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Iron and zinc citrate nanoparticles (NCs) were developed and evaluated as potential soil-applied plant
nutrients. This study investigates the effects of seven synthesized NC formulations—comprising individual
and combined Fe and Zn citrate compositions—on soil enzymatic activity and microbial diversity. The
impact of NCs was assessed across three concentrations (250, 500, and 1000 mg kg™ of soil) and three
incubation periods (30, 60, and 90 days), and was compared to commercial Fe and Zn sources, including
salts, chelates, and nano-oxides. Enzyme activities measured included dehydrogenase, urease, acid
phosphatase, and alkaline phosphatase. Culture-based microbiological assays were used to quantify
fungi, bacteria, and actinomycetes. The results revealed that NCs generally stimulated enzyme activity
and microbial populations, particularly at concentrations =500 mg kg™, While slight inhibition was
observed at 1000 mg kg™t in some treatments, these effects diminished over time. Strong correlations
were found between microbial abundance and enzymatic responses, particularly for dehydrogenase and
urease. These findings demonstrate that citrate-stabilized Fe and Zn nanoparticles exhibit low toxicity,
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1. Introduction

With the global population on the rise and soil fertility
declining, there's an urgent need for nutrient enrichment to
enhance agricultural productivity and mitigate nutrient losses.
Nanoparticles have gained attention for their unique charac-
teristics, leading to their widespread application across various
agricultural and industrial sectors.” Their small size and
increased reactivity compared to bulk particles make them
particularly desirable. However, their growing usage raises
concerns about environmental impacts, with studies indicating
potential damage to organisms at the DNA level.?

Current research focuses on understanding the effects of
nanoparticles on soil, encompassing their mobility, leaching,
and interactions with soil organisms.** Soil biological status is
a fundamental parameter for assessing the impact of nano-
particles, with studies often concentrating on microbial
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micronutrient sources for soil application.
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quantification and biomass as indicators of soil quality.
Specifically, Ghafari and Razmjoo*® studied the effect of various
iron sources, including oxides, chelate and sulfate. The authors
concluded the performance of nano iron oxide is better than
other sources in terms of dose.

Several factors are responsible for affecting enzymatic
activity."*"” The factors that played a pivotal role in the current
study are the concentration of nutrients, incubation period, and
source and kind of nutrient, which resulted in the diversifica-
tion of enzymatic activity. Soil enzymes such as dehydrogenase,
urease, and phosphatases play vital roles in soil biochemical
processes, and disturbances in their activity can disrupt
nutrient cycles and plant productivity."** Recent studies have
investigated the effects of various nanoparticles, including
carbon nanotubes, silica nanoparticles, and metal oxides, on
soil enzymatic activity, revealing both beneficial and adverse
effects.***>* Moreover, soil properties influence nanoparticles’
behavior and their subsequent effects on soil enzymes.*'**>*?
Environmental concerns are more due to the transfer and
contamination of nanoparticles either directly or indirectly
which depends on the concentration.”** For instance, Fe,O3
nanoparticles with dose of <20 mg L™ was used and was found
to promote the increase in the protein levels in Scenedesmus
obliquus.”**” Although bulk Fe,Oj is considered inert in soils, its
nanoparticle form has been reported to reduce bacterial abun-
dance due to increased reactivity and surface area.”® To
comprehensively assess both beneficial and potentially adverse
effects, a higher concentration of 1000 mg kg™ " was also tested
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under controlled conditions. This approach is commonly used
to identify safe exposure thresholds, and the outcomes can
inform risk evaluation prior to field application. Nanoforms of
iron oxides have been reported to inhibit both Gram-positive
and Gram-negative bacteria upon contact with their
surfaces.”® Excessive application of Fe;O, nanoparticles can
negatively affect plant development by reducing chlorophyll
levels and causing brown patches and stress symptoms.*® In soil
applications, the typical dosage is few hundreds of mg per kg of
soil.

Moreover, soil properties significantly influence the behavior
of nanoparticles and their subsequent effects on soil enzymatic
activities.*'**>*® Environmental concerns largely stem from the
potential for nanoparticles to transfer and contaminate
ecosystems through both direct and indirect pathways.”*** In
our previous studies, we synthesized novel Fe and Zn nano-
citrates—chelated nutrient formulations—which were evalu-
ated for their effectiveness in enhancing plant nutrient
uptake.***> Unlike earlier research that primarily focused on the
environmental toxicity and soil interactions of metal and metal
oxide nanoparticles (e.g., Fe,O;, ZnO), the current study
explores a new category of nutrient delivery systems based on
citrate-chelated Fe and Zn nanoparticles. These nanocitrates,
synthesized via ligand-assisted methods and verified through
Mossbauer spectroscopy to lack crystalline oxide phases,
demonstrate distinctive behavior in soil environments
compared to oxide-based nanoparticles. Their chemical
composition enhances water solubility, minimizes surface
reactivity, and may reduce aggregation and long-term persis-
tence in soil. This innovative approach shifts the emphasis from
conventional toxicity assessments to a broader biosafety evalu-
ation, particularly focusing on their effects on soil enzymatic
functions and microbial dynamics. By comparing these ligand-
stabilized nanonutrients to conventional nutrient sources—
including metal salts, EDTA chelates, and commercial nano-
oxides—this study provides a unique perspective on their
compatibility and environmental impact under realistic soil
conditions. Furthermore, we investigated the behavior of citrate
nanoparticles following soil application, acknowledging their
potential interactions with soil components and influence on
biological quality. This work extends our previous findings by
systematically evaluating the effects of various citrate nano-
particle formulations on key soil enzymes—dehydrogenase,
urease, acid phosphatase, and alkaline phosphatase—along-
side commercial controls. Through this, we aim to understand
how different nanoparticle concentrations and soil contact
durations, representative of typical crop cycles, influence soil
enzymatic activity, offering valuable insights into their envi-
ronmental and agricultural relevance.

