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Influence of different metal-organic 2
frameworks on agronomic traits of faba bean
plants
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Abstract

Micronutrient deficiencies in soil can significantly hinder plant growth and reduce crop production; therefore,

foliar application of these micronutrients to plants becomes effective. Although metal-organic frameworks (MOFs)
are frequently used in gas storage, adsorption, and catalysis, their application in agriculture has been rather
uncommon. The purpose of this study was to ascertain how the growth parameters of faba bean (Vicia faba L)
plants were affected by nickel (Ni**), chromium (Cr**), cobalt (Co®™), and copper (Cu?*) MOFs. Using spectroscopic
analysis, frameworks for Ni-BTC, Cr-BTC, Co-BTC, and Cu-BTC were described. These frameworks' effects on the

faba plants' physiological stress indices, leaf chlorophyll and phenolic contents, fresh and dry weight of the roots
and shoots, and shoot and root length were measured. According to our findings, Cu-BTC improved plant growth
and development, resulting in a 37.79% increase in fresh shoot weight and a 40.42% increase in dry weight.
Additionally, there was a 62.96% rise in the fresh weight of roots and a 75.0% increase in the dry weight of roots.
The diameter of the stem was increased by 31.5% and the leaf surface area increased by 46.22%. There was an
improvement in the amount of pigments, with carotenoids growing 1.91 times, chlorophyll a an increasing 1.59
times, and chlorophyll b increasing 2.07 times. On the other hand, Cr-BTC showed a negative impact on the growth
of the plant; malondialdehyde (MDA) and H,0, levels were raised by 4.54% and 14.21%, respectively, compared to
the control. Although micronutrients are essential for plant growth and development, plants need them in small
quantities. MOFs will deliver these micronutrients to plants in a controlled and efficient manner. MOFs can enhance
nutrient uptake and reduce environmental impact by minimizing nutrient leaching and pollution.
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Introduction

Mediterranean region and throughout Eurasia, includ-
ing Egypt, Syria, Iraq, Iran, northern India, Pakistan, and
southern China, faba bean is a staple food. Certain types
of faba bean can be used for animal nutrition, and small-
seeded beans are used for human nutrition in Egypt and
other Arab nations. The analytical results on the fruit of
faba bean indicate that it is rich in macro- and micronu-
trients. The macronutrients are 24% protein; the three
protein fractions that were separated from the faba bean
were albumin (7%), gluten (7%), and globulin (79%), also
have a high lipid content, approximately 2% fat, and 50%
carbohydrate, and around 700 calories per 100 g, variet-
ies differ in their levels of tannin and fiber [1]. Further-
more, the micronutrients in faba bean grains, including
polyphenols are abundant in faba bean [2]. Minerals
including Ca, P, K, Mg, Na, S, Al, B, Ba, Co, Cr, Cu, Fe,
Ga, Li, Mn, Ni, Pb, Sr, and Zn are also present in the
fruits. Likewise, faba bean grains containing vitamins as
folic acid, niacin, and vitamin C. As a result, fruits are a
popular source of animal feed in Egypt and a protein-rich
diet for humans [3]. Also, faba bean grains have free radi-
cal scavenging activity, making it a significant crop glob-
ally. In Europe, it is the second most popular food legume
[2]. Higher meat costs and the desire for foods high in
protein have caused individuals in less developed nations
to switch to eating more grain legumes, particularly faba
bean and green leafy vegetables that are richer in calcium
and lower in phosphorus [4]. Because of their antioxidant
and flavonoid content, beans have been used as a treat-
ment to treat disorders of the kidneys, liver and ocular
perceiver diseases [5].

Micronutrients are important for faba bean plant
growth; micronutrients such as nickel (Ni) serve as ideal
companions to strengthen the symbiotic relationship
between soybeans and N,-fixing bacteria [6]. There-
fore, a developing technique in modern agriculture is
using nickel because it helps with nitrogen metabo-
lism. Nickel can be applied in agriculture as soil fertil-
izer, foliar spray, or seed treatment. Recently, nickel was
successfully applied to soybeans, it was found that soil,
leaf, and seed treatments had positive impacts [7]. That
application led to improvements ranging from 7 to 20%
in biological nitrogen fixation, 1.5-fold in ureides, 14%
in shoot dry weight, and yield increases of up to 1161
kg ha™!, photosynthesis increased 1.2 times, nitroge-
nase increased 1.4 times, and urease activity increased
3.9 times. Since nickel activates the urease enzyme, it is
a necessary micronutrient for plants. Nickel contributes
to the activation of a kind of glyoxalase I, which func-
tions as a cofactor in the breakdown of methylglyoxal, a
cytotoxic substance that is naturally generated by cellular
metabolism [8]. By verifying that nickel is involved in the
connection between the reduced glutathione cycle and
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reduced glutathione homeostasis, they further proposed
that nickel might be important for plant antioxidant
metabolism. The impact of spraying with varying nickel
concentrations on the physiological and chemical proper-
ties of pot marigold was investigated [9]. They employed
four distinct nickel nitrate concentrations: 0.07, 0.156,
0.234, and 0.312 mg L', The results demonstrated that
varied amounts of nickel had substantial influence on the
physiological and phytochemical features of marigold.
The concentration of 0.234 mg L™! was found to have the
highest physiological benefits and to raise the total phe-
nolic content, while the concentration of 0.156 mg L™
was shown to be the most beneficial in increasing plant
growth indices and antioxidant activity.

Micronutrients such as cobalt plays an important role
in the process of fixing atmospheric nitrogen in many
plants, especially those belonging to the legume fam-
ily, which gives legumes their importance [10]. Cobalt
is an essential part of vitamin B12, and cobalt is also an
essential element for the work of many nitrogen-fixing
enzymes. Cobalt increases agricultural yield, and cobalt
is also a component of many proteins and enzymes and
plays a role in plant metabolism. If there is a signifi-
cant cobalt deficiency, plants may suffer from it. On the
other hand, high levels of cobalt are harmful to plants.
Increased levels of cobalt can impair photosynthesis and
lead to iron deficiency in plants, which may lead to leaf
drop. Foliar spraying of cobalt at varying concentrations
of 5, 7.5, and 10 ppm on saline-grown faba beans was
investigated [11]. In comparison to other cobalt rates,
foliar spraying of cobalt at a concentration of 10 ppm
produced the highest values of vegetative growth, yield,
and their constituents. Comparing the 10 ppm cobalt
spray to the control treatment, the results showed a
21.20% increase in chlorophyll a + b, a 9.65% increase in
proline content, and a 6.86% increase in seed yield.

Micronutrients such as copper (Cu) is a crucial micro-
nutrient for plant development under physiological set-
tings. Cu is a structural component of regulatory proteins
and is involved in oxidative metabolism, cell wall metab-
olism, hormone signaling, and the electron transport
chain of respiration and photosynthesis [12]. For many
crops, foliar spraying is a common method of applying
different micronutrients. Because of its function in the
cytochrome system and oxidative respiration, copper has
been found to be necessary for nodulation [13]. In com-
parison to soybean and yellow lupin, faba beans provided
the highest copper efficiency for the production of pods
and grains [14]. Compared to wheat, chickpeas, and len-
tils, faba beans were more effective in using the copper
in the local soil. Proteins with several Cu atoms in their
structures include ascorbate oxidase, Zn/Cu superoxide
dismutase, and Cu amino oxidase (8, 2, and 2 Cu atoms,
respectively) [15]. Copper can move from old to new
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leaves and be absorbed as Cu?* or Cu chelate, despite the
fact that it is not extremely mobile in plants. Its concen-
tration in plant dry mass is low, typically between 2 and
20 mg kg™!. However, the majority of plants are poison-
ous at concentrations in their dry mass that range from
20 to 100 mg kg™ [16]. The chemical fruit characteristics
of pomegranates, such as TSS, acidity, TSS/acid ratio,
total reducing and non-reducing sugars, and vitamin C,
were found to be positively impacted by copper foliar
spraying at rates of 1, 1.5, 2, and 2.5%. Manfalouty pome-
granates’ chemical fruit quality was greatly enhanced by
copper spraying [17].

