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Zn—Al and Mg-Al layered double hydroxide
nanoparticles improved primary and secondary
metabolism of geranium plantsy
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Layer double hydroxide (LDH) nanoparticles (NPs) have been applied to enhance plant growth and
productivity. However, their effects on carbon and nitrogen metabolism of aromatic plants, are not well
understood. Therefore, we investigated the impact of foliar application of Zn-Al LDH and Mg-Al LDH
NPs (10 ppm) on the growth and metabolism of geranium plants. Zn—-Al LDH and Mg-Al LDH NPs
significantly increased the dry biomass, photosynthetic pigment, and Zn and Mg uptake by treated plants.
These increases were consistent with increased primary metabolism such as soluble sugars and their
metabolic enzymes (invertase and amylase). The supply of high sugar levels induced TCA organic
accumulation, providing a pathway for amino acid biosynthesis. Among amino acids, proline level and its
biosynthetic enzymes such as pyrroline-5-carboxylate reductase (P5CR), ornithine aminotransferase
(OAT), and pyrroline-5-carboxylate synthetase (P5CS), glutamine synthetase (GS), and arginase were

increased. Increased primary metabolites can then be channeled into secondary metabolic pathways,
Received 11th June 2024 leading to higher levels of second tabolites including tocopherols, phenolics, and flavonoids. Th
Accepted 24th August 2024 eading to higher levels of secondary metabolites including tocopherols, phenolics, and flavonoids. These

observed increases in primary and secondary metabolites also improve the biological value of geranium

DOI 10.1039/d4ra04280h plants. Overall, our research highlights the potential of Zn-Al LDH and Mg-Al LDH NPs as elicitors to
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1. Introduction

Nanotechnology is a modern research field dealing with mate-
rials having a particle size of less than 100 nm, with diverse
applications in various fields." Nanotechnology has become
a crucial field in modern agriculture, facilitating accelerated
plant growth and offering improved plant protection with less
environmental impact compared to traditional approaches.?
The use of layered double hydroxide (LDH) nanoparticles (NPs)
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enhance metabolism in geranium plants, thereby improving their growth bioactivity.

in agriculture influences plants' physiological and biochemical
processes by fertilizing and suppressing pests.* The physico-
chemical properties of NPs include a high surface-to-volume
ratio.* These features enable the use of NPs as fertilizers,
which aids plant growth and development by allowing for the
targeted and regulated release of mineral nutrients.’

LDHs are a type of ion exchanger with alternating positively
charged metal hydroxide layers and negatively charged inter-
layer anions.®> LDH NPs are considered environmentally safe.®
They also possess a unique layered structure that enables ion
exchange, resulting in more effective slow-release fertilizers for
nutrients.>” Furthermore, the advantages of LDH NPs over other
NP alternatives are their low toxicity, regulated release, and
biocompatibility.® Zinc-aluminum (Zn-Al) LDH and magne-
sium-aluminum (Mg-Al) LDH have attracted a lot of attention
due to their unique properties compared to other nano-
materials. Zn-Al LDH consists of alternating Zn>" and AI**
layers with hydroxide ions (OH ") in between, while Mg-Al LDH
consists of alternating Mg®" and AI** layers with hydroxide ions
(OH7) in between. In agreement, previous studies showed that
Zn>" and Mg”" ions incorporated into LDH structures can form
Zn(OH),, ZnO, Mg(OH),, and MgO. Zn-Al and Mg-Al LDH NPs
have excellent biocompatibility and bioavailability, making
them suitable for agricultural use. Their controlled release

© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties minimize toxicity risks and ensure essential nutri-
ents are available to plants. When they are applied at appro-
priate concentrations, they enhance nutrient uptake and
promote plant growth without inducing toxicity.” LDHs
combined with NPK fertilizers effectively promote plant growth
and reduce nutrient leaching in soil.'*** In addition to agri-
culture applications, their in vivo and in vitro biocompatibility is
utilized for gene delivery, drug delivery, bioimaging, and bio-
sensing areas.’® Zn-Al and Mg-Al LDH improve the bioavail-
ability of essential nutrients by providing a steady and
controlled release of ions such as Zn*>* and Mg>*.5”

Many metabolic functions in plants rely on Zn and Mg.** Zn is
an essential mineral element required for several physiological
activities, including the formation of carbohydrates, proteins,
and chlorophyll.*>'® Mg is a crucial component of chlorophyll
because it is the center atom and keeps ribosomes structurally
intact, which is necessary for protein synthesis, and also activates
several enzymes."” Fertilizers containing Zn and Mg have
a beneficial effect on mineral absorption and cell division, which
increases plant growth.”® Numerous NPs have a major impact on
the growth and development of plants, as recent studies have
shown. For instance, it has been shown that applying ZnO NPs
significantly enhanced the growth of wheat, maize, and cotton,
increasing crop production.”* Similarly, macronutrient levels in
cotton plants, such as nitrogen (N), phosphorus (P), potassium
(K), and Mg, were significantly and favorably affected by the foliar
application of MgO NPs. In this context, a dose of 60 ppm of MgO
NPs was found to be the optimal dose for increasing the SPAD
chlorophyll value, which resulted in increased cotton growth.>
Tobacco plants treated with MgO NPs exhibit higher Mg
absorption and growth stimulation.*

