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ABSTRACT: The present study was intended to investigate the . [ _ @
effects of silver nanoparticles (Ag NPs) on chickpea plants grown L3 g §z £ ¢
in cadmium (Cd)-contaminated soil. Chickpea seeds sown in 2 VBl B X s g
earthen pots (filled with soil) were subjected to Cd stress (100 ——— : ey ° £

uM) in the form of CdClL, (10 mL) 10 days after sowing (DAS). f.g \:J\ e & .
Exogenous applications with Ag NP concentrations 50, 100, and 33 $5 g § £8
200 M were used to observe their effects on Cd-stressed plants. ‘5§ — &3 8 3 a8
Growth, biochemical, and stress parameters were studied. Results g L
showed that Ag NPs positively affected plant growth and Cadmium stress E <% 3% .E
ameliorated the toxic effects of Cd stress. Plant height, fresh oou ! §§ E% %% .
v ao o Alleviate Cd

weight, dry weight, total carotenoid content, rubisco activity, and toxicity
net photosynthetic rate (Py) were significantly decreased by Cd

stress but enhanced by 28, 29, 31, 30, 33, and 35%, respectively, by foliar application of Ag NPs. Similarly, Ag NPs increased the
activity of superoxide dismutase (61%), catalase (58%), and peroxidase (68%) and reduced the malondialdehyde (28%) and
hydrogen peroxide (23%) in chickpea plants. Protein content was also increased by the application of Ag NPs (16%). Furthermore,
the addition of Ag NPs decreased the plant Cd content. According to the current study, adding Ag NPs to plants under Cd stress

improved their growth and photosynthesis by reducing Cd absorption and improving plant stress tolerance.

Bl INTRODUCTION medicine, and agriculture.'” Nanoparticles (NPs) are widely
used in agriculture primarily because they are readily absorbed
by different plant components and interact with a wide range
of live cells and tissues."' NPs are tiny particles that are 1 to

Heavy metal (HM) pollution is a significant environmental
concern, threatening ecosystems and human health." Heavy
metals are released into the environment from a variety of

sources. Heavy metals can be released into the atmosphere by 100 nm in size and have large surface areas."” Different
natural occurrences, such as volcanic eruptions. Excessive materials have been used to create both metallic and
accumulation of HMs can degrade soil quality and damage nonmetallic NPs."” It has been observed that these modified
plants’ surface.” Cadmium (Cd), a prevalent HM, is of NPs have great potential for both safeguarding and raising
particular concern due to its extensive distribution and high agricultural yields."* Among the different NPs, silver nano-
toxicity. It obstructs various important plant processes such as particles (Ag NP) are the most well-known metallic NPs and
photosynthesis, seed germination, plant growth, and chlor- are used in a variety of agricultural functions and stress
ophyll degradation.”™> According to Kanu et al,® chlorosis, tolerance. Ag NPs have shown promising effects as fertilizers,
reduced development, and plant death are among the most insecticides, and abiotic stress tolerance."® Ag NPs have been

significant and frequent symptoms seen in rice under Cd stress.
The excess Cd in grains has a significant negative impact on
human health, leading to various diseases and problems with
the body.”® Thus, the toxicity of Cd has become a significant
obstacle to preventing its negative impacts on plants and
animals.” In order to avoid detrimental impacts on chickpea
plants and human health, it is essential to stop the absorption
of Cd in chickpeas and its subsequent transport.
Nanotechnology has recently been used in a variety of fields,
such as manufacturing, chemical synthesis, drug delivery,

used to improve seed germination and plant development, as
seen by increased leaf area, root length, and shoot length in
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Zeya mays, Phaseolus vulgaris, Brassica juncea, and water
hyacinth.lé_18 According to Yosefzaei et al,"’ proline and
glucose concentrations rise in response to Ag NP exposure,
and antioxidant enzyme activity, such as catalase and guaiacol
peroxidase, was also raised. A concentration of 75 mg of Ag
NPs improved growth characteristics in rice plants.”’ On the
other hand, sorghum plants treated with 1000 M Ag NPs
showed a notable rise in root length as well as increased
activity of catalase and ascorbate peroxidase.”' Plants have
evolved complex antioxidant defense mechanisms to combat
oxidative damage and control the quantities of reactive oxygen
species within their cells. Enzymatic and nonenzymatic
antioxidants are the two groups into which these systems
fall. Nonenzymatic antioxidants are defined as small molecules
such as %lutathione, P-carotene, a-tocopherol, ascorbate, and
proline.”” However, specific enzymes such as ascorbate
peroxidase (APX), catalase (CAT), peroxidase (POX), and
superoxide dismutase (SOD) are examples of enzymatic
antioxidants. O,°” or H,0, is neutralized by the combined
action of these enzymes.””