Metal-organic frameworks (MOFs) offer significant
potential for sustainable agriculture due to their tun-
able pore structures and high surface area, enabling con-
trolled release of agrochemicals, and enhanced nutrient
delivery [18-21]. Copper-bound organic frameworks
(Cu-MOFs) sprayed on oats cultivated in calcareous soils
improved plant development by increasing biomass [22].
Total protein, water-soluble carbohydrates, free phenolic
compounds in oat leaves, photosynthesis, and chloro-
phyll content were all improved by the spray treatment.
Additionally, the Cu-MOFs spray treatment increased
the oat grains’ contents of phenolic compounds, avenan-
thramides C, and vitamins E and K. The treatment also
increased the output of grain and straw oats.

The availability of such micronutrients in soil was lim-
ited and caused various problems, including stunted
growth, yellowing or spotting of leaves, poor flowering or
fruit development, and reduced root growth; therefore,
foliar spraying of these micronutrients was an ideal solu-
tion. Novel metal-organic frameworks (MOFs) enable
controlled delivery of micronutrients to plants, which
promotes early plant growth and enhances nutritional
content. In this study, different MOFs based on micro-
nutrients like Ni, Co, and Cu were sprayed on the faba
bean plant, and their chemical, biochemical, and growth
parameters were examined.

Materials and methodology

Materials

Metal chlorides (CrCl;-6H,0, 96%; NiCl,-6H,O, 99%;
CoCl,.6H,0, 99%, 97%, CuCl,-6H,0, 99%), benzenetri-
carboxylic acid (BTC, CoHOq4, 98%), N, N-dimethylfor-
mamide (DMFE, C;H,NO, 99%) and ethanol (C,H;OH,
99.9%) were purchased from Sigma—Aldrich.

Preparation of MOFs

MOFs such as Ni-BTC, Cr-BTC, Co-BTC and Cu-BTC
MOFs were synthesized hydrothermally under autoge-
neous pressure. The synthesis was carried out using a
mixture of metal chlorides, benzenetricarboxylic acid
and deionized water with a molar ratio of 1 MCl,: 0.5
BTC: 80 H,0O (M=Nij, Cr, Co or Cu). The crystallization
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was carried out with microwave heating to take advan-
tage of rapid syntheses of MOFs under microwave irra-
diation. After completion of the syntheses, the products
were collected by cooling, centrifugation, washing with
water and drying. To remove the BTC from the as-syn-
thesized sample, purification was carried out at 70 °C
using an ultrasonic generator in the presence of DMF.
The purified product was collected after filtration and
dried at 150 °C for 5 h.

Characterization and instrumentation

The X-ray diffraction (XRD) patterns of the materials
were examined using the (X’pert pro-Panalytical, Hol-
land) operating system, with Cu Ka irradiation at 40 kV
and 40 mA. With a range of 3° to 80° and a step width
of 0.05°, the data were collected in the 2 0. The surface
morphology of Ni-BTC, Cr-BTC, Co-BTC and Cu-BTC
MOFs were examined utilizing field emission scan-
ning electron microscopy (FE-SEM QUANTA FEG250,
Republic of Czech) at an accelerating voltage of approxi-
mately 20 KV. The elements were identified through the
use of an energy dispersive x-ray (EDAX) study and a
FE-SEM model (AMETA version). FTIR spectra were
obtained using a Thermo Nicollet 5700 FT-IR spectrom-
eter in the form of KBr pellets.

Cultivation

Work being done in open area for experiments during
the November 2023 season, the Desert Research Cen-
ter (DRC) in Egypt carried out the experimental work
in agricultural pots. The experiment’s goal was to evalu-
ate the different effects of micro-elements fixed inside
MOFs on the growth of faba beans. In this investiga-
tion, the varieties Sakha 4 and Giza 716 were employed.
They came from the Agricultural Research Center’s Field
Crops Institute in Giza, Egypt. In November 2023, the
experiment on faba beans was conducted in pots in an
open area with local weather conditions at the Desert
Research Center (DRC), located in Cairo. The pot used
in the experiment measured 25 cm in height and 30 cm
in diameter. The soil type utilized was sandy soil, with
91.51% sand, 3.39% silt, and 5.10% clay [23]. Each pot
included five faba bean seeds spaced 1.5 ¢cm from the
container’s surface. Irrigation was done with tap water.
Twice a week, irrigation was carried out. And chemical
analysis of the soil and water was performed; the soil pH
was 7.62 the EC was 3.50 dS m™!, the water pH was 7.84,
the EC was 0.0.43 dS m™}, and the mechanical dry siev-
ing parameters were listed in the table (S1). A split-plot
design was used for the experiment. Three duplicates of
the cultivation were conducted.
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Foliar treatments

The experimental design was 5 types of groups for each
variety of faba beans, group 1 was control, group 2 was
Ni-BTC sprayed, group 3 was Cr-BTC sprayed, group 4
was Co-BTC sprayed, and group 5 was Cu-BTC sprayed.
All pots were fertilized as follow 10 g/pot P, 10 g/pot N
and 5 g/pot K. Sprinklers were used for the treatment of
the plant with prepared materials. The operating pres-
sures were 150 kPa, the height of the sprinkler riser was
0.5 m, and the nozzle diameter was 2.5 mm. The time
of foliar application was in the morning between 7 and
9 am. Using ultra sonication, the powder was fully dis-
solved in 1000 milliliters of pure water. Treatment spray-
ing was done for as follows: 0.5 ppm concentrations of
Ni-BTC, Cr-BTC, Co-BTC, and Cu-BTC were sprayed
foliar. Tween 20 was added as an improvement factor at a
concentration of 0.05% after the culture process had been
going on for 15 days. Seven days after the initial spray, a
second spray was conducted. Vegetative samples were
collected three, six, nine, twelve, and fifteen days after the
second spray. The shoots and roots were separated at dif-
ferent ages, the fresh and dried weights were computed,
the lengths of the shoots and roots were measured, the
leaves were separated, their surface area was measured,
and the diameter of the stem was measured. Together
with the green sample obtained 15 days following the
spraying procedure, a portion of the leaves was removed
and dried in order to quantify the amount of total and
free phenolics in the leaves. To determine the percent
of antioxidant capacity, hydrogen peroxide, malondial-
dehyde, and chlorophyll, the fresh leaves were separated
and kept in a deep freezer (-20 °C).

Assay of growth parameter

Fresh weight for shoots and roots were estimated by its
weighed used a laboratory balance. Samples were dried
in an oven at 65 °C until stable, and then their dry weight
was calculated by weighing the samples. Morphological
traits were observed and characterized according to the
National Test Guidelines [24].

Determination of phenolic content

Hydrolysis and extraction protocol for the extraction of
phenolic content was determined as follow, two equal
portions of the homogenized powder (2 x 500 mg; + 0.2
mg) were weighed and placed into plastic bottles featur-
ing screw cups. To extract free phenolic compounds,
aqueous methanol (1:1, v/v, 10 mL) was added to one
bottle; to extract all phenolic compounds (total), an equal
amount of acidified aqueous methanol (1:1, v/v, 88.8
g/L HCI, 10 mL) was added to the second bottle. After
15 min of sonication, the suspensions were incubated
for 150 min at 82-83 °C, with 20 s of vortexing every 30
min. Following incubation, 10 mL of methanol was added
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to the cooled samples, and the mixture was vigorously
stirred before the suspension was centrifuged for 10 min
at 6000 rpm. The amount of free and total phenolic con-
tent was measured using supernatants. Determination of
plant extracts’ phenolic content; The Phenolic content
(free and total) were estimated using the folin-Ciocalteu
method [25], ImL of extract was mixed with 2.5 mL of
10% (w/v) folin-Ciocalteu reagent. After 5 min, 2 mL of
Na,CO; (75%) was subsequently added to the mixture
and incubated at 50 °C for 10 min. afterwards, the sample
was cooled and the absorbance was measured utilizing
a UV Spectrophotometer at 765 nm against blank with-
out extract. the outcome data were expressed as mg g~
of gallic acid equivalents in milligram per gram of dry
extract.

