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The global food crisis is exacerbated by various challenges, including 
agricultural restrictions and environmental stresses, necessitating innovative 
approaches to enhance crop development and productivity. One promising 
technique is seed priming with iron oxide nanoparticles (FeNPs), which has 
shown significant potential in improving seed germination, crop growth, and 
stress resistance. This mini-review explores the synthesis, application, and 
physiological impacts of FeNPs in agriculture, emphasizing their role in 
addressing iron deficiency in plants and promoting robust plant development 
under challenging environmental conditions. Despite their benefits, the 
practical use of FeNPs faces critical challenges, notably nanoparticle 
agglomeration in biological media, which can diminish their effectiveness and 
lead to phytotoxicity. This review highlights advanced surface modification 
strategies, including the use of biocompatible polymers like chitosan and silica 
encapsulation, to enhance the colloidal stability, reduce agglomeration, and 
ensure the safe delivery of FeNPs. It discusses the mechanisms by which these 
modifications improve nanoparticle dispersion and interaction with plant 
systems, thereby optimizing their agronomic benefits. The review concludes 
with insights into the future directions of nanoparticle use in seed priming, 
particularly focusing on the implications of nanoparticle physicochemical 
properties on their agronomic efficacy and environmental safety. 
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1. Introduction 
 

Global food security is increasingly threatened by the agricultural trade restrictions imposed by 
nations seeking to augment domestic availability and reduce costs. Uniform germination, robust 
seedling vigour, optimal plant growth, and timely maturity are critical for ensuring high-quality crop 
development and productivity. In this context, the agricultural seed industry focuses on enhancing 
these vital yield-defining stages of crop cultivation by improving the germination and vigour indices 
of seeds. However, challenges, such as weak seed vigour and adverse environmental conditions, can 
lead to delayed germination and poor seedling establishment.  

Crop development faces significant hurdles, especially in the low-input agricultural systems 
prevalent in underdeveloped nations. Factors such as limited water availability, soil crusting, and high 
temperatures severely impair crop productivity in semiarid regions. These challenges are 
exacerbated by climate change, which intensifies the detrimental effects of high temperature on 
agroecosystems. Many studies have focused on static agricultural management strategies, such as 
adjusting irrigation volume and frequency and optimizing fertilizer and pesticide dosages, to mitigate 
negative impacts on crop production and enhance agronomic traits. Among the various technologies 
employed to maximize crop yield, seed priming has emerged as one of the most effective, low-risk, 
and cost-efficient. Modern priming techniques are known to significantly improve germination rates 
and enhance resilience to both abiotic and biotic stressors. Seed priming methods range from 
standard techniques, such as hydro-priming, osmo-priming, bio-priming, chemical priming, halo-
priming, solid matrix priming, and the use of plant growth regulators (PGRs), to advanced methods, 
including nano-priming and priming with physical agents, as illustrated in Figure 1 [1,2]. 

 

 
Fig. 1. Schematic diagram of the different seed priming methods 

 
Nano-priming has proven to be particularly effective, outperforming traditional priming methods 

in promoting sustainable agricultural production [3,4]. Recent studies have suggested that nano-
priming of seedlings can activate a range of genes associated with germination and stress resistance. 
Nanoparticles, such as silver, gold, copper, and titanium oxide, have been successfully used in these 
applications. 

Iron (Fe), the fourth most abundant element in the Earth's core, is also recognized for its non-
toxic properties and is essential for various cellular functions in plants, including respiration and 
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photosynthesis [5,6]. Research has shown that iron enhances plant resistance to biotic stresses, 
whereas iron deficiency leads to abiotic stress. Iron oxide nanoparticles (FeNPs) have been shown to 
significantly enhance seed germination and crop growth [3,7-10]. Despite the abundance of iron in 
the soil, its availability to plants is often limited, especially in calcareous soils where solubility is poor. 
Iron deficiency remains a significant global agricultural productivity issue, often resulting in chlorosis 
and reduced photosynthesis in plants, thereby diminishing crop quality and yield [11,12]. 
Additionally, iron is a component of oxidase enzymes, including catalase and peroxidase. Its 
deficiency causes both chloroplast structural deterioration and chlorophyll loss to occur at the same 
time [6]. Since iron in plants has a very low mobility chlorosis first manifests in the interveinal areas 
of the youngest leaves. If the deficit is severe enough, chlorosis may spread to the veins and even 
cause the little leaves to turn white. Hence, iron is indeed an important element for nutrient uptake 
in plants. The performance of iron seed priming on various crops is shown in Table 1. 
 

Table 1 
Effect of iron seed priming on grain yield, production, and growth of various crops 
Materials Crop Concentration Parameters References 

Fe solution Groundnut 
(Arachis 
hypogaea L.) 

- Improves the growth and yield of groundnut. [13] 

 Bread Wheat 1mg/L to 8mg/L Improves germination, mitosis, and yield of 
bread wheat. 

[14] 

Iron oxide 
nanoparticles 

Sorghum 
(Sorghum 
bicolor (L.) 
Moench) 

10, 50, 100, and 
500 mg/L 

Increased biochemical activity and biomass, 
improved water content in leaves. 

[15] 

Watermelon 
(Citrullus 
lanatus) 

20, 40, 80, 160 
mg/L 

Increase nonenzymatic antioxidant potential 
and seedling development. 

[5] 

Iron 
nanoparticles 

Wheat  
(Triticum 
aestivum L.) 

25, 50, 100, 200, 
300, 400, 500, 
and 1000 µg/mL 

Improved seed vigour and plant morphology. [16] 

Iron coated 
seed 

Rice - The primed rice seeds considerably 
outperformed the unprimed rice seeds in 
terms of seed germination, seedling 
development, establishing plant height, dry 
weight, a-amylase activity, and glucose 
concentration throughout time. The a-amylase 
activity and soluble sugar concentration in the 
primed rice seeds were greater under anoxia. 

[17] 

 
FeNPs have attracted considerable attention because of their unique properties, including 

superparamagnetic, high surface-to-volume ratio, and large surface area, which facilitate easy 
separation [18]. However, despite their potential benefits to agriculture and the agro-sector 
economy, challenges such as nanoparticle agglomeration remain [19,20]. Studies by Vollath have 
noted that nanoparticles tend to agglomerate due to weak van der Waals forces, forming submicron-
sized entities [21-23]. In contrast, covalent or metallic bonds within the nanoparticle aggregates are 
not easily disrupted [24]. In addition, as noted by Wulandari and Mardila, the high surface-to-volume 
ratio of metallic nanoparticles makes them prone to instability and aggregation [25]. This necessitates 
surface modification to stabilize the magnetic nanoparticles and to prevent oxidation. The resulting 
increase in size, uneven sedimentation, and restricted mobility can lead to phytotoxic effects, 
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resource loss due to runoff, and decreased efficiency, ultimately reducing plant performance and 
productivity [26]. 

