
were 51.9+3.47%, 64.86+7.53%, 78.48+5.83%, and
83.48+4.52%, respectively (Fig. 1b). The above results
indicate that CuFe-LDHs show high retention on let-
tuce leaf surfaces. There were significant differences
between the retention rates of CuFe-LDHs on the above
leaf surfaces, ranging from 51.9 +3.47% to 83.48 +4.52%.
The reason for this difference in retention rates can be
attributed to leaf surface structure and waxes on leaf
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surfaces, which exhibit diverse characteristics among dif-
ferent species, classified as either weakly hydrophobic or
strongly hydrophobic traits [39]. Consequently, this leads
to varying retention rates when applying different species
of leaves during spraying the same liquid [39, 40]. Com-
parison of the foliar retention of CuFe-LDHs and their
raw materials on lettuce leaves revealed that the foliar
retention of H,O, CuFe-LDHs, and their raw materials
(RW) was 20.16 +1.11%, 83.48 +4.52%, and 44.52 + 3.67%,
respectively, after being washed with 100 mL of ddH,O
(Fig. 1c). The retention of CuFe-LDHs on the surface
of lettuce leaves far exceeded that of RW and water. To
investigate the leaf surface adherence mechanism of
CuFe-LDHs, LDHs were evenly applied to the leaves of
lettuce. The leaves were washed with 100 mL of H,O
and 1%, 5%, and 10% urea solutions, and the retention
rates were 83.48 +4.52%, 73.48 +2.52%, 59.5 +4.47%, and
47.5+7.36%, respectively (Fig. 1d). After gradient urea
treatment, the retention rate of CuFe-LDHs on the sur-
face of lettuce leaves decreased.

The adhesion phenomenon in nature is achieved via
two mechanisms. (i) Adhesion is attained through the
relative sliding at the contact interface facilitated by Van
der Waals forces (e.g., geckos and spiders employ bristles
on their feet to adhere to the contact surface). (ii) Adhe-
sion is further strengthened at the contact interface by
the secretion of substances that form hydrogen bonds
(e.g., creeper plants secrete L-rhamnose to facilitate
adhesion to the contact surface) [41]. Urea can destroy
the hydrogen bonds inside protein molecules to promote
their degradation [42]. After urea treatment, the reten-
tion of CuFe-LDHs was significantly reduced (Fig. 1d),
indicating that the adsorption of LDHs on the leaf sur-
face was determined by hydrogen bonding. The func-
tional groups that can generate hydrogen bonds include
hydroxy (-OH), amino (-NH,), carboxyl (-COOH),
and carbonyl (C=0) [43]. As described in the "Experi-
mental", CuFe-LDHs were prepared using two types of
nitrates and strongly alkaline NaOH, which introduced
a large number of hydroxyl groups during the prepara-
tion process. The number of hydroxyl groups on the unit
area has a certain relationship with adhesion [44], a large
number of hydroxyl groups enriched on the surface of the
material can mediate the adsorption of blades. The reten-
tion rate of RW is much lower than that of CuFe-LDHs.
The most likely explanation is that RW is composed of
copper nitrate and iron nitrate, which cannot bind to the
leaf surface via hydrogen bonding. In short, CuFe-LDHs
composed of Cu and Fe elements were compared with
the synthetic raw material copper nitrate and iron nitrate,
which enhance the adhesion of the leaf surface.

To observe the surface structure of the leaves after
spraying, two-week-old lettuce leaves were sprayed with
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H,0, 10 pg/mL CuFe-LDHs, or 10 pg/mL RW; the SEM
results are shown in Fig. le-m. It is widely known that
most airborne dust particles carry a negative charge [45],
which makes them prone to being adsorbed by positively
charged particles. The retention of RW on the blade
surface was lower compared with CuFe-LDHs (Fig. 1c),
which might be responsible for the inability of most of
the charged particles (Cu**, Fe>*) in RW10 to bind to the
blade surface. Instead, they might adsorb anions or air-
borne dust particles on the blade surface, forming aggre-
gates (Fig. 1g, j, m). In contrast, LDHs formed electrically
neutral particles and evenly dispersed on the surface of
the blades (Fig. 1f, i, I). Therefore, by employing a com-
paratively lesser quantity of CuFe-LDHs, superior out-
comes can be attained compared to those obtained with
RW.