Stress physiological indices

Determination of malondialdehyde (MDA)

The color of the adduct generated in the reaction
between thiobarbituric acid (TBA) and malondialde-
hyde (MDA) in the TBA assay was used to quantify the
quantity of lipid peroxidation in faba bean leaves. The
supernatant was measured at 532 nm. The absorbance
recorded at 532 nm was subtracted from each sample’s
nonspecific absorption, which was measured at 600 nm.
The concentration of the MDA-TBA adduct was calcu-
lated from the MDA standard curve and converted to pug
g ! fresh weight.

Determination of hydrogen peroxide (H,0,)

Hydrogen peroxide was determined based on potassium
iodide oxidation by H,O, in acidic media, this method
was used to measure the hydrogen peroxide levels in
fresh faba bean leaves. Spectrometric analysis was used
to determine the color concentration. At 390 nm, the
supernatant’s absorbance was determined. Using a stan-
dard curve, the hydrogen peroxide concentration was
calculated and converted to pg g~ fresh weight.

Antioxidant capacity assay

This is how 2,2-di-phenyl-1-picrylhydrazyl (DPPH) was
measured: the methanolic extract of fresh faba bean
leaves was combined with 2 mL of a 0.004% solution of
DPPH in 80% methanol. About 2.5 mL of 80% methanol
was used to homogenize about 0.5 g of fresh faba bean
leaves. After cycling for 30 s, the reaction mixture was
kept at room temperature for 30 min. Using spectropho-
tometry, the absorption wavelength of the mixture was
determined to be 517 nm. The following equation was
used to determine how well a substance could scavenge
radicals:

RSC% = [(Ablank - Asample) / Ablank] x 100
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Fig. 1 PXRD of the prepared MOFs Ni-BTC, Cr-BTC, Co-BTC and Cu-BTC

where (RSC%) =percent of radical scavenging capacity,
Ayjank is the absorbance of methanolic DPPH solution,
and A, is the absorbance of plant methanolic extract.
Statistical analysis

The data was subjected to two-way ANOVA and the dif-
ferences between means at the 5% probability level were
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determined using Duncans new multiple range test. The
software SPSS, version 16 (SPSS, Richmond, USA) was
used [26].

Results and discussion
Characterization of the MOFs
Figure 1 displays the Ni-BTC, Cr-BTC, Co-BTC and
Cu-BTC MOFs experimental powder X-ray diffraction
(PXRD) patterns. As can be observed, the phase purity
of the as-synthesised samples is confirmed by the strong
agreement between the previous work and experimen-
tal PXRD results [27]. The Ni-BTC, Cr-BTC, Co-BTC
and Cu-BTC MOFs showed no significant changes in the
crystal phase. This suggests that the compounds have the
same structure with high crystalline phase and purity.
The FT-IR spectra obtained for prepared materials
are shown in Fig. 2. At 1800-1680 cm™, these bands is
relatively due to the adsorption bands of carboxylate
group [28]. The benzene ring of BTC linker appeared at
1645-1550 cm™' (asymmetric vibration) and 1470-1390
cm™! (symmetric vibration) [29]. Additionally, the bands
at 1100 cm™! and in the area of 866-715 cm™! comprise
stretching vibrations of C-C groups as well as in-plane
and out-of-plane deformation vibrations of the C-H
groups in the benzene ring [29].
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Co-BTC

S
= [_CrB
F ~—
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Fig. 2 FT-IR of Ni-BTC, Cr-BTC, Co-BTC and Cu-BTC MOFs
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The morphology studies of Ni-BTC, Cr-BTC, Co-BTC
and Cu-BTC MOFs were displayed in Fig. 3. Cu-BTC
showed pyramidal shape (Fig. 3a) with good uniformity
with a diameter of approximately 100 nm. Figure 4a
showed the EDX spectrum of Cu-BTC, it showed the
content of copper, oxygen and carbon atoms. Co-BTC
morphology showed cubic particles with size of 1-10 pum
(Fig. 3b) and the EDX spectrum of Co-BTC sample
showed the presence of cobalt, oxygen and carbon atom
(Fig. 4b). As shown in Fig. 3¢, Ni-BTC showed regular
fiber shaped micromorphologies. The EDX spectrum of
Ni-BTC (Fig. 4c) showed Ni, O and C atoms. The mor-
phology of Cr-BTC showed needle shape (Fig. 3d), and
EDX spectrum in Fig. 4d showed the presence of chro-
mium in addition to carbon and oxygen atoms.

Growth parameters

The vegetative growth of beans following external spray-
ing with Ni-BTC, Cr-BTC, Co-BTC, and Cu-BTC is
depicted in Fig. 5. When compared to plant development
without any external spraying, Fig. 5a illustrates a gradi-
ent in the effectiveness and quality of vegetative growth
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of entire faba bean plants. Cu-BTC spraying produced
higher plant growth, followed by Co-BTC, Ni-BTC, and
Cr-BTC sprays. The stem diameter, root system shape,
and leaf size are displayed in Fig. 5b and c, and 5d, respec-
tively. Every figure demonstrated that the spray treatment
including Cu-BTC and Co-BTC was the most effective
in enhancing the external look of the root and vegetative
systems, followed by Ni-BTC and then Cr-BTC.
Compared to untreated plants of the same age, the
greatest enhancement in shoot lengths occurred 15 days
post-application of Cu-BTC treatments, succeeded by
Co-BTC and Ni-BTC, with increases of 18.51%, 16.26%,
and 15.92%, respectively, as illustrated in Table 1. The
comparison of the two varieties indicated that shoot
length for both faba bean varieties increased with age.
Furthermore, in terms of shoot length, the Giza 716 vari-
ety performed better than the Sakha 4 variety. Regarding
the interplay between varieties and spray treatments, the
table’s data show that, following three, and twelve days
of spraying, the Cu-BTC treatment outperformed with
the Giza 716 variety. Furthermore, the Co-BTC spray
treatment outperformed the other treatments with the

Fig. 3 SEM images of the prepared MOFs (a) Cu-BTC, (b) Co-BTC, (c) Ni-BTC and (d) Cr-BTC
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Fig. 4 EDXimages of the prepared MOFs (a) Cu-BTC, (b) Co-BTC, (c) Ni-BTC and (d) Cr-BTC

Giza 716 variety at ages 6 and 9 days after exogenous
applications, while the Cr-BTC spray treatment outper-
formed the other treatments at age 15 days after exter-
nal spraying. The findings of this study are entirely in
line with those of earlier research [10, 11, 30]. Numer-
ous morphological, physiological, and biochemical pro-
cesses in plants depend on Cu, an essential element. Plant
growth rate is accelerated by copper, which is essential
for signal modulation, protein transport, and iron and
lipid metabolism [31]. As a cofactor in the active sites of
numerous enzymes and in the electron transfer involved
in hormone signaling, copper also aids in the growth
and development of plants [32]. Cobalt’s significance in
lengthening the vegetative group could also result from
its significant biological role as a component of vitamin
B12 and its derivatives. For numerous enzymes, cobalt
serves as a cofactor. The synthesis of certain proteins,
which promote plant growth, depends critically on cobalt
[10, 33, 34]. Cobalamin, often known as vitamin B12, is
necessary for rhizobia and other nitrogen-fixing bacteria
to fix atmospheric nitrogen and supply plants with nitro-
gen macronutrients. Iron, nickel, and zinc interact with

cobalamin to maintain cellular equilibrium. Low amounts
of cobalt are necessary for plant growth, particularly
for leguminous crops. When plants are cultivated in a
medium with a significant drop in cobalt, plants exhibit
choline shortage, and a rise in the element is harmful to
the plant [10].