NPs not only affect primary growth parameters but also play
a crucial role in modulating metabolic pathways. NPs increase
sugar accumulation, indicating the availability of carbon for the
biosynthesis of both primary and secondary metabolites.” The
impact of NPs has a significant effect on related metabolic
pathways, such as the sugar and proline metabolism.*® Sugars
and proline are involved in the storage and transfer of energy.”*>*
Thus previous research indicated that increased proline levels
improved plant growth.” NPs are further supported by the
upregulation of secondary metabolites, including tocopherol,
phenolics, and flavonoids.** These secondary metabolites are
typically present in low concentrations and play a crucial role in
all living organisms as antioxidants.** Overall, there has been an
increasing interest in these substances due to their practical
applications in nutrition, medicine, and cosmetics, as well as
their undeniable role in plant stress physiology.**

Given the potential of LDH NPs to enhance sustainable agri-
culture by improving crop quality and yield, this study aims to
examine the effects of Zn-Al LDH and Mg-Al LDH NPs on both
the primary and secondary metabolic parameters in geranium
plants. We specifically investigated their effects on growth (shoot
fresh weight and shoot dry weight), photosynthesis, primary
metabolism, and the production of secondary metabolites such
as flavonoids, phenolics, and tocopherols. Our goal is to gain
a comprehensive understanding of the potential benefits of LDH
NPs in enhancing geranium growth by elucidating these effects.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods

2.1. LDH NP synthesis and characterization

The co-precipitation techniques were utilized to synthesize Mg-
Al and Zn-Al LDH.*"** Mg-Al LDH and Zn-Al LDH (molar ratio
of 2:1) were synthesized using the co-precipitation method.
MgSO04 (0.2 M) and Al,(SO,); (0.1 M) were dissolved in 100 mL
H,0, and the pH was adjusted to 10 using 2 N NaOH under
vigorous stirring at 60 °C. After 24 hours of stirring, the
prepared LDH was collected and washed several times with
warm distilled water until the pH reached 7 and then dried at
50 °C overnight.**?** To prepare 10 ppm of Mg-Al and Zn-Al
LDH,10 mg of catalyst was dissolved in 1000 mL of distilled
water under continuous stirring for 3 hours. In parallel, Zn-Al
LDH was synthesized using zinc sulfate (0.2 M). Stabilization of
Zn-Al LDH and Mg-Al LDH NPs was measured through zeta
potential analysis. All emulsions exhibited zeta potential values
exceeding —30 mV, suggesting the presence of enough repulsive
force between particles, ensuring colloidal stability. The
samples of ZnAl LDH and MgAl LDH were found to have
negative charges of —35.7 mV and —36.3 mV, respectively. The
zeta potential experiments were conducted to assess the
stability and charge of the NPs, based on their electrophoretic
mobility.*

The ZS Malvern Zetasizer, using DLS and an automatic
titrator, measured the particle size distribution, showing poly-
dispersity with peaks at 2903 nm and 892 nm and average PdIs
of 0.6 and 0.1 for ZnAl LDH and MgAl LDH, respectively (Fig. 2).
These sizes are larger than those from SEM and XRD (ESI Fig. 1
and 27) due to NP aggregation in the aqueous solution during
DLS measurement, which doesn't occur in the dry state for SEM
or XRD. The hydrodynamic diameters indicate swelling over
time, reflecting the layered structure and thermal stability of
LDHs in polymer matrices.

The surface properties were assessed using scanning elec-
tron microscopy (SEM). The samples were scanned in powder
form, and surface modifications were done by mounting fine
grains on conductive copper double-face tape, coating by gold
using DC sputtering coater (SPI-instruments- Japan), and
observation under Tungsten filament scanning electron
microscope (ZEISS Sigma 500 VP microscope).

The crystalline structure of the synthesized materials was
assessed through X-ray diffraction (XRD) analysis, using an X-
ray diffractometer (PANalytical, Empyrean, Netherlands) with
Cu-Ka. radiation (wavelength 1.54045 A). The XRD was operated
at 40 kV and a current of 30 mA. To identify various functional
groups, Fourier transform infrared (FTIR) spectra of the
samples were recorded using a Vertex 70 system (400-
4000 cm'). Potassium bromide (KBr) was used as a control
spectrum for FTIR because it is inactive in IR spectroscopy.

