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Effect of nanocellulose-assisted
green-synthesized iron nanoparticles

and conventional sources of Fe on pot
marigold plants symbiotically with arbuscular
mycorrhizal fungus (Funneliformis mosseae)
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Abstract

The objective of this study was to investigate the effect of nanocellulose-assisted green-synthesized iron
nanoparticles (FeNPs) and conventional sources of Fe on pot marigold (Calendula officinalis L.) plants symbiotically
with arbuscular mycorrhizal (AM). Pot marigold plants were inoculated with Funneliformis mosseae in addition to
applying ferrous sulfate, FeNPs, and Fe-EDDHA at a rate of 10 mg Fe/kg soil, which follows the recommended
rates of fertilizer. Their effects on plant growth, morphology, and physiological parameters were to be compared

in the experiment. According to the findings, FeNPs significantly increased plant height, mean stem length, flower
number, and total flower lifespan, especially when used with AMF. Most notably, this treatment produced the
highest total chlorophyll content (6.62 mg/g FW), active iron in leaves (10 ug/g FW), essential oil (5.75%), mean
number of leaves per plant (26.25), number of flowers per plant (6.5), and overall flower lifespan (92.75 days). It
also produced superior mycorrhizal root colonization (52.47%). However, because of its lower uptake efficiency and
rapid oxidation, ferrous sulfate showed limited performance. By enhancing iron bioavailability, the FeNPs promoted
more effective metabolic activity and nutrient absorption. These results demonstrate the advantage of producing
FeNPs as a bio-sustainable and biocompatible alternative for synthetic chelates, thus providing an interesting way
to improve crop growth promotion in mycorrhizal cropping systems.
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Introduction

Pot marigold (C. officinalis L.) is a medicinal plant widely
recognized for its pharmacological properties, includ-
ing anti-inflammatory [1, 2], antibacterial [3], antipara-
sitic activity [4], and wound-healing effects [5]. It is rich
in bioactive compounds such as flavonoids, carotenoids,
and essential oils, which contribute to its therapeutic
potential [6, 7]. Due to its wide applications in the phar-
maceutical, cosmetic, and agricultural industries, opti-
mizing its growth and biochemical composition is of
great significance [8—11].

The growth of pot marigold is highly dependent on the
environment and the nutrients it receives, especially iron
(Fe), which is essential for healthy plant development
[12-14]. Iron plays an important role in plant metabo-
lism and is involved in enzymatic reactions, electron
transport, and chlorophyll synthesis [15, 16]. If plants do
not receive enough iron, their growth and productivity
are severely impaired, as iron is crucial for processes such
as photosynthesis, respiration, and nitrogen fixation [15,
17]. Although iron is abundant in the soil, plants often
have difficulty absorbing it as it tends to form insoluble
compounds, especially in neutral to alkaline soils [15].
This leads to iron deficiency, which results in yellowing
leaves (chlorosis), poor photosynthesis, stunted growth
and lower crop vyields [13, 18]. Farmers usually use syn-
thetic Fe fertilizers such as Fe chelates (Fe-EDTA and Fe-
DTPA) or Fe sulfate to remedy this deficiency [16, 19].
But these fertilizers have their downsides such as they
oxidize quickly, can be easily washed out, and can even
harm the environment. Too much iron can also become
toxic and disrupt the delicate balance of nutrients in
plant cells and the soil microbiota [20].

Iron oxide nanoparticles (FeNPs) have emerged as
a promising solution for addressing Fe deficiency in
plants and improving seed germination [13, 21-24]. Due
to their nanoscale dimensions, high surface area, and
unique physicochemical properties, FeNPs exhibit supe-
rior Fe solubility and controlled release, facilitating effi-
cient uptake and utilization by plants [25-27]. Several
studies have demonstrated that FeNPs can enhance chlo-
rophyll synthesis, promote root elongation, and improve
overall plant performance under Fe-deficient conditions
[13, 21-24, 28-30]. Compared to conventional Fe fertil-
izers, FeNPs minimize nutrient loss through leaching
and reduce environmental risks [31, 32]. However, the
method of FeNPs synthesis significantly influences their
bioavailability, stability, and potential toxicity [13].

Conventional methods for synthesizing FeNPs (such
as chemical and physical approaches) often come with
major advantages [33]. They typically rely on hazard-
ous chemicals, consume high energy, and produce toxic
by-products, making them less than ideal for sustain-
able agriculture [34, 35]. In contrast, green synthesis has

Page 2 of 20

gained traction as an eco-friendly alternative, utilizing
biological molecules from leaf extract [36], tea extract
[37], flower extract [38], agricultural waste extract [39],
root extract [40], vegetable and fruit peel extracts [41],
papermaking waste and nanocellulose [13], egg peel
extract [42], microorganisms [43, 44], or seaweed poly-
saccharides [45] to facilitate nanoparticle formation.
Among these biomaterials, nanocellulose has emerged
as a highly effective stabilizing and reducing agent for
metal nanoparticle synthesis [13, 46—49]. Nanocellulose,
a renewable and biodegradable nanostructured poly-
mer derived from plant biomass, possesses remarkable
physicochemical properties such as high surface area,
functional hydroxyl (OH) groups, and excellent biocom-
patibility [50-53]. These attributes serve as an effective
matrix for stabilizing metal nanoparticles, preventing
their agglomeration, and enhancing their bioavailability
in soil-plant systems. Moreover, using nanocellulose for
the synthesis or bio-templates of nanoparticles eliminates
the need for hazardous reducing agents [48], aligning
with the principles of green chemistry and sustainable
development.

The effectiveness of FeNPs in improving plant nutrition
largely depends on their uptake mechanisms or FeNPs-
plants [54, 55]. Several pathways have been proposed
for FeNPs internalization, including root absorption via
apoplastic and symplast pathways [56, 57] and foliar pen-
etration through leaf epidermis or stomata [58]. Studies
suggest that FeNPs can undergo dissolution and act as
nano-nutrients for plants, releasing Fe ions that are sub-
sequently assimilated through conventional Fe transport-
ers [16, 21-23, 55, 58, 59]. Additionally, FeNPs may be
internalized as intact particles, accumulating in internal
organelles or chloroplasts and causing damage. However,
factors such as nanoparticle size, surface charge, and
coating materials influence their uptake efficiency and
physiological effects. Understanding these mechanisms
is crucial for optimizing FeNPs formulations for agricul-
tural applications.