Following sample collection at various intervals dur-
ing the external spraying process 3, 6, 9, 12, and 15 days
Table 2 illustrate the effect of spraying treatments on the
length of the root system. The data showed that when
the age stage increased for both faba bean varieties, the
length of the root system increased as well. The findings
also showed that the spray treatments containing Cu-
BTC, and Co-BTC were the most successful in length-
ening the root system across the different age stages
when compared to the control. For each age stage inde-
pendently, samples obtained after 3, 6, 9, and 15 days of
Cu-BTC spraying demonstrated an improvement in root
lengths that was 1.31, 1.33, 1.31, and 1.36 times larger
than the control group, respectively. Regarding the com-
parison between the two varieties, it was observed that
there were no discernible differences between them at
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Fig. 5 Optical images of the vegetative growth of faba bean (a) whole plant, (b) stem diameter, (c) root system shape and (d) leaf size after 15 days of
external spray treatments: [1] control [2], Ni-BTC [3], Cr-BTC [4], Co-BTC and [5] Cu-BTC

any of the several maturity stages except, at 6 and 15 days
following spraying, it was found that the Sakha 4 out-
performed better than the Giza 716 variety in terms of
root system length. Referring to the interaction between
spray treatments and varieties, after three days of spray-
ing, it was observed that the maximum mean value of
root length of the Sakha 4 variety increased with Co-BTC
and Cu-BTC spray treatments. The Sakha 4 variety also
outperformed with the Co-BTC spray treatment in terms
of improving the average root length at age stages 9, 12,
and 15 days after spraying. In the same direction, after 6,
9 and 15 days of spraying, the Giza 716 variety performed
better than the other variety with the Cu-BTC spray
treatment in terms of growing root length. Also, the Giza
716 variety showed the greatest increase in root length
following 3 days with Cr-BTC spray treatment when

compared to untreated plants. The findings good match
with those of earlier research [35, 36], they found that by
regulating hormones in plant root cells, such as melato-
nin, auxin, and abscisic acid, Cu ions have been shown
to modify the rate of root meristem cell proliferation,
which in turn affects root development. Copper is neces-
sary for node formation [37]. Additionally, root growth is
also improved when cobalt is present in the soil in trace
amounts [10]. A number of enzymes that may be crucial
to the microbial activity surrounding the rhizosphere
that promotes root growth are formed by cobalt [38, 39].
On the opposite side, the findings might not match those
of earlier research [40, 41], which found that chromium
inhibits plant root system growth. Cr may impede root
growth by inhibiting cell division and reducing cell size
in the long area. The findings of this study was matched
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Table 1 Effect of foliar application of MOFs on shoot length dynamics in faba bean plants over time

Shoot lengths (cm)

Foliar applications

Fifteen days
Sakha 4

4

Twelve days
Sakha 4
36.60 f
4190e
4027 e

Nine days
Sakha 4
35139
40.50 e
36.53 f
36.77 f

Six days
Sakha 4
33.53d
37.10c

Three days
Sakha 4
2643 e

Mean Giza716 Mean Giza716 Mean Giza716 Mean
34904 46.13 ¢ 4787d

Giza716
3233d
4270b

Mean

Giza716
2267f

4402D
51.03B

0.17

4137D
46.72 B

3293D 3502D
42828

39908

2455D

Control
Ni-BTC

Cr-BTC

5453b
56.57 a

47.53d
4373 e
47.77 d
49.77 c
45.79B

51.53a

b

46.80 b
5030a
4473 ¢

4513

3340C

3563b
30.30d
3757 a
4047 a

31.17d
33.13¢

50.15C

4567 C
46.72 B

51.07b
49.30b
52.80a

4167 C
4353 A

3782 C
40.78 B

4173b
46.57 a
4450 a

3390d

35.00 c

31.72C
35.63B

51.188B
5217 A

5460b

44.13d
4440d
4146 B

33.70c

Co-BTC
Cu-BTC

Mean

5457b

48.60 A

4373 A

42.73d

4298 A

4147 b

3793 A

3540b

4437 A 50.17 A 5363 A

38338

4157 A

36.20 B

3333A

3197 A
Values followed by the same letter in columns are not different at p <0.05 by Duncan’s multiple range tests
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with previous work that verified the chromium, when
included in the culture medium at a concentration of
5 mg L7}, enhances the root growth of Medicago sativa
seedlings [42]. Comvolvulus arvemsis seedlings’ root
length increased when 0.238 mg/L of chromium and
nitrogen were added simultaneously [43]. According to
recent research in multiomics, chromium is essential for
plants. Cr increases the synthesis of ROS and Ca**, which
in turn activates calcium-dependent protein kinase and
NADPH oxidase, both of which are critical for later sig-
naling cascades. Additionally, Cr is crucial for the stimu-
lation of several genes involved in defense against metal
stress, such as AP2/ERF TF and WRKY. Furthermore,
phosphate kinase genes such PP2C A, PP2C-D, and
PP2C-F are stimulated by Cr [44].

The effect of spray treatments on the weight of the
faba bean shoot mass, which was sampled at various
age stages-specifically, 3, 6, 9, 12, and 15 days follow-
ing the foliar spraying procedure-is displayed in Table 3.
According to the table’s statistics, the weight of the two
faba bean kinds’ shoot masses increased as their ages
increased. The faba bean seedlings’ green mass weight
increased most effectively with the Cu-BTC spray treat-
ment. This occurred on days 6, 9, and 15 following spray-
ing; the increase was 1.68, 1.86, and 1.38 times greater
than the control for each age stage independently. Refer-
ring to the comparison between the varieties, the Giza
716 variety outperformed the other variety in terms of
the weight of the vegetative mass at every age stage at
which the vegetative samples were collected, according
to the data presented in the same table. In terms of the
interaction between the varieties and the spray treat-
ments, the data in the same table showed that the weight
of the vegetative mass of the Sakha 4 variety rose when
the Ni-BTC and Co-BTC spray treatment were applied
when samples were obtained three and twelve days after
the spray application, respectively. On the other hand,
the weight of the vegetative mass of the Sakha 4 variety
increased when the Cu-BTC spray treatment was applied
when samples were collected six, nine, and fifteen days
following the foliar spray application. However, the Giza
716 variety showed the best green mass weight when the
Co-BTC spray treatment was applied to the faba bean
seedlings when green samples were taken six, and nine
days after the foliar spray was applied.

The effect of nickel conjugated with metal organic
frameworks (Ni-BTC), chromium conjugated with metal
organic frameworks (Cr-BTC), cobalt conjugated with
metal organic frameworks (Co-BTC), and copper con-
jugated with metal organic frameworks (Cu-BTC) spray
treatments on the dry weight of the vegetative shoot at
various age stages is displayed in Table 4. Samples were
collected following the foliar spraying procedure at
intervals of 3, 6, 9, 12, and 15 days. The data in the table
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Table 2 Effect of foliar application of MOFs on root length dynamics in faba bean plants over time

Root lengths (cm)

Foliar applications

Fifteen days
Sakha 4

Twelve days
Sakha 4
9.149

259a

Nine days
Sakha 4
8599

Six days
Sakha 4
7.89f

Three days
Sakha 4
0.