2. Materials and methods

2.1. Nanoparticles

Fe and Zn citrate nanoparticles, both individually and in
combined compositions totaling seven variants, were synthe-
sized and optimized for performance through principal
component analysis in the previous studies. The synthesis
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procedure and physico-chemical characterization details have
been given.**** Here, we report the Mossbauer spectroscopy
data to ascertain that the Fe is present in chelate form and not
amorphous Fe,0; phase. >’Fe Mossbauer measurements were
carried out in transmission mode with >’Co radioactive source
in constant acceleration mode using standard PC-based Moss-
bauer spectrometer equipped with Wissel velocity drive.
Velocity calibration of the spectrometer is done with natural
iron absorber at room temperature. The spectra were analyzed
with NORMOS program. These nanoparticles were subse-
quently employed to assess their effects on soil enzymatic
activity and microbiome diversity. An untreated sample served
as a control, while commercial samples containing Fe and Zn
were also examined for comparison. The primary objective of
this study was to evaluate the impact of synthesized Fe and Zn
citrate nanoparticles on soil biological indicators, specifically
soil enzyme activities and microbial populations, which are
commonly used to assess soil biological health. The composi-
tion of the citrate nanoparticles used in the study is provided in
Table 1. The metal citrates were prepared following the meth-
odology outlined in previous studies.*"** Briefly, nanocitrates
were synthesized using a solid-state grinding technique fol-
lowed by ball milling. The characterization information per-
formed in earlier studies on citrate nanoparticles have been
explained (ESI S1t) in chronological order. Besides, we present
small-angle X-ray scattering (SAXS) data to deduce the particle
size and size distribution for BFC(1:1)-6 sample (Fig. S1 and
S21). Specifically, the best-performing samples from prior
research were selected for inclusion in this study. These
included ball-milled ferric citrate (BFC) at a 1:1 ratio (desig-
nated as BFC(1:1)-6), ball-milled zinc citrate (BZC) at a 1:3
ratio (designated as BZC(1 : 3)-6), and various combinations of
ferric and zinc citrates denoted as BFZ, with different weight
ratios (4:6, 5:5, 8:2), along with ball-milling durations
ranging from 2 to 10 hours (BFZ(x:y)-2, -4, -6, -8, -10). The
formulations labeled T3 to T7 in Table 1 represent combined
Fe/Zn citrate nanoparticles synthesized with varying Fe:Zn
weight ratios and ball milling durations. These specific x:y
ratios were not arbitrarily chosen, but rather strategically
selected based on a previous principal component analysis
(PCA)-based performance screening conducted in our earlier
studies.*"** The screening evaluated a wide matrix of metal-to-
citrate ratios and Fe/Zn combinations for their solubility,
nutrient release profiles, particle stability, and efficacy (e.g.,
uptake efficiency, plant response). The selected ratios (e.g., 4 : 6,
5:5, 8:2) were identified as high-performing combinations
that balanced both nutrient bioavailability and particle
stability. For instance, the 5:5 ratio was found optimal for
uniform micronutrient delivery, while 4 : 6 and 8 : 2 represented
Zn- and Fe-dominant blends, respectively, to explore nutrient-
specific enzymatic effects. The milling durations (2-10 hours)
were optimized to achieve suitable particle size and dis-
persibility. By narrowing down to these top-performing combi-
nations, the study focused on formulations with maximum field
relevance and mechanistic insight, rather than exhaustively
testing all possible compositions.

RSC Adv, 2025, 15, 24058-24073 | 24059
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Code Common name Treatment Category

T1 Individual citrates BFC(1:1)-6 Individual citrates
T2 BZC(1:3)-6

T3 Combined citrates BFZ(4:6)-8 Combined citrates
T4 BFZ(5:5)-2

T5 BFZ(5:5)-6

T6 BFZ(8:2)-4

7 BFCZ(1:1:1)-6

T8 FeSO, Commercial nutrients
T9 ZnSo,

T10 Geolife Nano Fe

T11 Nano Zn

T12 Fe Gro Chelated-Fe (Fe-EDTA)

T13 Zingap Chelated-Zn (Zn-EDTA)

T14 Untreated

The prefix “B” signifies ball-milled samples. Individual ball-
milled citrates were coded as BFC(1:1) and BZC(1: 3), with the
ratio indicating the mole ratio of metal to citric acid in each
sample. For combined citrates, the sample codes were desig-
nated as BFZ(x : y), where x and y represent the weight ratios of
ferric citrate (FC) and zinc citrate (ZC) used in synthesis,
respectively. The number at the end of each sample code
corresponds to the duration of ball milling in hours. In addition
to the synthesized citrates, commercial nutrients such as FeSO,,
ZnSO,, chelated-Fe (Fe-EDTA), chelated-Zn (Zn-EDTA), nano-Fe
(Geolife®), and nano-Zn (Geolife®) were procured for compar-
ative purposes in this study. The commercial nanosources,
nano-Fe and nano-Zn (Geolife®), were obtained as powders.
According to manufacturer specifications, the average particle
size of both nanoparticles was reported to be below 100 nm,
with purity exceeding 95% (metal content basis). However,
independent validation of particle size or surface characteristics
was not performed in this study. The nanoparticles are stabi-
lized using undisclosed proprietary dispersants to maintain
colloidal stability. These products were used directly as per label
dosage (250 mg kg™ ' of soil) for comparative assessment with
synthesized citrate nanoparticles.

The methodology involved assessing soil enzymatic activity
and microbiome diversity following the application of the
synthesized nanoparticles. Comparisons were made with
untreated soil samples and commercial Fe and Zn samples.
Through this comprehensive approach, the study aimed to
ascertain the effects of the synthesized nanoparticles on soil
biological processes, thereby contributing to a better under-
standing of their potential impact on soil health and
productivity.

2.2. Soil characterisation

The soil selected for this study was characterized by its physi-
ochemical properties, as outlined in Table 2. Samples were
gathered from a depth of 0-20 cm in the Sangareddy region,
known for its arable land, located in Telangana, India. Prior to
sampling, precautions were taken to ensure the soil remained
free from chemical contamination originating from industrial

24060 | RSC Adv, 2025, 15, 24058-24073

or urban sources. Immediately after collection, representative
soil samples were stored at 4 °C to preserve their freshness for
subsequent enzymatic analysis. Before subjecting the soil to
treatments and enzymatic assays, it underwent a series of
preparations. This included sieving to a particle size of 2 mm,
air drying at room temperature, and analysis of its physico-
chemical properties. The dry weight of the soil was deter-
mined by exposing it to 105 °C until a constant weight was
achieved. Potentiometric pH measurements were conducted
using a 1 M KCl solution with a liquid-to-solid ratio of 2.5 after
24 hours. Soil analysis methods, following the procedures out-
lined by van Reeuwijk,** were employed to determine parame-
ters such as cation exchange capacity (CEC) determined using
ammonium acetate at pH 7.0, as well as the levels of phos-
phorus, potassium, and calcium. Total organic carbon (TOC)
was assessed using the Walkley-Black method, which involves
chromic acid under wet oxidation conditions. It is important to
note that the Walkley-Black method estimates oxidizable
organic carbon, which typically accounts for 70-80% of the

Table 2 Physico-chemical characteristics of soil collected from
experimental site

Typic Haplustalfs

Soil parameters (red soil)
pH 6.5
CEC 47.5
Electrical conductivity (dS m™") 0.27
Bulk density (g cm ™) 1.41
Organic carbon (g kg ") 4.1
Clay (%) 27
Sand (%) 18
Silt (%) 54
Phosphorus (mg kg ") 4.3
Potassium (mg kg ™) 2.3
Calcium (mg kg™) 0.2
Nitrogen (g kg™ ") 0.8
TOC (g kg™ 0.9
Amorphous Al (g kg ™) 1.34
Available Fe (g kg™) 2.1
Available Zn (g kg™ ") 16.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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actual TOC. Thus, the values reported in this study may be
slightly lower than those obtained using high-temperature
combustion methods commonly used for TOC determination.
Total nitrogen content was determined through Kjeldahl's
method.” Additionally, nutrient elements such as iron (Fe),
aluminium (Al), and zinc (Zn) was extracted by diacid soil
digestion and quantified using an atomic absorption spectro-
photometer (AAS) as described by Griffith and Schnitzer.*® The
soil's water holding capacity (WHC) was assessed through
a percolation test, while soil texture was analyzed using the jar
test method. These comprehensive analyses provided a thor-
ough understanding of the soil's properties, essential for the
subsequent experimental investigations.