Therefore, a key challenge in the use of FeNPs for seed priming is their tendency to agglomerate 
in biological and physiological media. Surface functionalization can be achieved by introducing 
polymers that are less toxic and can maintain the FeNPs in smaller clusters over the long term. This 
review discusses the highlights and challenges of this approach, compares colloidal stability based on 
zeta potential and hydrodynamic size, evaluates crop performance, and assesses how the materials 
used to functionalize the surface of FeNPs can mitigate agglomeration issues in seed priming. 

 
2. Translocation Behavior of FeNPs onto Plant Cell Walls 

 
Transpiration rate is a primary factor regulating the movement of nanoparticles (NPs) within plant 

systems. The uptake and internalization of NPs are influenced by various plant structures and 
functions, including the nature of the cell wall, mucilage properties, stomatal openings, and symbiotic 
relationships with the host plant. The interaction of NPs with the soil, along with their inherent 
stability and physiological architecture of plant cells, significantly affects the translocation and 
accumulation of NPs within plants. 

The plant cell walls serve as specialized barriers that regulate NPs entry. They determine whether 
NPs can be solubilized or allowed to pass through, based on the size of the pores in the cell wall; 
typically, NPs must be between 40-50 nm to traverse from the plant surface into the cells [27,28]. 
The physicochemical nature of NPs also affects their ability to penetrate these barriers or adhere to 
radical surfaces and exudates, with positively charged NPs showing improved adherence to the cell 
wall. 

Research highlights the significant increase in photosynthetic pigments such as chlorophyll a, b, 
and carotenoids in moringa plants exposed to foliar applications of FeNPs at concentrations of 40 
ppm, demonstrating potential enhancements in plant physiological processes [29]. However, studies 
on the specific translocation behaviour of FeNPs are limited and warrant further exploration, 
especially when compared with other nanoparticles used in agriculture. Regardless, for instance, in 
the related agriculture field, studies have shown that zinc oxide nanoparticles (ZnONPs) in various 
forms, such as zinc phosphate, exhibit maximal absorption in the roots and shoots of Z. mays when 
exposed hydroponically, likely because of increased dissolution in the rhizosphere, enhanced plant 
uptake, or efficient ionic zinc translocation [30]. Similar speciation of Zn accumulation has been 
observed in wheat grown in soil environments [31]. Still, ZnONPs have become one of the most 
preferred metal oxide nanoparticles in biological applications due to their high biocompatibility, low 
cost, and low toxicity [32].  

The effect of nanoparticle size on translocation is also evident in studies involving titanium 
dioxide (TiO2) NPs in Triticum aestivum, where it has been suggested that particles exceeding a 
threshold diameter of 140 nm fail to accumulate in the roots. Moreover, a threshold diameter of 36 
nm allows accumulation in the root parenchyma but restricts translocation to the shoot or stele [33]. 

 
3. Methods for Enhancement of FeNPs Colloidal Stability 
 

The colloidal stability of nanoparticles (NPs) in a solution is indicative of their equilibrium state 
and is crucial for numerous industrial and manufacturing processes. Nanoparticles are typically 
stabilized by the formation of a dispersion layer around their surface. The effectiveness of this 
stabilization, particularly in suspensions with high nanoparticle concentrations, depends crucially on 
achieving the optimal thickness of this dispersion layer (adlayer). Thin adlayers tend to promote 
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particle aggregation, whereas excessively thick adlayers restrict the mobility around the particles, 
creating a constrained volume [34,35]. Suitable surface-coating strategies have been employed to 
counteract challenges such as precipitation and aggregation. These strategies were designed to 
provide sufficient repulsive forces to counterbalance the attractive van der Waals (VDW) forces and 
magnetic interactions present on the surfaces of the FeNPs. 

Nanoparticles can interact with various biomacromolecules upon contact with physiological 
fluids. Extensive research has investigated these interactions, focusing on the inherent properties of 
NPs and their effects on cellular responses in vitro [36]. However, the colloidal resilience of NPs within 
biological media remains relatively underexplored. Agglomeration in such complex environments is 
common, leading to the formation of large, irregular clusters, an irreversible process known as 
aggregation. This aggregation alters the cytotoxic impact and cellular uptake of nanoparticles, 
potentially skewing results and impacting experimental reliability [37]. Traditional in vitro systems 
frequently overlook the potential alterations in colloidal properties when NPs are introduced into 
physiological fluids, despite evidence suggesting that NP aggregation significantly influences cellular 
responses, both directly through increased particle size and indirectly through altered diffusion and 
sedimentation rates [36]. 

Understanding the factors that influence NPs colloidal stability and aggregation in biological 
media is essential for the development of safe and effective nanotherapeutics. These factors directly 
affect the biodistribution, pharmacokinetics, and toxicity profile of NPs in vivo. For example, Barrow 
et al., reported that nanoparticle aggregation likely caused capillary occlusion in the lungs, leading to 
morbidity in toxicity studies involving high-dose intravenous administration of nano-hydroxyapatite 
to Wistar rats [38]. Additionally, achieving efficient NPs diffusion during the seed germination phase 
in agriculture requires steric stabilization to maintain the colloidal stability. This stability allows for 
enhanced diffusive capacity within plants, as corroborated by Curtis et al., which is vital for predicting 
transport behaviours within plant systems [39]. 

The colloidal stability in aqueous solutions was assessed in the presence of basic electrolytes. 
Stability is governed by inter-particle behaviour, which is influenced by intermolecular and surface 
interactions, VDW forces, the repelling electrostatic double layer (EDL), and structural factors, such 
as depletion attraction [35,36,40]. The balance of these forces determines the colloidal stability of 
the NPs in suspension. The EDL typically counteracts the VDW forces, helping stabilize the dispersion. 
In aqueous conditions, the surface charge on NPs, resulting from the ionization or dissociation of 
surface groups or the adherence of charged molecules or ions, plays a crucial role in maintaining 
stability [36]. 

