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Abstract 

The agricultural field has adopted an innovative solution by combining metal/metal oxide nanoparticles with organic acids which shows potential 
across various agricultural areas including plant growth promotion and pest control implementation. The seed germination enhancement and 
nutritional uptake capabilities along with pest management advantages and stress protection functions are demonstrated by silver (AgNPs) 
copper (CuNPs), iron (Fe2O3, Fe3O4) and zinc oxide (ZnO NPs) among meta/metal oxide nanoparticles. The combination of organic acids 
including citric, acetic, and humic acids through active enhancement of soil properties leads to better nutrient availability for mobile atoms 
and microbial population growth which further advances soil fertility. When metal oxides nanoparticles (MNPs) merge with organic acids, they 
produce synergistic outcomes that double their separate advantages and provide a complete solution for agricultural productivity improvement. 
This review investigates the operational principles behind MNPs and their pairing with organic acids as well as their function in soil enhancement 
and plant vitality and their environmental impact when utilized. Although MNPs bring notable advantages to the table there are unresolved 
challenges concerning their environmental hazards as well as their ecological impact and optimal applicational scenarios. Additional study is 
essential to maximize the safe and sustainable agricultural application of MNPs combined with organic acids according to this article. This review 
explores the synergistic applications of metal/metal oxide nanoparticles and organic acids in agriculture, highlighting their effects on plant 
growth, nutrient uptake, stress tolerance, and pathogen resistance. 
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Introduction

Modern agricultural systems require an integration of two 
key goals which maintain environmental sustainability together 
with improved crop yields. Pesticide resistance leads to soil 
deterioration developing because environmental pollution 
emerges from agricultural practices based on chemicals. A growing 
scientific interest prompted increased focus on environmental 
research in agricultural development [1,2]. 

Nanotechnology enables the use of metal and metal oxide 
nanoparticles (MNPs) to provide modern agriculture with an 
attractive solution for its current challenges. The combined 
antimicrobial features together with extensive surface contact 
and high reactivity of AgNPs and CuNPs with ZnO NPs makes these 
nanoparticles suitable for agricultural usage. Studies prove that 
both seed germination and plant growth advance through metal  

 
oxide nanoparticles [3] and these nanoparticles enhance both 
nutrient absorption and defense against plant pathogens. 

Natural organic acids such as citric acid and acetic acid along 
with humic substances activate dual soil health development and 
nutrient release capacity. The essential plant nutrients achieve 
enhanced bioavailability through organic acids that provide two 
functions: controlling microbial rhizosphere activity and adjusting 
soil pH levels [4]. Metal nanoparticles benefit from organic 
acids which stabilize their composition and enhance their field 
application efficiency in agricultural practices [5].

The agricultural utilization of MNPs shows positive results 
although many issues remain when utilizing these compounds. 
The main drawback of using nanoparticles stems from their 
toxic side effects that damage beneficial plant microbes as well 
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as plants [6]. The impacts of magnetite nanoparticles (MNPs) on 
sustainability and environment within the agricultural system 
should be investigated into the future scope of research [7]. 
Although many investigations have examined the effects of organic 

acids on soil quality extensively, more studies are required to 
assess the benefits and risk of combining MNPs and organic acids 
in agro-based applications [3,8] Figure 1.

Figure 1: Global Agricultural Productivity Trends (2000-2020). Source: The World Bank Global.

Background

The review article encompasses detailed findings from modern 
agricultural research about MNP utilization in combination with 
organic acids applications. Research findings indicate that plants 
get enhanced growth capabilities as nutrients absorb more 
efficiently and become stronger to diseases and the soil quality 
improves thanks to these integrated technologies. The review 
demonstrates how MNP and organic acid combinations enhance 
agricultural technology development dedicated to sustainable 
food production systems. This review covers five major objectives.

i.	 Detect different MNPs utilized in agriculture alongside 
their operational mechanisms.

ii.	 Assess the function of organic acids when they are used 
to improve soil fertility combined with bioavailable nutrients and 
healthy plant growth.

iii.	 Begin a study to determine the dual impact of MNPs with 
organic acids for improving agricultural output results.

iv.	 Researchers must identify and address the issues and 
operational boundaries that exist when MNPs and organic acids 
are combined for agricultural applications.

v.	 Propose research directions which will enhance 
agricultural utilization of these materials.

Sustainable agricultural productivity can be achieved by 
applying both metal or metal oxide nanoparticles and organic 
acids together. This innovative type provides necessary support for 
the agricultural industry because it enables it to handle growing 
population needs while protecting the environment. The study 
examines this potential method thoroughly to enhance knowledge 
of its capabilities and establish base research for agricultural 
applications extension. An extensive examination collected vital 
research data regarding MNP utilization with organic acids for 
agricultural garden uses.

 The research analysis involved predominantly peer-reviewed 
articles that examined agricultural outcomes between metal-
based nanoparticles and organic acids to boost plant development 
and soil quality and defend against pests. In their extensive meta-
analysis, Kwaslema and Michael [9] reviewed 495 experiments 
from 70 publications to endorse the interaction between 
nanomaterials and plants under the salinity concentration. They 
emphasized noticeable discrepancies in experimental conditions, 
which varied in nanoparticle types, dosages, applied methods, 
plant types, and growth media. Such variability makes it difficult 
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to make direct comparisons and emphasizes the need to create 
standardized methods in nanomaterials research to reach 
consistent and reliable conclusions. 

The research utilized distinguished academic search 
platforms consisting of Google Scholar and PubMed and 
additionally included both Scopus together with Web of Science 
and SpringerLink. The selection of multiple academic databases 
allowed researchers to access extensive peer-reviewed materials 
focused on agricultural and environmental science and 
nanotechnology fields. The research incorporated searches for 
“metal or metal oxide nanoparticles in agriculture” with “organic 
acids and nanoparticles” and included “synergistic effects of MNPs 
and organic acids” and “nanotechnology in farming.” The research 
terms went through progressive development using Boolean 
search tools to refine the collection results.

Nanoparticles

Metal or metal oxide nanoparticles function as nano-scale 
objects below 100 nanometers that show unique behaviors 

because of their large surface area as well as high reactivity 
and antimicrobial actions. Agricultural applications of these 
nanoparticles have increased because these particles improve 
harvest production while increasing pest tolerance and supporting 
soil health maintenance. The cellular level plant interaction 
capacity of MNPs enables efficient growth promotion together 
with enhanced nutrient acquisition capacity and stress protection 
against multiple forms of biological and environmental threats 
[3,10].

Nanotechnology, and specifically MNPs, offers several 
advantages over conventional agrochemical products. Through 
precise delivery systems they reduce environmental contamination 
although they enhance their performance output. Nanoparticles of 
MNPs obtain their special attributes from their small dimensions 
that create an elevated surface-to-volume proportion and increase 
their fast response with plant organisms and microorganisms [11]. 
Table 1 compares the key properties and applications of different 
metal or metal oxide nanoparticles in agriculture.

Table 1: Properties and Applications of Common Metal and Metal oxide Nanoparticles in Agriculture Source: Ingle [10], Faizan et al. [12].