CuFe-LDHs promoted the growth of lettuce and affected
the accumulation of elements one month after the initial
spray

To investigate the effect of spraying different concentra-
tions of CuFe-LDHs on plant growth, we took measure-
ments of various parameters, including the fresh and
dry leaf weight, moisture content, leaves number, plant
height, and plant width one month after the initial spray.
We also established a control group using RW, which con-
tained the raw materials of CuFe-LDHs at an equivalent
concentration. The phenotypic characteristics of lettuce
were presented in Fig. 2a. The application of CuFe-LDHs
at concentrations of 10 pug/mL (45.15+3.84 g) and 100 pg/
mL (44.23+£3.30 g) significantly increased the fresh
weight of lettuce (p<0.001) compared with the CK group
(38.59+1.88 g) (Fig. 2b). Conversely, the application of
RW at 100 pg/mL had a significant inhibitory effect on
the fresh weight of lettuce (p<0.05) (Fig. 2b). Similarly, the
dry weight of lettuce was significantly higher in the 10 pg/
mL (2.03+0.19 g) (p<0.05) and 100 pg/mL (2.10+0.11 g)
(p<0.0001) CuFe-LDHs groups compared with the CK
group (1.73+0.15 g) (Fig. 2c). In contrast, both 10 pg/mL
(1.36+0.14 g) and 100 pg/mL (1.13+0.13 g) RW inhib-
ited increases in the dry weight (p<0.0001) (Fig. 2c).
Moreover, the moisture content of lettuce was signifi-
cantly higher in the 10 pg/mL (96.38+0.13%) and 100 pg/
mL (96.84+0.20%) RW groups than in the CK group
(95.55+£0.06%) (p<0.0001) (Fig. 2d). Leaves number
was unaffected by the application of CuFe-LDHs or RW
(p>0.05) (Fig. 2e). Plant height was significantly lower in
the 100 pg/mL RW (19.73+1.28 c¢cm) group than in the
CK group (21.09+0.91 cm) (p<0.05) (Fig. 2f). Plant width
(22.03+0.30 cm) was significantly higher in the 10 ug/mL
CuFe-LDHs group than in the CK group (19.69+0.90 cm),
and the application of 100 pg/mL RW (18.02+0.58 cm)
resulted in a significant reduction in plant width (» <0.001)
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(Fig. 2g). Overall, these findings demonstrate that the appli-
cation of CuFe-LDHs at concentrations of 10-100 pg/mL
promotes growth, whereas RW application at the same
range of concentrations hinders growth. One month after
the initial spray, LDH10 increased the Cu content in lettuce
within an appropriate range (Table 1). In light of the sub-
stantial increases observed in the fresh weight, dry weight,
and leaf width achieved by the spraying of 10 pg/mL CuFe-
LDHs compared with 100 pg/mL LDH, 10 pug/mL CuFe-
LDHs was considered the optimal concentration.

CuFe-LDHs enhance photosynthesis without affecting

the antioxidant system and ultrastructure of lettuce leaves
two weeks after the initial spray

To evaluate photosynthetic characteristics, antioxidant
system, and ultrastructure, we utilized the lettuce plants
treated with CK, LDH10, and RW10 two weeks after
the initial application as experimental materials. Obvi-
ously, LDH10 and RW10 had a significant effect on pho-
tosynthesis after the initial spray for 2 weeks based on
observed changes in multiple parameters, including net
photosynthetic rate (Pn), stomatal conductance (GS),
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Table 1 Content of elements in the shoots of lettuce under hydroponic culture in different treatments

Large and medium element/(mg-kg™")

K P Ca Mg S Na
CK 62,128.9+9184c 13,1895+ 127 4a 14,3694 +431.9a 4898.2+415ab 2959.9+90.2b 13319+154b
LDH10 76,322.7+7023b 10,372.8+213.1b 13,388.5+7.7ab 5581.7+1704a 2892.5+90.1b 1913.14+835a
RW10 91,904.7+£1744.1a 10,390.2+316.5b 11,276.1+356.7b 45654+41.3b 35319+ 102.6a 2058.7+228a

Trace element/(mg-kg~")

Cu Fe Mn Zn Al B
CK 55+0.5b 103.6+2.9b 69.1+1.2a 60.2+2.2b 55.1+0.9a 18.8+2.6b
LDH10 9.5+0.5a 117.8+33a 61.9+1.6b 59.5+22b 563%1.2a 239+1.1ab
RW10 11.0+0.7a 1189+23a 52.7+32b 82.8+04a 39.1+14b 289+1.8a