Mean

Giza 716

Mean Giza716 Mean Giza716 Mean Giza716 Mean
836e 9.25f 9.83f
1

Giza716
757d
883b

892D

8.13D

943d
9.90c
9.80 ¢
10.64 b
9638

1093 a
9.70 ¢

10.82 b
1091 a
10.05A

6.94 D
8.838B
828 C
9.03 A
9.08 A

9.02b
831c¢c
8.66 C
848 A

3le
8.83b
7.54d

9.74 a

51a
839 A
Values followed by the same letter in columns are not different at p <0.05 by Duncan’s multiple range tests

Control
Ni-BTC
Cr-BTC
Co-BTC
Cu-BTC
Mean
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indicate that the dry weight of the vegetative shoot rises
with the advancement of the plant age. The table’s data
also demonstrated that Cu-BTC was the most effective
spraying treatment, improving the dry weight of the green
mass when samples were collected nine, twelve, and fif-
teen days after the spraying procedure. This increase was
estimated to be 1.57, 1.54, and 1.40 times greater than
the control group for each age group, respectively. When
comparing the two faba bean varieties, the Giza 716 vari-
ety outperformed the Sakha 4 variety in terms of rais-
ing the dry weight of the green mass at all different age
stages in which the samples were collected. According to
the data in the table and the interaction between varieties
and spray treatments, the Sakha 4 variety was successful
in increasing the dry weight of the vegetative shoot when
the Cu-BTC spray treatment was applied when samples
were collected 9, and 15 days after the spraying process.
As for the Giza 716 variety, it succeeded in increasing the
dry weight of the vegetative shoot when applying the Cu-
BTC spray treatment, and this was in samples taken 3,
6, 12, and 15 days after applying the foliar spraying pro-
cess. This study demonstrated the significance of copper
in raising the fresh weight of the shoot, which is entirely
in line with earlier research [22, 45], which employed
Cu-BTC sprayed on Avena sativa seedlings to boost leaf
biomass. Copper efficiently affects biological processes
in plants, enhancing biomass formation and growth-
promoting activity via activating a variety of enzymes,
including polyphenol oxidase enzymes, and the electron
transfer mechanism in photosynthesis [17]. Furthermore,
because copper is involved in numerous redox reactions
and the structural creation of the Fe-Cu cluster, copper is
a crucial micronutrient for plants [46].

When samples were collected at different phases of the
foliar spraying process, the results displayed in Tables 5
and 6 demonstrate the magnitude of the impact of spray-
ing treatments with Ni-BTC, Cr-BTC, Co-BTC, and Cu-
BTC on the fresh and dry weight of the faba bean root
system. The data in the same tables showed that the
spraying treatment containing Cr-BTC was the most suc-
cessful in increasing the fresh and dry weight of the faba
bean root system when samples were taken at intervals of
9, 12, and 15 days after the spraying operation. The esti-
mated fresh root weight increases were 1.44, 1.59, and
1.85 times, and the estimated dry root weight increases
were 1.19, 1.62, and 1.93 times over the control for the
age stages at which the samples were taken, which were
9, 12, and 15 days after the foliar spraying procedure.
Regarding the variations between the varieties, the table’s
findings demonstrated that, when samples were collected
9, 12, and 15 days after the spraying procedure, the Giza
716 variety outperformed the Sakha 4 variety in raising
the root system’s fresh weight. Samples collected 12 days
following the spraying procedure in the same scenario
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demonstrated that the Giza716 variety performed better
than the other variety in terms of raising the dry weight
of the root system. The dry weight of the root system did
o = not significantly differ between the two types in the sam-
8 ples collected at the remaining age stages. When samples
tIle2e were taken after 3, 6, 12, and 15 days of the spraying pro-
cedure, the data in the same tables also showed that the
Sakha 4 variety could increase the fresh weight of the
root system when sprayed with the Cr-BTC treatment,
showing the interaction between varieties and spray
treatments. Additionally, when samples were collected
after 15 days of the two external spraying procedures, the
dry weight of the Sakha 4 variety’s root system increased
o < as a result of the Cr-BTC spraying. Except for the fresh
g g weight after three days of the spraying procedure, the
***** Giza 716 variety was able to improve both the fresh and
dried weight of the root system after administering the
Ni-BTC spray treatment when samples were taken at
all age stages of the spraying process. The information
gathered for this study is entirely consistent with earlier
research [47], adding 5 mg kg™' of chromium acceler-
ated the pace at which organic matter burned and the
rate at which soil nitrified. In pot culture tests, chromium
addition to the soil increased the amount of nitrogen in
pea seeds and the nitrogen-fixing capacity of the inocu-
lated plants [48]. Reducing chromium toxicity may be
aided by chromium nanopreparation. Because the plant
lacks a particular mechanism for chromium transport,
chromium accumulates in the roots as it is absorbed by
certain critical element transporters from the soil [49].
Through the disruption of gibberellic acid-related path-
ways and the stimulation of signaling cascades mediated
by ethylene, abscisic acid, and jasmonate, chromium
influences gene expression. Therefore, chromium plays
a part in controlling how plant hormones function [44].
While up-regulated genes are implicated in xenobiot-
ics, amino acid metabolism, secondary metabolite pro-
duction, membrane transport, and signal transduction,
down-regulated genes are associated with energy metab-
olism and cell growth. Chromium activated a group of
genes linked to calcium, MAPKs, CDPK-like kinases, and
reactive oxygen species-all of which are important com-
ponents of signal transduction pathways and cognition
[50]. In a similar vein, a number of miRNAs that were
markedly elevated in tobacco plants under chromium
stress were discovered [51].

The information shown in Table 7 illustrates how the
size of the faba bean leaves is affected by Ni-BTC, Cr-
BTC, Co-BTC, and Cu-BTC spraying treatments. The
findings showed that when the age stage increased, the
leaf size on the two faba bean varieties increased as well.
Additionally, the data in the table indicates that the foliar
spraying technique with Cu-BTC increased the leaf area
by 1.67, 1.60, 1.51, 1.42, and 1.46 times, respectively,

Mean
913D

Giza716
9.23f

Fifteen days
Sakha 4
9.04 f

Mean
6.86 D

Giza716
756f

Twelve days
Sakha 4
6.17¢

Mean
516D

Giza716
534e
948b
9.87b
9.15A

Nine days
Sakha 4
497f
6.56d
759 ¢
739c¢
934b
7.17B

Mean
466 C
778 A
7228
782 A
784 A

Giza716
465 f
9.13a
835b
893 a
884Db
7.98 A

Six days
Sakha 4
467 f
644 d
6.09e
6.70d

6.85¢
6.15B

Mean
345D
6.358B
570C
6.37 B
6.55A

Giza716
338e
6.56 b
6.37 ¢
6.72b

737 a
6.08 A

Fresh shoot weight (g)

Three days
Sakha 4
353e

6.14 C
5.04d
6.01c
5.73d

5298
Values followed by the same letter in columns are not different at p <0.05 by Duncan’s multiple range tests

Table 3 Effect of foliar application of MOFs on fresh weight dynamics in faba bean plants over time