2.2. Experimental setup, sample collection, and treatments

The experiment was carried out in a greenhouse at Riyadh
Village, located in the Beni-Suef Governorate of Egypt. The
temperatures were 26 °C/18 °C Day/night, the light/dark cycle
was 16/8 h, and humidity levels ranged from 50% to 60%. Clay

RSC Adv, 2024, 14, 28376-28389 | 28377


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04280h

Open Access Article. Published on 05 September 2024. Downloaded on 3/9/2026 7:35:11 PM.

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

(cc)

RSC Advances

soil rich with nutrients was used. The soil initially contained
13.7 mg organic carbon (C), 14.8 mg nitrate-nitrogen (N), 1.1 mg
ammonium-N, and 10.7 mg phosphorus (P)/g air-dry soil at
a humidity of 0.33 g water/g dry soil. The pH was 7.26, EC was
3.74 dS m™" and K was 2.45 meq L. Geranium seedlings were
provided from local farmland and treated with Zn-AL LDH and
Mg-Al LDH NPs. At the vegetative stage, the plants were sprayed
with 10 ppm of Zn-AL LDH and Mg-Al LDH NPs. The control
group was sprayed with water. After 30 days of foliar application
of LDH NPs, plant samples were collected for analysis. The
samples' fresh weight was determined, followed by oven-drying
at 70 °C. The outcomes represent the dry weights of the shoots.

2.3. Photosynthetic pigment

Total chlorophyll was measured using 80% acetone to extract
0.5 gm of fresh leaves, followed by centrifugation (10 000 g for 5
min). Results were expressed as (mg gm™ " f.wt.).?

2.4. Estimation of Zn and Mg content

Grounded geranium leaf (0.3 gm) was added to a digestive
vessel and then mixed with 10 mL of 6 N HCL. The resulting
mixture was heated on a hot plate using a thermostat set to 45 °©
C for 24 hours, keeping the temperature at 50 °C or below.
Following digestion, the materials were put into a 25 millilitre
volumetric flask and precisely diluted with deionized water. The
technique of atomic absorption spectrophotometry (AAS) was
used to quantify the amounts of zinc and magnesium present in
the digested tissues after they had been filtered.?”

2.5. Measurement of soluble sugars and starch content

Soluble sugars and starch content were measured.®® Sugars were
extracted in 80% ethanol at room temperature. After drying, the
extracts were again suspended in dH,O. For additional analysis,
the supernatants were kept in storage at —20 °C. For starch
extraction, was boiled to break down the starch grains and
homogenized in water. After adding one milliliter of amylo-
glucosidase solution (0.5 units per mL in acetate buffer pH 4.5),
the mixture was shaken at 55 °C to facilitate the digestion of
starch. For ten minutes, the extraction was centrifuged at
2000 g. HPLC equipped with A diode array detector was used to
detect soluble sugars, and the Coulter PACE system 5500 was
used to determine concentrations.

2.6. Extraction and evaluation of the major enzymes
involved in sugar metabolism

Sugar metabolism enzymes were initially extracted,* and
invertase activity was assessed in a TAE buffer (pH 8.5) with
0.1 M sucrose as substrate. Starch synthase activity was evalu-
ated by using a reaction buffer containing -citrate and
glycogen.® By tracking the breakdown of starch at 620 nm,
amylase enzyme activity was determined.**

2.7. Organic acids in the tricarboxylic acid cycle (TCA)

The geranium shoots were treated with a solution containing
0.1% phosphoric acid and 0.3% butylated hydroxyanisole to

28378 | RSC Adv, 2024, 14, 28376-28389
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extract organic acids using a MagNALyser (Roche, Vilvoorde,
Belgium). The quantities of TCA organic acids were measured
using an HPLC equipped with a SUPELCOGEL C-610H column
and an ultraviolet (UV) detection system that operated at
210 nm (LaChrom L-7455 diode array, LaChrom, Tokyo, Japan).
The mobile phase, 0.1% phosphoric acid, was eluted at a rate of
0.45 mL min~ "%

2.8. Metabolites of amino acids

Amino acids were extracted from geranium shoots using 80% (v/
v) from aqueous ethanol. During the extraction process, nor-
valine—the internal standard—was introduced. The next step
was centrifugation (16 000 g, 20 min). The supernatant was
evaporated, and the residue was resuspended in chloroform.
After centrifugation, the plant residue was extracted once more
in HPLC-quality water, and the resulting supernatant was mixed
with suspended chloroform pellets. The extracts were centri-
fuged and then run through 0.2 Im-pore size Millipore micro-
filters. Amino acids were separated on a BEH amide 2.1 9 50
column, and the outcomes were measured using Waters Acquity
UPLC-tqd mass spectroscopy.*>**