2.3. Sample preparation

The soil samples were prepared by adding Fe-citrate nano-
particles and Zn-citrate nanoparticles, both individually and in
combined forms, at concentrations of 250, 500, and 1000 mg
kg~ '. The nanoparticles and commercial nutrients were thor-
oughly mixed into the soil to ensure homogeneity, achieved
using a mixer for 1-hour post-nutrient addition. Subsequently,
the soil samples, both treated and untreated, were moistened to
60% of their water holding capacity (WHC) using sterilized
deionized water. These moistened samples were then main-
tained at a temperature of 22 °C £ 2 °C for an incubation period
of 30 days. The impact of aging (contact period) of citrate
nanoparticles on soil enzymatic activity was investigated by
adding three different concentrations of citrate nanoparticles,
followed by incubation and sample collection at various inter-
vals over a 90-day period, reflecting the average duration of
agricultural crop growth cycles in India. Samples were collected
at three intervals and analyzed for enzymatic activity. Results
obtained at all concentrations were compared with those from
the 30-day incubation period.

Additionally, a comparative study was conducted to compare
the effects of different sources of Fe and Zn, obtained from
citrate nanoparticles versus commercially available nutrients, at
a concentration of 250 mg kg~ ' of soil. Soil samples were
incubated for 30 days while maintaining moisture levels at 60%.
After the incubation period, enzymatic activity was assessed and
compared. Throughout the experiment, the control sample
consisted of untreated soil, free from any chemical additives or
nanomaterials. Moisture levels in the soil samples were moni-
tored weekly and adjusted if any deviations were observed. The
soil samples used for initial estimation of dehydrogenase and
urease activity were stored in darkness at 4 °C. Phosphatase

Table 3 Enzymatic activity of fresh untreated soil sample
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activity was quantified after air-drying the soil samples,
following the method outlined by Tabatabai and Bremner.*”

2.4. Analysis of enzymatic activity

The microbiological quality of soils was estimated through the
culture-dependent method and the biochemical quality method
(enzymatic activity). Among the two indicators, the enzymatic
activity of soils is a highly sensitive indicator and acts as a soil
sensor. The enzyme activity of dehydrogenase, urease, acid
phosphatase, and alkaline phosphatase was estimated at
different intervals of incubation (30, 60, and 90 days), while soil
microbiome quantification and diversity analysis were also
performed. The enzymatic activity of untreated soil represen-
tative sample is given in Table 3.

Briefly, the dehydrogenase activity was determined following
the methods outlined in Thalmann's®*® previous reports. Five
grams of moist samples were added to a conical glass flask
along with calcium carbonate and 1 mL of 3% 2,3,5-triphenyl
tetrazolium chloride (TTC) in tris(hydroxymethyl)amino-
methane (TRIS) buffer. The flasks were sealed with glass stop-
pers and incubated shaking in the dark at 37 °C for 24 h. After
incubation, 10 mL of methanol was added, and the mixture was
shaken for 1 min. The contents were filtered for estimation of
absorbance using triphenyl formazan (TPF) as an extracting
solution and determined in terms of mg TPF per kg (dry weight
soil) per 24 h at a wavelength of 485 nm using a spectropho-
tometer (BIOTEK). The urease activity was analyzed using the
colorimetric technique.* Five grams of wet soil were shaken
with 0.2 mL toluene in a 50 mL conical flask, sealed with
a stopper. Then, 0.05 M of tris(hydroxymethyl)aminomethane
(THAM) at pH 9.0 was added, and the contents were kept for
10 min. Later, 2 mL of 0.2 M urea solution was added, mixed
well, and incubated at 37 °C for 2 h in the dark. A mixture of
50 mL potassium chloride and silver sulfate solution was added
after 2 h of incubation and shaken on a mechanical shaker for
another 20 min. Thereafter, urease was measured using the
Kjeldahl method for nitrogen content. The urease activity was
expressed in terms of mg N-NH," released from 1 kg dry soil for
24 h. Acid and alkaline phosphatase were determined according
to the method described by Tabatabai and Bremner (1969)*” by
adding and shaking 0.25 mL of toluene to 1 g of dry soil in
a 50 mL Erlenmeyer flask. Four mL of modified universal buffer
at pH 6.5 (for acid-phosphatase) or pH 11 (for alkaline phos-
phatase) and 1 mL of 0.05 M p-nitrophenyl phosphate (PNP)
aqueous solution were added and incubated for 1 h in the dark
at 37 °C. After incubation and addition of 1 mL of 0.5 M CacCl,
and 4 mL 0.5 M NaOH, the solutions were filtered. The filtrate

Days of Dehydrogenase [mg Urease Acid phosphatase Alkaline phosphatase
incubation TPF per kg d.w. per 24 h] [mg N-NH," per kg d.w. per 24 h] [mg PNP per kg d.w. per h] [mg PNP per kg d.w. per h]
30 days 16.50 37.09 42.22 17.23

60 days 13.33 124.15 43.90 36.95

90 days 11.85 106.26 41.22 21.95

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was measured spectrophotometrically at 410 nm wavelength
and expressed as mg PNP formed per 1 kg dry soil for 1 h for its
phosphatase activity.