Foliar applications

Control
Ni-BTC
Cr-BTC
Co-BTC
Cu-BTC
Mean
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g9V aec< compared to the control for each age stage when samples
gg-2d9n were taken after 3, 6,9, 12 and 15 days. The Giza 716 vari-
ety expanded the leaf size at every age stage where sam-
E e oo ples were collected, which helped to explain the variance
8ay8 98y across variations. When samples were taken 3, 6, 9, and
Y el 12 days after the application of the Cu-BTC foliar spray
'§ < treatment, the findings in the same table demonstrated
3 E QLo yoanm that the Giza 716 and Sakha 4 types were successful in
TIg323 =22 expanding the leaf surface area. The purpose of this was
to ascertain how spray treatments and varieties inter-
g % g é g é acted. In this study, environmental elements like exter-
2ls s o~ - nal spray treatments and genetic factors that promote
© cell expansion and cell cycle activity tightly regulate the
E R ultimate s}ze of Plant leaves. These ﬁndi‘ngs completely
55222 =-9 concur with earlier research [52], following an external
EN copper spray, the faba bean leaves’ surface area increased,
oY which could be because of: The presence of tiny levels of
> 8. 0o oT o

g % 8858 copper in the culture medium facilitates cellular metab-
Flwo oo oo olism. As an enzyme cofactor, this metal is involved in
clw U O o < numerous biochemical processes and is essential for res-
g f § E § § piration, photosynthesis, ethylene sensing, and antioxi-

dant systems [53].
© Following sample collection at various foliar spray-
E Loy sox< ing age stages, Table 8 illustrate the effect of Ni-BTC,
o 6833333 Cr-BTC, Co-BTC, and Cu-BTC spraying treatments on
£ g the diameter of the faba bean’s stem. The results in the
< § E v T T L .o ® table showed that at every step of the vegetative sample
g |5 i g g E § E o collecting procedure, the Cu and Co treatments worked
5 & better than the others in terms of increasing the stem
e V2o << % diameter. The stem diameter increased by 1.41 and 1.31
g s388s8 % following Cu and Co spraying, respectively, particularly
ES = when samples were taken six days after the spraying.
wg E o oo e . E Across the different age stages when samples were taken
3 JSlegnees § after the foliar spraying technique, the Giza 716 variety
IS Vjeesss 93 outperformed the Sakha 4 variety in terms of developing
3 o« ) stem diameter. The results demonstrated that the Sakha 4
E g gls2322z2 % and Giza 716 varieties were successful in increasing stem
2 &l& 3333838 3|a diameter when the Cu-BTC spray treatment was applied
i o e w < % during the various age stages of plant sample collection
12 S§oxnng |8 except the Giza 716 variety at 12 days after spraying,
S Z2|lc ocococo S taking into account the interaction between spray treat-
'% 5 e g ments and varieties. The findings of this study are in line
= = E v uUooo<|a with earlier research [54], they reported that copper con-
ol 3 f § § h s 4 tributes to the movement of nutrients and water, which
}% 2l a E helps the plant stem’s diameter to increase. Cobalt func-
% _§ § P g tions as a dual factor that, depending on the dose given
gz g = 22 g 22 § 3 to the plant, may either promote or inhibit plant growth
g|elFlnc oo oo ole [55, 56]. The following factors could be responsible for
% a é the growth-stimulating effect following very low doses
S8 ) of cobalt spray treatment: Cobalt’s interactions with
E% S g iron, nickel, and zinc are crucial for preserving cellular
< % _ “é; homeostasis and plant development is encouraged [10].
% & LE) = E E < 8 Additionally, applying cobalt to plants can improve their
sl 8 S=35393 3¢ ability to withstand stress and raise their water content,
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Table 5 Effect of foliar application of MOFs on fresh root weight dynamics in faba bean plants over time

Fresh root weight (g)

Foliar applications

Fifteen days
Sakha 4
124 h

2.55f

368a

Twelve days
Sakha 4

Nine days
Sakha 4

Six days

Sakha 4

Three days
Sakha 4

Mean Giza716 Mean
2.53f

Giza716
196 e
3.14a
251 ¢

Mean

Giza716 Mean Giza716
147 e 165e
249 a

Mean

Giza716

1.89D
3058
350A

271C
3.08B

355b

332¢
2374
312d
298 A

3.06e
304e
2718

1.69D
266 A
269 A
2478
234C

221d
257 ¢
248 A

142f
2.18d
287b
272b
2.11d

2268

167D
203C

241 A
2.168B
204C

246a
1.94d
224 ¢
216 A

1.68 e
157f
235b
238b
1.84d
197 B

217 a
177 ¢
1.64d
194 b
1.79A

1.74 ¢
1.63d
Values followed by the same letter in columns are not different at p <0.05 by Duncan’s multiple range tests

2.07 a
1.68d
137f
1.70 A

Control
Ni-BTC
Cr-BTC
Co-BTC
Cu-BTC
Mean

(2025) 25:1485
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which will boost agricultural productivity and growth
[57, 58]. Likewise, cbalt probably affects the processes of
cell division and elongation, which leads to larger stems
[59, 60]. Also, applying cobalt to leaves increases their
relative water content and decreases electrolyte leakage,
which suggests better water status and membrane integ-
rity. This results in larger cells, which in turn increases
the diameter of the plant stem [61].