Different lowercase letters in the same column indicate significant differences at p <0. 05 between treatments. Three technical replicates were performed for each

treatment

intercellular CO, concentration (Ci), and transpiration
rate (Tr) (p<0.01) (Fig. 3a—d). These findings suggest that
LDH10 significantly enhances photosynthesis in lettuce,
whereas RW10 significantly inhibits photosynthesis. One
of the factors contributing to this disparity is the uniform
distribution of LDHs on the leaf surface, which allows
them to bind to the leaves through hydrogen bonding
(Fig. 1f, i, 1). As a result, electrically neutral particles are
formed that do not hinder stomatal function nor affect
GS and Tr (Fig. 3b, d). Conversely, the physical shield-
ing effect of RW10 hindered the photosynthetic reac-
tions in lettuce leaves (Fig. 3a—d), which directly affected
plant yield (Fig. 2b, c). Previous studies have highlighted
the exceptional CO, adsorption capability of LDHs, and
this has made them extensively used in ongoing efforts
to achieve carbon neutrality because of their high CO,
adsorption capacity [19]. In light of LDHSs’ capacity to
enhance the Pn and intercellular CO, absorption (Fig. 3a,
c), we hypothesize that the main mechanism underlying
the adsorption of CO, by LDHs stems from its ability to
increase the Ci. This increase in Ci results in the augmen-
tation of the substrate, thereby promoting an increase in
the Pn.

Furthermore, we speculate that the elevation of GS
and Tr are related to the physiological activities of CuFe-
LDHs after they enter plant cells. Previous studies have
indicated that LDHs can overcome the barrier of the cell
wall to enter plant cells [20, 25, 27, 29], and pass through
the plasma membrane [25, 26]. Ultimately, LDHs under-
goes decomposition in the elevated H* environment
within the cytoplasm or vacuole, slowly releasing the
metal cations that make up the LDHs [46]. We can infer
that CuFe-LDHs can enter cells and slowly degrade into
low concentrations of Cu®* and Fe** within cells, subse-
quently induce changes in the cellular physiological lev-
els. Copper and iron are essential mineral elements for

plant growth and development. Copper is a component
of the photosynthetic electron transport chain, for CO,
assimilation and ATP synthesis [47], involved in photo-
synthetic reactions of PSII independent of plastocyanin
[48]. Fe has greater importance in photosynthesis and
respiration [49]. The photosynthetic machinery in plants
is abundantly supplied with Fe atoms, comprising 12 Fe
atoms per Photosystem I (PSI), 2 or 3 Fe atoms per Pho-
tosystem II (PSII), 5 Fe atoms within the cytochrome
complex b¢-f (cyt bg-f), and 2 iron atoms per ferredoxin
molecule [50]. Therefore, photosynthetic organisms
exhibit a high sensitivity to alterations in iron availability,
leading to a significant reduction in photosynthetic activ-
ity when subjected to iron deficiency [51]. In summary,
maintaining an appropriate concentration of Cu and Fe
plays a pivotal role in enhancing the activities of PSI and
PSII, facilitating CO, assimilation, and promoting ATP
synthesis. Moreover, within an optimal range, increas-
ing iron content can elevate GS levels, thereby enhancing
photosynthesis [52]. An increase in Fe content simultane-
ously enhances GS, which is consistent with our findings
(Fig. 3b). In conclusion, we can infer that by gradually
releasing low concentrations of Cu and Fe ions within
cells, CuFe-LDHs influences the synthesis of proteins and
enzymes related to photosynthesis, enhances GS and Pn,
ultimately promoting photosynthesis.