2.9. Key enzymes involved in the metabolism of amino
acids: extraction and estimate

Glutamine synthetase (GS), glutamine oxoglutarate amino-
transferase (GOGAT), pyrroline-5-carboxylate dehydrogenase
(P5CDH), pyrroline-5-carboxylate reductase (P5CR), and
pyrroline-5-carboxylate synthetase (P5CS) enzymes activities
were measured.* The samples were extracted using Tris-HCl
buffer 0.05 M (pH 7.4) containing 0.004 M DTT, 0.001 M EDTA,
10% glycerol, 2% (w/v) polyvinylpyrrolidone, 0.002 M PMSF, and
0.01 M MgCl,. Arginase (ARG) and ornithine aminotransferase
(OAT) have been extracted using 0.05 M potassium phosphate
buffer (pH 7.0) containing 0.002 M PMSF, 0.01 M 2-mercap-
toethanol, 0.001 M EDTA, 15% glycerol, and 2% (w/v) poly-
vinylpyrrolidone. Protein content in the extracts was calculated
using the Lowry method.*® Following the oxidation of NADH at
A340 allowed for the measurement of P5CR activity.*® P5CS was
evaluated using the measurement of the y-glutamyl hydrox-
amate synthesis at A535. After developing the reduced form of
NADH at A340 nm researchers measured P5CDH activity.”” The
GOGAT activity was assessed by measuring the glutamine-
dependent NADH oxidation at A340."® A340 produced y-glu-
tamyl hydroxamate, indicating the presence of GS.* OAT
activity was measured by detecting the decrease of NADH at
A340,*° whereas ARG activity was detected by following urea
accumulation with the diacetyl monoxime method.**

2.10. Tocopherol content

HPLC analysis was used to determine the tocopherols, accord-
ing to the following method.** Using the MagNALyser (Roche,
Vilvoorde, Belgium; 1 min, 7000 g), tocopherols were extracted
with hexane. The tocopherols were separated and measured by
HPLC (Shimadzu,'s Hertogenbosch, The Netherlands) (normal
phase conditions, Particil Pac 5 pum column material, length 250

mm, id. 4.6 mm) after the dried extract (CentriVap

© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentrator, Labconco, KS, United States) was resuspended in
hexane. The internal standard utilized was dimethyl tocol
(DMT) at 5 ppm. The software Shimadzu Class VP 6.14 was used
to analyze the data.

2.11. Phenolics

Using an orbital shaker, acetone water (250 mL, 4 :1, v/v) was
used to extract geranium samples, which were left at room
temperature for 24 hours. The DPF hydroxyacetone crude
extract was then obtained by filtering the extracts and centri-
fuging them for 10 minutes at 4000 g (Hettich Zentrifugen,
Tuttlingen, Germany). Using a rotary evaporator (IKA-WERKE-
RVO6ML, Stanfer, Germany), the supernatant was concen-
trated under decreased pressure for three hours at 40 °C. The
residues were measured as previously stated by** and dissolved
in HPLC grade MeOH. A sample (20 pL) that had been dissolved
in methanol was briefly injected into a Shimadzu HPLC system
(SCL-10 A vp, Shimadzu Corporation, Kyoto, Japan). The HPLC
system consisted of a diode-array detector and a Lichrosorb Si-
60 column measuring 7 um by 3 x 150 mm. Water/formic acid
(90: 10, v/v) and acetonitrile/water/formic acid (85:10: 5, v/v/v)
made up the mobile phase. The quantification of flavonoids and
phenolic acids that were tentatively identified was done using
a calibration curve that was obtained using the relevant stan-
dards. The findings were given as umol gm™~" DW.

2.12. Statistical analysis

All data were analyzed using one-way analysis of variance
(ANOVA) followed by Duncan's multiple range test at a signifi-
cance level of P < 0.05. Each experiment was performed at least
three times (n = 3). SPSS version 20 was used for statistical
analysis, and GraphPad Prism was used for creating the graphs.
Data normality was checked by using Levene's test. PCA analysis
Euclidean distance was performed using the R stat software
package (version 4.5.0, the R).

3. Results

3.1. Characterization of LDH NPs

3.1.1 Scanning electron microscopy (SEM). SEM analysis
revealed that Zn-Al LDH NPs appear as stacked arranged layers
with non-uniform nonporous features and the average particle
size is 22 nm. Mg-Al LDH NPs exhibited layer-shaped surface
morphology with consistent nonporous properties and the
average particle size is 41 nm Fig. S1.T
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3.1.2 Fourier-transform infrared spectroscopy (FTIR). The
Zn-Al LDH and Mg-Al LDH NPs' FTIR spectra showed distinc-
tive absorption peaks, indicating the existence of crucial func-
tional groups within the LDH structure. All LDH samples
exhibited shared absorption bands, including a broad absorp-
tion band spanning the 3300-3500 cm " range attributed to the
OH stretching mode of the basal layer and interlayer water.
Additionally, a band within the 1620-1650 cm ' range was
credited to the bending mode of interlayer water and anion
groups. A distinct band in the region of 400 to 800 cm ™" was
observed, related to MO and MOH vibrations. These functional
groups could have significant implications for interaction with
plant tissues Fig. S2.7