Nanoparticle Size Properties Applications

Silver (AgNPs) 10-100 nm Antimicrobial, high surface area, UV absorbance Pest control, Disease resistance

Copper (CuNPs) 5-50 nm Antibacterial, fungicidal, enhances root growth Fungicide, Root health enhancement

Zinc Oxide (ZnO) 5-100 nm Antioxidant, enhances nutrient solubility Stress tolerance, Seed germination, Soil 
fertility

Iron Oxides (Fe2O3, Fe3O4) 5-200 nm Magnetic, environmental remediation, enhances 
nutrient uptake

Soil remediation, Fertilizer delivery, Plant 
growth promotion

Metal or Metal Oxide Nanoparticles in Agriculture

Nanoparticles function as agricultural fertilizers and 
pesticides in agricultural applications and scientists classify them 
as nanofertilizers and nanopesticides respectively. Research shows 
that agricultural use of nanoparticles as nanofertilizers increases 
nutrient consumption efficiency [13-15]. Nanopesticides applied 
in the form of nanoparticles serve to protect crops from both fungal 
and bacterial infections [16]. The ongoing effects of nanoparticles 
on plant-associated microorganisms have not received clear 
scientific explanations. Microbial communities which serve as 
crucial and sensitive indicators for nanoparticle environmental 
risks need more scientific studies despite limited research in this 
field [17,18].

Research studies show that applying nanotechnology to 
agriculture brings benefits, but some investigators still raise 
warnings about the potential agricultural consequences of using 
nanoparticles [19]. The agroecosystem experiences nanoparticle 
infiltration through both nano-based agricultural amendments 
application and industrial and household waste emissions [20,21]. 
Nanoparticle effects depend on the combination of nanoparticle 

form and dimensions and plant taxonomy as well as concentration 
level and measurement duration in soil [22]. The research findings 
published by [23] demonstrated that silver nanoparticles led to 
higher levels of ascorbate and chlorophyll in asparagus (Asparagus 
officinalis L.) leaves. 

Types Of Metal and Metal Oxide Nanoparticles Used in 
Agriculture

Several types of MNPs are utilized in agriculture, each offering 
distinct benefits depending on the application.

Silver Nanoparticles (AgNPs)

Scientists primarily study AgNPs among magnetic 
nanoparticles because of their demonstrated antimicrobial 
properties. The antibacterial property of AgNPs possesses the 
ability to both limit fungal development while killing bacterial 
and viral entities. The antibacterial substance and antifungal 
characteristics of the nanoparticles defend crops from traditional 
chemical pest management through dual protective operations. The 
application of AgNPs stimulates seed germination simultaneously 
with root enhancements and enhances chlorophyll production 
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throughout agricultural crops [10]. Scientists validated that silver 
nanoparticles enhanced seedling development for tomatoes and 
cucumbers since they enhanced nutrient uptake abilities [3].

Copper Nanoparticles (CuNPs)

Copper nanoparticles find wide applications because they 
possess both fungicidal and bactericidal properties. Nanoparticles 
demonstrate robust potential to control bacterial blight while 
simultaneously defending against harmful fungal diseases 
affecting tomato and wheat plant crops. Researchers confirmed 
that CuNPs enhance plant uptake of nutrients by simultaneously 
developing robust root systems for nutrient-deficient soil survival 
[1,12]. Plants gain superior protection against drought and 
salinity stress through copper nanoparticle treatment because 
these nanoparticles enhance antioxidant properties in plants [10].

Zinc Oxide Nanoparticles (ZnO NPs)

Research studies have focused on zinc oxide nanoparticles 
because they serve as necessary micronutrient compounds 
while also acting as microbial protection materials. Zinc oxide 
nanoparticles supply bioavailable forms of zinc to plants as plants 
need this essential nutrient to drive photosynthesis combined 
with chlorophyll synthesis and essential development processes. 
The application of ZnO NPs plays a double role in improving soil 
quality through heavy metal detoxification processes and better 
nutrient uptake [11]. The research shows ZnO NPs enhance 
germination success rates alongside enhancing root growth in 
plants such as maize and rice [12].

Zn serves an essential role in growth across animals and humans 

and plants because plant nutrition requires this micronutrient 
during enzymatic reactions and metabolic pathways as well as 
oxidation reduction reactions [24,25]. Enzymes that perform 
nitrogen metabolism and energy transfer and protein synthesis 
heavily depend on Zn for their optimal functionality [26]. The 
primary mechanisms affecting experimental outcomes depend 
on experiment nature and plant species as well as including Zn 
utilization in tissues and Zn uptake. 

Genotypes showing efficiency under Zn deficiency 
demonstrate elevated activities of both Cu/Zn anhydrase and 
carbonic anhydrase. The total soil Zn content depends on 
numerous soil qualities including pH and CaCO3 content together 
with organic matter levels as well as the crop variety and soil 
nutrient interactions during Zn uptake and plant growth [27]. 
The roots of plants absorb Zn from various soil contents through 
both Zn2+ ions and organic acid chelates [28] before transferring 
it through the xylem to upper plant parts [29]. Research indicates 
that plants can absorb Zn through their leaves when applied 
through foliar spray [30]. 

Scientific research has not determined the actual underlying 
process. The transport mechanism of nutrients depends on leaf 
surface characteristics as documented for various elements 
including Cu [31-34]. Leaf zinc absorption involves understanding 
both the leaf cuticle’s chemical structure and waxy layer thickness 
together with leaf trichome and stomata features and density in 
addition to leaf cuticle density. Figure 2 displays the Zn absorption 
through different environmental sources under diverse 
environmental conditions.

Figure 2: Sources of Zn (nutritional form for plants) from different environment sources. Source: [35].
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Mechanisms of Action

The mechanisms of action by which MNPs affect plants can be 
categorized into direct and indirect pathways.

Direct Mechanisms

The permeable structure of plant cells enables metal/metal 
oxide nanoparticles to enter cells so they can actively connect 
with components such as membranes and cell walls along with 
organelles. The interaction with metal oxide nanoparticles leads 
to biochemical along with physiological responses through 
antioxidant activity enhancement that improves disease resistance 
and stress tolerance [26]. MNPs enhance nutrient absorption 
through two mechanisms which involve membrane permeability 
increase and improved root system nutrient transport.

Indirect Mechanisms

Plants demonstrate growth effects because the transformation 
of soil environment occurs with MNPs. Plants experience reduced 
toxic impacts from lead and cadmium metal ions after silver 
nanoparticles bind with these toxic substances to enhance soil 
quality [1]. Soil microbial activity receives numerous positive 
effects from zinc oxide nanoparticles which simultaneously 
enhances soil fertility and drives plant growth [11]. Plants 
show hormonal changes including auxins and cytokinins due to 
exposure to MNPs according to research by [10].

Applications of Metal or Metal Oxide Nanoparticles in 
Agriculture

MNPs serve various agricultural purposes because they 
support plant health together with pest management and improve 
soil conditions.