No differences in the chlorophyll a content were
observed among the LDH10, RW10, and CK treatments
(Fig. 3e). LDHI1O0 significantly increased the content of
chlorophyll b; however, RW10 had no significant effect on
the content of chlorophyll 4 (Fig. 3f). Chlorophyll a and
its derivatives primarily absorb red light (620-700 nm),
whereas chlorophyll b predominantly absorbs blue-violet
light (400-500 nm) [53]. In light of the unique absorption
spectrum of LDHs [54], we speculate that the presence
of LDHI10 on the leaf surface reduces the absorption of
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blue-violet light, thereby prompting the synthesis of chlo-
rophyll b to enhance the absorption of blue-violet light.
Exposure to RW10 via foliage significantly increased
the content of SOD (Fig. 3g) and POD (Fig. 3h) in lettuce
leaves, which induced a stress response in the antioxi-
dant system. However, there was no significant difference
in the content of SOD (Fig. 3g), POD (Fig. 3h), or CAT
(Fig. 3i) in lettuce in the LDHI10 treatment, indicating
that LDH10 does not induce stress responses in lettuce.
The activity of antioxidant enzymes such as SOD, POD,
and CAT plays a key role in scavenging excessive O*~
and H,0,, thereby mitigating damage caused by biotic
or abiotic stress [55]. SOD activity was 10.4% higher in
RW10 than in the CK (Fig. 3g), and POD activity was
93.5% higher in RW10 than in the CK (Fig. 3h). These
results indicate that SOD and POD effectively eliminate
accumulated H,O, in lettuce leaves, reducing the levels
of free radicals and alleviating membrane lipid peroxi-
dation damage in older leaves. Similarly, hydroponically
cultured lettuce produces a substantial amount of SOD
within its tissues when subjected to external stress, which
enables them to scavenge stress-induced superoxide radi-
cals and protect the plants [56]. Furthermore, Cd stress
significantly up-regulates POD enzyme genes in lettuce,
which enhances resistance to Cd stress [57].
Ultrastructural analysis revealed that the number of
transient starch granules was significantly higher in
leaves in the LDH10 treatment (Fig. 3k) than in the CK
(Fig. 3j), and the number of transient starch granules
was significantly lower in leaves in the RW10 treatment
(Fig. 31) than in the CK (Fig. 3j), suggesting that the appli-
cation of LDH10 and RW10 may affect photosynthesis.
In the lettuce leaf cells of CK, chloroplasts appeared ellip-
tical, thylakoids were arranged parallel to the long axis
of the chloroplasts, grana stacks formed granal lamellae,
and the stroma was uniform (Fig. 3m). The intact chloro-
plasts in LDH10 leaves (Fig. 3n) had well-organized thy-
lakoids and clear granaf lamellae, similar to the normal
chloroplasts in CK. In contrast, analysis of RW10-treated
leaves revealed disorganized stacks of chloroplasts and
the presence of malformed chloroplasts (Fig. 30). These
findings suggest that the LDHI0 treatment does not
affect the structure of chloroplasts in lettuce leaves. To
our surprise, LDH10 was not detected using the ultra-
thin sectioning method (Fig. 3k, n). Previous studies
have indicated that LDHs can overcome the barrier of
the cell wall to enter plant cells [20, 25, 27, 29]. LDHs
enter plant cells through the following steps: (1) smaller-
sized LDHs can penetration across cell wall. Larger-sized
LDHs need to undergo delamination into smaller-sized
LDHs or nanosheets in the presence of CO, and humid-
ity to pass through the cell wall barrier [20, 27]; (2) LDHs
pass through the plasma membrane via non-endocytic
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pathways and endocytosis [25]; (3) LDH undergoes
decomposition in the elevated H environment within
the cytoplasm or vacuole [25]. The exact mechanism
behind this phenomenon has yet to be elucidated. The
most plausible explanation is that LDH10 adsorbed
onto the cell wall and slowly degraded into the cells due
to CO, and humidity, as described in previous studies
[27, 29]. Another possibility that cannot be ruled out is
that smaller layers of LDHs delaminated and entered the
cells [25], but the LDH particles could not be observed
via TEM because of their small size. Studies of duckweed
have demonstrated that low concentrations of Cu®* can
promote plant growth, whereas high concentrations of
Cu** can inhibit plant growth by disrupting the structure
of chloroplasts or thylakoids and reducing the activity of
photosystem II [58]. Interestingly, we observed damage
to the chloroplasts and thylakoids in RW10 (Fig. 30), but
not in LDH10 (Fig. 3n). The most plausible explanation
was that LDH10 contains Cu®*" both in its free form and
bound to LDH layers, and it releases Cu®* slowly, thereby
reducing its toxicity.

In light of the biomass, photosynthetic pigment, anti-
oxidant enzyme activity, and intracellular structure of let-
tuce leaves, we conclude that physiological toxicity was
higher and the stress response was stronger in RW10
compared with LDH10.