The foliar application of Ag NPs may have the potential to
provide considerable tolerance against Cd stress in chickpea
plants. Keeping this in mind, the present work was designed
with the aim of investigating the role of Ag NPs on
photosynthetic efficiency, antioxidant enzyme activity, and
carbohydrate metabolism in chickpeas under Cd stress.

B MATERIALS AND METHODS

Experimental Layout. Chickpea (Cicer arietinum) seeds
were purchased from the local market of Hyderabad-500032,
India. Seeds were surface-sterilized with 0.01% sodium
hypochlorite (NaOCl) for 10 min and rinsed 3—4 times
with double-distilled water (DDW). Sterilized seeds were sown
in earthen pots filled with soil. In chickpea seedlings, cadmium
(Cd) stress was given through the soil by adding 10 mL of
CdCl, (100 uM) 10 days after sowing (DAS). Silver
nanoparticles (Ag NPs) purchased from the Nano Research
Lab, H21 Gopalpur East Singhbhum, Jamshedpur, Jharkhand,
India—832102, were prepared at concentrations of 50, 100,
and 200 uM by diluting the stock solution. The RBD statistical
design was applied with S replicates of each treatment, and
experiment encompasses eight treatments in total in this study:
Set 1: Control treated only double-distilled water; Set 2: Cd
(100 uM) stress through the soil at 10 DAS; Set 3: Ag NPs (S0
uM) foliar application at 26—30 DAS (S successive days); Set
4: Ag NPs (100 uM) foliar application at 26—30 DAS (5
successive days); Set S: Ag NPs (200 M) foliar application at
26—30 DAS (S successive days); Set 6: Ag NPs (50 uM) + Cd
(100 uM); Set 7: Ag NPs (100 uM) + Cd (100 uM); and Set
8: Ag NPs (200 uM) + Cd (100 uM).

Using a sprayer that was adjusted to dispense 1 mL every
push, the foliar spraying was done carefully. Plants were gently
removed from the pots at 35 DAS to determine the length,
fresh and dry weight, antioxidant enzyme activity, biochemical
characteristics, protein content, and rubisco activity. The water
level in the pots was maintained at that level during the entire
plant growth, and sample analysis was completed after 40 days
of DAS.

Growth Analysis. The plants’ length was precisely
measured with a meter scale, and their fresh and dry weights
were carefully calculated with a precision weighing device.
After their fresh weight was measured, the plants were dried for
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48 h at 70 °C in an oven. This allowed for the measurement of
the dry weight.

SPAD Value of Chlorophyll Content. Using an SPAD
chlorophyll meter (SPAD-502Plus; Konica, Minolta Sensing,
Inc., Japan), the amount of chlorophyll in leaves was measured.

Total Carotenoid Content and Rubisco Activity. Total
carotenoid content was extracted from 1 g of leaf samples that
were collected at 1 p.m. The materials were homogenized in
aqueous acetone [7 mL, 80% (v/v)], filtered, and then added
to a total volume of 20 mL with 80% acetone. In order to
determine the concentration of carotenoids and chlorophylls at
470, 647, and 663 nm in a spectrophotometer.”> For Rubisco
activity, a total of 0.1 g of fresh leaf samples were weighed and
ground in an ice bath and determined activity by using the
Rubisco Kit (Ge Ruisi, Suzhou, China).**

Photosynthesis and Related Attributes. Using a
portable infrared gas analyzer (Li-COR 6200, Portable
Photosynthesis System, Lincoln, NA), important physiological
parameters such as the net photosynthesis rate (Py), stomatal
conductance (gs), intercellular CO, concentration (Ci), and
transpiration rate (E) were determined on the 40 DAS.