In addition to Fe supplementation, beneficial soil
microorganisms play a critical role in nutrient acquisi-
tion and plant health [60]. AM fungi form symbiotic
associations with plant roots, facilitating nutrient absorp-
tion, improving water uptake, and enhancing stress
tolerance [61-67]. AM fungi contribute to Fe bioavail-
ability, secreting chelating compounds, and promoting
root system expansion [68]. AM fungi promote iron and
nutrient uptake in host plants by increasing the effec-
tive soil volume that roots can access via their extensive
hyphal networks. The AM fungi also promote the natu-
ral production of phytosiderophores in the host plant to
increase the solubility and mobility of Fe in the rhizo-
sphere. AM fungi can also exude low-molecular-weight
organic acids (citric acid and oxalic acids) that ‘mobilize’



Nohesara et al. BMC Plant Biology (2025) 25:721

insoluble forms of Fe in the soil, or induce expression of
high-affinity iron transporters in plant roots to enhance
the acquisition of Fe [69]. Not only does AM fungi aug-
ment iron uptake, but it also increases plant tolerance
to stressful conditions (drought, salinity) or heavy met-
als. AM fungi are capable of improving drought, salinity,
and heavy metal tolerance by increasing plants’ ability to
uptake nutrients and water, boosting antioxidants, regu-
lating hormones, and supporting photosynthesis and
biomass production. AM fungi also promote resilience
in ecosystems through enhanced soil structures, nutrient
cycling, and carbon retention [70]. Despite the poten-
tial benefits, limited studies have explored the combined
impact of AM and FeNPs on medicinal plants like pot
marigold plants.

While FeNPs have been researched extensively in agri-
cultural applications, there are still gaps in our knowledge
regarding the potential of NC-assisted green synthesis of
FeNPs and their interactions with medicinal plants and
symbiotic fungi. Most of the previous research has cen-
tered on chemically synthesized FeNPs, which are envi-
ronmentally hazardous as they contain toxic remnants
and unstable formulations. Further, though FeNPs have
been reported to improve plant growth and metabolism,
the function of nanocellulose as a novel and sustain-
able stabilizing and reducing agent in FeNP synthesis is
yet to be explored. Despite the well-known significance
of AMF in improving nutrient acquisition and stress
tolerance, the synergistic interactions among AM and
FeNPs in medicinal plants such as pot marigold remain
less investigated. This study bridges these research gaps
by demonstrating a green, nanocellulose-mediated
method for FeNP synthesis that offers higher biocom-
patibility, controllable release, and minimal impact on
environmental pollution. Moreover, it also provides novel
insights regarding the tripartite interaction between
nanocellulose-assisted FeNPs, AM (E mosseae), and pot
marigold and their synergistic effects on the physiology,
essential oil composition, and productivity of the plant.
The results of this work will aid in the design of sustain-
able nano-fertilization processes, as well as contribute
towards the research of clean agriculture and the cultiva-
tion of medicinal plants.

Fe;0, solution

Nanocellulose addition Dried FeNPs powder

= el ‘; Color change E
Fe3*:Fe2* molar ratio: 2:1
(200 mL)

| \Time: 60 min.
Temp.: 80 °C

Fig. 1 The color change in the suspension of FeNPs during synthesis
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Materials and methods

Materials

The pot marigold seeds were purchased from Pakan Seed
Company in Isfahan, Iran. The main reagents used in this
study included iron chloride in two forms: ferric chloride
(FeCl;-6H,0) and ferrous chloride (FeCl,-4H,0), both
of analytical grade with 99% purity, and sodium hydrox-
ide (NaOH) supplied by Merck (Darmstadt, Germany).
Fe-EDDHA (iron ethylenediamine-N, N’-bis(2-hydroxy-
phenylacetic acid)) with 6% iron content was purchased
from Scharlau (Barcelona, Spain). Additionally, agricul-
ture ferrous sulfate monohydrate fertilizer (FeSO,-H,0)
with 18% iron content was obtained from Merck (Darm-
stadt, Germany).

Preparation of AM (F. mosseae)

The arbuscular mycorrhizal (AM) fungus used in this
study (E mosseae) was obtained from Turan Biotech
Co. (Semnan Science & Technology Park, Iran), a certi-
fied provider of microbial inoculants. Fungal spores were
extracted using the wet sieving technique and counted
using a binocular microscope (ZSM-1001), revealing an
inoculum potential of 150 viable spores per 100 g of inoc-
ulum based on the number of healthy spores [71, 72].

Preparation of nanocellulose

Nanocellulose was produced using a super disk grinder
(MKCA®6-2; Masuko Sangyo Co., Ltd., Japan) through
a mechanical process. A 1% (w/v) cellulose suspension
obtained from bleached softwood kraft pulp was pre-
pared in deionized water and subjected to grinding at
1500 rpm. The grinding process was carried out in mul-
tiple passes, gradually reducing the gap between the
rotating and stationary disks to enhance fibrillation. This
mechanical treatment resulted in the formation of a sta-
ble nanocellulose gel (2.5 wt%), which was then stored at
4 °C for further analysis and applications [73, 74].

Green synthesis of fenps with nanocellulose

During the synthesis of FeNPs, a nanocellulose gel at
a concentration of 15% (relative to the total weight of
FeCl;) was introduced into a 100 mL solution of Fe;O,
(0.1 M) and maintained at 80 °C for 60 min. Follow-
ing this step, 120 mL of NaOH (1.0 M) was added while
vigorously stirring the mixture mechanically. The rapid
appearance of a black coloration signified the successful
reduction of FeNPs, as illustrated in Fig. 1.