Integrated transcriptome and metabolome analysis

of lettuce leaves two weeks after the initial spray

To further investigate the potential molecular mechanism
underlying the enhanced growth of lettuce after CuFe-
LDH treatment, we conducted a transcriptome analysis
of lettuce leaves that had been treated with or without
CuFe-LDHs. A total of 770 DEGs (520 up-regulated and
250 down-regulated) were detected in leaves treated with
LDHI10 relative to the CK (Fig. 4a, Additional file 1: Fig.
S4). Similarly, there were 4379 DEGs (2,116 upregulated
and 2263 down-regulated) in leaves treated with RW10
relative to the CK (Fig. 4a). The number of up-regulated
DEGs was higher than the number of down-regulated
DEGs in the LDHI10 treatment. Conversely, the num-
ber of up-regulated DEGs was lower than the number of
down-regulated DEGs in the RW10 treatment (Fig. 4a).
The total DEGs of LDH10 and RW10 were clustered into
16 profiles (from profile O to 15) based on gene expres-
sion patterns using Short Time-series Expression Miner
software (Fig. 4b) to identify significantly changed DEGs.
The most represented clusters were profiles 0, 2, 3, 7,
8, 12, 13, and 15 (p<0.01). To gain further insights into
transcriptional changes, KEGG enrichment analysis was
performed for genes belonging to profiles 0, 2, 3, 7, 8, 12,
13, and 15 (Fig. 4¢).



Wu et al. Journal of Nanobiotechnology (2023) 21:417

By selecting MS peaks with orthogonal partial least-
squares discriminant analysis (OPLS-DA) (VIP>1,
»<0.05), the total numbers of differential metabolites in
each treatment are shown in Additional file 1: Fig. S5.
By employing principal component analysis (PCA) and
OPLS-DA, we conducted an in-depth analysis of the dis-
tinctive metabolic changes stemming from LDH10 and
RW10 exposure. The PCA score plot was used to assess
the overall effect of LDH10 and RW10 on lettuce leaf
metabolites (Fig. 5a). The sampling points correspond-
ing to the three different treatments were noticeably scat-
tered, indicating a substantial effect of LDH10 and RW10
on the metabolites of lettuce leaves. Notably, the effects
of LDH10 and RW10 on the metabolic profiles differed
significantly (Fig. 5a). Several metabolic pathways sig-
nificantly differed following LDH10 or RW10 treatment
relative to the control group. These pathways include
carbohydrate metabolism, translation, nucleotide metab-
olism, metabolism of terpenoids and polyketides, metab-
olism of other amino acids, metabolism of cofactors
and vitamins, lipid metabolism, glycan biosynthesis and
metabolism, amino acid metabolism, and biosynthesis
of other secondary metabolites (Fig. 5b). These findings
highlight the prominent changes in various key meta-
bolic processes as a result of LDH10 or RW10 treatment
relative to the control group. The differential metabolites
were analyzed using the Fisher tool to investigate changes
in metabolic pathways. Comparative analysis revealed
significant effects of the LDH10 or RW10 treatments
on specific metabolic pathways compared with the CK
(Fig. 5¢, d). LDH10 treatment affected arginine and pro-
line metabolism, purine metabolism, and pantothenate
and CoA biosynthesis (Fig. 5c). RW10 treatment affected
valine, leucine and isoleucine biosynthesis, arginine and
proline metabolism, and alpha-linolenic acid metabolism
(Fig. 5d). Arginine and proline metabolism was enriched
in the leaves of all treatment groups, suggesting that
it plays a key role in the response to both LDH10 and
RW10 exposure.

Changes in gene expression are one of the various ways
in which plants respond to external stimuli [59]. The
environmental stress induced by the RW10 treatment
was stronger than that induced by the LDH10 treatment,