3.1.3 X-ray diffraction (XRD). The Zn-Al LDH and Mg-Al
LDH NPs' XRD patterns confirmed the formation of crystalline
phases. Zn-Al LDH NPs showed diffraction peaks at various
angles, indicating a layered structure with an average crystalline
size near 15-20 nm. Mg-Al LDH NPs also displayed diffraction
peaks at different angles, with an average crystalline size near
30-35 nm Fig. S2.1

3.2. Growth and biomass buildup

In an experiment, we exposed geranium seedlings to Zn-Al LDH
and Mg-Al LDH NPs and then measured the fresh and dry
weights of the seedlings to assess their growth. Compared to the
control group, the application of Zn-Al LDH and Mg-Al LDH
NPs led to a significant increase in fresh weight by 34% and
39%, respectively, and dry weight by 48% and 54%, respectively
Table 1.

3.3. Pigments analysis

We assessed the levels of total chlorophyll in geranium seed-
lings after exposing them to Zn-Al LDH and Mg-Al LDH NPs.
The results in Table 1 reveal that Mg-Al LDH NPs had a favor-
able effect on geranium total chlorophyll. Geranium treated
with Mg-Al LDH NPs had a greater total chlorophyll content
(41%). Zn-Al LDH NPs demonstrated a non-significant increase
in total chlorophyll.

3.4. Carbohydrates and sugar metabolism

Under Zn-Al LDH and Mg-Al LDH NPs, the amounts of soluble
sugars (glucose, fructose, and sucrose) and insoluble sugars
(starch) and the associated enzymes were measured in gera-
nium Fig. 1. Obtained data showed that Mg-Al LDH NP

Table1 The effects of Zn—AlLDH and Mg—Al LDH NPs on geranium shoot fresh weight, dry weight, total chlorophyll, and mineral content. The
values show the three independent replicates' mean =+ standard error. Statistically significant treatment differences (P < 0.05) are indicated by

different letters after the means

Parameters Control Zn-Al LDH NPs Mg-Al LDH NPs
Shoot fresh weight (gm) 16.9 £ 0.52b 24.9 £+ 1.5a 26 £ 0.57a
Shoot dry weight (gm) 3.63 £ 0.29b 5.66 + 0.53a 6.46 + 0.53a
Total chlorophyll (mg g~ FW) 8.88 +2.11b 10.92 £ 0.5 ab 12.59 £+ 0.89a
Zn content (mg kg™' FW) 2.6 + 1.33c 16.9 + 3.42a 4.1 £+ 1.05b
Mg content (mg kg~ ' FW) 1.33 + 0.44c 2.4 +£1.91b 20.2 £ 7.75a

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

RSC Adv, 2024, 14, 28376-28389 | 28379


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04280h

Open Access Article. Published on 05 September 2024. Downloaded on 3/9/2026 7:35:11 PM.

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

(cc)

View Article Online

RSC Advances Paper
300
a
s i a =3 Control
Q 5004
g 200 = Zn-Al LDH NPs
E El Mg-Al LDH NPs
N —
© 1004
8
7]
o T T
8_
E ?15—
£ a E
5 o Starch § a
g S
g ab ;10_ ab
g | £
3¢ ) c E
=2 b g > E: 5 0
[ m S
£ 27 > e @
s <=
; £ S 3
0- < B ? o
. (V,] 44 a
_ s
= | 3]
% 6 a a % . ab
2 ()]
é 4 b é 2
3 2
0 bl
S o Glucose Fructose E 1
('
0_
(V] 0-
0
@
ot =°]
] £ 2
> =
c £ b
-— 5 47
[=2
£
o
£ (o]
Sucrose S,
z
10 ~ o4
£ey 2 1 °
(]
Q
m =
é 6
S 4
o
[}
3 2
o_

Fig.1 The changes in the contents of soluble and non-soluble sugars in geranium shoots treated with Zn—Al LDH and Mg—Al LDH NPs. Vertical
bars represented standard error (+SE). Different letters denoting significant changes between treatments are displayed above the bars (P = 0.05).

application caused a significant increase in invertase by 216%
compared to the control. These increases were parallel with the
non-significant inhibition of sucrose (4%) and accumulation of
glucose and fructose by 62% and 105% respectively. This was
also matched with non-significant increases in starch compared
to the control.

28380 | RSC Adv, 2024, 14, 28376-28389

3.5. Tri carboxylic acid contents (TCA)

The study measured the concentrations of six TCA - oxalate,
malate, succinate, citrate, lactate, and trans-aconitic acids in
geranium shoots treated with Zn-Al LDH and Mg-Al LDH NPs.
The findings demonstrated that in contrast to the control

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The changes in the organic acids contents in geranium plant shoots treated with Zn—Al LDH and Mg—Al LDH NPs. Vertical bars repre-
sented standard error (+SE). Different letters denoting significant changes between treatments are displayed above the bars (P = 0.05).

group, the application of Zn-Al LDH and Mg-Al LDH NPs
increased citrate levels by 133% and 100%, respectively, and
oxalate by 89% and 82%, respectively. The levels of malate,
succinate, lactate, and trans-aconitic were not significantly
affected by the treatment with either Zn-Al LDH or Mg-Al LDH
NPs Fig. 2.