Characterization of nanocellulose and fenps

Field emission scanning electron microscopy (FESEM) and
energy dispersive X-ray analysis (EDX)

Field emission scanning electron microscopy (FESEM)
was employed to examine the morphological character-
istics of nanocellulose and FeNPs. The FeNPs, separated
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via high-speed centrifugation, and the nanocellulose gel
were dried in a drying oven (Memmert UNB-500, Ger-
many) at 60 °C for 24 h to achieve a constant weight. The
dried samples were then coated with a platinum layer
(<0.2 nm) using a sputter coater (Quorum, Q150R ES,
UK) under vacuum. Subsequently, the coated specimens
were analyzed using a FESEM (MIRA3, TESCAN-XMU,
Czech Republic) equipped with an energy-dispersive
X-ray spectrometer (SAMx Numerix, Levens, France) at
an accelerating voltage of 10 kV.

Transmission electron microscopy (TEM)

The morphology of the synthesized FeNPs was analyzed
using transmission electron microscopy (TEM) (Zeiss
EM10, Oberkochen, Germany). For this purpose, aque-
ous suspensions containing 0.01 wt% of FeNPs were care-
fully deposited onto a nickel grid coated with Formvar©
polymer. The samples were then allowed to dry at room
temperature to ensure complete evaporation of the sol-
vent. TEM imaging was carried out at an accelerating
voltage of 1.5-5 kV, enabling high-resolution visualiza-
tion of the nanostructures.

Table 1 The physicochemical properties of the soil

Properties Unit Value Method

Textural class - Loam-clay  Hydrometer method

pH - 7.18 pH meter (pH 700
benchtop meter,
Oakton) in saturated
soil paste

Electrical conduc-  dS/m 0.81 EC meter (Hanna

tivity (EC) Instruments, Model
HI5321-02) in satu-
rated soil paste

Saturation percent- % 56.04 Gravimetric method

age (SP)

Organic carbon % 1.0 Walkley-Black method

(0Q)

Total nitrogen (N) % 0.06 Kjeldahl method

Calcium carbonate % 27.12 Back-titration the ex-

content cess acid with NaOH.

Available phospho-  mg/kg 9.0 Olsen method with

rus (P) extraction by sodium
bicarbonate

Available potas- mg/kg 2015 The atomic absorption

sium (K) spectrometer method,
extracted by 1 N am-
monium acetate

Available iron (Fe) ma/kg 247 The atomic absorption

Available zinc (Zn)  mg/kg 0.11 spectrometer method,

Available copper mg/kg 043 extracted by DTPA

(Cu)

Available manga-  mg/kg 3.64

nese (Mn)
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Size distribution analysis

The size distribution of nanocellulose and synthesized
FeNPs was analyzed by Digimizer image analysis soft-
ware (version 4.1.1.0; MedCalc Software, Mariakerke,
Belgium). The nanocellulose and FeNPs were calibrated
using a nanoscale microscope, revealing these very high-
resolution images. For nanocellulose, 100 particles and
for FeNPs, 300 particles were manually drawn and mea-
sured their diameters. Histograms were generated from
exported data that showed the characteristics of the size
distribution of FeNPs. Statistical parameters were calcu-
lated to gain insight into the particle size distribution,
including mean size and standard deviation.

Zeta potential

Zeta potential was measured with a dynamic light scat-
tering (DLS) spectrometer with electrophoretic light
scattering function (Zetasizer Nano, Malvern, UK). The
nanoparticle suspension was diluted previously with
deionized water at suitable concentrations to dismiss
multiple scattering effects and avoid too low signal inten-
sity. Each sample was measured in triplicate and pre-
sented as the mean + standard deviation.

Experimental design

The physicochemical characteristics of the soils are dis-
played in Table 1. The planter soil was sterilized immedi-
ately before planting (121 °C for 60 min.) to minimize the
contribution of native soil microorganisms and ensure
were measuring only the symbiotic effects of AM fungi.
It can conclude then that indigenous microbial commu-
nities (pseudomonas and others) were also eliminated
with this sterilization process, including bacteria capable
of producing siderophores, which can be a major envi-
ronmental determinant of iron in the rhizosphere. The
experiment treatments involved the application of 10 mg/
kg synthesized FeNPs, iron sulfate 18%, and Fe-EDDHA
6% (based on fertilizer recommendation of 10 mg Fe/
kg soil). During the emergence and germination test, 10
seeds were sown evenly at a depth of 3 cm. After thin-
ning, four plants were left in each pot (Fig. 2). The pots
used in this experiment measured 16 cm in diameter and
15 cm in height, providing adequate volume (2 kg) for
plant growth under controlled conditions. After counting
the number of spores, the E mosseae fungus inoculum
was inoculated as a thin layer at a distance of 1 cm below
the seeds. The plants were then housed under controlled
conditions in a growth room with a temperature of
28+1 °C, a light cycle of 16 h, and an 8-hour dark period.
Humidity was maintained at 80% of field capacity (FC).

Determination of plant morphological properties
To assess the growth characteristics of pot marigold,
several variables were measured at the flowering stage
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Fig. 2 Schematic of experimental treatments in this study

using morphological parameters. For plant height and
stem length, a digital caliper was used to measure from
the base of the plant to the highest point of the plant and
stem, respectively. The time from sowing to harvesting
the plant was 150 days, which was from March to July.
The first flower appeared at 40—45 days after sowing, and
the flowers were counted and monitored continually until
the end of a 150-day cultivation period to account for any
drop-off in the number of flowers. The number of leaves
and the number of flowers were counted by hand per
plant [75, 76]. The total flower lifespan was determined
by monitoring the time from flower opening to wilting.

Determination of plant growth properties

Fresh and dry weights of different plant parts, including
flower, root, and stem, were measured using a digital ana-
lytical balance. Fresh weight was recorded immediately
after harvesting, while dry weight was determined after
drying the samples in an oven at 70+ 2 °C until a constant
weight was achieved [77, 78].