(See figure on next page.)
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as indicated by the fact that a higher number of func-
tional DEGs were detected in the RW10 treatment than
in the LDH10 treatment (Fig. 4a, Additional file 1: Fig.
S4). The regulation of gene expression led to changes
in the metabolite profiles in lettuce leaves. The number
of differential metabolites in lettuce leaves was higher
in the RW10 treatment than in the LDH10 treatment
(Additional file 1: Fig. S5). Moreover, the metabolic func-
tions of lettuce leaves were significantly affected, espe-
cially under RW10-induced stress (Fig. 5). Both RW10
and LDHI10 treatments led to the regulation of stress
response-related DEGs in plants, including pathways
such as plant-pathogen interaction and MAPK signaling
pathway-plant (Fig. 4c). The expression of the genes asso-
ciated with these pathways was up-regulated in profile
15 (Fig. 4c) following RW10 or LDH10 treatment, indi-
cating that LDH10 potentially enhances the resilience of
plants to stress. Similarly, Claudia Jonak et al. exposed
the seedlings of Medicago plants to excessive copper or
cadmium ions and found that they could activate the
MAPK cascade reaction of higher plants, thereby reduc-
ing their toxicity [60]. The expression of genes related to
mechanisms involved in photosynthesis, including the
citrate cycle (TCA cycle), carbon metabolism, and photo-
synthesis, was up-regulated or down-regulated, suggest-
ing that LDH10 and RW10 might induce imbalances in
mechanisms related to photosynthesis (Fig. 4c). Zeatin, a
well-known cytokinin plant hormone [61] and a regula-
tor of plant growth [62], was elevated under stress con-
ditions in various plant species. The expression of genes
related to zeatin was higher in the LDH10 treatment than
in the RW10 treatment, indicating that the up-regulation
of zeatin could potentially mediate the response of let-
tuce to LDH10 (Profile 15, Fig. 4b, c). The expression of
the genes in Profile 12, 13, and 15 was up-regulated in the
LDH10 and RW10 treatments relative to the CK, and the
expression of these genes was significantly up-regulated
in the LDHI10 treatment relative to the RW10 treatment;
these genes are associated with the plant-pathogen inter-
action and MAPK signaling pathway-plant pathways.
The plant-pathogen interaction [63] and MAPK signaling
pathway-plant [60] are associated with stress resistance,
suggesting that LDH10 may enhance the ability of plants

Fig. 4 Transcriptome analysis of lettuce leaves after 2 weeks of initial treatment. a Volcano plots depicting the differentially expressed genes
(DEGs) with a false discovery rate (FDR) below 0.05 and an absolute fold change of > 2 between various treatment groups (LDH10/CK, RW10/CK,
LDH10/RW10). b The expression patterns of DEGs across LDH10 and RW10 treatments were inferred using Short Time-series Expression Miner
(STEM) analysis. Each frame represents the expression pattern of all the DEGs, which are indicated by the colored lines. € The Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis revealed significantly overrepresented profiles of differentially expressed genes in lettuce
leaves in the LDH10 and RW10 treatments. The values are presented as the mean + standard deviation of three replicates for each treatment. The

abbreviations used are the same as in Fig. 2
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to adapt to stress and induce the expression of stress
resistance genes compared with the RW10 treatment.
The above data indicate that the stress resistance capac-
ity was higher in the LDH10 treatment than in the RW10
treatment.

The combined analysis of DEGs and differential
metabolites did not reveal shared regulatory mecha-
nisms between LDH10 and RW10 (Fig. 6). RW10
regulated purine metabolism, terpenoid backbone
biosynthesis, ubiquinone and other terpenoid-qui-
none biosynthesis, alpha-linolenic acid metabolism,
and biosynthesis of unsaturated fatty acids (Fig. 6).
Purine metabolism is a key regulated metabolic path-
way in Arabidopsis under drought stress and in rice
under spaceflight stress; it also plays a significant role
in the ability of rice seedlings to tolerate darkness [64].
The terpenoid backbone biosynthesis pathway and
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the biosynthesis of ubiquinone and other terpenoid-
quinone compounds are responsible for the synthesis
of various terpenoids and ubiquinones, which affect
multiple physiological functions [65]. Alpha-linolenic
acid metabolism and the biosynthesis of unsaturated
fatty acids play a role in increasing the content of
unsaturated fatty acids to counteract the loss of cellu-
lar membrane fluidity induced by adverse conditions
[66]. Significantly, LDH10 induced the biosynthesis of
Brassinosteroids (BR) (Fig. 6). In light of the known
role of BR in promoting growth and enhancing stress
resistance [67], LDH10 promoted the expression of
genes involved in the biosynthesis of BR, which led to
the increased production of BR. These findings regard-
ing the effect on hormonal changes are consistent with
previous studies that demonstrated alterations in auxin
content and flux in Arabidopsis roots by MgAl-LDHs
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[16]. Furthermore, the qRT-PCR results (Additional
file 1: Fig. S6) revealed that the expression of genes
involved in the synthesis of BR was up-regulated fol-
lowing LDH treatment, suggesting that this could be
the primary molecular mechanism by which LDH pro-
motes growth.

Conclusions

The results of this study make a significant contribution
to our understanding of the effect of CuFe-LDHs on the
growth and physiological state of lettuce. Our findings
also provide valuable insights into the molecular mech-
anisms underlying the biological effects of CuFe-LDHs
on leafy vegetables. In general, our results have the
potential to enhance our understanding of cell fate and
the effects of CuFe-LDHs, which would facilitate the
development of nanofertilizers containing CuFe-LDHs.
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