Pest and Disease Control

Plant pathogens demonstrate vulnerability to antimicrobial 
effects from AgNPs and CuNPs when among the various MNPs 
group of substances. MNPs show antimicrobial properties 
which fight against Pseudomonas syringae in combination 
with Fusarium oxysporum and various viruses. Through their 
application these materials eliminate requirements for traditional 
chemical pesticides which enhances food security and reduces 
environmental contamination [36].

Improvement of Plant Growth and Nutrient Uptake

Studies confirm MNP administration speeds up seed 
sprouting and supports leaf expansion as well as root 
advancement and produces greater levels of chlorophyll in plant 
tissues. Experimental research demonstrates that MNP materials 
enhance agricultural output and create superior final products as 
reported by Faizan et al. [12]. Research conducted by Singh et al. 
demonstrated that zinc oxide nanoparticles at nanometer scale 
boost chlorophyll production and photosynthetic activity in both 
wheat and rice species.

Stress Tolerance

Nanomaterials applied as MNP interventions enhance plant 
performance under stressful conditions through their ability to 
improve plant resistance against drought stress as well as salt 
toxicity along with toxic metal stress. Plants experience decreased 
environmental stress damage when exposed to nanoparticles 
because these materials enhance their antioxidant defense 
capabilities to achieve faster growth rates and enhanced yield 
efficiency during harsh conditions [36].

Environmental Impact and Toxicity of Metal/Metal Oxide 
Nanoparticles

Independent investigations need to study both toxic effects 
and environmental risks of MNPs even when specific agricultural 
benefits have been established. Scientific studies prove that MNPs 
have the potential to harm multiple non-target species including 
both microorganisms found in soil and earthworms in addition to 
aquatic organisms [6].

Bioaccumulation in Plants

Plants that take up MNP develop health conditions which 
decreases the nutrition quality of agricultural crops. Scientific 
research demonstrates that the accumulation of MNP in food 
chains creates health threats for both human beings and animal 
populations according to Dey et al. [37]. 

Effect on Soil Microbes

Nanoparticles used in soil disturbs microbial composition 
triggering important biological processes such as nitrogen fixation 
and organic matter degradation to become imperfect. The passing 
of time causes fundamental soil health and fertility depletion thus 
reducing the effectiveness of agricultural systems [6].

Organic Acids in Agriculture

Plant cells utilize organic acids as metabolic intermediates 
which support various biochemical pathways including glycolysis 
and the tricarboxylic acid cycle and photorespiration besides the 
glyoxylate cycle and the photosynthetic C4 cycle. Organic acids 
function as unanticipated controllers of whole plant physiological 
processes according to recent compelling scientific evidence. A 
broad range of research laboratories is investigating plants with 
different organic acid concentrations resulting in unexpected 
observations [38-41].

A wide spectrum of basic cellular functions receive regulation 
through organic acids by using both pH modification and redox 
state modulation. The evidence suggests these compounds 
function to regulate various biochemical and physiological 
processes within living organisms because of their natural role in 
cellular processes. The signaling function of organic acids has been 
extensively researched in relation to sugars based on findings by 
Finkemeier et al. [42]. 
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Together with their demonstrated ability to alter membrane 
transport Hedrich and Marten [43] and De Angeli et al. [44], 
organic acids are positioning themselves as important signaling 
messengers. Science has demonstrated that biochemical reactions 
involving cytosolic organic acid metabolism serve during cold 
acclimation processes [45]. Organic acids participate in protein-
based chemical reactions which modify protein structure 
therefore affecting it’s in vivo activity as researchers have 
confirmed through acetylation and succinylation studies [46,47]. 
Organic acids became the focus in both plant cell biochemistry and 
whole plant physiology research because of their new functions.

Role of Organic Acids in Soil Health

Soil health improvement depends on organic acids because 
these substances influence both physical characteristics and 
chemical composition and biological activity. The fundamental 
soil operating processes regulate by four main acidic compounds 
where nature generates citric acid followed by acetic acid then 
humic acid which culminates in lactic acid. Organic acids applied 
to soils produce various vital effects that bring better plant growth 
and sustainable farming practices.

The acidifying characteristic of organic acids enables them 
to lower soil pH which subsequently increases the availability of 
essential nutrients phosphorus along with iron and zinc for plant 
uptake. The chelation capacity of organic acids in alkaline soils 
dissolves mineral salts through breaking processes which results 
in nutrient forms available to plants. Citric acid demonstrates its 
effectiveness in dissolving phosphates that are commonly linked 

with calcium in calcareous soils thus enabling plant nutrient 
uptake [12]. The system serves as a solution for agricultural 
areas experiencing deficiencies of micronutrients together with 
deficiencies of macronutrients.

The catalytic property of organic acids activates soil 
microorganisms which enhance both the structural composition 
and decomposition process of organic matter in the soil. 
Organic material transformation into valuable humus depends 
on biological populations which include bacteria fungi and 
actinomycetes because their enhanced performance works to 
deconstruct organic material. The addition of organic material 
becomes possible through acid action which leads to improved 
soil aggregation and consequently increases water and 
oxygen availability for root growth. Plant roots alongside soil 
microorganisms show better relationship after organic acids 
transform the rhizosphere conditions [3].

Soil organisms use organic acids as biological buffers because 
these substances create constant stability in their environment to 
regulate pH changes. Soil buffering mechanisms formed by these 
compounds safeguard microbial life along with plant development 
through controlled management of environmental changes that 
frequently occur due to acid or alkaline conditions [48]. Several 
different operations enable organic acids to serve multiple 
functions in retaining both soil fertility and environmental health 
thus making them fundamental for maintaining sustainable 
agricultural operations. Table 2 presents organic acids with their 
agricultural applications and how they affect the quality of soil 
and plant health.

Table 2: Common Organic Acids Used in Agriculture and Their Functions.

Organic Acid Function in Agriculture Effects on Plants/Soil

Citric Acid Chelation of nutrients, pH adjustment Increases phosphorus availability, nimproves root development [49,50]

Acetic Acid Soil pH reduction, Pathogen control Enhances nutrient uptake, suppresses harmful microbes, abiotic stress tolerant 
[51,52]

Humic Acid Soil structure improvement, Organic 
matter breakdown Enhances water retention, stimulates microbial activity [53,54]

Ascorbic acid Improve soil fertility and nutrient 
uptake, enhance microbiome Enhance yield, antioxidant activity, stress tolerance [55-57]

Mechanisms of Action of Organic Acids

Plants experience three important mechanisms of influence 
from organic acids to improve nutrient intake while developing 
stress-resistance and improving soil condition.

Nutrient Mobilization

Citric acid along with acetic acid mobilizes nutrients in the soil 
through chelation as their main mechanism. Essential minerals 
such as phosphorus and zinc and iron bind to chelating organic 
acids that are present in insoluble forms. The bioavailability 
of plants’ roots receives enhancement through organic acid 

solubilization of important nutrients particularly in alkaline 
environments [11,12]. The plants benefit substantially from 
these enhanced nutrients because they improve their ability to 
grow, which becomes particularly important in infertile soils. Soil 
nutrient availability increases using organic acids including citric 
acid and humic acid resulting in better plant growth and health 
[52].