3.6. Total protein and amino acids content

The amount of total protein and amino acids, including glycine,
valine, phenylalanine, tyrosine, leucine, lysine, histidine,
alanine, isoleucine, methionine, threonine, serine, aspartate,
cystine, and asparagine, were measured in geranium shoots
treated with Zn-Al LDH and Mg-Al LDH NPs (Fig. 3). Compared
to the control, the application of Zn-Al LDH and Mg-Al LDH
NPs had non-significant effects on the levels of both protein and
amino acids, except for glycine, valine, phenylalanine, and
tyrosine, which increased significantly in the case of Zn-Al LDH
NPs by 66%, 127%, 101%, and 66%, respectively. On the other
hand, treatment with Mg-Al LDH NPs resulted in significant
increases in the amount of aspartate and tyrosine by 151% and
60%, respectively.

3.7. Proline metabolism

In this study, we examined the metabolites and important
enzymes involved in the production of proline in geranium
shoots via the glutamate and ornithine pathways (Fig. 4 and 5).
The data showed that Mg-Al LDH NP increased the proline level
by 170%, which correlated with the upregulation of both the
ornithine (Fig. 5) and glutamine (Fig. 4) pathways. When

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

considering the ornithine pathway, comparing Mg-Al LDH NP
to the control, there was not a significant difference in the levels
of arginine and ornithine (Fig. 5). This finding was consistent
with the upregulation of arginase by 276% and OAT by 99%. As
for the glutamate pathway, Mg-Al LDH NP had a non-significant
effect on o-ketoglutarate, glutamine, and glutamate. These
results were associated with the activation of GOGAT (89%), GS
(89%), P5CS (94%), and P5CR (121%) in contrast to the control

group (Fig. 4).

3.8. Secondary metabolites

3.8.1 Tocopherols. In this study, we analyzed the secondary
metabolites such as alpha-tocopherol, beta-tocopherol, gamma-
tocopherol, and total tocopherol in geranium shoots (Fig. 6).
The data indicated that Zn-Al LDH NP increased alpha-
tocopherol by 7%, beta-tocopherol by 33%, gamma-tocopherol
by 140%, and total tocopherol by 25%. However, there is no
significant increase in alpha-tocopherol. Mg-Al LDH NPs
increased alpha-tocopherol by 32%, beta-tocopherol by 53%,
gamma-tocopherol by 112%, and total tocopherol by 45%
compared to the control.

3.8.2 Phenolic content. In this investigation, the phenolic
content of geranium shoots was analyzed Fig. 7. The data
indicated that Zn-Al LDH NP increased rosmarinic acid by
990% compared to the control. Additionally, Mg-Al LDH NPs
increased gallic acid by 103%, p-coumaric acid by 427%, and
chicoric acid by 69% in contrast to the control group.

3.8.3 Flavonoid content. In this investigation, the flavonoid
content of geranium shoots was examined Fig. 8. The data
indicated that the content of flavonoids is not significantly

RSC Adv, 2024, 14, 28376-28389 | 28381
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Fig. 3 The changes in amino acid contents in geranium shoots treated with Zn—Al LDH and Mg—Al LDH NPs. Vertical bars represented standard

error (£SE). Different letters denoting significant changes between treatments are displayed above the bars (P = 0.05).

affected by Zn-Al LDH or Mg-Al LDH NPs, except in the case of
Mg-Al LDH NP causing a 134% increase in kaempferol content
compared to the control.

3.9. Principal component analysis (PCA)

To test the specific responses of shoots of geranium plant
shoots plants to Zn-Al LDH and Mg-Al LDH NPs, we performed

28382 | RSC Adv, 2024, 14, 28376-28389

PCA with growth, minerals, total chlorophyll, primary and
secondary metabolites, and their related metabolic enzymes
activate data set. The PCA embodied uniform growth, metabo-
lites, and enzyme parameters along with PC1 and PC2 which
declared 54% and 21% of the data variability, respectively
(Fig. 9). PC1 separated the measured parameters based on LDH
NP treatment (control vs. Zn-Al LDH and Mg-Al LDH NPs),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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whereas the Zn-Al LDH vs. Mg-Al LDH NPs specific responses  parameters. PC2 showed that Mg-Al LDH NPs increased amino
were separated along PC2. For LDH NP treatment, PC1 showed acid accumulation, however, major fatty acids and organic acids
that these LDH NPs induced upregulation in all measured were more responsive to Zn-Al LDH NP treatment.
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4. Discussion