Antioxidant Enzymatic Activity Assay. Fresh leaf
samples (0.5 g) containing 1% poly(vinylpyrrolidone) were
pulverized in 50 mM phosphate buffer in order to measure the
antioxidant enzymatic activity. After centrifuging the homoge-
nate for 10 min at 4 °C at 15,000 g, the supernatant was
collected. This was used as the source of enzymes to measure
the activities of catalase (CAT), peroxidase (POX), and
superoxide dismutase (SOD). For these findings, the
procedure outlined by Faizan and Hayat™ was adhered to.
An enzyme extract (0.1 mL), phosphate buffer, and hydrogen
peroxide (H,0,, 0.1 M) were combined to create a reaction
mixture for CAT analysis. After 1 min, the mixture was mixed
with sulfur dioxide (H,SO,), and the potassium permanganate
solution was used for titration.”® In order to determine POX
activity, 0.1 mL of the enzyme extracts were combined with a
1% solution of phosphate bufter, pyrogallol, and H,0,, and the
absorbance at 420 nm was measured using a spectropho-
tometer.”® A combination containing phosphate buffer (50
mM), riboflavin (20 M), NBT (75 mM), methionine (13
mM), and ethylene diamine tetra acetic acid (0.1 mM) was
produced for the purpose of determining SOD activity. A
spectrophotometer was used to measure the mixture’s
absor2b7ance at 560 nm after it was exposed to fluorescent
light.

Proline Content. The procedure described by Bates et al.””
was followed in order to determine the proline content of
leaves. First, S0 mg of fresh leaves were extracted in
sulfosalicylic acid. Next, the same amounts of ninhydrin and
glacial acetic acid were added. The sample was then heated to
100 °C, and S mL of toluene were added. The aspirated layer’s
absorbance was determined at 525 nm using a spectropho-
tometer. The proline content was given in ug g_1 (FW) units.

Malondialdehyde and Hydrogen Peroxide. Malondial-
dehyde equivalents were measured to determine lipid
peroxidation rates in accordance with the methodology
developed by Hodges et al.”’ Hydrogen peroxide (H,0,)
accumulation was computed using the method developed by
Jana and Choudhuri.*

Protein Content. The protein content of chickpea fresh
leaves was measured by employing the Bradford”' method.
Using a mortar and pestle, 1 g of fresh leaves were first ground
in the buffer before being centrifuged at 20,000g for 10 min. In
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Figure 1. Impact of foliar spray of Ag NPs (50, 100, and 200 M) on (A) plant height, (B) plant fresh weight, and (C) plant dry weight in chickpea
plants in the presence/absence of Cd (100 uM) stress at 35 DAS. Values are mean + SE (n = S) and are statistically significant (p < 0.0S).

order to create color development, the resultant supernatant Cd Content. To assess the Cd content, the plant sample
was combined with the Bradford reagent, and the absorbance was cleaned by running tap water and then dried in the
was determined using a spectrophotometer. The protein incubator for 48 h at 80 °C. The dried material was weighed,
content was given in mg ¢! (FW) units. ground into a fine powder using a motor and pestle, and mixed
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Figure 2. Impact of foliar spray of Ag NPs (50, 100, and 200 M) on (A) SPAD value of chlorophyll content, (B) total carotenoid content, and
(C) rubisco activity in chickpea plants in the presence/absence of Cd (100 uM) stress at 35 DAS. Values are mean + SE (n = S) and are

statistically significant (p < 0.05).

with an HNO,;/HClO, 3:1, v-(v) concentration. Using an
atomic absorption spectrophotometer (GBC, 932 plus; GBC
Scientific Instruments, Braeside, Australia), the amount of Cd
was calculated and given as yg g~ of DM.

Statistical Analysis. The statistical analysis of the data was
conducted using analysis of variance (ANOVA) in SPSS ver.
17.0 (SPSS, Chicago, IL). To accurately discern any
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statistically significant differences among the means, the least
significant difference (LSD) test was employed as a posthoc
analysis.

B RESULTS

Effect of Exogenous Ag NP Application on Chickpea
Morphology under Cd Stress. The results demonstrated

https://doi.org/10.1021/acsomega.4c07946
ACS Omega 2025, 10, 5517-5527


https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
30 0.16
a B a L0.14
25 4
‘n : L0.12 4
o 20 | c c 1]
- 0.10 R
E e d d £
aZ O 15 ¢ Loos @ &
0 e (=] oN
e I
° 10 0% =
£ | (o]
= L 0.04 £.
5
+ 0.02

Ci
(ppm)

o o
S 8 8 8 8§ ¢ & 8 S 8 8
™ N ™ - @ e e ™ N
~ n = ~ D th
° o (2] [7)) o o o Lo} o
o
°© z z 2 2 2 % © =z
(= )]
< 2 2 2 3 3 v
8 8 8
g - N
wvv
LT & &
z
2 & 5
< <