Stress Alleviation

Organic acids show important functions in increasing plant 
stress tolerance for abiotic conditions like drought stress and 
salinity problems and heavy metal toxities. Plants become better 
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able to handle stress because organic acids enhance their defense 
mechanisms against antioxidants. The stress-tolerant properties 
of plants are enhanced when they use lactic acid and acetic acid 
because these organic acids induce production of antioxidant 
defenses including superoxide dismutase (SOD) and catalase 
(CAT) that break down reactive oxygen species (ROS). Plants 
regulated with organic acids demonstrate better resilience and 
growth performance under poor environmental conditions by 
lowering their oxidative damage [58].

Microbial Regulation

Soil microbiomes are influenced by organic acids because 
they stimulate beneficial microorganisms to grow and inhibit 
harmful pathogens. Visible increases of microbial diversity occur 
when organic acids enter the soil thus enhancing nutrient cycling 
while simultaneously improving soil structure. Humic acid as 
a complex organic acid enables the growth of mycorrhizal fungi 
which facilitates nutrient absorption mainly of phosphorus and 
improves water retention for plants. 

The antimicrobial agents in lactic acid together with other 
organic acids suppress soil-borne diseases by preventing the 
growth of pathogenic fungi and bacteria [3,52]. The application 
of organic acids benefits plant development and strengthening 
because these acids: make the nutrients more mobile, build 
resistance against stress factors and modify the activity of soil 
microorganisms. Therefore, they constitute essential components 
for sustainable agriculture.

Applications of Organic Acids in Agriculture

Modern agricultural practice benefits from organic acids 
because they provide multiple advantages to plant growth 
together with disease resistance along with soil health 
management. Organic acids serve applications which include both 
soil enhancement and fertilizer boosting and disease treatment 
and stress tolerance benefiting plants.

Soil Amendment and Fertilizer Supplementation

Organic acids represent common chemicals used to adjust 
soil pH alongside increasing nutrient accessibility for alkaline 
and weak-fertility soil environments. Citric acid and acetic acid 
function commonly in the market to enhance soil phosphorus 
and micronutrient availability while releasing plant-unavailable 
minerals bound within the soil. Soils containing high calcium 
levels become more accessible to nutrients through the process of 
mineral release achieved by organic acids acting as chelators [11]. 
The application of microbial technology represents a primary tool 
for organic farmers since synthetic fertilizers remain out of their 
production methodologies.

Bio-fertilizers made from decomposed humic acids extracted 
from plant and animal substances enhance microbial health while 
improving the structure of the soil. The combination of sustainable 

soil fertility depends on humic substances because they increase 
microbial diversity and nutrient cycling functions to serve as 
important tools for maintaining soil health. Bio-fertilizer organic 
acids function as water retainers in sandy soils thus delivering 
better water accessibility for plants when there is drought [52]. 
Nanoparticles demonstrate notable potential to improve soil 
conditions along with building sustainable farming approaches 
that help confront concerns related to food security [28].

Plant Growth Promotion

The research confirms organic acids as direct promoters 
of plant development. The rhizosphere environment shows 
beneficial alterations while experiencing improved nutrient 
acquisition because organic acids advance both root growth 
and seed germination. Plant health benefits from humic acid 
exposure because the compound extends the root system length 
and enlarges leaves says [12]. The natural organic acid Citric acid 
provides dual benefits by improving the rhizosphere microbiology 
as well as plant nutrient intake under stress situations [58].

Stress Management and Biocontrol

Different research studies have shown organic acids reduce 
abiotic stresses that occur during drought conditions and salt 
exposure and heavy metal pollution situations. Plant growth gets 
restricted through the activation of damaging reactive oxygen 
species (ROS) by stressful conditions. Plants develop improved 
stress tolerance and maintain their growth under adverse 
conditions because organic acids serve as antioxidants to combat 
oxidative stress [3].

Lactic acid together with acetic acid serves as biological anti-
pathogen agents to control plant diseases. These acids change 
the rhizospheric pH and produce antimicrobial substances that 
prevent dangerous fungal and bacterial growth to provide an 
environmentally friendly alternative to synthetic pesticides 
[52]. Organic acids applied in soil treatments lower farmers’ 
dependency on chemical fungicides and bactericides to support 
sustainable farming methods.

Limitations and Potential Risks of Organic Acids

The agricultural implementation of organic acids presents 
both benefits to agriculture and particular drawbacks alongside 
risks for safety. Soil acidification stands as the main difficult 
aspect since organic acids accumulate at damaging levels which 
leads to lower pH values. Prolonged soil acidification reduces the 
ability to obtain calcium and potassium as well as magnesium 
thus disrupting essential nutrient balance [3]. The excessive 
use of organic acids causes essential microorganisms in soil to 
perish because they function as key agents in both soil nutrient 
cycling and organic matter decomposition. The preservation of 
soil environment requires precise organic acid dosing schemes 
because misapplication may harm environmental balance along 
with the diverse soil microbial communities.
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Organic acids with absorption-enhancing properties like citric 
acid and acetic acid function well but their high concentrations 
cause phytotoxic damage to root which reduces plant growth 
across different plant varieties. The accurate analysis of dosage 
measurements stands essential because plants show toxic 
behavior when reaching specific concentration levels [11]. The 
cultivation of plants and generation of fertile soil and stress-
tolerant crops require organic acids used in farming platforms 
since these acids offer distinct advantages. 

The sustainable agricultural system takes advantage of 
organic acids because they function as key elements to help 
microorganisms obtain nutrition and lower stress factors in 
the environment. Research needs to investigate all potentially 
negative effects of organic acids on agricultural systems due 
to their sustainable implementation which could lead to two 
significant limitations including soil acidification and phytotoxins 
in plant growth. Scientists must develop effective agricultural 
applications of organic acids to resolve existing barriers for 
sustainable increases in farm quantity. Combined Effects of Metal/
Metal Oxide Nanoparticles and Organic Acids in Agriculture.

Introduction to Synergistic Effects

Agricultural practices adopted the method of using metal/
metal oxide nanoparticles (MNPs) with organic acids as a 

promising approach to produce better results than stand-alone 
applications. MNPs work well with organic acids through their 
individual supportive actions that include mobile nutrient 
activation along with stress tolerance mechanisms and 
antimicrobial defense resulting in improved plant development 
and soil quality. The independent application of Metal/metal 
oxide Nanoparticles causes limited growth improvement mainly 
because bioavailability affects their effectiveness and creates toxic 
side-effects and environmental influence. The bioavailability and 
solubility of nutrients improve when organic acids are used to 
surpass the restrictions that exist in agricultural practices [11].

Together MNPs and organic acids develop a perfect growth 
environment that enhances nutrient absorption along with 
protection against abiotic stress factors including salt damage and 
dehydration and toxic metals. The complete system demonstrates 
exceptional value for sustainable agriculture since it enables 
improved production along with reduced environmental 
consequences. Table 3 represents some recent research work on 
synthesis, mechanism, and effect of MNPs in agriculture with a 
view of their application in various crops, their increased uptake, 
resistance against diseases, and their drought tolerance, as well 
as their environmental benefits. Each study utilizes organ acids 
or plants extract for synthesizing nanoparticles with enhanced 
biocompatibility and controlled release.