Total chlorophyll content
The total chlorophyll content can be determined using
the Dixit, Rani and Kumar [79] method. Fresh leaf tissue

Control

: : : !y

' ' ' 17

1 H ! I,
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(0.1 g) is homogenized in 10 mL of 80% acetone and cen-
trifuged at 10,000 rpm for 10 min to obtain a clear super-
natant. The absorbance of the supernatant is measured
at 645 and 663 nm using a spectrophotometer. All steps
should be performed under low-light conditions to pre-
vent chlorophyll degradation. The total chlorophyll con-
tent (chl a + chl b) is calculated using Eq. 1:

Totalchlorophyll (mg/gFW)
=20.2 (A645) +8.02 (A663) (1)
x ([V/1000] xW)

where A645 and A663 are the absorbance values at the
respective wavelengths, V is the final volume of extract
(mL), and W is the fresh weight of the sample (g).

Fe determination

Total shoot Fe content was determined using an atomic
absorption spectrophotometer (AAS) (model AA-6300,
Shimadzu, Japan) after digestion with nitric acid-per-
chloric acid [59]. Available (DTPA-extracta) iron in soil
was extracted using DTPA (diethylenetriaminepentaace-
tic acid) and quantified via AAS (model AA-6300, Shi-
madzu, Japan) [80]. Active iron in leaves was measured
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using the ortho-phenanthroline method after extraction
with 0.1 N HCI [81].

Essential oils extraction

Extraction of essential oils from pot marigold flowers
was carried out using a Clevenger apparatus based on
the procedure described by Ahmed, Seleiman [82] and
Jaimand, Bagher Rezaee and Homami [83] with a slight
modification. A 0.1 g of dried flowers was extracted in 10
mL distilled water by the hydro-distillation method for
3 h. The essential oil was dried over anhydrous sodium
sulfate and then stored in sealed, dark vials at 4 °C for
further studies [84]. Essential oil was calculated as the
ratio of extracted essential oil to the dry weight of the
flower (Eq. 2).

E
Essential 0il (%) = % x 100 2)

Root colonization assessments

Root staining was performed based on the procedure
described by Sun and Tang [85] with a slight modifica-
tionTrypan blue staining was employed to prepare root
samples for subsequent assessment of AMF colonization.
The roots were sectioned into 1 cm fragments and sub-
jected to a sequential processing procedure: clearing in
10% hot KOH at 60 °C for 60 min, softening in an alka-
lized H,O, solution for 20 min, acidification with 5% lac-
tic acid for 3 min, staining overnight with a 0.05% trypan
blue solution, and finally destaining using a lactic acid—
glycerin mixture (1:1, v/v) at room temperature. The
stained roots were examined under a dissecting stereo
microscope (Olympus SZ61, 40x magnification), where
both vertical and horizontal gridlines were systematically
scanned, recording the presence or absence of fungal
infection at each intersection point. Each root segment
was analyzed four times by repositioning the samples.
The percentage of colonization was determined by divid-
ing the number of intersections showing AM fungal
structures by the total number of root—grid intersections
examined.

Statistical analysis

The outcomes of each section were presented as
mean + standard deviation (SD). Statistical analysis was
conducted using SPSS software (version 20, SPSS Inc.,
Chicago, USA). A completely randomized design (CRD)
with four replications per treatment was used for the
experiment. Analysis of variance (ANOVA) was per-
formed to assess statistical significance, and mean com-
parisons were conducted using Duncan’s multiple range
test (DMRT) at significance levels of P<0.05 and P<0.01.
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Results

Nanocellulose characterization

Figure 3 illustrates the characterization results of nano-
cellulose. The digital photograph (Fig. 3a) depicts a highly
viscous nanocellulose gel at a concentration of 2.5 wt%,
which is attributed to its extensive nanofiber network
and high specific surface area. FESEM micrographs,
along with diameter distribution analysis, confirm that
the nanocellulose exhibits nanoscale dimensions, with an
average diameter of 35.05+6.67 nm and lengths exceed-
ing 10 pm (Fig. 3b, c). The zeta potential ({) of the nano-
cellulose suspension was measured at —31.7 £1.69 mV,
indicating good colloidal stability due to sufficient surface
charge, which effectively prevents particle aggregation
through electrostatic repulsion. The positive or negative
values higher than +30 mV are considered stable disper-
sal [86, 87]. This level of stability is favorable for its role
as a dispersing or stabilizing agent in nanoparticle for-
mulations. EDX analysis showed that the nanocellulose
contained 53.1 wt% carbon, 2.01 wt% nitrogen, and 44.89
wt% oxygen (Fig. 3d).

FeNPs characterization

The characterization of FeNPs was carried out using
advanced techniques, including TEM, FESEM, EDX, and
particle size distribution analysis (Fig. 4). TEM analysis
showed that the FeNPs exhibited a spherical morphol-
ogy with an average particle size of <100 nm. FESEM
micrograph showed that the particles had a uniform dis-
tribution, good dispersion, or relative agglomeration ten-
dency. The presence of agglomeration was observed, with
particles grouped in clusters of >200 nm. This suggests
that the nanoparticles may exhibit strong inter-particle
interactions. EDX analysis confirmed the presence of Fe
in the nanoparticles, with the characteristic peaks cor-
responding to Fe, O, C, etc. The atomic ratio of Fe was
calculated to be 7.05%, confirming the successful synthe-
sis of FeNPs. The elemental composition was consistent
with the green synthesis method. Particle size distribu-
tion analysis showed a narrow distribution with a peak
size of 25.4+2.12 nm. This indicates that the majority
of the nanoparticles are within the range of 10-40 nm,
which suggests a uniform particle size ideal for fertilizer
applications.

The synthesized FeNPs exhibited a polydispersity index
(PDI) of 0.197, indicating a narrow particle size distribu-
tion and a high degree of uniformity among the nanopar-
ticles. According to established criteria, PDI values less
than 0.3 typically reflect a good monodisperse system
with well-dispersed particles [88], which is desirable for
applications requiring consistent behavior and predict-
able interactions in biological or soil environments. Fur-
thermore, the measured zeta potential ({) of —33.3+2.12
mV shows that the FeNPs possessed a sufficiently high
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Fig. 3 Nanocellulose characterization: a) digital photograph of nanocellulose gel with a concentration of 2.5 wt% alongside their value of zeta potential,
b) FESEM micrograph of nanocellulose, ¢) diameter distribution analysis, and d) EDX analysis

surface charge to maintain colloidal stability in aqueous
suspension. Zeta potentials exceeding+30 mV are typi-
cally considered for a good stable colloidal dispersion,
which minimizes agglomeration and sedimentation [86,
87].