Ag NPs (100 uM)

Ag NPs (200 uM)

Ag NPs (50 pM)+Cd (100 pM)

Ag NPs (100 pM)+Cd (100 pM),

Ag NPs (200 pM)+Cd (100 M)

+ 0.00

F25

20

0.5

- 0.0

E
[m mol (H,0)m?s”]

Figure 3. Impact of foliar spray of Ag NPs (50, 100, and 200 zM) on (A) net photosynthetic rate; Py, (B) stomatal conductance; gs, (C)
intercellular carbon dioxide concentration; Ci, and (D) transpiration rate; E in chickpea plants in the presence/absence of Cd (100 uM) stress at
35 DAS. Values are mean + SE (n = S) and are statistically significant (p < 0.05).

that cadmium (Cd) toxicity decreased the morphological
parameters in chickpea plants (Figure 1A—C). The decline was
more pronounced in plants exposed to 100 uM Cd by 37% in
plant height, 35% in plant fresh weight, and 33% in plant dry
weight compared to control plants. It is interesting to note that
foliar application of silver nanoparticles (Ag NPs) increased all
of the morphological attributes in a concentration-dependent
manner in plants produced in the presence/absence of Cd
toxicity (Figure 1A—C). The maximum increase in height,
fresh weight, and dry weight was noted in the plants treated
with 100 uM Ag NPs, and the increase was 28% (height), 29%
(fresh weight), and 31% (dry weight) over water-treated
plants. Under Cd stress, Ag NPs also exerted beneficial roles,
reduced toxicity, and increased all growth attributes in a
concentration-dependent manner.

Effect of Exogenous Ag NP Application on Chickpea
SPAD Value of Chlorophyll Content, Total Carotenoid
Content, and Rubisco Activity under Cd Stress. The
findings displayed in Figure 2A—C demonstrate that Cd had a
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toxic effect on the SPAD value of chlorophyll content, total
carotenoid, and rubisco activity of chickpea plants. In
comparison to control plants, the Cd (100 uM) stress reduces
the SPAD value by 37%, the total carotenoid content by 40%,
and the rubisco activity by 35% (Figure 2A—C). When plants
under Cd stress were sprayed with Ag NPs, the SPAD value of
chlorophyll content, total carotenoid, and rubisco activity
increased dramatically. Nonetheless, at different concentrations
of Ag NPs (50, 100, and 200 M), all of the above parameters
were increased in a concentration-dependent manner. In
comparison to plants treated with sole Cd, the application of
Ag NPs (100 uM) increased the SPAD value by 71%, the total
carotenoid content by 59%, and the rubisco activity by 48% in
Cd- and Ag NPs-treated chickpea plants (Figure 2A—C).
Effect of Exogenous Ag NP Application on Chickpea
Photosynthesis and Related Attributes under Cd Stress.
Cd (100 uM) toxicity reduced photosynthesis and related
attributes in chickpea plants compared to control plants
(Figure 3). Compared to control plants, there was a startling

https://doi.org/10.1021/acsomega.4c07946
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https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
50 250
c b a a [=
= ] b | =
@ ¢ ¢ b 200 °
o d o
o d o
e
- 30 f f f € € F 150 -
5 > g T g
n- o~
£ 20 L 100 c
£ £
© ©
£ 10 L 50 £
= =
0 A
80 14
a
C D c b b
= b 2 d ¢ : L 12
D> c e
:; 60 d
o L 10 .
x 2 g ? £«
EE v;E 40 4 Eé E?
; L6
£ “E
—_ L4 ~
O 20
£
= L2
-0

Control
Cd (100 uM)
Ag NPs (50 puM)

s
3
8
»
o
z
=
<

Ag NPs (200 pM)

Ag NPs (50 uM)+Cd (100 pM)
Ag NPs (100 pM)+Cd (100 uM)
Ag NPs (200 pM)+Cd (100 M)

Control
Cd (100 pM)
Ag NPs (50 pM)

s
=4
S
»
o
b4
=
<

Ag NPs (200 pM)

Ag NPs (50 uM)+Cd (100 pM)
Ag NPs (100 pM)+Cd (100 uM)
Ag NPs (200 pM)+Cd (100 uM)

Figure 4. Impact of foliar spray of Ag NPs (50, 100, and 200 #M) on (A) superoxide dismutase; SOD, (B) catalase; CAT, (C) peroxidase; POX,
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significant (p < 0.0S).