The information in Table 9 and Fig. 6 show how the Ni-
BTC, Cr-BTC, Co-BTC, and Cu-BTC spray treatments
affected the quantity of photosynthetic pigments, par-
ticularly chlorophyll a, b, and carotenoids, in fresh leaves
after 15 days of foliar spraying. The results demonstrated
that the Cu-BTC spray treatment outperformed the other
spray treatments in raising the amounts of carotenoids
and chlorophyll a and b in faba bean leaves by 1.91, 1.59,
and 2.07 times, respectively, in comparison to the control
group. When Cr-BTC was sprayed, the amounts of pho-
tosynthetic pigments chlorophyll a, b, and carotenoids
rose by 1.27, 1.34, and 1.39, respectively. Concurrently,
the levels of carotenoids, chlorophyll b, and chloro-
phyll a in the leaves increased marginally by 1.43, 1.37
and 1.18 times, 1.35, 1.27 and 1.17 times, when Co-BTC
and Ni-BTC were sprayed, respectively, in comparison
to unsprayed plants. The Sakha 4 variety outperformed
the Giza 716 variety in terms of increasing the amounts
of carotenoids and chlorophyll a and b in fresh leaves.
Regarding the interplay between the varieties and the
spray treatments, the same table’s results demonstrated
that the faba bean varieties Sakha 4 and Giza 716 were
superior in raising the levels of carotenoids, chlorophyll
a, and b when the Cu-BTC spray treatment was used. Cu
is essential for the electron transport mediated by plant
photosystem II (PSII), which is involved in the photolysis
of water molecules in photosynthetic cells [13]. In their
earlier research on radish and canola plants, respectively,
cobalt spray treatment increased the amount of chloro-
phyll a, b, and total chlorophyll and carotenoides in the
leaves. Photosynthetic efficiency was increased with
external cobalt spraying [55, 62]. In order to retain the
best possible photosynthetic performance, cobalt may
also promote the synthesis of chlorophyll and shield its
molecules from deterioration [62, 63]. Furthermore,
Many proteins and enzymes involved in the electron
transport chain, oxygenation processes, and charge accu-
mulation use copper as a structural element and catalyst
to promote the completion of photosynthesis. Copper
increases the rates of photosynthesis by catalyzing the
creation of cytochrome oxidase and plastocyanin. Cop-
per is required for PS2 activity in order to maintain the
correct quantity and composition of pigments and pep-
tides in PS2, as well as the quantity and degree of fatty
acid saturation in the thylakoids and PS2 complex, and to
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5 vy serve as a structural component of the active PS2 com-
$§85z7%8¢% plex [64].
Table 10 and Fig. 7 show the amount of total and free
E oo ou o < phenols in the dried leaves faba bean after 15 days of
Sg3cs9y external spray treatments with Ni-BTC, Cr-BTC, Co-
g/Y|eceees BTC, and Cu-BTC. When the spray treatment with Cr-
é < BTC was applied, the level of total and free phenols in
AR R the dry leaves increased 1.38 times more than the con-
El&s 33838383 trol, according to the data. Following Co-BTC, Cu-BTC,
and Ni-BTC spraying, the dry leaf content of total phe-
§ % é ;r $ i—: nols increased by 1.24, 1.20, and 1.13 times, respectively,
2o 5SS in comparison to the control. Furthermore, when faba
© bean leaves were sprayed with Cu-BTC, Ni-BTC, and Co-
No o oo o< BTC, their free phenol content increased by 1.33, 1.27,
g § % 'g § § g and 1.13 times, respectively, in comparison to the con-
& trol. The results showed that while variety Giza 716 did
z ¥ o 0o better at raising the free phenol content, variety Sakha
g % o :\é 95 I3 4 was successful in increasing the total phenols, tak-
Flwoe oo oo ing into account the competition between varieties to
el < < o o raise the dry leaf phenol content. The results in the table
g g g § § § shed insight into the relationship between varieties and
spray treatments, showing that when the spray treat-
© ment with Cr-BTC is applied, the total phenols in the
g E gmvwoo< leaves of variety Sakha 4 increase. Similarly, the amount
= 08333383 of total phenols increased when Cu-BTC was sprayed on
% 2 the Giza 716 variety’s leaves. When Ni-BTC was sprayed
g ; Broossox onlthlfekSak.ha 4 vari}t_e{ty’s leaves,hthe :}:nOél.nt 07flféee p~h§,
2 | EBam o T m|, nols likewise rose. However, when the Giza varie
g B i was sprayed with Cr-BTC, the amount of free phenols
% gy ca<u % rose in comparison to the control for both. Copper and
§ S8 a0d % nickel spray treatments increased the total phenolic con-
c = tent, with nettle and basil plants the largest increases,
g E e oo < E are consistent with the previously obtained results [9,
§ 29 xg9s] § 65]. Plants naturally contain substances called polyphe-
= MR nols, which contribute to the plants’ inherent antioxidant
gl | ale ) capacity [66]. Additionally, the correlation between Soli-
g é E % g § § g ; % daga canadensis’'s phenolic component content and the
gl |&ld|c 53 S o S| concentration of specific nutrients was investigated [67].
g £ When nickel was applied, marigold’s antioxidant activ-
o § § g g § :_: é ity increased noticeably. When nickel was added to the
5 2o ocd oo b growth media, Matricaria chamomilla accumulated phe-
'“5 © g nolic acids, including the crucial antioxidant chlorogenic
Z|2 Rlooooe o acid, around four times as much. As a result, it has been
2 ;S, g 83282455 proposed that nickel might possess phenolic compound
}% g 92 S antioxidant qualities [68, 69]. Plants may have higher
% 5 § N e U« g levels of phenolic compounds as a result of heavy met-
% > L % g ({r: S (u:i 9 % als penetrating their tissues and producing more reactive
2 blFlve o s s oo & oxygen species (ROS), which in turn triggers the plant
vl I 2 defense system and increases the synthesis of non-enzy-
8 .§ 2z matic antioxidants such as phenols [70, 71]. Nettle and
E% S g basil plants had higher levels of phenolic compounds
© % _ “é; overall when copper was added to the soil [65].
i LE) = E E <| 8 Table 11 and Fig. 8 display the values of physiological
sl 8 S=35393 3¢ stress indices MDA, H,0,, and RSC% in the leaves of a
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Table 7 Effect of foliar application of MOFs on leave size dynamics in faba bean plants over time

Leave size (cm?)

Foliar applications

Fifteen days
Sakha 4
1883 e
2574 ¢

Twelve days

Sakha 4

Nine days
Sakha 4

Six days

Sakha 4

Three days
Sakha 4

Mean

Giza716

Mean

Giza716

Mean

Giza716

Mean

Giza716

Mean

Giza716

18.00D
25318
2127 C
25468
2632A

7.7
24.88 ¢
2447 c
2948 a

1
2444 A

22118

1807 e
2145d
2647 b

16.24D
21338
20.11C
21.658B
2300 A

1505 g
1
2265b
2523a
2204 A

24143

1744 ¢
19.51d
17.56 f
18.07 e
18.89 B

1444 D
2046 8B
1820C
2061 8B
21.84 A

Control
Ni-BTC
Cr-BTC
Co-BTC
Cu-BTC
Mean

Values followed by the same letter in columns are not different at p <0.05 by Duncan’s multiple range tests
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faba bean under the influence of spraying treatments
with Ni-BTC, Cr-BTC, Co-BTC, and Cu-BTC. The
results showed that the Cu-BTC spraying treatment was
effective in reducing the percentages of MDA and H,0,
by 21.59% and 34.26%, respectively, compared to the con-
trol. Additionally, spraying treatments with Co-BTC and
Ni-BTC decreased MDA rates by 19.70%, and 16.29%,
respectively. Additionally, as compared to the control,
the same treatments decreased the H,O, concentration
of fresh leaves by 26.46%, and 16.09%, respectively. On
the contrary, the Cr spraying caused the rate of MDA and
H,0, to rise by 4.54% and 14.21% greater than the con-
trol, respectively. The Cr-BTC spraying treatment raised
the free radical scavenging rate by 89.17%, followed by
the Co-BTC treatment (88.38%), Ni-BTC, and Cu-BTC
(87.08%), and then the (85.94%), according to the results
in the same table respectively. In terms of variety varia-
tion, the same table’s results revealed no discernible
variations between Sakha 4 and Giza 716 in terms of
the value of MDA and percentage of RSC in the leaves,
but the Giza 716 variety was able to lower the value of
H,0, in comparison to the other variety. Taking into
consideration the interaction between varieties and spray
treatments, the results in the same table showed that the
Sakha 4 variety was able to achieve the highest rates of
lowering MDA, H,0, and RSC% when the Cu-BTC spray
treatment was applied to the seedlings. Meanwhile, the
Giza 716 variety was able to lower the rates of MDA and
H,0O, while increasing the percentage of RSC when the
Co-BTC spray treatment was used. The aforementioned
findings are entirely consistent with earlier research
[72], which indicates that reactive oxygen species (ROS)
elimination may involve copper ions. By reducing the
generation and accumulation of free radicals through
its involvement in boosting the activity of antioxidant
enzymes such as Cu/Zn-SOD [73], ethylene receptor,
laccase, polyphenol oxidase, and other multiple copper
oxidases [74], copper helps plants become more resilient
and tolerant to stress. Copper also encourages the oxida-
tion of putrescine, which produces hydrogen peroxide
(H,0,), which is required for cell wall strengthening, lig-
nification, protein cross-linking [75]. Additionally, copper
can create stable compounds that aggressively detoxify
histidine and proline by forming functional groups like
amino, carboxyl, and hydroxyl [76]. Furthermore, cobalt
scavenges reactive oxygen species and increases the
activity of antioxidant enzymes, shielding plant cells from
oxidative damage and preserving cell integrity [77]. The
way that glutathione, ascorbate, glutathione reeducates,
and related substances work to control oxidative stress,
maintain cellular homeostasis, and shield cells from oxi-
dative damage may be impacted by cobalt [78—80]. The
way that glutathione, ascorbate, glutathione reductase.
Cobalt may improve overall plant health by promoting
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g2y << osmotic accumulation, increasing protein synthesis, and
LRSI RGNS modifying the antioxidant defense system [81].
The mode of MOFs action on plant growth has several
E T mechanisms [82-84], primarily by facilitating the con-
8lg g9y trolled release of nutrients and agrochemicals, improv-
g | A Al ing stress resilience, and acting as antimicrobial agents.
§ < MOFs can minimize environmental impact by decreasing
I the amount of heavy metals used. Moreover, the metal
@283 3838% center in MOFs plays a role in chlorophyll synthesis and
other enzymatic activities related to photosynthesis.
g é g 2 5 § By ensuring adequate metal availability through MOFs,
Fl— oAaA plants may be able to photosynthesize more efficiently,
© leading to increased biomass production. Cu-BTC
Ne oo oou< has shown promising results in plant growth due to its
SN0 oo —m . . . .
Fl@anhsihx unique properties such as presence of Cu as micronutri-
ES ent, different morphology, and the release rate of Cu and
E E e U organic linker that able to act as a nano-fertilizer. More-
g%y myyy over, Cu-BTC has high surface area leading to control
Flaj— oo e o release of Cu nutrients that can enhance nutrient uptake
el o @ o < by plants, leading to improved growth and yield. Addi-
g E § § § g tionally, Cu-BTC’s potential antimicrobial properties
can help protect plants from diseases, further contrib-
© uting to better growth. MOFs are environmentally safe
Blne88css because they are biocompatible and biodegradable due to
5o I3II0 the organic linkers in their backbone, less toxic and more
qé 2 abundant metal ions in their nodes, and less toxic and
g Tl vooT U@ more sustainable solvents in their synthetic protocol [85].
2l | E¥8238K2
° ZI8| - N A A A AE
£ & Conclusion
3 QoY ec< % Analogous  metal-benzenetricarboxylates (M-BTCs),
§ S~ 9y % composed of Ni%*, Cr**, Co*", and Cu®* as central metal
= £ ions, were prepared using rapid techniques with high
K 2 oo oo < E yield. Ni-BTC, Cr-BTC, Co-BTC, and Cu-BTC were
k= Songooc|E sprayed on bean plants to ensure precise process con-
kS V= o o ool 5 trol and yield prediction in plant. Plant growth param-
% o« § eters such as shoot and root length, along with weight,
3 3 é - 0 9D malg are key indicators of plant health. Cu-BTC showed a sig-
§ SIS 2538 nificant treatment effect compared to the control; shoot
= = length in Cu-BTC was 1.14 times higher than the control,
2 § E g § <:( ; é while root length was 1.44 times higher. Fresh and dry
5 R R AR B S shoot weights increased by 1.48 and 1.39 times, respec-
'% © g tively. Fresh root weight, dry root weight, and leaf size
= E w 00 0 o< @ increased by 1.23, 1.03, and 1.52 times, respectively, com-
2 < |8 s 2 nad gt pared to the control. The results demonstrate that Cu-
}% 2l 2 E BTC can be used at low concentrations to increase the
Sk § v . B fresh and dry weights of the root system. Additionally,
o g g % é g é § é g % copper is essential for plant growth because it enhances
S|0lFln— - = o — g vegetative development, boosts chlorophyll levels, and
el é reduces free radical buildup in plant leaves. This study
8 .§ oy emphasizes that, besides porosity and pore structure, the
E% S g central metal ions of MOFs should be carefully consid-
0 % _ “é; ered before applying these materials to various purposes,
i gEEE E E <l g including agriculture.
2|8 Sz 6383 =3Iz
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Table 9 Effect of foliar application of MOFs on photosynthetic pigments (mg/g FW) in Faba bean leaves after 15 days from treatments