Effects of different fertilizer treatments on morphological
parameters

The results of the analysis of variance (ANOVA) pre-
sented in Table 2 show the effects of different fertilizer
treatments on various morphological parameters of the
plants. Significant differences were observed at the 1%
level for most parameters, including plant height (94.31),
mean stem length (43.87), mean number of leaves per
plant (45.54), number of flowers per plant (2.85), and
total flower lifespan (229.2). These results suggest that the
fertilizer treatments had a considerable effect on these
parameters. However, the number of days to flowering
did not show a significant difference (p>0.05), suggesting

that the timing of flowering was not strongly influenced
by the fertilizer treatments.

The effect of different iron treatments, including
FeNPs, ferrous sulfate, and Fe-EDDHA, on the morpho-
logical parameters of pot marigold compared to the con-
trol treatment is provided in Fig. 5. The results showed
that plants treated with FeNPs+AM fungi exhibited
the greatest improvements in plant height (44.25 cm;
Fig. 5a), mean stem length (24 cm; Fig. 5b), number of
leaves per plant (26.25; Fig. 5c), number of flowers per
plant (6.5; Fig. 5e), and total flower lifespan (92.75 days;
Fig. 5f). Similarly, the Fe-EDDHA + AM fungi signifi-
cantly (Duncan’s test, **»<0.01) enhanced plant height
(45 cm; Fig. 5a), mean stem length (23.25 cm; Fig. 5b),
and total flower lifespan (85.5 days; Fig. 5f) compared to
other treatments. Across all fertilization treatments, AM
fungal inoculation consistently promoted plant growth
relative to non-mycorrhizal counterparts (Duncan’s test,
*p <0.01). Figure 5g shows morphological changes in the
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Table 2 Analysis of variance (ANOVA) results for the effects of different fertilizer treatments on morphological parameters
Sov df Mean square (MS)

Height Mean stem Mean number of Number of daysto  Number of flow- Total
length leaves per plant flowering ers per plant flower
lifespan
(days)
Treatment 7 94.310** 43.871% 45.539%* 7.929ns 2.853** 229.246"*
Error 24 2.825 1.951 4.681 23417 0427 14.052
Total 31 97.135 45.822 50.22 31.346 3.28 243298

**: Significant difference at 1% level; ns: non-significant
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pre-flowering stage, while Fig. 5h shows the plant’s con-
ditions after flowering. The results indicate that FeNPs
and Fe-EDDHA treatments enhanced leaf density and
improved flowering compared to the control. Plants
treated with FeNPs and Fe-EDDHA lead to larger flowers
with more intense yellow pigmentation, whereas control
plants exhibited stunted growth and leaf chlorosis.

Effects of different fertilizer treatments on growth
parameters

The ANOVA results showed significant differences
(**»<0.01) in all growth parameters, including flower
fresh and dry weight, root fresh and dry weight, and stem
fresh and dry weight, under different fertilizer treatments
(Table 3).

Figure 6 shows the growth parameters of pot marigold
under different fertilization treatments. The study also
revealed that the combined application of FeNPs+ AM
fungi significantly increased growth parameters over all
other treatments (Duncan’s test, **»<0.01). The high-
est flower fresh and dry weights (1.37 g and 0.462 g,
Fig. 6a, b) and root fresh and dry weights (4.02 g and
1.47 g, respectively; Fig. 6¢c, d), as well as stem bio-
mass (1.12 g and 0.3 g, Fig. 6e, f) were observed in the
FeNPs+AM fungi treatments. Conventional Fe sources,
including ferrous sulfate and Fe-EDDHA, also improved
growth compared to the control, but their effects were
less pronounced than FeNPs, particularly in the presence
of AM fungi.

Effects of different fertilizer treatments on physiological
parameters

The ANOVA results presented in Table 4 show signifi-
cant differences (**p<0.01) in all physiological param-
eters, including total chlorophyll, active iron in leaves,
total shoot iron content, available (DTPA-extractable)
iron in soil, and essential oil content, under the different
fertilizer treatments. The physiological characteristics of
pot marigold under various fertilization treatments are
presented in Fig. 7. The use of different sources of iron,
especially in combination with AM fungi, had a strong
impact on the physiological aspects of pot marigold. The
treatment FeNP + AM had the highest total chlorophyll
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(6.62 mg/g FW), which was a 57.6% increase for the
control (4.2 mg/g FW), and a 27.3% increase above the
control+ AM (5.2 mg/g FW) (Fig. 7a). The FeNP + AM
treatment had the highest active iron concentration
in the leaves at 10 pug/g FW or 170.3% and 100% above
the control (3.7 pg/g FW) and control+ AM (5.0 mg/g
EW), respectively (Fig. 7b). Similarly with total shoot
Fe content at 415.25 pg/g FW with FeNP+AM appli-
cation, which was a 77.1% enhancement compared to
control (234.5.0 pg/g FW) and a 22.9% increase over
control+ AM (337.75 ug/g FW) (Fig. 7c). The highest
available iron in soil (9.0 mg/kg) was also observed in
FeNP + AM of 54.6% and 21.3% increase from respect
control treatments (Fig. 7d). The essential oil content
of pot marigold increased to 5.75% in the FeNP+AM
reflect an increase of 283.3% compared to control (1.5%)
and a 27.8% increase compared to control+AM (4.5%)
(Fig. 7e).