Effective strategies to prevent NP aggregation include particle coating with capping agents, the 
use of coupling agents or compatibilizers, and the application of electrostatic repellents to charge 
the filler surface and keep particles separate [41]. Additionally, optimal manufacturing settings can 
enhance the aggregate disruption. For example, using the right screw speed and feed rate in an 
extruder can exert sufficient shear to break particle clusters [41]. The stability of the colloidal system 
can also be inferred from the zeta potential measurement; particles with a high negative or positive 
zeta potential are likely to repel each other and maintain the suspension stability. Ideally, a zeta 
potential beyond -30 mV to +30 mV is indicative of a sufficient repulsive force to ensure colloidal 
stability. Despite these measures, FeNPs often show poor stability and a propensity to agglomerate, 
with an average hydrodynamic particle size of 317.53 nm and a zeta potential of -14.33 mV, 
highlighting the need for improved stabilization techniques [42]. 

Ensuring the colloidal stability of FeNPs is crucial for their effective application in agricultural 
practices. Colloidal stability can be assessed by measuring the zeta potential, whereas stated, values 
beyond -30 mV to +30 mV indicate a sufficient repulsive force to prevent aggregation. However, as 
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FeNPs exhibit poor stability resulting in the tendency to agglomerate, researchers have explored 
various methods to enhance the colloidal stability of FeNPs to address these challenges. Indicated in 
Fawiza’s inquisition that surface modification using organic molecules such as surfactants, polymers, 
and small organic ligands has shown promising results in enhancing FeNPs stability [43-45]. Besides, 
using biopolymers to interact with the nanoparticle surface through hydrogen bonding and 
electrostatic interactions is also one of the common approaches to enhance stability in diverse media 
based on previous studies [46-48]. The following section provides a concise overview of the various 
strategies used to enhance the colloidal stability of FeNPs, aligning with the review's main objectives 
and offering detailed examples from the literature. 

 
4. Chitosan-stabilized FeNPs 
  

Chitosan (CS) is one of the most effective biopolymers, enhancing crop yields and mitigating the 
adverse effects of saline conditions owing to its bioactive properties derived from natural sources 
such as crab shells and shrimp [49-51]. Its environmentally friendly and biodegradable characteristics 
make it extensively useful in agriculture for enhancing plant resistance to various stresses, especially 
drought [52-54]. Chitosan is nontoxic, biodegradable, and naturally occurring. In addition to that, 
chitosan is an indigestible ingredient due to its fiber content. In an acidic solution, chitosan can be 
diluted and dissolved, such as can be diluted in 0.1 M acetic acid, but it does not dissolve in water or 
any other organic solvent [55]. Stabilizing FeNPs with chitosan not only minimizes agglomeration 
during synthesis but also enhances their functional efficacy. According to Shinde, chitosan-coated 
nanoparticles exhibit persistent zeta potentials that significantly reduce aggregation due to repulsive 
forces between particles [56,57]. Appu et al., reported that chitosan application results in FeNPs with 
an average particle size of 396 nm and zeta potential of +76.9 mV, substantially improving their 
colloidal stability [58].  

This arrangement provides chitosan with an abundance of amino groups that can interact 
effectively with the negatively charged surfaces of FeNPs via electrostatic attraction, elevating the 
stability of the colloidal suspension. By forming a strong bond with the iron oxide surface when 
chitosan is applied to adhere to FeNPs, these amino groups successfully prevent aggregation by 
establishing an electrostatic and steric barrier. This dual stabilisation process improves FeNP 
dispersion in diverse media, resulting in a lower hydrodynamic size and a more stable zeta potential, 
which frequently shifts to positive values, preventing agglomeration. Beyond stability, chitosan can 
provide functional benefits such as increased biodegradability and tailored delivery capabilities, 
making chitosan-coated FeNPs ideal for agricultural applications requiring long-term release and low 
environmental effects. Studies have shown that chitosan-coated FeNPs are more stable in both 
aqueous and soil conditions, resulting in increased nutrient delivery and plant growth stimulation. 
Current research is focused on leveraging these properties to boost the efficiency of FeNPs for seed 
priming and crop protection, considering the molecular weight variations in chitosan affecting 
nanoparticle behaviour and distribution [59-61].   

 
5. Silica-encapsulated FeNPs 

  
Silica is a widely favoured material for nanoparticle encapsulation owing to its chemical stability 

and compatibility with a range of functional groups for applications in medicine, biosensing, and 
agriculture. The sol-gel method, originally developed by Stober et al., was adapted to produce silica-
coated FeNPs, enhancing their stability in aqueous environments [62]. This method involves the 
alkalinization of tetraethyl orthosilicate, followed by condensation in an ethanol-water solution, with 
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subsequent modification to integrate the FeNP nuclei. However, FeNPs tend to form large aggregates 
if they are not properly treated before integration into a silica matrix. By immersing FeNPs in a dilute 
alkaline sodium silicate solution, Hashemi et al., improved the compatibility and reduced the 
tendency of FeNPs to clump, enhancing seed stability when introduced into agricultural systems [62]. 
Teow et al., noted that silica-coated FeNPs achieved a zeta potential of -20.93 mV and a smaller 
particle size of 228.23 nm, indicating moderate stability that mitigates aggregation issues [42]. 
 
6. Polyvinylpyrrolidone (PVP) as Capping Agent 

  
The reduction of nanoparticle agglomeration has been the focus of limited, yet significant, 

studies. Seo et al., demonstrated that polyvinylpyrrolidone (PVP) effectively reduced the 
agglomeration of nanoparticles, reducing the average particle size from 857 to 225 nm. Additionally, 
PVP plays a crucial role in inhibiting the formation of iron oxide crystals and managing oxidation 
processes [63]. As a capping agent, PVP uses steric effects facilitated by its hydrophobic chains to 
prevent nanoparticle aggregation. Its non-toxic, biodegradable, biocompatible, and temperature-
resistant properties make PVP one of the preferred polymeric materials for encapsulating iron oxide 
nanoparticles (FeNPs). PVP also serves as a carrier medium in medication delivery systems and iron-
containing nanocomposites. 

However, a significant challenge with PVP is its lengthy decomposition. If the decomposition 
period is too short, it does not allow the PVP structure is not fully developed, whereas a lengthy 
period risks undesirable hydrolysis [64]. PVP's effectiveness of PVP is also influenced by the 
interaction of its functional groups with the surfaces of FeNPs. Specifically, the CH2 groups contribute 
to stability and flexibility, facilitating movement across surfaces, whereas the C=O and C-N groups 
create strong bonds with the nanoparticles, enhancing stability and preventing aggregation. 