Table 3: Table: Recent Applications and Mechanisms of Metal and metal oxide Nanoparticles in Agricultural Practices.

Nanoparticles Synthesis Method Mechanism Effects Reference

ZnO, NPs Plant extract (citric, malic, 
oxalic acids)

Chelation, enhanced uptake, 
improved NP stability

↑Yield, ↑Disease resis-
tance, ↑Growth

Al Jabri et al. [35]; Zhou et al. 
[59]; Nazir et al. [60]; Wang et 

al. [61]

Ag NPs
Plant extracts rich in citric, 
malic, and protocatechuic 

acids 

Controlling NP size, disper-
sion, and stability

↑Germination, ↑Root/
Shoot growth 

↑potential as nano-fertiliz-
er and nano-pesticide

Šimonova et al. [62]; Nguyen et 
al. [63]; Ansari et al. [64]

Fe oxides NPs Oxalic acid Citric acid and 
malic acids

Chelation, pH regulation, stim-
ulation Capping agent

↑Protein purification, 
↑antibacterial activity

↑growth and ↑yield

Mikelashvili et al. [65]; Israeel et 
al. [66]; Ahmad et al. [67]

TiO₂, ZnO NPs Humic acid (from compost) NP stabilization, improved soil 
structure

↑Chlorophyll, ↑Salinity 
tolerance Al-Saif et al., [68]; Huy et al. [69]

CuO NPs
Orange peel extract (Citric 
acid), Lavender and green 

tea extracts

Improved NP stability and 
reduced toxicity

↑Germination, ↑Vigor, 
↑Radicle/Plumule length

Ortega-Ortiz et al. [70]; Khaldari 
et al. [71]

Mechanisms of Synergistic Action with Organic Acids

Multiple mechanisms combine MNPs with organic acids 
allowing their joint influence to increase the effects of each 
compound. The plant availability of MNPs increases through two 
organic acids known as citric acid and acetic acid which support 
dispersion of MNPs in soil and enhance their bioavailability. 
The stability of manganese oxides improves with organic acids 
because these acids dissolve metallic components which prevents 
aggregation and enhances the efficiency of nutrient absorption 
[1]. Overall, the cooperative system of organic acids with MNPs 

produces enhanced nutrient bioavailability including crucial 
growth elements phosphorus, iron and zinc [11].

MNPs show dual properties which simultaneously affect 
stability together with the efficiency of organic acids in soil 
conditions. When MNPs interact with rhizosphere environments 
they initiate root organic acid release which enhances acid 
concentrations and activates the root system. The transformation 
process enhances root organic acid concentration and thus 
improves micronutrient absorption in plants [3]. The antimicrobial 
elements in MNPs generate silver nanoparticles that act as 
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biological pest and disease protection systems for agricultural 
crops [12]. 

Zn nanoparticles actively participate in seed germination of 
plants. Some results indicate that the addition of Zn nanoparticles 
favors the germination of certain plants, such as beans Nguyen et 
al. [63], Capsicum annuum García-López et al. [72], A. hypogaea 
Prasad et al. [73], T. aestivum and Linum usitatissimum (Bayat et al. 
[14], Zea mays Estrada-Urbina et al. [74], Citrus reticulata Hussain 
et al. [75], T. aestivum Davydova et al. [76]. In general, the effects 
on different germination parameters indicate a dependence on the 
concentration of Zn nanoparticles, showing no effect or positive 
effect at low concentrations and an inhibitory effect at higher 
concentrations of these nanoparticles. 

These effects have been described or several crops such as 
Z. mays (Ahmed et al. [77]; López-Moreno et al., 2017) [78], S. 
lycopersicum Raliya et al. [79]; Singh et al. [75], Brassica nigra 
Zafar et al. [80], Brassica oleracea Singh et al. (2013), L. sativa and 
Raphanus sativus Ko and Kong (2014); Singh and Kumar (2019), 
Sinapis alba Landa et al. [81], L. sativa Liu et al. [82], Lepidim 
sativum Jośko and Oleszczuk [83], Cucumis sativus de la Rosa et 
al. (2013), Lactuca sativa Ko and Kong (2014), Oryza sativa Li 
et al. [84], Allium cepa Raskar and Laware (2014) and Phaseolus 

vulgaris Savassa et al. [85] Table 4.

Agricultural Applications of Combined MNPs and 
Organic Acids

Agricultural research combines manganese particles (MNP) 
with organic acids to generate successful findings which enhance 
plant well-being and pest resistance as well as soil quality 
improvement.

Plant Growth Promotion

Integration of organic acids into magnetite nanoparticle 
hybrids leads to simultaneous improvements in seed germination 
and root growth as well as enhanced chlorophyll photosynthetic 
activities. Research demonstrates how copper nanoparticle 
and citric acid integration results in effective seed germination 
improvement alongside longer root survival times for tomato 
and cucumber plants [3]. Plants produce better crop quality with 
increased yield through the combination of fertilizers containing 
zinc and phosphorus that become more accessible to plant 
absorption when organic acids are added. The combination of 
metal nanoparticles with organic acids enhances both plant health 
as well as soil quality according to extensive studies [89].

Table 4: Effects of Zn nanoparticles on seed germination of different plant species.

Species Cultivation media Concentration Effect Reference

Sinapis alba Petri dishes 0.01-1.0 mg mL-1 Decreased germination as the concentration of 
nanoparticles increased [81]

Solanum lycopersi-
cum

Petri dishes 0.002-0.01 mg mL-1 Stimulates germination at low concentrations. Germi-
nation reduction at high concentrations [75]

Petri dishes 0-1000 mg kg-1 Germination not affected up to 750 mg kg-1. At 
1000 mg kg-1, decrease [79]

Seeding tray with soil 
(greenhouse) 0.0003-0.003 mg mL-1 No effect on germination [84]

Petri dishes 0.8 mg mL-1 Increase germination energy [76]

Petri dishes
Ni-doped ZnO nanoparti-
cles: 0, 0.005, 0.01, 0.02, 
0.04, and 0.08 mg mL-1

No effect on germination [86]

Vigna angularis Petri dishes 0.01 mg mL-1 Positively affected the germination ratio [63]

Vigna mungo Paper towel method 0.1-0.6 mg mL-1 Maximum germination at a dose of 0.6 mg mL-1 [87]

Zea mays

Agar, hydroponic 
medium and soil 0.0-2 mg mL-1 Inhibition germination (87%) at 2 mg mL-1 [77]

Petri dishes 0.0-1.6 mg mL-1 The function of temperature and concentration (at 
20 °C and 0.4-1.6 mg mL-1 reduces germination) [78]

Paper towel method 1.6 mg mL-1 Promotes seed germination [74]

Petri dishes 0.05-2.00 mg mL-1 Higher germination percentages for a concentration of 
1.5 mg mL-1 [88]
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Stress Tolerance 

Scientific evidence shows how organic acid treatment 
with MNPs strengthens plants against adverse environmental 
conditions. The combined treatment of drought-stressed maize 
roots with ZnO NPs and acetic acid enhances water uptake 
efficiency according to Faizan et al. [12]. The addition of lactic 
acid in silver nanoparticle solutions enhances plant salt defense 
mechanisms since this combined treatment protects antioxidants 
while stopping reactive oxygen species from decomposition 
Yadav et al. [90]. Research shows that metal oxide nanoparticles 
particularly zinc oxide nanoparticles (ZnO NPs) increase nutrient 
absorption along with stress tolerance ability and enhanced 
photosynthesis in agricultural crops [91].