Root colonization

Table 5 shows the percentage of root colonization by E
mosseae in pot marigold plants under different iron fertil-
izer treatments (FeNPs, ferrous sulfate, and Fe-EDDHA),
both with and without AM fungi. Root colonization was
absent in all treatments without AM fungi, confirm-
ing the specificity of the symbiotic interaction. Among
AM-inoculated treatments, the highest colonization
(52.47%) was observed in the FeNP + AM, significantly
exceeding other treatments based on Duncan’s test.
The Fe-EDDHA +AM and ferrous sulfate+ AM treat-
ments showed moderate colonization levels of 47.85%
and 45.70%, respectively, while the AM-inoculated con-
trol exhibited the lowest colonization (43.90%) among
the AM-treated groups. Analysis of variance (ANOVA)
revealed a highly significant treatment effect (F =519.579,
P<0.001), confirming that the type of iron fertilizer sig-
nificantly influences mycorrhizal colonization when
AM fungi are present. The root colonization results are
presented in Fig. 8. In the control group (without AM
fungi), the pictures show roots with no fungal coloni-
zation structures. This will illustrate that there was no
AM fungi interaction, where no AM fungi were applied
(Fig. 8a). No colonization with roots was observed for

Table 3 Analysis of variance (ANOVA) results for the effects of different fertilizer treatments on growth parameters

Sov df Mean square (MS)
Flower fresh Flower dry Root fresh Root dry weight  Stem fresh Stem
weight /plant weight /plant weight /plant /plant weight /plant dry
weight
/plant
Treatment 7 0.120** 0.037** 0.976** 0.434** 0.087** 0.026**
Error 24 0.012 0.001 0018 0.027 0.013 0.001
Total 31 0.132 0.038 0.994 0461 0.10 0.027

**, Significant difference at 1% level
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all treatments without AM fungi to confirm that with-
out AM fungi, no colonization would occur. In contrast,
images from treatments with AM fungi would display
fungal structures on the roots, indicating successful colo-
nization (Fig. 8b). The FeNPs + AM fungi treatment, with
the highest colonization rate of 52.47%, would likely show

the most extensive fungal growth on the roots, suggest-
ing that the presence of FeNPs facilitates a more effec-
tive symbiotic relationship between the roots and AM
fungi (Fig. 8c, d). The ferrous sulfate + AM fungi and Fe-
EDDHA + AM fungi treatments, with colonization rates
of 45.70% and 47.85%, respectively (Fig. 8¢, f), would also
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Table 4 Analysis of variance (ANOVA) results for the effects of different fertilizer treatments on physiological parameters

Sov df Mean square (MS)

Total chlorophyll Activeironinleaves Total shoot Fe content Available (DTPA-extractable) Fein soil  Essential oil
Treatment 7 2.409** 17.014%* 20011.638%* 7.061%* 10.734%*
Error 24 0.080 0.346 454323 0.289 0.127
Total 31 2489 17.36 20465.961 7.35 10.861

**: Significant difference at 1% level

exhibit fungal structures on the roots, but these might
be less abundant or less densely distributed compared to
FeNPs.

Correlation analysis

The heatmap-cluster analysis reveals significant correla-
tions among plant growth, physiological, and metabolic
traits, with values ranging from -0.01 to +1 (Fig. 9).
Strong positive correlations were found between the
height and stem dry weight (r=0.839), as well as between
root colonization and total shoot Fe content (r = 0.885),
indicating that more root colonization can increase the
iron-uptake ability. Of note, essential oil content corre-
lates highly with root colonization (r=0.937) and total
shoot Fe content (**r=0.932), suggesting that nutrient
supplementation could influence secondary metabolite
production and/or vice versa. In contrast, number of days
to flowering shows little or even inverse correlation with
almost all parameters, except for fresh weight of flowers
(r = -0.012) and active iron in leaves (r=0.025), signifying
that the delayed cycle of flowering does not necessarily
result in enhanced biomass accumulation or absorption
of iron. The clustering analysis additionally encompasses
closely related variables into clusters, where the flower
and root biomass parameters forming variables were
most condensed into a cluster, illustrating their part-
nership in plant productivity. Moreover, active iron is
strongly correlated with chlorophyll content in leaves
(r=0.677), further affirming the role of iron in photo-
synthesis. These findings indicate significant synergistic
interactions promoting plant growth and suggest that
proper iron nutrition, specifically in the context of root
colonization, not only increases plant growth but also
essential oil yield in pot marigold.

Discussion

The effect of FeNPs on plant growth and development
largely depends on the method of application of FeNPs,
their size, and plant species [89-93]. FeNPs, due to their
small size, exhibit enhanced absorption efficiency by
plant roots, facilitated by their increased surface area-
to-volume ratio, resulting in improved nutrient uptake
under low concentration [13, 94]. The improved iron
availability from FeNPs and conventional sources of Fe
supports enhanced chlorophyll synthesis and photo-
synthetic efficiency [95], thereby promoting vegetative

growth and flowering. The observed enhancements in
plant morphology can be attributed to the synergistic
interaction between AM fungi and iron fertilization. AM
fungi are known to facilitate nutrient and water uptake
by extending the root surface area through extraradical
hyphae, which is particularly beneficial for phosphorus
and iron acquisition.

The superior performance of FeNPs+AM compared
to other treatments suggests that FeNPs provide a more
controlled and sustained release of iron, thereby pre-
venting deficiencies and promoting prolonged metabolic
activity, ultimately delaying senescence. In contrast, fer-
rous sulfate, despite being a readily available iron source,
exhibited lower efficacy in enhancing growth, possibly
due to its rapid oxidation and reduced bioavailability in
soil. The observed increases in flowering and extended
flower longevity under AM fungal inoculation highlight
its crucial role in alleviating oxidative stress, improving
nutrient acquisition, and enhancing plant resilience, ulti-
mately leading to superior physiological performance.
These results were in close agreement with the findings
of Sun, Qu [94], who reported that the use of FeNPs has
improved the growth characteristics and chlorophyll
content of Kobresia capillifolia seedlings. Elfeky, Moham-
med [91] reported that the application of 3.0 mg/L FeNPs
in soil had a suitable effect in improving the growth and
yield of basil plants. In another study, it was reported that
the application of 50, 100, and 200 mg/L of nano-silicon
increased the growth characteristics of pot marigold
plants [2].