2.5. Soil microbiome analysis

2.5.1. Analysis of microbial diversity using culture-
dependent techniques. Soil microbiome analysis data is pre-
sented in Fig. 11 was conducted using culture-dependent
methods, employing specific media for fungi, bacteria, and
actinomycetes in all citrate nanoparticles and commercial
checks-imposed soil samples. The entire microbiome analysis
was carried out at two doses of 250 and 1000 mg kg™ " of soil and
two incubation periods, ie., 30 days and 90 days. Microbial
count was represented in terms of colony-forming units (CFUs)
per gram of soil. The CFUs of the respective dilution were rep-
resented in terms of percentage increase or decrease over the
untreated sample (control). Ninety milliliters of sterile deion-
ized water were added to ten grams of composite soil sample.
The solid and liquid mixture was vortexed for 1 hour for
homogenization at 150 rpm. The homogenized solution is
termed as the stock solution. The stock solution was used for
serial dilution up to seven dilutions for all treated and untreated
soil samples. The serial dilutions were plated in three replica-
tions and from dilutions of 107> to 10”7 onto respective media
for fungi (potato dextrose agar), bacteria (nutrient agar), and
actinomycetes (actinomycetes isolation agar). To ensure selec-
tive and reproducible isolation, standard protocols were fol-
lowed for all culture media. For fungal enumeration, potato
dextrose agar (PDA; HiMedia) was amended with 50 mg per L
streptomycin and 50 mg per L chloramphenicol to suppress
bacterial growth. Bacterial populations were assessed using
nutrient agar (NA; HiMedia) without selective agents. Actino-
mycetes were enumerated on Actinomycetes Isolation Agar (AIA;
HiMedia), composed of sodium caseinate (2.0 g L™ "), L-aspara-
gine (0.1 g L"), sodium propionate (4.0 g L"), dipotassium
phosphate (0.5 g L"), magnesium sulfate (0.1 g L"), ferrous
sulfate (0.001 g L"), glycerol (10.0 g L™ "), and agar (15.0 g L™ %),
pH adjusted to 7.2 4 0.2. Cycloheximide (50 mg L™') was added
to AIA to inhibit fungal contamination. All media were auto-
claved at 121 °C for 20 minutes before use. All media used for
microbial count were autoclaved. For plating, the pour plate
method was followed. The inoculated plates were incubated for
10 days at 28 °C and counted for colony forming units (CFUs)
number. Over-occupied plates were not considered for CFUs
count, and only plates with CFUs between 20 and 200 were
taken. The colony morphology was studied after 24 hours of
incubation at 28 & 2 °C.

2.6. Data analysis

The average values of three replications were considered and
expressed as enzyme activity percentage of treated soil in
comparison with the untreated soils. Analysis of variance
(ANOVA) was performed at a 5% level of significance among
treatments and their replications. All statistical analyses were
performed using the SPSS software version. Table 2 presents the
enzymatic activity of untreated soils.

24062 | RSC Adv, 2025, 15, 24058-24073
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3. Results

3.1. Characterization of Fe based NCs using Mossbauer
spectroscopy

Mossbauer spectroscopy gives information the chemical nature
of and the coordination around the iron species present in the
sample. A simple broad doublet indicates that the samples do
not possess spontaneous long-range magnetic ordering at room
temperature (Fig. 1). This means that no crystalline iron oxide
phases are present even as an impurity. The presence of quad-
rupole doublets suggests that asymmetric coordination sites
around Fe. Given the very small particle size distribution,*" non-
equivalent (variously distorted) octahedral environments of Fe
nuclei is the cause of large distribution. However, the spectrum
is still different from the amorphous Fe,O; spectrum (Table 4).
One way to present an definite observation is to measure
Mossbauer spectrum at low temperature when the spectrum
would still exhibit doublet which may confirm the absence of
amorphous Fe,0; phase.*®

3.2. Effect of nanocitrate (NCs) concentration on soil
enzymatic activity

3.2.1. Dehydrogenase activity. Fig. 2 illustrates the rela-
tionship between dehydrogenase activity and NCs concentra-
tion across all treatments. In T1, enzyme activity showed
stimulation from 250 mg kg™ (3.2%) to 500 mg kg " (6.0%),
followed by inhibition at 1000 mg kg™ (2.3%). For T2, the effect
varied with concentrations, showing stimulation (8.4%), fol-
lowed by inhibition (3.2% and 18.9%) at 250, 500, and 1000 mg
kg™ ', respectively. T3 exhibited inhibition at 250 mg kg™
(8.9%), followed by stimulation at 500 mg kg™ ' (10.3%) and
higher inhibition at 1000 mg kg™ " (31.9%). T4, T6, and T7
treatments demonstrated only stimulation. Notably, only T2
and T7 treatments showed a discernible relationship between
soil dehydrogenase activity and different NCs concentrations
(Fig. 2). In contrast, other treatments (T1, T3, T4, T5, T6) did not

1.03 4

1.02 FE=

1.01 4

1.00

0.99 +

Intensity (arb. units)

0.98 4

0.97 . T r T

Velocity (mm/s)

Fig. 1 Room temperature *’Fe Mdssbauer spectroscopy data for
FC(1:1) and BFC(1:1)-6 samples.
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Table 4 Comparison of Mdssbauer spectral fitting parameters obtained in this study and reported literature

Sample Isomer shift (mm s ") Quadrupole shift (mm s~ %) Width (mm s™%) Ref.
Amorphous Fe,03 0.42(1) 0.93(1) 0.70(1) 50
Ferric citrate 0.40 0.57 — 51
Ferric citrate 0.48(1) 0.63(1) 0.55(3) 52
BFC 0.41(1) 0.53(1) 0.43(2) This work
FC 0.43(1) 0.60(1) 0.53(2) This work
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Fig. 2 Dehydrogenase activity in soil (mg TPF per kg dry soil per 24 h) treated with citrate nanoparticles at different concentrations (250, 500,
1000 mg kg ™). Treatments: (A) TL — BFC(L: 1)-6, (B) T2 - BZC(1: 3)-6, (C) T3 - BFZ(4: 6)-8, (D) T4 - BFZ(5: 5)-2, (E) T5 - BFZ(5:5)-6, (F) T6 -
BFZ(8:2)-4, (G) T7 — BFCZ(1:1:1)-6. Error bars represent the standard deviation of the mean (n = 3). Enzyme activity was measured as the
amount of TPF produced over 24 h in treated soil sample. * — means statistically significant differences (P = 0.05) between bars.

exhibit any noticeable effect of varying concentrations on untreated soil ranges from 2.3 to 31.9%, and the highest inhi-
dehydrogenase activity. The highest stimulation was depicted bition was observed in T3 @ 1000 mg kg™ ' (31.9%). At the
from each citrate nanoparticle at lower concentrations like highest concentration (1000 mg kg™ ") in T1, T2, and T3 treat-
250 mg kg~ for T2, T4, and T7 treatments, and at 500 mg kg~*  ments of citrate nanoparticles, an inhibition of dehydrogenase
for samples like T1, T3, T5, and T6. The stimulation of dehy- enzyme activity was seen, and in remaining citrate nano-
drogenase activity in the soil with different concentration particles of all concentrations resulted in stimulation of dehy-
ranges from 3 to 21%, and it was observed for T6 @ 500 mg kg~  drogenase activity. At the highest concentration of NCs
(21.1%). The inhibition of dehydrogenase activity compared to (1000 mg kg ), the highest inhibition or lowest stimulation was
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Fig. 3 Effect of studied citrate nanoparticles at different concentrations on urease (A—G) activity in studied soil. Error bars represent the standard
deviation of the mean (n = 3). * — means statistically significant differences (P = 0.05) between bars.
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observed in all citrate nanoparticles except T4 compared to the
other two lower concentrations (250 mg kg™ ' and 500 mg kg™").