Pest and Disease Control

Organic acids demonstrate disease control ability through 
antimicrobial properties as they work together with Minnesota 
Polymer nanometric particles. Ecological laboratory data 
confirms that mixing silver nanoparticles (AgNPs) with acetic 
acid effectively stops bacterial blight disease in tomato plants. 
The pathogen control efficiency of AgNPs strengthens as the 
organic acids create an acidic environmental condition [92]. This 
mixture of components produces a secure alternative to chemical 
pesticides.

Soil Remediation

The remediation of contaminated soil through toxic metal 
removal occurs effectively when using zinc oxide nanoparticles 
(ZnO NPs) as MNPs. Hence hybridization with organic acids 
enhances the ability of MNPs to minimize environmental 
contamination in soils and promote soil health improvement. 
The addition of organic acids improves heavy metal mobilization 
which enables MNPs to enhance their binding capacity to heavy 
metals thus reducing substrate bioavailability and protecting 
plant health [6].

Environmental and Toxicological Considerations

Multiple agricultural advantages come from using metal/
metal oxide nanoparticles (MNPs) with organic acids, but 
researchers must examine their environmental effects and toxicity 
levels. Future research must investigate the unknown long-term 
ecological effects of combination treatments with MNPs and 
organic acids since scientists currently lack knowledge about their 
environmental and non-target organism consequences.

Bioaccumulation and Toxicity in Plants and Soil

Plant tissues accumulate MNPs through their multiple 
distribution path. This capability includes tissue penetration 
into roots and distribution within leaves including fruits. 
Bioaccumulation of these substances serves as a threat for plants 
and people who consume them. Research studies demonstrate 
that silver nanoparticles (AgNPs) that enter plants accumulate 

within edible plant parts which threaten nutritional values of 
crops. 

The antimicrobial features added to nanoparticles during 
engineering processes do not restrict their harmful effects on 
the beneficial organisms present in soil such as microorganisms 
and earthworms which disrupt the essential functioning of the 
ecosystem [6]. The combination of nanoparticles with organic 
acids makes soil particles more toxic leading to increased particle 
mobilization which enhances plant bioavailability and might 
result in soil contamination. Research studies demonstrate 
environmental harm and metal nanoparticle toxicity because 
plants bio-accumulate metal particles and toxic effects harm soil 
microorganisms [93].

Soil and Water Contamination

Active release of MNPs into soil and aquatic environments 
results in water pollution which affects aquatic habitats. The 
movement of MNPs from agricultural systems creates adverse 
impacts on aquatic organisms because these nanoparticles 
accumulate throughout the food chain. The soil-enhancing 
properties of zinc oxide nanoparticles (ZnO NPs) trigger 
ecotoxicity in aquatic animals while they migrate into water bodies 
thus creating structural changes in ecosystems and biodiversity 
patterns [11]. The usage of organic acids as MNP effectiveness 
enhancers produces two negative effects: first by causing soil 
pH decline and second by creating acidification conditions. Soil 
acidification through organic acid use releases aluminum and 
cadmium which damage both plant life and soil organisms [59].

Microbial Impact

The combination of MNP applications with organic acids 
contributes to substantial problems in disrupting natural soil 
microbial communities. Application of high amounts of organic 
acids results in suppressed microbial diversity even though 
they initially stimulate beneficial microorganisms in the soil 
environment. The interplay between organic acids and soil pH 
and chemical composition can manifest as microbes that benefit 
from the changes while microbes that fail to thrive thus disrupt 
the native microbiota [11]. 

The disturbed microbial equilibrium causes harm to critical 
soil operational processes including nutrient cycling together 
with organic matter disposal while nitrogen fixation remains 
essential for fertile soil health. The regulation of MNPs and 
organic acids application remains strict due to their potential risks 
for environmental safety. The environmental behavior of MNP 
alongside organic acids needs extensive long-term observation 
through research focused on their toxicological effects and their 
persistence in the environment.

Future Perspectives and Research Gaps

Scientific research needs to focus on several challenges to 
achieve the full potential of metal/metal oxide nanoparticle 
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(MNP) and organic acid combination for agricultural practices 
enhancement. To maximize combined benefits from MNP 
and organic acid usage with minimal adverse effects on the 
environmental scientific, research must focus on three key 
components:

Long-Term Environmental Impact Studies

Scientific research needs to resolve multiple barriers to 
make metal/metal oxide nanoparticle (MNP) and organic 
acid combinations reach their maximum agricultural benefit 
potentially. Research should emphasize three key solutions for 
optimizing both MNP/OA combinations’ environmental treatment 
methods and their resulting benefits.

Nanoparticle and Organic Acid Optimization

Optimization of MNPs and organic acids as agents require 
research to advance both their mixture methods and application 
procedures until their complete optimization. Fundamental 
research must determine optimal concentration levels for MNP 
– organic acid combinations because this will maximize plant 
benefits while ensuring no soil quality loss or toxic damage. 
Research on mixed treatments of diverse MNPs and organic acids 
must proceed because their effects differ depending on the type 
of nanoparticle and acid used [1]. Different MNPs applied with 
organic acids exhibit possible synergistic reactions to boost plant 
nutrient intake and disease protection. The application of organic 
acids as microbial stress alleviators helps to improve soil fertility 
in addition to promoting plant health regardless of environmental 
degradation [53] Figure 3

Eco-Friendly Alternatives and Green Synthesis

Research actively pursues sustainable alternative methods for 
producing MNPs and synthetic organic acids instead of traditional 
approaches. Science teams are currently investigating green 
synthesis production strategies because these approaches use 
plant extracts or microbial systems to make MNPs and organic 
acids. Green synthesis techniques offer environmentally beneficial 
approaches because they minimize the ecological impacts of 
nanoparticles manufacturing [1]. A biological systems approach 
to MNPs and organic acids application in agriculture provides a 
sustainable method.

Regulation and Policy Frameworks

Secure and efficient agricultural utilization of MNPs and 
organic acids requires the development of well-established 
regulatory and policy approaches. A defined framework must 
establish protected application approaches for MNP and organic 
acid products to defend agricultural systems from damage while 
minimizing environmental impact. The implementation of these 
technologies requires scientific researchers to collaborate with 
policymakers who will create regulatory frameworks from 
present scientific research along with developing complete 
monitoring systems for ecosystem effects. The combination of 

metal/metal oxide nanoparticles with organic acids demonstrates 
excellent potential to increase agricultural yields and protect soil 
ecosystems and to develop protective measures for plants. 