Research on sol-gel synthesis modified for FeNPs indicates that PVP concentration affects both 
the nanoparticle behaviour and magnetic properties. Studies have shown that higher PVP 
concentrations eliminate the Morin transition observed in samples with lower concentrations and 
enhance the saturation magnetization across various Fe3+: PVP monomer ratios (1:6, 1:12, 1:18, and 
1:24), suggesting an interaction that affects the magnetic properties of FeNPs [65]. Identifying the 
optimal Fe3+: PVP ratio depends on the specific application needs, that is, whether the focus is on 
harnessing the Morin transition or achieving higher magnetization. 

Further research revealed that PVP with higher molecular weights can bind more ions on the 
FeNP surface, thus increasing its zeta potential. This is evident in PVP-FeNPs, where molecular 
weights of 10,000, 25,000, and 40,000 mol/g correspond to zeta potentials of -10.2, -18.4, and -42.5 
eV, respectively [66]. These findings suggest that higher-molecular-weight PVP establishes a more 
robust electrostatic interaction, which significantly enhances the colloidal stability of FeNPs. 
Therefore, with the highest molecular weight tested, the increased electrostatic repulsion among the 
molecules led to improved steric stability. 
 
7. Conclusion and Future Outlook 
  

This review underscores the transformative potential of nanotechnology in agriculture, 
particularly the use of iron oxide nanoparticles (FeNPs) for seed priming. The unique physicochemical 
properties of nanoparticles, such as high reactivity and increased surface area-to-volume ratio, 
enable more effective interactions with the environment, significantly enhancing seed germination 
and crop establishment. The use of nanomaterials in seed treatment represents a cutting-edge 
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approach that meets the increasing demands of modern agriculture by facilitating efficient use of 
resources and uniform crop development. 

However, the practical application of FeNPs faces challenges, particularly the tendency of 
nanoparticles to aggregate under biological and physiological conditions, which can impede their 
effectiveness and safety. To address this, the incorporation of less toxic biocompatible polymers such 
as chitosan has proven to be beneficial. Chitosan not only stabilizes FeNPs, reducing aggregation but 
also enhances crop yields and mitigates the adverse effects of environmental stressors, such as 
salinity. The high zeta potential of chitosan-coated FeNPs promotes dispersibility and stability, 
making them more effective for seed-priming applications. 

Despite these advances, significant gaps remain in our understanding of how modifications of the 
molecular weight of chitosan affect the behaviour and efficacy of FeNPs. Future research should 
focus on the following aspects. 

 
i. Systematic Evaluation of Molecular Weight Variations: Investigating how different molecular 

weights of chitosan influence the physicochemical properties of FeNPs, particularly their 
stability, reactivity, and biocompatibility. 

ii. Long-term Agricultural Studies: Field trials to be conducted to assess the long-term impacts 
of chitosan-coated FeNPs on crop yield, soil health, and ecosystem dynamics to ensure that 
these nanotechnologies do not inadvertently cause environmental harm. 

iii. Mechanisms of Nanoparticle Uptake and Translocation: Deepening the understanding of how 
nanoparticles are absorbed and transported within plant systems is crucial for optimizing 
their design and application routes. 

iv. Regulatory and Safety Assessments: Developing comprehensive guidelines and safety 
assessments to govern the use of nanoparticles in agriculture. This includes evaluating 
potential toxicity and environmental impact and ensuring compliance with international 
standards for sustainable farming practices. 

v. Innovations in Nanoparticle Synthesis: Exploring new synthetic methods that can further 
enhance the functionality of FeNPs, such as targeted delivery systems for nutrients or genetic 
material, which could revolutionize precision agriculture. 

 
By addressing these areas, researchers can not only enhance the efficacy of nanoparticle-based 

seed treatments but also ensure their sustainability and safety for widespread agricultural use. The 
integration of advanced nanomaterials into farming practices promises to sustainably meet future 
agricultural demands, supporting global food security in the face of changing environmental 
conditions. 
 
Acknowledgements 
This research was supported by the Ministry of Higher Education, Malaysia through the Fundamental 
Research Grant Scheme (Grant No. FRGS//1/2022/STG05/UITM/02/10)). We acknowledge the EMZI-
UiTM Nanoparticle Colloids & Interface Industrial Research Laboratory (EMZI NANO-CORE) for the 
support provided for this work. 
 
References  
[1] Adnan, Muhammad, H. Abd-Ur-Rahman, M. Asif, M. Hussain, H. Muhammad Bilal, M. Adnan, Fazal Ur Rehman, S. 

Ahmad, and M. Khalid. "Seed priming; An effective way to improve plant growth." EC Agriculture 6, no. 6 (2020): 
01-05. 

[2] Waqas, Muhammad, Nicholas Emmanuel Korres, Muhammad Daud Khan, Abdul-Sattar Nizami, Farah Deeba, 
Iftikhar Ali, and Haziq Hussain. "Advances in the concept and methods of seed priming." Priming and pretreatment 



Journal of Advanced Research in Micro and Nano Engineering 

Volume 22, Issue 1 (2024) 56-67 

64 
 

of seeds and seedlings: Implication in plant stress tolerance and enhancing productivity in crop plants (2019): 11-
41. https://doi.org/10.1007/978-981-13-8625-1_2 

[3] Nile, Shivraj Hariram, Muthu Thiruvengadam, Yao Wang, Ramkumar Samynathan, Mohammad Ali Shariati, Maksim 
Rebezov, Arti Nile et al., "Nano-priming as emerging seed priming technology for sustainable agriculture—recent 
developments and future perspectives." Journal of nanobiotechnology 20, no. 1 (2022): 254. 
https://doi.org/10.1186/s12951-022-01423-8 

[4] Acharya, Pratibha, Guddadadarangavvanahally K. Jayaprakasha, Kevin M. Crosby, John L. Jifon, and Bhimanagouda 
S. Patil. "Nanoparticle-mediated seed priming improves germination, growth, yield, and quality of watermelons 
(Citrullus lanatus) at multi-locations in Texas." Scientific reports 10, no. 1 (2020): 5037. 
https://doi.org/10.1038/s41598-020-61696-7 