4.1. Zn and Mg LDH NPs improved the biomass
accumulation in geranium plants

Fertilizers are chemical chemicals used in plant cultivation to
increase yield and productivity. Nano fertilizers are fertilizers
made from nano-sized materials that supply one or more types
of nutrients needed for the cultivation of plants.*® Nano fertil-
izers have several advantages, such as improving nutrient
uptake efficiency, increasing plant assimilation, and decreasing
the negative environmental effects of conventional chemical
fertilizers.**** Mg and Zn fertilizers positively induce cell divi-
sion and mineral absorption, resulting in increased plant
growth."*® The current study was done to evaluate the role of
Zn-Al LDH and Mg-Al LDH NPs in growth and metabolic
profiles in geranium plants. The growth enhancement of plants
due to MgO-NP treatment can be attributed to various mecha-
nisms, including improved nutrient availability, enhanced
nutrient uptake, better water absorption, and increased anti-
oxidant activity.”” The impact of both LDH NPs on Zn and Mg
accumulation was investigated by measuring the Zn and Mg
content in the shoots of geranium seedlings (Table 1). This
increase in Zn and Mg accumulation was linked to a significant
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plant shoots treated with Zn—Al LDH and Mg—Al LDH NPs. Vertical bars
represented standard error (+SE). Different letters denoting significant
changes between treatments are displayed above the bars (P = 0.05).

rise in the biomass of treated geranium plants. Similarly, it was
observed that Mg and Zn nutrients enhance growth parameters
in mung bean plants.>® Thus, our findings highlight the vital
role LDH NPs play in enhancing photosynthesis.

4.2. Zn and Mg LDH NPs induced bioactive primary
metabolites accumulation in geranium plants

NPs can improve the metabolism of carbon and nitrogen, which
is connected to stimulated photosynthesis and enhances the
growth and development of plants.®® The metabolism of
nitrogen and carbon are closely related activities.” Our study
shows that utilizing Zn-Al LDH and Mg-Al LDH NPs increased
photosynthetic pigments (Table 1). Numerous studies found
similar improvements in photosynthetic pigments. For
example, spraying foliar ZnO NPs on coffee plants improved
photosynthesis and biomass growth.*® NPs boosted the activity
of major photosynthetic enzymes such as Rubisco, PEP
carboxylase, and carbonic anhydrase.® This increase in enzyme
activity, along with increased chlorophyll content, resulted in
higher photosynthetic rates.® Furthermore, NPs had a dual
effect, lowering ROS generation while speeding up the electron
transport chain in chloroplasts; these pathways lead to
increased CO, fixation and photosynthetic performance.®

A C-skeleton and an energy supply are provided by carbo-
hydrate biosynthesis during photosynthesis for several plant
functions, such as N absorption and inorganic N fixing.®® It's
important to note that C and N assimilate as sugars and amino
acids serve as osmotic regulators and energy sources.* Because

© 2024 The Author(s). Published by the Royal Society of Chemistry
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LDH NPs enhanced photosynthesis, more sugar was metabo-
lized by enzymes such as amylase, starch synthase, and inver-
tase activity (Fig. 1). The observed rise in starch level and non-
significant increase in soluble sugar content could be the
result of altered carbohydrate metabolism® and elevated
enzyme activity that breaks down sucrose,*® which was very
consistent with our data (Fig. 1). Soluble sugars like glucose and
sucrose are crucial organic compounds in higher plants,
providing energy for various physiological functions.®” As
a result, sugar consumption increased due to the dark respira-
tion processes, which accelerated the accumulation of organic
acids. This also provided a route for the creation of amino and
fatty acids.®® Organic acids are crucial for plant growth and
health as they enhance nutrient uptake and availability.® They
play a key role in metabolic pathways, such as the tricarboxylic
acid (TCA) cycle, which is essential for energy production and

28386 | RSC Adv, 2024, 14, 28376-28389

carbon metabolism.” Organic acids serve as the building blocks
of plant metabolism.” Plants have a vast array of metabolites,
comprising organic acids like citric, malic, succinic, fumaric,
and oxalic acids, that serve vital roles in plant metabolism and
are engaged in critical processes such as the Krebs cycle.”> Malic
acid is also involved in respiration and photosynthesis.” TCA
organic acids are regarded as the connection between carbon
and nitrogen metabolism. They are formed by the respiratory
breakdown of carbohydrates and serve as the carbon skeleton
needed for nitrogen assimilation and amino acid synthesis.” In
line with our results, LDH NPs had non-significant effects on
the levels of TCA acids levels (Fig. 2). This is related to the
consumption of organic acids to synthesize amino acids. In the
instance of Zn-Al, LDH NP had considerable effects on amino
acid levels like tyrosine, phenylalanine, valine, and glycine