3.2.2. Urease activity. In experiments with urease, an effect
of the NCs concentration was observed (refer to Fig. 3) in all
samples except T2 and T7. Among different concentrations, all
citrate nanoparticles exhibited a stimulating effect on urease
enzyme activity except for T1. The stimulation activity of the
urease enzyme ranged from 2.9% to 79.7%. More than 50%
enzyme stimulation was observed in certain citrate nano-
particles. The highest stimulation of urease enzyme activity was
observed in T7 @ 500 mg kg~ ' with 79.7%, followed by T6 @
1000 mg kg~ ' (69.5%). In T1, a decrease in urease activity with
an increase in concentration was observed, with a stimulation
effect at 250 mg kg™ " (64%) and 500 mg kg™ (56%), and an
inhibition effect at 1000 mg kg~ " (29%).

In T2 treatment, no effect of concentration was observed,
with inhibition at 250 and 1000 mg kg ' (13% and 9%,
respectively) and stimulation at 500 mg kg~ (18.3%). In T3, T4,
T5, and T6, with an increase in concentration, a strong increase
in the stimulation effect of urease enzyme was observed,
ranging from 3.1% to 28.2%, 2.9% to 16.3%, 16.3% to 35.2%,
and 50.0% to 69.5%, respectively. In T7, there was no effect on
urease activity due to its concentration, with the highest stim-
ulation at 500 mg kg~ ' (79.7%), followed by 1000 mg kg *
(57.3%) and 250 mg kg ' (51.8%), indicating that in all
concentrations, more than 50% stimulation of urease enzyme
was observed.

3.2.3. Acid phosphatase activity. Contrary to the cases of
urease and dehydrogenase, all citrate nanoparticles among the
studied concentrations exhibited stimulatory activity of the acid
phosphatase enzyme, except for one treatment (T4) at
a concentration of 250 mg kg~ ', which showed slight inhibition
of the enzyme (0.79%) (refer to Fig. 4). In the T1 treatment, the
stimulatory effect ranged from 14.7% to 28.1%, with the highest
observed at 500 mg kg~ '. Similarly, T2 treatment displayed

View Article Online
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a similar trend in enzyme activity with concentrations, with the
highest enzyme activity observed at 500 mg kg™ ", ranging from
18.2% to 36.5%. In T3, the effect of concentration on enzyme
activity was observed, i.e., with an increase in concentration, the
enzyme activity decreased (9.8% to 28.8%). Similar to T3, in T4,
the effect of concentration was noticeable, but the stimulating
effect increased with an increase in concentration (13.09% to
24.39%), with slight inhibition at 250 mg kg™ (0.79%). The
highest enzyme activity (32.6%) was observed in the T5 sample
at 1000 mg kg~ '. In T6, the highest activity was observed at
250 mg kg~ (28.2%), followed by 1000 mg kg™ (11.8%), and at
a soil dose of 500 mg kg™ *, the effect was 9.1%. In T7, a slight
increase was observed at a soil dose of 500 mg kg™ " (26.5%),
with equal enzyme activity observed at both concentrations
(250 mg kg~ and 1000 mg kg™ ).

3.2.4. Alkaline phosphatase activity. In the case of alkaline
phosphatase, the NCs (except for T5 @ 250 and 500 mg kg™ *; T3
@ 250 mg kg™'; T6 @ 250 and 1000 mg kg™ ') displayed an
inhibitory effect on alkaline phosphatase enzyme compared to
the untreated (refer to Fig. 5). The dose-effect correlation was
observed only in the T1, T2, and T3 samples. In T1, T2, and T3,
the inhibitory effect increased with the dose increase. The
inhibitory effect ranged from 7.7% to 26.2% in T1; 1.5% to
36.7% in T2; and T3 (9.8% to 12.48%), with slight stimulation at
the lowest concentration (8.06%). In T4, a more inhibitory effect
was observed at all doses compared to other citrate nano-
particles (21.3% to 33.3%). In T5, a stimulation effect was
observed at both 250 mg per kg (8.3%) and 500 mg per kg doses
(0.59%), with an inhibitory effect at a high dose (15.9%). In T6,
a stimulating effect was observed at low (8.3%) and high doses
(0.89%), and an inhibitory effect at a 500 mg per kg dose
(18.05%). Similar to acid phosphatase, in T7, equal effects were
observed at low (1.6%) and high (1.27%) doses, with the highest
inhibition at a 500 mg per kg dose (34.05%).
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Fig. 4 Effect of studied citrate nanoparticles at different concentrations on acid phosphatase (A—G) activity in studied soil. Error bars represent
the standard deviation of the mean (n = 3). * — means statistically significant differences (P = 0.05) between bars.
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Fig. 5 Effect of studied citrate nanoparticles at different concentrations on alkaline phosphatase (A—G) activity in studied soil. Error bars
represent the standard deviation of the mean (n = 3). * — means statistically significant differences (P = 0.05) between bars.

3.3. Influence of NCs-soil contact time on enzymatic activity

A significant effect on all enzyme activities was observed due to
the aging of NCs in the soil up to 90 days of incubation (refer to
Fig. 6-9). The level of inhibition/stimulation of enzymatic
activity differed based on the type and ratio of NCs composition.

Aging/incubation had a stimulating effect across all three
concentrations, except for the 60-day period at a higher
concentration, where a slight inhibition of 1.16% was observed
in the T5 treatment (refer to Fig. 6). At 30 days of incubation, all
citrate nanoparticles exhibited stimulation of dehydrogenase
enzyme except for T3 at lower (8.9%) and higher doses (31.9%).
Over the 60 days of incubation, a varied effect was observed in
all samples, with greater inhibition in several citrate nano-
particles across concentrations. However, stimulation was
observed in a few samples like T5 at 250 mg kg™ " (7.5%) and
500 mg kg~ " (13.3%) doses, T6, and T7 in all three concentra-
tions (ranging from 3.4% to 15.11% and 1.7% to 11.04%,

respectively). At the end of 90 days of incubation, even toxicity
had been converted into stimulation in all citrate nanoparticles,
with slighter toxicity retained in T4 at 250 mg per kg dose
(2.6%). In some nanocitrate samples at 90 days, inhibition was
exhibited after 60 days of stimulation in T6 in all three doses
(ranging from 3.2% to 2.6%) and T7 at low (6.5%) and high
(11.5%) doses.