The FeNPs improve nutrient uptake more effectively
than Fe-EDTA through several interrelated mechanisms
rooted in their nanoscale properties and release dynam-
ics. FeNPs are a more stable and organized type of iron
than Fe-EDTA, which is subject to rapid leaching in some
soil situations and can maintain availability in the rhizo-
sphere for longer periods [95]. This fact of the sustained
release reduces the leaching of iron, or precipitation
fixation, of the iron, especially in alkaline or calcareous
soils when Fe-EDTA becomes ineffective. The high sur-
face reactivity, higher dose, and small particle size of
nanoparticles facilitate closer interactions with plants,
enhancing their bioavailability and uptake efficiency [96].
In contrast, Fe-EDTA does not exhibit such stimulatory
effects and may even interfere with microbial activity
due to its synthetic nature. Zia-ur-Rehman, Mfarrej [95]
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observed that FeNPs increased the assimilation of essen-
tial nutrients, Fe, Zn, Ca, Mg, and K, and also increased
the dry weights of the roots, shoots and grains more than
Fe-EDTA, specifically in salt-stressed and normal soils.
Tung, Phong [97] reported that FeNPs led to higher chlo-
rophyll content and antioxidant enzyme activity (SOD

and APX) than Fe-EDTA in Chrysanthemum morifolium
plants, supporting better stress tolerance and photosyn-
thesis. In carnation plantlets, the addition of FeNPs raised
root formation, antioxidant enzyme activity (superox-
ide dismutase, catalase, and ascorbate peroxidase), and
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Table 5 Root colonization of pot marigold by £ mosseae under
different iron fertilizer treatments with and without AM fungi,
along with ANOVA and Duncan’s test results

Treatment groups AM fungi Root coloniza- Dun-
tion (%) can
test
Control Without AM 0 d
With AM 43.90 ¢
FeNPs Without AM 0 d
With AM 5247 a
Ferrous sulfate Without AM 0 d
With AM 45.70 bc
Fe-EDDHA Without AM 0 d
With AM 47.85
Analysis of variance (ANOVA) results for root colonization.
sov df F-value P-value
Treatment 7 519.579 <0.001
Error 24 5.004
Total 31

overall mineral absorption compared to Fe-EDTA, indi-
cating a higher level of nutrient bioavailability [98].

The FeNPs have been shown to stimulate root mor-
phological traits and promote AM colonization, both
of which contribute to improved growth parameters

d)

[ .

AM spores

Arbuscule
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[99, 100]. Singh, Chauhan [66] found that inoculation
of AM fungi (FE mosseae and R. intraradices) improved
the growth, reproductive characteristics and bioactive
compounds of tomato plants. In another study, Singh
and Singh [67] reported that AM fungi can improve
the growth characteristics and photosynthetic yield of
tomato plants under both irrigation and drought stress
conditions.

Nanocellulose is essential to enhance the bioavailability
of FeNPs and support their functionality with AM fungi.
This background allows for the dispersal of nanoparticles
and prevents aggregation, as well as mitigates the release
in the rhizosphere. It is a non-toxic environment for liv-
ing organisms, with its structure breaking down and
being biodegradable, therefore creating a non-toxic envi-
ronment for microbes to interact with. This promotes
AM development and provides a positive microbial envi-
ronment around the roots. FeNPs and AM can syner-
gistically improve iron usage in a few ways in a two-part
approach: AM develops greater root surface area with
hyphae and releases siderophores to sequester Fe, while
FeNPs provide a steady supply of the usable Fe**. Alto-
gether, increase plant uptake, transfer, and use of iron.
This method increases basic and essential life processes

Arbuscule

Hyphae
/

AM spores

Arbuscule< /
“A

Arbuscule

Arbuscule

Fig. 8 Root colonization by AM fungi (magnification level =40X): @) control-without AM, b) control+AM, ¢,d) FeNPs + AM, e) ferrous sulfate + AM, and f)

Fe-EDDHA +AM
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and also encourages plants to produce additional ben-
eficial compounds, such as essential oils and flavonoids.
Typically and generally, this occurs as a part of plant sup-
port systems through a more robust way of managing
stress through medicinal plants.

The results of this study revealed that FeNPs, espe-
cially in association with mycorrhizae, improved growth
parameters of plants considerably higher than conven-
tional Fe sources, indicating greater bioavailability and
uptake of FeNPs. Synergistic interactions between the
FeNPs and the E mosseae could exert an effect that pro-
motes the solubility of the FeNPs and their transport in
the plant system, consequently increasing root and shoot

biomass production. Notably, the root weight was higher
in FeNPs+ AM treatment, suggesting that due to mycor-
rhizal colonization, the root system was more developed,
leading to more uptake of nutrients. Furthermore, the
increase in flower biomass in this treatment indicates
that FeNPs promote vegetative growth in addition to
reproductive success, which are both important for the
medicinal and ornamental value of pot marigold. More-
over, soil supplementation with traditional Fe sources
(Fe-EDDHA and ferrous sulfate) promoted moderate
plant growth; however, their effects were significantly
weaker than those in the case of the bacterium, prob-
ably associated with their lower mobility and availability
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in the rhizosphere. Thus, the diminished efficacy of these
treatments in the absence of AM stresses the critical role
of fungal symbiosis in improving Fe use efficiency.

In comparison, while FeNPs alone also improved
chlorophyll and iron content, the addition of AM fungi
resulted in further increases in these parameters. Ferrous
sulfate treatments with AM inoculation also enhanced
physiological traits, including chlorophyll and iron con-
tent, but to a lesser extent than FeNPs+AM. The low-
est physiological response was observed in the control
and ferrous sulfate treatments without AM fungi, where
chlorophyll content, active iron in leaves, and essential
oil production were comparatively low. The observed
improvements in physiological parameters, especially in
plants treated with FeNPs and AM fungi, can be attrib-
uted to the synergistic effects between the mycorrhi-
zal fungi and the iron sources. Zia-ur-Rehman, Mfarrej
[95] reported that with the application of FeNPs (15 and
25 mg/kg soil), the total chlorophyll content of wheat
plants increased by 23.2 and 38.4%, respectively, com-
pared to the control treatment. Also, the application of
Fe-EDTA and ferrous sulfate increased the total chlo-
rophyll content of the plant compared to the control.
Kanjana [101] reported that with the application of iron
nanoparticles (nano-Fe;O,), the chlorophyll content of
cotton plants increased by 4.01% compared to the con-
trol treatment. Rui, Ma [59] reported that the application
of 10 mg/kg of FeNPs increased the amount of chloro-
phyll compared to the control treatment. The increase in
active iron in leaves and total shoot iron content under
FeNPs + AM treatment suggests that the nano ferric par-
ticles facilitated a controlled and sustained release of
iron, making it more readily available for plant uptake.
Increased Fe in plants has been reported with the appli-
cation of FeNPs in cucumber [102], wheat [95], basil [91],
Citrus maxima seedlings [54], peanut [59], Capsicum
annuum [103], sunflower [89], and rice [104].