Effective performance of this technology demands a 
complete evaluation of environmental impact and sustainability 
guarantees. The current research initiatives must identify 
essential gaps of knowledge to create safer approaches for 
technological implementation which yields optimal performance. 
The implementation of MNP and organic acid technologies 
for agriculture needs both the development of green farming 
techniques and environmental safety guidelines through policy 
creation. Modern MNP technology together with organic acid 
innovations demonstrate their usefulness for future agricultural 
systems which defend food production while protecting 
environmental ecosystems.

Synthesis and Discussion

Key Findings from Literature

Metal and metal oxide nanoparticles combined with organic 
acids provide the agriculture sector multiple benefits which help 
manage plant development for nutrient acquisition alongside pest 
protection for maintaining healthy soils. Agricultural sustainability 
benefits from MNPs combined with organic acids which produce 
enhanced synergistic functions through the multiplication of their 
separate benefits.

Effect on Plant Growth and Yield

Plant development stimulates through manganese 
nanoparticles with silver (AgNPs), copper (CuNPs) and zinc 
oxide (ZnO NPs) according to scientific research thus leading to 
improved seed germination and enhanced root elongation and 
better photosynthetic activities [90]. The presence of organic 
acids like acetic acid and citric acid increases soil nutrient 
accessibility which enables plants to extract multiple solution 
components better. Plants present better growth performance 
along with higher chlorophyll levels when treated with solution-
based processes [3]. Effective application of suitable technology 
combinations results in better crop productivity on both deficient 
and stress-prone grounds.

Disease and Pest Resistance

Research studies indicate antimicrobial behavior exists in 
MNPs since they block plant pathogens’ growth including bacteria, 
fungi and viruses [36]. The rhizosphere solutions become acidic 
due to the organic acid’s acetic acid and lactic acid which restrains 
harmful soil pathogens present in the environment. MNP-based 
pest management that uses dual defense mechanisms works 
when it teams up with organic acids [11]. Organic acids combined 
with Magnetic Nanoparticles offer an optimal pest management 
solution because they present contemporary alternatives for 
traditional pest control practices.
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Figure 3: Various applications of nanotechnology in agriculture.
Source: Shang et al. [94].

Soil Health and Stress Tolerance

The addition of organic acids to MNP materials strengthens 
the positive effects on maintaining soil health activities. A 
combination of organic acids with humic acid allows the 
production of a new substance which fortifies soil structure 
and activates microorganisms to enhance both soil quality 
and microbial activity [12]. Soil contaminated layer treatment 
becomes more effective for lead and cadmium removal through 
MNP technology that employs AgNPs and ZnO NPs [6]. Plants 
show greater stress tolerance against environmental factors after 
receiving MNP material applications containing organic acids 
because these elements both boost antioxidants and enhance 
moisture retention [95]. 

Plant growth enhancement as well as microbial well-being and 
nutrient cycle improvement function through the combination 
of acetic acid and humic acid organic acids [96]. Soil nutrient 
availability increases both in plant development and agricultural 
output when metal/metal oxide nanoparticles are employed [97]. 
The utilization of nanotechnology in combination with organic 
acids produces effective solutions which improve nutrient uptake 
and boost plant adaptability under hostile environments.

Long-Term Environmental Impact

Scientific data confirms that MNP and organic acid 
utilization produce immediate advantages although researchers 

need additional environmental impact research. Plants and 
contaminated water and soil accumulations of MNP particles create 
a sustainability dilemma since scientists lack adequate knowledge 
about MNP toxicity impacts and environmental effects [11]. 
Scientists need extensive research to determine both the health 
impacts of these technologies when combined and their impact on 
stability within ecosystems throughout heavy operational periods. 
Nanomaterials produce important environmental impacts that 
require attention since they can become absorbed by plants which 
could lead to harm in soil ecosystems [98].

Optimal Application Rates

The combination of MNP materials with organic acids 
promotes plant development which requires scientists to learn 
suitable handling techniques for different geographical areas. Soil 
acidification caused by MNP materials in contact with organic acids 
results in plant health decline and developmental complications 
for plants. Studies need to determine the best MNP material and 
organic acid pairings for promoting ideal plant growth across 
different environmental scenarios [12].

Regulatory Standards

Regulatory frameworks should create usage guidelines that 
guarantee the security of MNP diagnostic tools during application 
with organic acid agricultural methods. The requirement for 
sustainable management mandates proper standards to regulate 
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these technologies because environmental law compliance and 
soil condition examination along with plant variety selection 
within proper weather conditions are necessary.

Mechanistic Insights

The relationship between MNP exposure and organic 
acid exposure on plant growth requires deeper study though 
researchers lack details about molecular processes. Research needs 
improvement since it lacks essential explanations about molecular 
interaction dynamics between MNP treatment and organic acids 
regarding their effects on nutrient absorption alongside oxidative 
stress activity and microbial activity alterations.

Practical Implications for Agricultural Practices

The combination of metal/metal oxide nanoparticles and 
organic acids allows agricultural sustainability to be reached 
because such methods improve production yields. The utilization 
of metal/metal oxide nanoparticles together with organic acids 
in agriculture shows long-term viability because they reduce 
farmers’ need for traditional chemical tools. The agricultural 
industry benefits from existing MNP organic acid integration 
solutions which efficiently address problems that emerge from 
soil deterioration and nutritional deficits alongside environmental 
plant stresses.

Integrated Pest and Disease Management

The agricultural value of MNPs rises through their 
combination with organic acids because this combined system 
demonstrates powerful pest and disease management abilities. 
The antimicrobial properties of MNPs and organic acids 
enable agricultural producers to reduce their dependence on 
pesticides and herbicides when these combination elements 
are used together. The strong antimicrobial properties of silver 
nanoparticles (AgNPs) lead to successful bacterial and fungal 
disease management of Fusarium and Pythium infections [77]. 
Acetic and lactic acids present in rhizosphere environments create 
environments where helpful microbes thrive because these acids 
inhibit the survival of dangerous microbes.

Enhancement of Plant Growth and Yield

Plants reach their maximum growth potential in combination 
with productivity when they receive organic acids along with 
MNPs at the same time. Soil structural development and nutrient 
release abilities increase when citric acid alongside organic acids 
operate with humic acid to enhance critical mineral nutrients such 
as phosphorus zinc and iron. Plants benefit from acidic compounds 
because the acids break insoluble nutrient bonds to produce 
soluble compounds that plants can absorb easily according to 
[12]. The fertilizer application provides significant advantages to 
the alkaline and calcareous nutrient-deficient soils.

Research shows that the seed germination and root 

elongation and chlorophyll synthesis process can be stimulated 
through the use of zinc oxide nanoparticles (ZnO NPs) and copper 
nanoparticles (CuNPs). Research indicates that ZnO NPs increase 
photosynthetic capability and chlorophyll rates which results in 
greater plant growth with higher crop output [90]. Plants treated 
with organic acids along with MNPs effectively absorb nutrients 
for better plant health which results in increased biomass and 
superior production under normal and stressful environmental 
conditions.