The effect of the NCs-soil contact time on urease activity
displayed stimulation up to 60 days (refer to Fig. 7). At 30 days
and 60 days, stimulation of urease enzyme was observed in all
nanocitrate samples, whereas toxicity was observed at 30-day
samples like T1 at 1000 mg per kg dose (29.06%) and T2 at lower
(13.4%) and higher doses (9.7%). The highest stimulation at 30
days of incubation was observed in T1, T5, T6, and T7 samples
compared to 60 days of incubation. At 60 days, the highest
stimulation was in T2, T3, and T4 samples. At 90 days of incu-
bation, all stimulation had converted into inhibition of urease
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Fig. 6 Effect of NCs aging on dehydrogenase (A—-G) activity. Error bars represent the standard deviation of the mean (n = 3). * — means

statistically significant differences (P = 0.05) between bars.
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Fig. 8
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enzyme (except for T7 at 250 mg kg~ (3.5%) and 500 mg kg ™"
doses (1.5%), where slight stimulation was noticed).

Phosphatase activity resulted in stimulation throughout the
entire incubation period and across all three doses (refer to
Fig. 8). A notable reduction in stimulation was observed during
the 90 days of incubation. The range of enzymatic activity
observed was 36.5% to 5.4%, accounting for shorter and longer
periods of incubation. At 90 days of incubation, slight inhibi-
tion was observed in treatments like T2 at 250 mg kg™, T4 at
250 mg kg™, and T5 at 500 and 1000 mg kg ".

The activity of alkaline phosphatase due to the time of
incubation of NCs in soil was not comparable with acid phos-
phatase (refer to Fig. 9). At 90 days of incubation, statistically
significant inhibition was observed compared to considerable
stimulation at 60 days of incubation. Only in treatment T1 at
a 500 mg per kg dose did the aging period have a positive effect
(4.7%) on alkaline phosphatase activity. The range of inhibition
observed was between 1.5% to 36.7%, indicating a significant
difference.

24066 | RSC Adv, 2025, 15, 24058-24073

Effect of NCs aging on acidic phosphatase (A—G) activity. Error bars represent the standard deviation of the mean (n = 3). * — means

3.4. Effect of type of source of Fe and Zn nutrient on soil
enzymatic activity

The type of Fe and Zn source strongly impacted the enzymatic
activity of soils (refer to Fig. 10). Both the NCs and the param-
eters resulted in a range of differences in enzymatic activity. The
sources of Fe and Zn studied included NCs, sulfates of Fe and
Zn, EDTA ligand-based Fe and Zn, and nano sources of Fe and
Zn. The entire study was conducted at a soil dose of 250 mg
kg ', and the results after 30 days of incubation were compared.
Among NCs and other sources, significantly high levels of
differences in enzymatic activity were found. While all studied
sources exhibited stimulation in acid phosphatase activity,
inhibition by commercial sources was observed in other enzy-
matic activities.

Dehydrogenase enzymatic activity varied considerably due to
the effect of the NCs and commercial checks in soil (refer to
Fig. 10A). Greater stimulation of dehydrogenase activity was
observed with NCs, irrespective of their ratio of Fe and Zn,
compared to commercial nutrients of Fe and Zn. Among the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NCs, stimulation was greater than that of commercial nutrients,
except in treatment T3, which exhibited 8.9% inhibition. The
range of inhibition varied from no activity to 20.18% in soils
containing commercial nutrients, whereas the range of stimu-
lation ranged from 3.2% to 33.7% in soils treated with citrate
nanoparticles.

More variability of urease enzymatic activity was observed
than dehydrogenase in soils due to the type of Fe and Zn
nutrient source. NCs caused greater stimulation or lower inhi-
bition of urease activity in soils compared to commercial checks
(refer to Fig. 10B). T3 and T4 treatments of NCs showed no

© 2025 The Author(s). Published by the Royal Society of Chemistry

— means statistically significant differences (P = 0.05)

significant urease activity. The range of toxicity or inhibition
was minimal, ranging from 11.5% to 13.4%, irrespective of the
type of Fe and Zn source. Even the checks like ferrous sulfate
(54.1%) and zinc sulfate (16.7%) exhibited stimulation of urease
compared to other checks.

No significant disparities were observed in acid phosphatase
activity in soils treated with NCs compared to those treated with
commercial nutrients (refer to Fig. 10C). Both NCs and
commercial nutrients led to the stimulation of enzyme activity,
unlike other enzymatic activities. Notably, Fe-EDTA and Zn-
EDTA showed less stimulation compared to the other studied
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nutrients. Additionally, in T4 treatment, a slight inhibition of
acid phosphatase activity was observed compared to other
samples (0.79%).

The alkaline phosphatase activity was largely influenced by
the type of Fe and Zn nutrient source and the form of the
compound (refer to Fig. 10D). In the studied soil sample, Fe and
Zn resulted in an inhibition of alkaline phosphatase activity.
Few citrate samples like T3 (8.06%), T5 (8.37%), and T6 treat-
ments exhibited slight stimulation, i.e., below 10%. The highest
inhibition was exhibited by chelated Fe and Zn, with 37.6% and
39.2%, respectively. However, toxicity was noted to a higher
extent (by 30.3%) in the case of the T4 nanocitrate treatment.

View Article Online
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3.5. Soil microbiome analysis

Soil microbiome analysis data is presented in Fig. 11. Actino-
mycetes were the most affected microbial group, followed by
fungi, in all treated samples, while bacteria remained unaf-
fected or less affected. At 30 days, fungal abundance was highest
in BFC(1:1)-6 with a 85.71% increase, while 100% abundance
was observed in T4 for actinomycetes, and bacterial abundance
was 100% in all samples. Compared to the 30-day incubation
period, a decrease in the count was observed in actinomycetes
and bacteria at the end of the 90-day incubation, with a slight
increase in fungal abundance. At higher doses and after 90 days
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Fig.11 Microbial taxonomic composition of cultivable fractions of soil microbiome after imposition of treatments at (A) 250 mg kg~ of soil at 30
days; (B) 1000 mg kg™ of soil at 30 days; (C) 250 mg kg™ of soil at 90 days; and (D) 1000 mg kg™ of soil at 30 days.