36% reduction in Py, a significant 38% decline in gs, a notable
37% decline in Ci, and a significant 39% drop in E in Cd-
treated chickpea plants (Figure 3). However, the consequences
of Cd toxicity were successfully alleviated by the exogenous
application of Ag NPs in a concentration-dependent manner,
leading to enhanced Py, gs, Ci, and E. Plants treated with Ag
NPs (100 uM) under Cd stress increased Py by 65%, gs by
71%, Ci by 70, and 72% by E compared to only Cd-treated
plants. Among the different tested (50, 100, and 200 xM)
concentrations of Ag NPs, 100 yM proved to be the best and
increased all of the photosynthetic attributes significantly
(Figure 3A-D).

Effect of Exogenous Ag NP Application on Chickpea
Antioxidant Enzyme Activity under Cd Stress. Plants
typically develop many antioxidant enzymes in response to Cd
stress in order to counteract the excess reactive oxygen species
that are produced as a result of oxidative stress. We saw
significant improvement in the activity of superoxide dismutase
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(SOD), catalase (CAT), and peroxidase (POX) (Figure 4). At
Cd stress treatment (100 uM), the increase in enzymatic
activity is notable; it is 31% (SOD), 42% (CAT), and 45%
(CAT) higher than that in control (Figure 4A—C). When the
Ag NPs applied to the leaves of plants had been Cd-stressed,
the enzymatic activities displayed a distinct reaction in a
concentration-dependent manner. When Ag NPs (100 uM)
are added, it is discovered that SOD activity increases in both
stressed and nonstressed plants by 61 and 18%, respectively,
over control plants (Figure 4A). The same results are also
displayed with CAT and POX and increased their activity by
60% (with Cd-stressed), 20% (without Cd-stressed), 68%
(with Cd-stressed), and 21% (without Cd-stressed), respec-
tively, over their control plants (Figure 4B,C).

Effect of Exogenous Ag NP Application on Chickpea
Proline Content under Cd Stress. Plants exposed to Cd
(100 uM) showed a notable increase (8%) in proline
accumulation compared to that in the corresponding control
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and are statistically significant (p < 0.0S).

group (Figure 4D). Different concentrations (50, 100, and 200
uM) of Ag NPs further increased the proline content in
chickpea leaves. A maximum increase in the proline content
was noted in the plants treated with 100 yuM Ag NPs in
addition to 100 yM Cd (Figure 4D).

Effect of Exogenous Ag NP Application on Chickpea
MDA and H,0, Content under Cd Stress. The MDA level
increased when Cd (100 yM) was applied to plants by 34%
compared to their control (Figure SA). Ag NPs application in a
concentration-dependent manner resulted in a considerable
reduction in MDA levels and almost completely abolished the
negative effects of Cd. When Ag NPs (100 uM) were
supplemented to chickpea plants, it reduced 86% of the MDA
content compared to Cd-stressed plants (Figure SA). The
exposure to Cd on its own caused a substantial increase in
H,O0, buildup in the chickpea plant by 31% compared to the
control (Figure SB). A significant decrease in the H,0,
content was produced by Ag NPs in a concentration-
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dependent manner, which also nearly eliminated the harmful
effects of Cd stress. In comparison to Cd-stressed plants, 100
uM Ag NPs reduced the H,0, content by 70% (Figure SB).

Effect of Exogenous Ag NP Application on Chickpea
Protein Content under Cd Stress. The amount of protein
in the leaves of the seedlings exposed to Cd dramatically
decreased (Figure SA). On the other hand, the exogenous
administration of Ag NPs greatly enhanced the protein content
in a concentration-dependent manner and lessened the adverse
effects of Cd stress. Compared to untreated plants, the plants
exposed to Ag NPs had a somewhat higher protein content
(16%) (Figure 6).

Effect of Exogenous Ag NP Application on Chickpea
Cd Content. Plants supplemented with Cd (100 uM) showed
a significant increase in metal content by 238% compared to
control ones (Figure SD). In addition, the Cd content was
lowered in stressed and nonstressed plants treated with Ag NPs
in a concentration-dependent manner. A noteworthy decrease
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Figure 6. Schematic representation of Ag NP-mediated stress
tolerance in chickpeas under Cd stress. MDA: Malondialdehyde;
Cd: Cadmium; Ag NPs: Silver nanoparticles.

was observed in the plants treated with 100 M Ag NPs when
compared to the control (Figure SD).