[5] Kasote, Deepak M., Jisun HJ Lee, G. K. Jayaprakasha, and Bhimanagouda S. Patil. "Seed priming with iron oxide 
nanoparticles modulate antioxidant potential and defense-linked hormones in watermelon seedlings." ACS 
Sustainable Chemistry & Engineering 7, no. 5 (2019): 5142-5151. https://doi.org/10.1021/acssuschemeng.8b06013 

[6]  Kroh, Gretchen E., and Marinus Pilon. "Regulation of iron homeostasis and use in chloroplasts." International 
Journal of Molecular Sciences 21, no. 9 (2020): 3395. https://doi.org/10.3390/ijms21093395 

[7] Kasote, Deepak M., Jisun HJ Lee, G. K. Jayaprakasha, and Bhimanagouda S. Patil. "Seed priming with iron oxide 
nanoparticles modulate antioxidant potential and defense-linked hormones in watermelon seedlings." ACS 
Sustainable Chemistry & Engineering 7, no. 5 (2019): 5142-5151. https://doi.org/10.1021/acssuschemeng.8b06013 

[8] Pawar, V. A., J. D. Ambekar, B. B. Kale, S. K. Apte, and S. L. Laware. "Response in chickpea (Cicer arietinum L.) 
seedling growth to seed priming with iron oxide nanoparticles." Int. J. Biosci 14 (2019): 82-91. 
https://doi.org/10.12692/ijb/14.3.82-91 

[9] Waqas Mazhar, Muhammad, Muhammad Ishtiaq, Mehwish Maqbool, Raheel Akram, Adnan Shahid, Shadi 
Shokralla, Hussein Al-Ghobari et al., "Seed priming with iron oxide nanoparticles raises biomass production and 
agronomic profile of water-stressed flax plants." Agronomy 12, no. 5 (2022): 982. 
https://doi.org/10.3390/agronomy12050982 

[10] Rizwan, Muhammad, Shafaqat Ali, Basharat Ali, Muhammad Adrees, Muhammad Arshad, Afzal Hussain, 
Muhammad Zia ur Rehman, and Aisha Abdul Waris. "Zinc and iron oxide nanoparticles improved the plant growth 
and reduced the oxidative stress and cadmium concentration in wheat." Chemosphere 214 (2019): 269-277. 
https://doi.org/10.1016/j.chemosphere.2018.09.120 

[11] Schmidt, Wolfgang, Sebastien Thomine, and Thomas J. Buckhout. "Iron nutrition and interactions in 
plants." Frontiers in plant science 10 (2020): 511300. https://doi.org/10.3389/fpls.2019.01670 

[12] Zhang, Xinxin, Di Zhang, Wei Sun, and Tianzuo Wang. "The adaptive mechanism of plants to iron deficiency via iron 
uptake, transport, and homeostasis." International journal of molecular sciences 20, no. 10 (2019): 2424. 
https://doi.org/10.3390/ijms20102424 

[13] Khan, Tahir Amir, Zammurad Iqbal Ahmed, Sairah Syed, Abdullah Baloch, Muhammad Naveed Malik, Muhammad 
Irfan, Waqas Ahmad, Abdul Latif, Zulfiqar Ali Rahujo, and Sumeria Muhammad Hussain. "Seed priming with iron 
and zinc improves growth and yield of groundnut (Arachis hypogaea L.)." Pure and Applied Biology (PAB) 6, no. 2 
(2017): 553-560. https://doi.org/10.19045/bspab.2017.60057  

[14] Reis, Sara, Ivo Pavia, Ana Carvalho, José Moutinho-Pereira, Carlos Correia, and José Lima-Brito. "Seed priming with 
iron and zinc in bread wheat: effects in germination, mitosis and grain yield." Protoplasma 255 (2018): 1179-1194. 
https://doi.org/10.1007/s00709-018-1222-4  

[15] Maswada, H. F., M. Djanaguiraman, and P. V. V. Prasad. "Seed treatment with nano‐iron (III) oxide enhances 
germination, seeding growth and salinity tolerance of sorghum." Journal of Agronomy and Crop Science 204, no. 6 
(2018): 577-587. https://doi.org/10.1111/jac.12280  

[16] Sundaria, Naveen, Manoj Singh, Prateek Upreti, Ravendra P. Chauhan, J. P. Jaiswal, and Anil Kumar. "Seed priming 
with iron oxide nanoparticles triggers iron acquisition and biofortification in wheat (Triticum aestivum L.) grains." 
Journal of Plant Growth Regulation 38 (2019): 122-131. https://doi.org/10.1007/s00344-018-9818-7  

[17] Yamauchi, Minoru. "A Review of Iron‐Coating Technology to Stabilize Rice Direct Seeding onto Puddled Soil." 
Agronomy Journal 109, no. 3 (2017): 739-750. https://doi.org/10.2134/agronj2016.10.0569  

[18] Kshtriya, Vivekshinh, Bharti Koshti, and Nidhi Gour. "Green synthesized nanoparticles: Classification, synthesis, 
characterization, and applications." In Comprehensive Analytical Chemistry, vol. 94, pp. 173-222. Elsevier, 2021. 
https://doi.org/10.1016/bs.coac.2020.12.009 

[19] Chavali, Murthy S., and Maria P. Nikolova. "Metal oxide nanoparticles and their applications in nanotechnology." SN 
applied sciences 1, no. 6 (2019): 607. https://doi.org/10.1007/s42452-019-0592-3 

[20] Godymchuk, Anna, Alexey Ilyashenko, Yury Konyukhov, Peter Ogbuna Offor, and Galiya Baisalova. "Agglomeration 
and dissolution of iron oxide nanoparticles in simplest biological media." AIMS Materials Science 9, no. 4 (2022). 
https://doi.org/10.3934/matersci.2022039 

https://doi.org/10.1007/978-981-13-8625-1_2
https://doi.org/10.1186/s12951-022-01423-8
https://doi.org/10.1038/s41598-020-61696-7
https://doi.org/10.1021/acssuschemeng.8b06013
https://doi.org/10.3390/ijms21093395
https://doi.org/10.1021/acssuschemeng.8b06013
https://doi.org/10.12692/ijb/14.3.82-91
https://doi.org/10.3390/agronomy12050982
https://doi.org/10.1016/j.chemosphere.2018.09.120
https://doi.org/10.3389/fpls.2019.01670
https://doi.org/10.3390/ijms20102424
https://doi.org/10.19045/bspab.2017.60057
https://doi.org/10.1007/s00709-018-1222-4
https://doi.org/10.1111/jac.12280
https://doi.org/10.1007/s00344-018-9818-7
https://doi.org/10.2134/agronj2016.10.0569
https://doi.org/10.1016/bs.coac.2020.12.009
https://doi.org/10.1007/s42452-019-0592-3
https://doi.org/10.3934/matersci.2022039