Foliar applications Photosynthetic pigments (mg/g FW)

Chlorophyli (a) Chlorophyli (b) Carotenoids
Sakha 4 Giza716 Mean Sakha 4 Giza716 Mean Sakha 4 Giza716 Mean
Control 0.74d 0.58f 0.66 D 049e 034f 041D 0.26d 020e 023D
Ni-BTC 0.82c 0.72e 0.77C 0.56d 049e 0.52C 036b 0.25d 031C
Cr-BTC 0.88b 081 c¢ 0.84B 0.53d 0.57 cd 0558 031c¢ 033c 032C
Co-BTC 081c¢ 0.76 d 0.78 C 0.64 c 049e 0.56 B 0.35bc 032c 033B
Cu-BTC 1.13a 097 b 1.05 A 0.99a 071b 0.85A 049 a 039b 044 A
Mean 0.88 A 0.77B 0.64 A 0528 035A 0.298B
Values followed by the same letter in columns are not different at p <0.05 by Duncan’s multiple range tests
1.2
I sakha 4 [a] a 1o Il Sakha 4 Ib]
1 Il Giza 716 b 7 Il Giza 716
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Fig. 6 Effect of external spraying with metal-benzene tricarboxylate (M-BTC) on photosynthetic pigment content in faba bean leaves (a) chlorophyll a,
(b) chlorophyll b and (c) carotenoids, 15 days after spraying. Data are from three replicate experiments. Error bars are standard deviations (SD) with n=3.

*p value<0.05
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Table 10 Effect of foliar application of MOFs on phenolic content (mg/g DW) in leaves of faba bean plants after 15 days from

treatments
Foliar applications Phenolic content (mg/g DW)

Total phenolic Free phenolic

Sakha 4 Giza716 Mean Sakha 4 Giza716 Mean
Control 0.78e 074e 076D 041f 0.50d 045C
Ni-BTC 093¢ 0.78 e 0.86 C 061 b 0.53d 0578
Cr-BTC 1.16a 095c 1.05A 044 e 0.79a 062 A
Co-BTC 1.04 b 0.84d 094 B 043 e 0.59c¢ 0518
Cu-BTC 080d 1.02b 0918 0.56 ¢ 064 b 0.60 A
Mean 094 A 0878 0458 061 A

Values followed by the same letter in columns are not different at p <0.05 by Duncan’s multiple range tests

| I sakha 4 [a] Il sakha 4 [b]
| I Giza 716 0.8 [ Giza 716

-
o
Il

[
®
1

o
IS
1

Free phenols (mg/g DW)

Total phenols (mg/g DW)

o
o
|

Control Ni-BTC Cr-BTC Co-BTC Cu-BTC Control Ni-BTC Cr-BTC Co-BTC Cu-BTC

Fig. 7 Effect of external spraying with metal-benzene tricarboxylate (M-BTC) on the phenolic content of faba bean leaves (a) total phenols, (b) free phe-
nols, 15 days after spraying. Data are from three replicate experiments. Error bars are standard deviations (SD) with n=3.* p value <0.05

Table 11 Effect of foliar application of MOFs on malondialdehyde, hydrogen peroxide and radical scavenging capacity in leaves of
faba bean plants after 15 days from treatments

Foliar applications Stress physiological indices

MDA (ug/g FW) H,0, (pg/g FW) RSC %

Sakha 4 Giza 716 Mean Sakha 4 Giza716 Mean Sakha 4 Giza716 Mean
Control 294 a 234b 264B 81.24 c 8162 c 81438 84.85 f 8591 e 85.38D
Ni-BTC 2.19¢ 224c 221C 89.84 b 4682 e 68.33C 86.84 d 8733 ¢ 87.08 C
Cr-BTC 303a 248Db 276 A 10142 a 84.58 ¢ 93.00 A 88.54b 89.81a 89.17 A
Co-BTC 228¢ 196 e 212D 82.57 ¢ 37.18f 59.88 D 88.73 b 88.02 ¢ 88.388B
Cu-BTC 2.04d 2.10d 207E 36.26f 70.80d 5353 E 8534e 86.54 d 85.94D
Mean 249 A 222A 7826 A 64.20 B 86.86 A 8752 A

Values followed by the same letter in columns are not different at p <0.05 by Duncan’s multiple range tests
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[b] I sakha 4
I Giza 716

H202 (ug/g FW)

Control Ni-BTC Cr-BTC Co-BTC Cu-BTC Control  Ni-BTC Cr-BTC Co-BTC Cu-BTC
120
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100
d b £ c
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Fig. 8 Effect of external spraying with metal-benzenetricarboxylates (M-BTCs) on physiological stress indices in fresh leaves of faba bean (a) Malondial-
dehyde, [b] Hydrogen peroxide, (C) Radical scavenging capacity percentage, 15 days after spraying. Data are from three replicate experiments. Error bars

are standard deviations (SD) with n=3.* p value <0.05
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