Soil Remediation and Fertility Enhancement

A promising application of using MNPs with organic acids 
involves soil remediation techniques. The organic acids citric 
acid and acetic acid perform effective chelation of toxic metals 
such as lead, cadmium and arsenic from contaminated soils by 
making them available for more plant-friendly removal from 
the soil. The incorporation of MNPs with acids strengthens their 
pollutant removal efficiency from surroundings which reduces 
their availability to plant root systems [6]. 

Soil remediation processes achieve restoration of natural soil 
potential quality for future agricultural farming after industrial 
contamination. Recent studies indicate that united organic 
acids with nano-based additives demonstrate capabilities for 
outstanding soil quality maintenance while simultaneously 
improving plant health in adverse environmental conditions 
[99]. The advantages of metal/ metal oxide nanoparticles provide 
essential support to sustainable agricultural systems because they 
enhance crop yields by minimizing conventional agrochemical 
usage [100].

Practical Application in Organic Farming

Organic acids in MNP demonstrate effective benefits toward 
organic agricultural management implementation. Farmer-
operated organic systems allow them to work with natural 
additives while the practice of synthetic control methods decreases 
chemical requirements. The combination of MNP organic acids 
delivers an eco-friendly solution to replace synthetic fertilizers 
and pesticides so farmers can work sustainably. When farmers 
use organic acid from humic acid, they can achieve improved 
performance from their soil fertility and increased activity from 
the microbial community in organic farming systems. 

Organic acids applied to soil promote microbial activity at high 
levels since they aid nutrient release which results in improved 
soil fertility [101]. Through its environmental safety aspect 
MNPs let farmers use modern pest protection tools that perform 
better than current chemical pesticides systems [102-108]. The 
implementation of bio-based nanomaterials particularly MNPs 
nanoparticles within organic farming leads to resistant agricultural 
systems which promote sustainable farming operations under 
environmental stress [1, 109-112].
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Conclusion

Research reveals how metal/metal oxide nanoparticles 
linked with organic acids produce advantageous outcomes for 
plant development and nutrient acquisition together with better 
disease defense mechanisms alongside maintaining ecological 
stability in soil. The major metal/metal oxide nanoparticles 
(MNPs) investigated by researchers for seed germination 
property examinations are AgNPs, CuNPs, Fe2O3/Fe3O4 and ZnO 
NPs. Nanoparticles enhance the accessibility of important soil 
nutrients so deficient-soil conditions benefit from them because it 
allows plants to absorb nutrients more effectively.

The mobilization of essential nutrients becomes possible 
through organic acids including citric acid and acetic acid and 
humic acid since these acids make phosphorus, iron, and zinc 
more accessible to the plants. The mechanism of these compounds 
makes nutrients more soluble thus improving both plant nutrition 
and overall plant well-being. The utilization of organic acids 
maintains both rich soil fertility and sustainable farming practices 
by creating beneficial microbial activity, enhancing soil structure, 
and holding water.

Synergistic collaboration between MNPs and organic acids 
intensifies each participant’s capability for action. Amounts of 
organic acids create a stabilization that helps nanoparticles spread 
more evenly through the soil while making them more accessible 
as plant nutrients. The antimicrobial actions of MNPs in addition 
to their disease resistance and drought resistance properties 
serve multiple purposes in soils.

The review emphasizes major problems regarding the 
permanent environmental effects of these technological systems. 
Promising short-term results in studies exist but researchers must 
investigate the harmful effects of MNP buildup inside plants and 
soil and their toxicity toward non-targeted organisms. Additional 
investigation of long-term safety and eco-toxicity needs to take 
place due to these potential risks.

Based on the findings of this review, several key 
recommendations are proposed to optimize the use of MNPs 
and organic acids in agricultural practices while addressing the 
existing challenges:

Research-based environment monitoring across extended 
periods provides complete knowledge of sustainability levels 
for MNPs and organic acid applications in agriculture. The 
positive initial outcomes from these technologies remain visible 
yet researchers have only started collecting data regarding 
their combined effects on the health of the soil and natural 
ecosystems and food quality. Further research must analyze 
the biological buildup of MNPs in plants and soil and their 
damaging impacts on non-target species as well as their effects 
on microbial communities that reside in soil systems. Research on 
biodegradability of nanoparticles must occur to determine their 
persistent eco-toxicological risks [11].

Different optimization studies must find the best application 
methods of MNPs combined with organic acids according to crop 
types and distinct soil conditions. The same outcomes of soil 
acidification and phytotoxicity and nutrient imbalance can occur 
when either component is used in excess. Fundamental research 
should establish proper use levels which maximize benefits yet 
prevent adverse pH changes within the soil and plant health 
system. The investigation of different combined formulations 
between MNPs and organic acids will help identify optimal 
combinations between them to achieve maximum synergy without 
going beyond acceptable thresholds of application [12].

Future investigation needs to establish green and sustainable 
production methods for manufacturing Magnetic Nanoparticles. 
The traditional method of nanoparticle synthesis through 
chemical processes requires dangerous substances that represent 
potential environmental hazards. Researchers use biological 
methods of green synthesis to develop sustainable environmental 
methods that enable product creation from plant extracts and 
fungal or bacterial technologies. Bio-based production techniques 
minimize ecological impact while generating specific products 
that naturally disintegrate whether biological or non-harmful [1].

The increasing agricultural use of MNP and organic acid 
substances requires sufficient regulatory standards so farmers can 
use them safely. Research-supported standards should be used for 
assessing environmental effects and health consequences of using 
nanoparticles and organic acids in agriculture. The regulatory 
framework needs to outline the maximum nanoparticle and 
organic acid limits during applications along with specific methods 
for protected agricultural deployment. Complete regulatory 
frameworks for protecting both human health and environmental 
quality require researcher partnership with policy authorities [6].

The combined use of MNP and organic acids within 
current agricultural systems delivers optimal effectiveness in 
this technology. Multiple crop kinds subject to different soil 
environments in various ecological zones must undergo testing for 
component compatibility during the integration process. Organic 
farming systems that integrate precision agriculture methods 
present the optimal candidates to utilize MNP and organic acids 
as the main approach for sustainable farming without chemicals. 
Agricultural use of MNP organic acids demands farmers to obtain 
proper training about safe handling of materials.

The public needs total understanding about MNP benefits 
together with the risks and organic acids used in agricultural 
farming practices. Multi-faceted implementation of sustainable 
agricultural technologies requires proper knowledge transfer to 
farmer’s workers and consumer groups about secure usage of the 
technologies. The development of essential learning programs 
by organizations through workshops and information-sharing 
networks enables users to understand proper methods resulting 
in positive technological outcomes.
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Current sustainable agricultural methods result from uniting 
organic acids with MNPs for agricultural applications. These 
evaluated solutions provide significant advantages for plants 
along with amendments to soil health and protection against 
diseases superior to typical chemical materials. Sustainable 
resource management evaluations combined with continuous 
environmental monitoring are required conditions for deploying 
these environment-safe technologies. Regulatory control and 
optimization research integration make these technologies the 
foundation for enhancing food security while safeguarding the 

environment.
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