Journal of Advanced Research in Micro and Nano Engineering 

Volume 22, Issue 1 (2024) 56-67 

65 
 

[21] Vollath, Dieter. "Agglomerates of nanoparticles." Beilstein Journal of Nanotechnology 11, no. 1 (2020): 854-857. 
https://doi.org/10.3762/bjnano.11.70 

[22] López-Vargas, Elsy Rubisela, Yolanda González-García, Marissa Pérez-Álvarez, Gregorio Cadenas-Pliego, Susana 
González-Morales, Adalberto Benavides-Mendoza, Raul I. Cabrera, and Antonio Juárez-Maldonado. "Seed priming 
with carbon nanomaterials to modify the germination, growth, and antioxidant status of tomato 
seedlings." Agronomy 10, no. 5 (2020): 639. https://doi.org/10.3390/agronomy10050639 

[23] Abdelmigid, Hala M., Amal Ahmed Alyamani, Nahed Ahmed Hussien, Maissa M. Morsi, and Afnan Alhumaidi. 
"Integrated approaches for adsorption and incorporation testing of green-synthesized TiO2NPs mediated by seed-
priming technology in Punica granatum L." Agronomy 12, no. 7 (2022): 1601. 
https://doi.org/10.3390/agronomy12071601 

[24] Gosens, Ilse, Jan Andries Post, Liset JJ de la Fonteyne, Eugene HJM Jansen, John W. Geus, Flemming R. Cassee, and 
Wim H. de Jong. "Impact of agglomeration state of nano-and submicron sized gold particles on pulmonary 
inflammation." Particle and fibre toxicology 7 (2010): 1-11. https://doi.org/10.1186/1743-8977-7-37 

[25] Wulandari, Ika O., Vita T. Mardila, DJ Djoko H. Santjojo, and Akhmad Sabarudin. "Preparation and characterization 
of chitosan-coated Fe3O4 nanoparticles using ex-situ co-precipitation method and tripolyphosphate/sulphate as 
dual crosslinkers." In IOP Conference Series: Materials Science and Engineering, vol. 299, p. 012064. IOP Publishing, 
2018. https://doi.org/10.1088/1757-899X/299/1/012064 

[26] Ashraf, Muhammad Aqeel, Wanxi Peng, Yasser Zare, and Kyong Yop Rhee. "Effects of size and 
aggregation/agglomeration of nanoparticles on the interfacial/interphase properties and tensile strength of 
polymer nanocomposites." Nanoscale research letters 13 (2018): 1-7. https://doi.org/10.1186/s11671-018-2624-0 

[27] Ali, Shahid, Asif Mehmood, and Naeem Khan. "Uptake, translocation, and consequences of nanomaterials on plant 
growth and stress adaptation." Journal of Nanomaterials 2021, no. 1 (2021): 6677616. 
https://doi.org/10.1155/2021/6677616  

[28] Wang, Zhenyu, Xiaoyan Xie, Jian Zhao, Xiaoyun Liu, Wenqiang Feng, Jason C. White, and Baoshan Xing. "Xylem-and 
phloem-based transport of CuO nanoparticles in maize (Zea mays L.)." Environmental science & technology 46, no. 
8 (2012): 4434-4441. https://doi.org/10.1021/es204212z  

[29] Tawfik, M. M., Magda H. Mohamed, Mervat Sh Sadak, and Alice T. Thalooth. "Iron oxide nanoparticles effect on 
growth, physiological traits and nutritional contents of Moringa oleifera grown in saline environment." Bulletin of 
the National Research Centre 45 (2021): 1-9. https://doi.org/10.1186/s42269-021-00624-9  

[30] Lv, Jitao, Shuzhen Zhang, Lei Luo, Jing Zhang, Ke Yang, and Peter Christie. "Accumulation, speciation and uptake 
pathway of ZnO nanoparticles in maize." Environmental Science: Nano 2, no. 1 (2015): 68-77. 
https://doi.org/10.1039/C4EN00064A  

[31] Dimkpa, Christian O., Drew E. Latta, Joan E. McLean, David W. Britt, Maxim I. Boyanov, and Anne J. Anderson. "Fate 
of CuO and ZnO nano-and microparticles in the plant environment." Environmental science & technology 47, no. 9 
(2013): 4734-4742. https://doi.org/10.1021/es304736y  

[32] Hamrayev, Hemra, Kamyar Shameli, and Serdar Korpayev. "Green synthesis of zinc oxide nanoparticles and its 
biomedical applications: A review." Journal of Research in Nanoscience and Nanotechnology 1, no. 1 (2021): 62-74. 
https://doi.org/10.37934/jrnn.1.1.6274  

[33] Larue, Camille, Julien Laurette, Nathalie Herlin-Boime, Hicham Khodja, Barbara Fayard, Anne-Marie Flank, François 
Brisset, and Marie Carriere. "Accumulation, translocation and impact of TiO2 nanoparticles in wheat (Triticum 
aestivum spp.): influence of diameter and crystal phase." Science of the total environment 431 (2012): 197-208. 
https://doi.org/10.1016/j.scitotenv.2012.04.073  

[34] Studart, Andre R., Esther Amstad, and Ludwig J. Gauckler. "Colloidal stabilization of nanoparticles in concentrated 
suspensions." Langmuir 23, no. 3 (2007): 1081-1090. https://doi.org/10.1021/la062042s 

[35] Che Mohamed Hussein, Siti Nurliyana, Zulhelmi Amir, Badrul Mohamed Jan, Munawar Khalil, and Azlinda Azizi. 
"Colloidal stability of CA, SDS and PVA coated iron oxide nanoparticles (IONPs): Effect of molar ratio and 
salinity." Polymers 14, no. 21 (2022): 4787. https://doi.org/10.3390/polym14214787 

[36] Moore, Thomas L., Laura Rodriguez-Lorenzo, Vera Hirsch, Sandor Balog, Dominic Urban, Corinne Jud, Barbara 
Rothen-Rutishauser, Marco Lattuada, and Alke Petri-Fink. "Nanoparticle colloidal stability in cell culture media and 
impact on cellular interactions." Chemical Society Reviews 44, no. 17 (2015): 6287-6305. 
https://doi.org/10.1039/C4CS00487F 