B DISCUSSION

The accumulation of cadmium (Cd) in plant tissues inhibits
growth and causes a number of toxicity symptoms. The
diminish in growth and yield is the very first symptom of Cd
accumulation.” Cd translocation within plant tissues interferes
with the photosynthetic process, alters nutrient profiles of
nutrients and enzyme activity, and negatively affects crop
quality by reducing yield generation.”” In plants, growth was
suppressed under Cd toxicity due to changes in the rates of cell
division, growth, and structure, as reported by Ashraf et al.”
There were also changes in the rates of water and critical
mineral nutrient uptake by the root, and the disruption of the
hydrogen—sulfur bond caused the denaturation of proteins.
Our findings clearly show that Cd had a detrimental impact on
every development parameter, including plant height, fresh
weight, and dried weight of chickpeas (Figure 1A—C). The
present investigation demonstrated how Ag NPs improve
growth metrics like length, FW, and DW. This could be
because relative water content (RWC) has improved, which is
the primary factor in its primary function in polysaccharide
synthesis.”* Additionally, Ag NP function in preserving the
hormonal balance adversely impacted by stressors improves
the metabolic and physiological conditions of calli cultures.
Researchers have discovered that the positive effects of Ag NPs
on plant physiochemical characteristics and growth may be
linked to changes in the expression levels of genes involved in
cellular growth, water uptake, nutrients, and seed germina-
tion.” Additionally, the growth and length were significantly
influenced by the Ag NP treatment. Prior research on rice’
and Arabidopsis®” revealed a similar form of Ag NP-induced
root growth, which was ascribed to ROS accumulation and Ag
NPs interaction with several cellular signaling pathways, such
as cell proliferation, ROS scavenging, and hormone signaling
path3ways, which include auxin, abscisic acid, and ethyl-
ene.

Since chlorophyll is a vital pigment involved in light
absorption and the subsequent conversion of light energy
into chemical energy during photosynthesis, the relationship
between leaf chlorophyll content and photosynthesis is well-
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attributes in chickpea plants (Figure 3A—D). This reduction
in chlorophyll content is because of reduced mobility of
pigment—protein complexes, structural disruption in chlor-
ophyll molecules, and impairment of enzymes involved in
chlorophyll synthesis. The results of this study revealed that Ag
NPs significantly increased the chlorophyll content and
photosynthetic rate in a dose-dependent manner. Ag NPs
increased photosynthesis and related attributes by accelerating
water-splitting processes and promoting electron exchange
through redox reactions.”’ According to earlier research, using
Ag NPs can successfully counteract the decline in chlorophyll
content and promote photosynthesis during stress.*' This is
consistent with findings of Farghaly and Nafady,"” who found
that Ag NPs strongly enhance photosynthesis and are closely
linked to changes in nitrogen metabolism. Additionally,
Racuciu and Creange™ observed that while chlorophyll
content was decreased at higher doses of NPs, it increased at
low concentrations (10—S0 uL/l) of Ag NP treatment on
maize plants. Additionally, Nghia et al.** verified Ag NPs’
beneficial effects. Govorov and Carmeli*® claimed that metal
NPs can increase photosynthetic systems’ capacity to produce
chemical energy efliciently.

Plants use the antioxidant system as a major defense
mechanism to deal with elevated quantities of harmful metals
in the growth medium, including Cd contamination. According
to earlier research, Ag NPs have strong antioxidant qualities
because they scavenge reactive oxygen species (ROS), such as
hydrogen peroxide (H,0,), superoxide anion (O,”), and
hydroxyl radical (OH®), which lowers oxidative stress and
shields biomolecules from harm.*® They stimulate the
production of genes involved in detoxification and antioxidant
response, including the nuclear factor erythroid 2-related factor
2 (Nrf2) pathway. Ag NPs increase Nrf2 signaling, which
causes genes that encode important antioxidants including
SOD, CAT, GPx, and HO™! to be transcriptionally activated.”®
Additionally, they alter intracellular signaling networks that
control antioxidant gene expression and cell survival, including
phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) and
mitogen-activated protein kinase (MAPK)."” Together, these
processes strengthen the antioxidant defenses of cells and
provide cytoprotective benefits against damage caused by
oxidative stress. Ag NPs therefore have the potential for use in
the amelioration of oxidative stress brought on by exposure to
Cd. The antioxidative trend shows the equilibrium between
ROS generation and scavenging, as well as the distinct roles
played by these enzymes in Ag NP-induced stimulation.”**” At
the gene transcript level, the role of antioxidant defense in
fostering chickpea growth may also be evident.