Enhancing the chlorophyll content and plant growth
characteristics could increase the production of essen-
tial oils in aromatic and medicinal plants. Iron may
have a similar effect on the biosynthesis of secondary
metabolites as stress signals, which could increase the
production of these compounds [92]. The higher essen-
tial oil content under FeNPs+ AM treatments indicates
improved metabolic activity and secondary metabo-
lite production, potentially driven by enhanced nutri-
ent and iron availability. In contrast, the relatively lower
responses in treatments with ferrous sulfate, especially
without AM fungi, may be due to the rapid oxidation and
limited availability of iron in the soil, which may not be
efficiently absorbed by the plants. An increase in essen-
tial oil content has been reported with the use of iron
nanoparticles in plants such as basil [91], pot marigold
[90], and Dracocephalum kotschyi [92].
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FeNPs could be an economical alternative to conven-
tional iron fertilizers for plant nutrition with potentially
lower application rates and higher efficiencies. Tradi-
tional iron fertilizers such as Fe-EDDHA, Fe-EDTA, fer-
rous sulfate, and other unfamiliar fertilizers often have
repeated applications in portions of soil testing because
of leaching or oxidation to other non-plant-available
forms. Since FeNPs may remain stable due to con-
trolled release, there may be an increase in bioavailabil-
ity and nutrient uptake as well as agricultural outcomes
(decreased leaching and oxidation). Less input can lead
to decreased losses overall and improved agronomic effi-
ciency (greater yield per amount applied). Furthermore,
while the FeNPs can be more costly (especially original
high-purity or “green-synthesized” formulations), there
may be positive environmental, plant, and profitability
benefits to employing FeNPs in terms of crop perfor-
mance throughout the growing season to offset a higher
initial expense. Many of these benefits help facilitate
sustainable agriculture and environmental stewardship.
Therefore, purchasing FeNPs versus a traditional com-
mercially available iron fertilizer may be valuable.

Limitations, future prospects, and policy implications of
fenps for plant growth

Although FeNPs have incredible potential, their use
within the agriculture field is limited for a variety of rea-
sons. One of the more fundamental problems is the sta-
bility of nanoparticles in plants, with the FeNPs being
particularly prone to oxidation and agglomeration in
solution, which will hinder their bioavailability for plant
uptake. Factors such as species selection, soil conditions,
and environmental conditions can also create variabil-
ity in plant response, making more widespread applica-
tions challenging. In general, the stability of FeNPs in
the plant rhizosphere is expected to vary over time, with
nanoparticles potentially maintaining their bioactivity
for several days to weeks, depending on these variables.
There are also concerns about toxicity and legacy effects
on ecology, as excessive accumulation of nanoparticles
in soil and plant tissues can disrupt microbial commu-
nities and affect nutrient cycling. Additionally, their
high production costs and the requirement for specific
synthesis methods reduce their scalability and feasibil-
ity, especially in low-resource agricultural systems. The
absence of standardized regulations and safety guidelines
for FeNP application is another obstacle to successful
commercialization.

To overcome these challenges, future research should
focus on green synthesis approaches, such as nano-
cellulose-assisted FeNPs, to enhance biocompatibility
and environmental safety. FeNPs stability and nutrient
release can be enhanced using controlled-release for-
mulations and coatings. Furthermore, comprehending
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plant—-microorganism interactions in environments
amended with FeNPs, notably in complex symbiotic
systems such as AMF, might elucidate mechanisms for
enhancing the uptake of plant nutrients. Nano-based
precision agriculture methods such as smart nanofertil-
izers and sensor-based monitoring may further enhance
the site-specific delivery of FeNPs, which would mini-
mize wastage and concerns about environmental expo-
sure. To fill the knowledge gaps that currently exist,
long-term field experiments, formulation optimization,
and multidisciplinary studies that couple nanotechnology
with plant physiology and soil science will be essential.

Policymakers need to develop regulatory frameworks
for the environmentally safe utilization of FeNPs in agri-
culture that will address toxicity thresholds and permissi-
ble application rates of FeNPs. As a result, standardized
risk assessment protocols for assessing the soil-plant bio-
availability and transformation of FeNPs are warranted.
Sustainability can be improved with the use of nanocel-
lulose in nanoparticle synthesis and policies that encour-
age eco-friendly nanomaterial production. Additionally,
more public awareness and farmer education programs
are urgently needed to ensure the safe and efficient adop-
tion of FeNP-enabled fertilizers. Utilizing FeNPs as bio-
fortifying agents can support national and international
agricultural and food security agendas through sustain-
able intensification without creating environmental
trade-offs.

Conclusions

The results showed that the FeNPs provided a prom-
ising new biocontrol mechanism to combat Fe defi-
ciency and act as a sustainable alternative to traditional
Fe fertilizers, especially when paired with AM fungi.
FeNPs were responsible for prolonged Fe release, plant
height, flowering, and physiological traits enhancement,
and improved root colonization. Ferrous sulfate was
widely available, but the speed at which it oxidized meant
it lacked long-term effectiveness. While AM fungi had
positive effects on nutrient uptake, it may have limited
biomass accumulation in some treatments due to com-
petition for resources. The better plant performance in
FeNPs indicates the provision of appropriate nutrient
availability, which maintains the plant-microorganisms
interactions. Overall, FeNPs, more pronounced with
AM fungi, represent a sustainable strategy to augment
plant growth and productivity in agriculture.
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