Table 5 Diversity composition of cultivable fractions of soil microbiome after imposition of treatments at 30 days of incubation

250 mg 1000 mg
Nutrient Fungi Bacteria Actinomycetes Fungi Bacteria Actinomycetes
BFC(1:1)-6 12 10 2 8 6 2
BZC(1:3)-6 5 12 2 4 5 1
BFZ(4:6)-8 3 11 1 2 7 1
BFZ(5:5)-2 4 10 2 6 5 1
BFZ(5:5)-6 3 10 2 1 4 0
BFZ(8:2)-4 5 12 3 6 5 1
BFCZ(1:1:1)-6 4 8 0 7 6 1
FeSO, 4 10 2 3 7 1
ZnSO, 7 11 1 5 5 1
Nano Fe 3 5 0 6 5 1
Nano Zn 2 6 0 6 6 3
Chelated-Fe 4 6 0 5 3 2
Chelated-Zn 3 5 0 6 4 1
Untreated 5 4 1 6 3 1
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Table 6 Diversity composition of cultivable fractions of soil microbiome after imposition of treatments at 90 days of incubation

Nutrient 250 mg 1000 mg

In CFUs Fungi Bacteria Actinomycetes Fungi Bacteria Actinomycetes
BFC(1:1)-6 5 10 1 7 5 1
BZC(1:3)-6 8 9 1 8 6 1
BFZ(4:6)-8 6 10 1 6 4 2
BFZ(5: 5)-2 8 7 1 6 6 1
BFZ(5:5)-6 9 9 1 3 5 1
BFZ(8:2)-4 4 10 2 7 3 1
BFCZ(1:1:1)6 6 11 0 2 7 1
FeSO, 2 7 1 7 4 1
ZnS0, 2 5 1 6 5 1
Nano Fe 4 8 1 4 6 1
Nano Zn 7 7 1 4 10 1
Chelated-Fe 3 6 1 5 11 1
Chelated-Zn 5 5 1 4 7 1
Untreated 2 6 0 2 8 1

of incubation, inhibition of actinomycetes count was observed.
Microbial diversity analysis was represented in Tables 5 and 6.

3.6. Correlation between enzyme activities and microbial
abundance

To explore the relationship between soil biological functions
and microbial communities, Pearson correlation analysis was
conducted between enzyme activities (dehydrogenase, urease,
acid and alkaline phosphatases) and CFU counts of bacteria,
fungi, and actinomycetes across treatments (Fig. 12).

The analysis revealed a significant positive correlation
between bacterial CFU and urease activity (r = 0.82, p < 0.01),
suggesting a close link between microbial biomass and nitrogen

cycling processes. Dehydrogenase activity was moderately
correlated with both bacterial (r = 0.68) and fungal abundance
(r = 0.71), reflecting its intracellular nature and sensitivity to
microbial respiration. Acid phosphatase showed a weak but
positive correlation with actinomycetes (r = 0.55), while alkaline
phosphatase activity did not show strong correlations with any
single microbial group.

These correlations suggest that the functional shifts in
enzyme activity are at least partly driven by changes in microbial
abundance and composition due to nanoparticle treatments.
The findings strengthen the mechanistic link between
nanoparticle-induced microbial responses and observed
biochemical changes in soil.

Correlation Heatmap: Enzyme Activities vs Microbial Communities
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Fig. 12 Correlation heatmap of enzyme activities and microbial communities. All values represent Pearson correlation coefficients (r). Highest

values indicate significant correlation at p < 0.01.
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4. Discussion

Based on the concentration of NCs, the effect on the soil enzy-
matic activity was strongly diversified. Along with the concen-
tration of NCs, the enzymatic activity was influenced due to soil
properties, the type of enzyme studied, and the composition of
citrate nanoparticles. Based on the results, the citrate nano-
particles were strongly negatively influenced by specific
enzymes. The combined citrates do not have an inhibitory effect
on the dehydrogenase enzyme (except T3). This could be due to
a slightly higher content of zinc available than of Fe. In earlier
reports, the sensitivity of zinc oxide nanoparticles has been
observed on various enzymes.*** The combined citrates in
studied enzymes do not have much inhibition, whereas indi-
vidual citrates (T1 and T2) have shown sensitivity at higher
concentrations. As it is a laboratory experiment with controlled
conditions and without any plant-soil interaction, the inhibi-
tion of enzymes might be possible at higher concentrations.
Under field studies, with a single dose of nutrients, additional
interaction of plant and external environmental influence can
stimulate enzymatic activity at higher concentrations.**
Furthermore, in specific treatments such as T2, a non-
monotonic or biphasic pattern was observed in urease and
alkaline phosphatase activities, where both 250 and 1000 mg
per kg doses showed stimulation while the intermediate dose of
500 mg kg~' did not. This behavior may result from nano-
particle aggregation dynamics, concentration-dependent
ligand-metal interactions, microbial stress responses, or
modulation by soil physico-chemical properties. Over time, the
slight negative effect may be reduced due to the continuous
buildup of NCs by plants and also reduce the range of expo-
sure.*® In field studies under cucumber, the influence of
nanoparticles on soil enzymatic activity has been studied and
showed a reduction in effect on enzymatic activity in a partic-
ular soil type.** These results will encourage the study of the
effect of nanomaterials under soil types with diversified prop-
erties, which truly gives the toxicity or stimulating effect. The
scale of effect on enzymatic activity may change due to the aging
period of NCs in the soils.***** Due to ligand-based nano-
systems, the citrate nanoparticles do not realize sorption or
reaction with clay or other natural organic particles in the soil,
which amplifies the probability of mobilization. A reduction of
enzymatic activity was observed with the increased NCs-soil
contact period in the present study. It indirectly indicates the
availability of NCs in soils and ensures their exposure by plants
when grown around.™** The lower bioavailability of NCs and
ions, which are key components of the enzymes, can be
confirmed due to the reduction in stimulating effect over time.*®
Soil enzymatic activity is significantly influenced by the source
of Fe and Zn, as well as the type of enzyme being studied. The
dehydrogenase enzyme, being more sensitive and intracellular,
serves as a crucial indicator of soil contamination, responding
differently to various contaminants compared to extracellular
enzymes."**”*® Extracellular enzymes like urease and phospha-
tases (both acidic and alkaline) are primarily affected by the
physico-chemical properties of soils, unlike dehydrogenase
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enzymes.'*"” The adsorption of extracellular enzymes by natural
organic matter and clays obstructs nutrient and ion contact
with the enzymes. Soil properties such as pH, organic matter
content, clay composition, and mineral content, along with
their antagonistic and synergistic effects, play pivotal roles in
determining the impact of nutrients on soil enzymatic
activity.>**"%1*?* The electrostatic forces and hydrophobic
interactions of soil organic acids with nutrients also influence
soil enzymes,* potentially reducing nutrient bioavailability to
plants and soil enzyme activity. Nutrient ions released may lead
to immobilization due to reactions with organic matter func-
tional groups.’ The significant stimulation observed with
citrates suggests their mobilization in soil rather than sorption
onto organic matter. Market-available sources of Fe and Zn
exhibit reactivity with organic matter, leading to enzyme activity
inhibition and toxicity. Generally, the composition and diversity
of the cultivatable fractions of the microbial communities were
affected by many factors. Isolation medium, cultivation
protocol, media agents, treatment effect, and soil type are some
important factors for soil microbiome analysis. While this study
provides valuable insights into the impact of citrate-based
nanoparticles on soil microbiota using culture-dependent
methods, we acknowledge the inherent limitations of this
approach. Culture-dependent techniques, although useful for
quantifying cultivable microbial groups such as fungi, bacteria,
and actinomycetes, fail to capture the vast majority of uncul-
turable microorganisms and often underrepresent microbial
diversity and functional potential. As a result, key shifts in
microbial community structure, rare taxa, and functional gene
expressions may remain undetected. Furthermore, colony
morphology alone cannot provide species-level resolution or
insight into ecological functions or metabolic capacities.