Proline is an osmoprotectant biomolecule. It aids in the
maintenance of plant cells’ osmotic pressure and controls their
metabolism. The stability of the cell membranes is enhanced
by it. When plants are exposed to metal poisoning, their
capacity to absorb and move water is negatively impacted.
Consequently, increased proline synthesis helps to preserve the
osmotic equilibrium inside cells. According to Rady and
Hemida,” plants often accumulate larger quantities of proline
when they are under Cd stress. According to Szabados and
Savouré,”" proline preserves protein integrity by functioning as
a molecular chaperone. Proline also possesses a chelating

https://doi.org/10.1021/acsomega.4c07946
ACS Omega 2025, 10, 5517-5527


https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07946?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

property, which allows it to form bonds with heavy metals to
immobilize them and reduce metal toxicity in plants.

The predominant consequence of metal toxicity in plants is
the generation of surplus ROS, leading to oxidative harm to
cellular components such as proteins, lipids, and DNA>>®3
ROS interacts with fatty acids and phospholipids to promote
lipid peroxidation, which raises MDA levels. Because of this,
MDA content is typically used to quantify lipid peroxida-
tion.”»>> MDA is a marker for lipid peroxidation that takes
place inside cellular organelles. It was observed that there was a
significant increase in H,0, and MDA levels in plant tissues
after Cd treatment (Figure SA,B). Cd stress severely damaged
the cells of chickpea seedlings, as evidenced by reduced root
cell viability that followed growth retardation and elevated
MDA contents. The current results are consistent with earlier
research on soybeans,‘% tomatoes,”” rice,”® and mungbean.59
On the other hand, the extra Ag NP supply in conjunction with
the Cd treatment decreased the levels of H,0, and MDA
accumulation in plant tissues. This was accompanied by
increased root cell viability, suggesting that the presence of Ag
NP supplies shields chickpea seedlings from oxidative stress
when subjected to Cd stress. Additionally, Ag NPs reduced
ROS-induced damage in chickpea seedlings, mostly because
they decreased the uptake of Cd into plant tissues (Figure SD).
Ag NPs have dramatically lowered MDA levels in metal-treated
plants, protecting cellular membrane integrity and positively
impacting growth and production in the process. Our findings
are consistent with a prior work that found that Ag NPs
improved the antioxidant defense mechanisms of wheat plants
and lowered MDA levels during stress.”” These findings
support recent research on the im(?act of heavy metal stress on
several crop plants, such as rice.”

The current study found that when chickpeas were exposed
to Cd through the soil, their protein content dropped (Figure
SC). Increased rates of protein denaturation brought on by
protease activity breaking down proteins and a reduction in the
synthesis of protein macromolecules during stressful situations
could be the cause of this. Moreover, foliar spraying Ag NPs
increased the protein content in both stressed and nonstressed
plants (Figure SC). The increase in protein content under NP
administration is explained by their role in regulating
transpiration and translation processes involved in the
synthesis of the protein and other membrane enzymes.”"**
Furthermore, these compounds influence the structure or
activity of proteins by directly interacting with sterols, which
form protein structures and control the activity of the enzymes
involved in protein synthesis.

B CONCLUSIONS

Cadmium (Cd) stress reduced growth, photosynthesis, and
physiochemical functions of chickpea plants. Nevertheless, the
application of Ag NPs alleviated Cd toxicity and helped the
applied plants sustain their physio-biochemical attributes,
resulting in improved growth and weight production. The Ag
NPs exhibited increased chlorophyll content and photo-
synthetic parameters and improved protein content in plants
under Cd stress. Furthermore, Ag NP treatment reduced MDA
and H,0, levels while enhancing antioxidant enzyme activity
to help the chickpea plant cope with Cd toxicity. This study
highlights the need for further research in this area and offers
insightful information on the potential of Ag NPs as a
protective agent against Cd toxicity. Additionally, under-
standing the molecular mechanisms behind different stresses
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and crops is crucial to fully appreciating these protective
advantages.
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