[37] Sanità, Gennaro, Barbara Carrese, and Annalisa Lamberti. "Nanoparticle surface functionalization: how to improve 
biocompatibility and cellular internalization." Frontiers in molecular biosciences 7 (2020): 587012. 
https://doi.org/10.3389/fmolb.2020.587012 

[38] Barrow, Michael, Arthur Taylor, Patricia Murray, Matthew J. Rosseinsky, and Dave J. Adams. "Design considerations 
for the synthesis of polymer coated iron oxide nanoparticles for stem cell labelling and tracking using 
MRI." Chemical Society Reviews 44, no. 19 (2015): 6733-6748. https://doi.org/10.1039/C5CS00331H 

https://doi.org/10.3762/bjnano.11.70
https://doi.org/10.3390/agronomy10050639
https://doi.org/10.3390/agronomy12071601
https://doi.org/10.1186/1743-8977-7-37
https://doi.org/10.1088/1757-899X/299/1/012064
https://doi.org/10.1186/s11671-018-2624-0
https://doi.org/10.1155/2021/6677616
https://doi.org/10.1021/es204212z
https://doi.org/10.1186/s42269-021-00624-9
https://doi.org/10.1039/C4EN00064A
https://doi.org/10.1021/es304736y
https://doi.org/10.37934/jrnn.1.1.6274
https://doi.org/10.1016/j.scitotenv.2012.04.073
https://doi.org/10.1021/la062042s
https://doi.org/10.3390/polym14214787
https://doi.org/10.1039/C4CS00487F
https://doi.org/10.3389/fmolb.2020.587012
https://doi.org/10.1039/C5CS00331H


Journal of Advanced Research in Micro and Nano Engineering 

Volume 22, Issue 1 (2024) 56-67 

66 
 

[39] Curtis, Chad, Dorsa Toghani, Ben Wong, and Elizabeth Nance. "Colloidal stability as a determinant of nanoparticle 
behavior in the brain." Colloids and Surfaces B: Biointerfaces 170 (2018): 673-682. 
https://doi.org/10.1016/j.colsurfb.2018.06.050 

[40] Kister, Thomas, Debora Monego, Paul Mulvaney, Asaph Widmer-Cooper, and Tobias Kraus. "Colloidal stability of 
apolar nanoparticles: The role of particle size and ligand shell structure." ACS nano 12, no. 6 (2018): 5969-5977. 
https://doi.org/10.1021/acsnano.8b02202 

[41] Zare, Yasser. "Study of nanoparticles aggregation/agglomeration in polymer particulate nanocomposites by 
mechanical properties." Composites Part A: Applied Science and Manufacturing 84 (2016): 158-164. 
https://doi.org/10.1016/j.compositesa.2016.01.020 

[42] Ng, Zhe Jia, Yeit Haan Teow, Abdul Wahab Mohammad, Kah Chun Ho, and Swee Pin Yeap. "Synthesis of Silica-
coated Iron Oxide Nanoparticles: Effect of Particle Sizes and Silica Coating." Int J Nanoelectr Mater 13 (2020): 565-
576.  

[43] Falsafi, Seid Reza, Fuat Topuz, Dagmara Bajer, Zahra Mohebi, Maryam Shafieiuon, Hajar Heydari, Shruti Rawal et 
al., "Metal nanoparticles and carbohydrate polymers team up to improve biomedical outcomes." Biomedicine & 
Pharmacotherapy 168 (2023): 115695. https://doi.org/10.1016/j.biopha.2023.115695  

[44] Zhu, Nan, Haining Ji, Peng Yu, Jiaqi Niu, M. U. Farooq, M. Waseem Akram, I. O. Udego, Handong Li, and Xiaobin Niu. 
"Surface modification of magnetic iron oxide nanoparticles." Nanomaterials 8, no. 10 (2018): 810. 
https://doi.org/10.3390/nano8100810  

[45] Guerrini, Luca, Ramon A. Alvarez-Puebla, and Nicolas Pazos-Perez. "Surface modifications of nanoparticles for 
stability in biological fluids." Materials 11, no. 7 (2018): 1154. https://doi.org/10.3390/ma11071154  

[46] Sadeghi, Amirhossein, Shadi PourEskandar, Esfandyar Askari, and Mohsen Akbari. "Polymeric Nanoparticles and 
Nanogels: How Do They Interact with Proteins?." Gels 9, no. 8 (2023): 632. https://doi.org/10.3390/gels9080632  

[47] Pavón, Carlos, Edmondo M. Benetti, and Francesca Lorandi. "Polymer Brushes on Nanoparticles for Controlling the 
Interaction with Protein-Rich Physiological Media." Langmuir (2024). 
https://doi.org/10.1021/acs.langmuir.4c00956  

[48] Saberi Riseh, Roohallah, Mohadeseh Hassanisaadi, Masoumeh Vatankhah, Rajender S. Varma, and Vijay Kumar 
Thakur. "Nano/micro-structural supramolecular biopolymers: innovative networks with the boundless potential in 
sustainable agriculture." Nano-Micro Letters 16, no. 1 (2024): 147. https://doi.org/10.1007/s40820-024-01348-x  

[49] Ling, Yao, Yue Zhao, Bizhen Cheng, Meng Tan, Yan Zhang, and Zhou Li. "Seed priming with chitosan improves 
germination characteristics associated with alterations in antioxidant defense and dehydration-responsive 
pathway in white clover under water stress." Plants 11, no. 15 (2022): 2015. 
https://doi.org/10.3390/plants11152015 

[50] Odat, N., A. M. Tawaha, M. Hasan, A. R. Al-Tawaha, D. Thangadurai, J. Sangeetha, A. Rauf et al., "Seed priming with 
chitosan alleviates salinity stress by improving germination and early growth parameters in common vetch (Vicia 
sativa)." In IOP Conference Series: Earth and Environmental Science, vol. 788, no. 1, p. 012059. IOP Publishing, 2021. 
https://doi.org/10.1088/1755-1315/788/1/012059 

[51] Guan, Ya-jing, Jin Hu, Xian-ju Wang, and Chen-xia Shao. "Seed priming with chitosan improves maize germination 
and seedling growth in relation to physiological changes under low temperature stress." Journal of Zhejiang 
University Science B 10 (2009): 427-433. https://doi.org/10.1631/jzus.B0820373 