To overcome these limitations and enable a more compre-
hensive understanding of microbial responses to chelated
nanoparticles, future studies should integrate culture-
independent, high-throughput sequencing approaches such
as 16S rRNA gene amplicon sequencing, ITS sequencing for
fungi, and metagenomics. These methods would allow for
deeper taxonomic profiling, identification of non-culturable
organisms, and insight into functional pathways influenced
by nanoparticle exposure. Additionally, incorporating qPCR
assays targeting nutrient cycling genes or stress markers could
further elucidate the functional impact of nanocitrates on the
soil microbiome. Such approaches would greatly enhance the
ecological relevance and mechanistic understanding of nano-
particle-microbiome interactions in agroecosystems. While this
study provides valuable insights into the impact of citrate-based
nanoparticles on soil microbiota using culture-dependent
methods, we acknowledge the inherent limitations of this
approach. Culture-dependent techniques, although useful for
quantifying cultivable microbial groups such as fungi, bacteria,
and actinomycetes, fail to capture the vast majority of uncul-
turable microorganisms and often underrepresent microbial
diversity and functional potential. As a result, key shifts in
microbial community structure, rare taxa, and functional gene
expressions may remain undetected. Furthermore, colony

© 2025 The Author(s). Published by the Royal Society of Chemistry
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morphology alone cannot provide species-level resolution or
insight into ecological functions or metabolic capacities.

To overcome these limitations and enable a more compre-
hensive understanding of microbial responses to chelated nano-
particles, future studies should integrate culture-independent,
high-throughput sequencing approaches such as 16S rRNA gene
amplicon sequencing, ITS sequencing for fungi, and meta-
genomics. These methods would allow for deeper taxonomic
profiling, identification of non-culturable organisms, and insight
into functional pathways influenced by nanoparticle exposure.
Additionally, incorporating qPCR assays targeting nutrient cycling
genes or stress markers could further elucidate the functional
impact of nanocitrates on the soil microbiome. Such approaches
would greatly enhance the ecological relevance and mechanistic
understanding of nanoparticle-microbiome interactions in agro-
ecosystems. In a few treatments of citrate nanoparticles, a positive
increase over control can be a good sign, and the little effect on
exposure to real field studies will be lessened.

These findings of the correlation support the conclusion that
nanocitrate-induced shifts in soil enzymatic functions are
closely linked to microbial abundance and community struc-
ture. The positive correlations strengthen the hypothesis that
citrate nanoparticles, especially at optimized concentrations,
enhance microbial-mediated nutrient cycling rather than dis-
rupting microbial communities. This integrated biochemical
and microbiological perspective adds mechanistic depth to the
observed biosafety of nanocitrates and supports their applica-
tion as sustainable nutrient inputs in soil ecosystems.

The behavior and efficacy of citrate-based Fe and Zn nano-
particles are strongly influenced by the physico-chemical
properties of the soil matrix. The present study was conducted
using Indian red soil with a mildly acidic pH of 6.5 (Table 2),
which plays a critical role in nanoparticle solubility, nutrient
availability, and microbial interactions. In acidic soils, iron and
zinc exhibit higher solubility, and citrate ligands enhance this
further by complexing metal ions, preventing precipitation as
hydroxides or phosphates. This contributes to the observed
enhanced enzyme activities and microbial proliferation,
particularly for urease and dehydrogenase.

However, the behavior of nanocitrates may differ signifi-
cantly in alkaline or calcareous soils, where metal ion solubility
is reduced due to increased formation of insoluble hydroxides
and carbonates. In such soils, citrate chelation may help miti-
gate metal immobilization, but adsorption to negatively
charged clay particles and organic matter may limit bioavail-
ability. Additionally, pH-mediated shifts in microbial commu-
nity composition and enzyme expression could alter biological
responses. Thus, while the current results demonstrate
biosafety and efficacy under acidic conditions, further valida-
tion across diverse soil types is warranted to assess nanoparticle
stability, mobility, and functional performance under variable
pH and mineralogical conditions.

5. Conclusion

This study evaluated the biosafety of chelated Fe and Zn citrate
nanoparticles applied to Indian red soil (pH 6.5), with a focus

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on their impact on soil enzyme activity and microbial diversity.
Unlike conventional metal oxide nanoparticles, these citrate-
based nanonutrients are amorphous, ligand-based formula-
tions with particle sizes below 120 nm and negative zeta
potential (—28 to —35 mV), providing improved solubility and
reduced aggregation under soil conditions. Across treatments,
citrate nanoparticles at concentrations =500 mg kg™ ' resulted
in >90% of enzyme activity changes remaining within £20% of
the control values, indicating minimal disturbance to microbial
functioning. Strong positive correlations were observed between
urease activity and bacterial CFU (r = 0.82), and between
dehydrogenase and fungal/bacterial counts, supporting a link
between microbial abundance and functional enzymatic
responses. The study soil—acidic Indian red soil (pH 6.5)—
favored metal solubility and microbial activity, enabling effec-
tive release and utilization of nutrients from the nanocitrates.
However, the performance and interaction of these nano-
materials may vary in alkaline or calcareous soils, where
reduced solubility and increased adsorption may limit efficacy.
These findings highlight the need for site-specific evaluation of
nanoparticle formulations under diverse soil pH and mineral-
ogical contexts. In conclusion, citrate-chelated Fe and Zn
nanoparticles represent a promising biosafe alternative for
micronutrient delivery via soil application. Their low toxicity,
soil compatibility, and targeted microbial interactions position
them as environmentally sustainable inputs in precision agri-
culture, though further validation under diverse agro-
ecosystems is warranted.

While the findings provide strong evidence of biosafety and
functional compatibility of citrate nanoparticles in acidic soil
under controlled conditions, this study is limited by its use of
a single soil type (Indian red soil, pH 6.5) and a short-term
incubation period (90 days). These constraints do not account
for long-term cumulative effects, potential interactions with
other soil components (e.g., organic matter, clay minerals), or
the influence of crop rhizosphere activity. Therefore, field-scale,
multi-season trials across diverse agro-climatic zones and soil
types are needed to evaluate the persistence, transformation,
and agroecological impacts of nanocitrates under realistic
agricultural conditions.
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