(Fig. 3).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Essential amino acids have critical roles in increasing plant
bioactivity by participating in many metabolic pathways that
promote growth, stress tolerance, and overall health.” Amino
acids are essential not only as protein building blocks but also
as precursors for bioactive compounds that regulate physio-
logical and biochemical processes. Glycine and serine play
crucial roles in maintaining photorespiratory fluxes and
providing carbon and nitrogen for metabolism in response to
environmental changes in nature.”® Glutamate, glutamine,
aspartate, and asparagine are the principal products of nitrogen
absorption, therefore pools are enormous, particularly in
light.”””® Amino acids like phenylalanine and tyrosine are
precursors for flavonoid molecules, which play an important
role in plant defense mechanisms.” Tocopherols, also known
as vitamin E, are plant-derived natural products derived from
tyrosine.* In addition to the accumulation of the bioactive and
nitrative essential amino acids, proline is an amino acid known
for its conformational rigidity and is vital for primary metabo-
lism.*”” In many plants, proline accumulation supports the
plant's defense mechanisms.** Another proposed function of
proline is the storage and transfer of energy.>*® We observed an
increase in proline in the instance of Mg-Al LDH NP-treated
plants. This matched with the activation of GOGAT, GS, P5CS,
and P5CR compared to the control.** Proline is synthesized
using the glutamate and ornithine routes.*> Our data demon-
strate that in geranium, both the glutamate and ornithine
pathways (P5CS, P5CR, and OAT) are equally active under LDH
NPs (Fig. 4 and 5). Previous studies have shown that ZnO-NPs
lead to increased proline accumulation in tomato plants® and
SiO,-NPs have a similar effect on squash.**

4.3. Zn and Mg LDH NPs improved the redox status of
geranium plants

Increased amounts of primary metabolites, such as sugars and
amino acids can serve as precursors for secondary metabolite
synthesis. In this context, induced primary metabolism can
influence regulatory mechanisms that control secondary meta-
bolic pathways, further enhancing their production.®® In line
with our results, there was a rise in antioxidants, like tocoph-
erols, phenolic, and flavonoid levels (Fig. 6-8). These metabo-
lites are typically present in low concentrations and play
a crucial role in all living organisms.** Recently, there has been
an increasing interest in these compounds due to their practical
applications in nutrition, medicine, and cosmetics, as well as
their undeniable role in plant stress physiology.** These
compounds, such as phenolic compounds, flavonoids, ascorbic
acid, and vitamin E, help in scavenging harmful free radicals.®®
This suggests that the treated plants could reduce membrane
lipid peroxidation by scavenging reactive oxygen species (ROS)
and thus maintaining cellular structure.®”

Plants contain oa-tocopherol, a key vitamin E component
required for medical uses and human nourishment.*® Tocoph-
erols are powerful lipid-soluble antioxidants that protect
cellular membranes from oxidative damage by scavenging lipid
peroxyl radicals.®* Tocopherols protect the thylakoid
membranes in chloroplasts from oxidative damage, thus

© 2024 The Author(s). Published by the Royal Society of Chemistry
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preserving the photosynthetic machinery. For instance, alpha-
tocopherol is found in high concentrations in chloroplasts,
where it helps protect photosystem II (PSII) from oxidative
stress caused by excess light.”” Phenolic compounds and flavo-
noids act as antioxidants and have nutritional and medicinal
properties. Bioactive compounds like phenolic acids are nutri-
tional elements that are beneficial to human health and are
found in small quantities in foods.”* Mg-Al LDH NPs increase
the level of gallic acid, p-coumaric, and chicoric acid. Gallic acid
has medicinal properties such as anti-fungal activity.”> P-cou-
maric is a good antioxidant and also exhibits strong antimi-
crobial properties.”® Chicoric acid has been shown to have
potential antioxidant, anti-inflammatory, antiviral, and
immune-stimulating properties.** Zn-Al LDH NPs increase the
levels of rosmarinic acid (Fig. 7). Similarly, lower concentrations
of silver nanoparticles (SNPs) increased phenolic compounds,
such as rosmarinic acid, in sage plants.”® Flavonoids, an
important class of natural antioxidants, play a significant role in
removing free radicals®® and have medicinal properties as
antiviral, anti-inflammatory, anti-cancer, and anti-diabetic.®”
Our results indicate a positive effect of Mg-Al LDH NPs on
kaempferol (Fig. 8). Similarly, other findings suggest that the
application of ZnO or Fe;O, NPs causes the highest concen-
tration of flavonoids, specifically kaempferol, in potatoes.*® TiO,
and SiO, NPs led to increased production of a-tocopherol in
argan.® Stevia callus tissue treated with 100 mg L™" of ZnO NPs
showed the highest levels of total flavonoid content, total
phenolic content, and total antioxidant capacity.” NPs of CuO
and ZnO increased the content of phenolic compounds in
licorice seedlings.'® MgO and Fe,O; NPs had a significant effect
on flavonoid levels in roselle.'® Nigella arvensis treated with
TiO,, Al,03, and NiO NPs led to increased production of total
flavonoids.'*

5. Conclusion

Based on the findings of this study, we can conclude that both
LDH NPs significantly enhanced the growth and photosynthetic
pigment and metabolic profiles in geranium plants.
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