[52] Farooq, Tahir, Zaib Un Nisa, Amjad Hameed, Toheed Ahmed, and Arruje Hameed. "Priming with copper-chitosan 
nanoparticles elicit tolerance against PEG-induced hyperosmotic stress and salinity in wheat." BMC chemistry 16, 
no. 1 (2022): 23. https://doi.org/10.1186/s13065-022-00813-1 

[53] Frank, L. A., G. R. Onzi, A. S. Morawski, A. R. Pohlmann, S. S. Guterres, and R. V. Contri. "Chitosan as a coating 
material for nanoparticles intended for biomedical applications." Reactive and Functional Polymers 147 (2020): 
104459. https://doi.org/10.1016/j.reactfunctpolym.2019.104459 

[54] Abdel-Aziz, Heba. "Effect of priming with chitosan nanoparticles on germination, seedling growth and antioxidant 
enzymes of broad beans." Catrina: The International Journal of Environmental Sciences 18, no. 1 (2019): 81-86. 
https://doi.org/10.21608/cat.2019.28609 

[55] Azhal, Wan Nur Syazwani Wan, and Siti Amira Othman. "Application of Chitosan as a Coagulant-A Preliminary 
Review." International Journal of Advanced Research in Food Science and Agriculture Technology 1, no. 1 (2024): 
45-53. https://doi.org/10.37934/hqol.1.1.1620 

[56] Shinde, Surbhi, Veronica Folliero, Annalisa Chianese, Carla Zannella, Anna De Filippis, Luigi Rosati, Marina Prisco et 
al., "Synthesis of chitosan-coated silver nanoparticle bioconjugates and their antimicrobial activity against 
multidrug-resistant bacteria." Applied Sciences 11, no. 19 (2021): 9340. https://doi.org/10.3390/app11199340 

[57] Honary, Soheyla, and Foruhe Zahir. "Effect of zeta potential on the properties of nano-drug delivery systems-a 
review (Part 2)." Tropical journal of pharmaceutical research 12, no. 2 (2013): 265-273. 
https://doi.org/10.4314/tjpr.v12i2.20 

https://doi.org/10.1016/j.colsurfb.2018.06.050
https://doi.org/10.1021/acsnano.8b02202
https://doi.org/10.1016/j.compositesa.2016.01.020
https://doi.org/10.1016/j.biopha.2023.115695
https://doi.org/10.3390/nano8100810
https://doi.org/10.3390/ma11071154
https://doi.org/10.3390/gels9080632
https://doi.org/10.1021/acs.langmuir.4c00956
https://doi.org/10.1007/s40820-024-01348-x
https://doi.org/10.3390/plants11152015
https://doi.org/10.1088/1755-1315/788/1/012059
https://doi.org/10.1631/jzus.B0820373
https://doi.org/10.1186/s13065-022-00813-1
https://doi.org/10.1016/j.reactfunctpolym.2019.104459
https://doi.org/10.21608/cat.2019.28609
https://doi.org/10.37934/hqol.1.1.1620
https://doi.org/10.3390/app11199340
https://doi.org/10.4314/tjpr.v12i2.20


Journal of Advanced Research in Micro and Nano Engineering 

Volume 22, Issue 1 (2024) 56-67 

67 
 

[58] Appu, Manikandan, Zhifeng Lian, Dengqi Zhao, and Jianying Huang. "Biosynthesis of chitosan-coated iron oxide (Fe 
3 O 4) hybrid nanocomposites from leaf extracts of Brassica oleracea L. and study on their antibacterial 
potentials." 3 Biotech 11 (2021): 1-14. https://doi.org/10.1007/s13205-021-02820-w 

[59] Aranda-Barradas, María E., Saul E. Trejo-López, Alicia Del Real, Samuel Álvarez-Almazán, Abraham Méndez-Albores, 
Carlos G. García-Tovar, Francisco R. González-Díaz, and Susana Patricia Miranda-Castro. "Effect of molecular weight 
of chitosan on the physicochemical, morphological, and biological properties of polyplex nanoparticles intended 
for gene delivery." Carbohydrate polymer technologies and applications 4 (2022): 100228. 
https://doi.org/10.1016/j.carpta.2022.100228 

[60] Yan, Dazhong, Yanzhen Li, Yinling Liu, Na Li, Xue Zhang, and Chen Yan. "Antimicrobial properties of chitosan and 
chitosan derivatives in the treatment of enteric infections." Molecules 26, no. 23 (2021): 7136. 
https://doi.org/10.3390/molecules26237136 

[61] Chouhan, Divya, and Palash Mandal. "Applications of chitosan and chitosan based metallic nanoparticles in 
agrosciences-A review." International journal of biological macromolecules 166 (2021): 1554-1569. 
https://doi.org/10.1016/j.ijbiomac.2020.11.035 

[62] Hashemi, Sayed Javad, Faramarz Hormozi, and Rasoul Mokhtari. "Controlling the gelation time of sodium silicate 
gelants for fluid management in hydrocarbon reservoirs." Fuel 341 (2023): 127645. 
https://doi.org/10.1016/j.fuel.2023.127645 

[63] Seo, Kyungah, Kaustav Sinha, Ekaterina Novitskaya, and Olivia A. Graeve. "Polyvinylpyrrolidone (PVP) effects on 
iron oxide nanoparticle formation." Materials letters 215 (2018): 203-206. 
https://doi.org/10.1016/j.matlet.2017.12.107 

[64] Lin, Qiuyu, Yujie Mei, Wei Huang, Bo Zhang, and Ke Liu. "Understanding the role of polyvinylpyrrolidone on ultrafine 
low-rank coal flotation." ACS omega 7, no. 12 (2022): 10196-10204. https://doi.org/10.1021/acsomega.1c06701 

[65] Silva, Marcela F., Luiz AS De Oliveira, Mariani A. Ciciliati, Michele K. Lima, Flávio F. Ivashita, Daniela M. Fernandes 
de Oliveira, Ana Adelina W. Hechenleitner, and Edgardo AG Pineda. "The effects and role of polyvinylpyrrolidone 
on the size and phase composition of iron oxide nanoparticles prepared by a modified sol‐gel method." Journal of 
Nanomaterials 2017, no. 1 (2017): 7939727. https://doi.org/10.1155/2017/7939727 

[66] Alzoubi, Fedda Y., Osama Abu Noqta, Tariq Al Zoubi, Hasan M. Al-Khateeb, Mohammed K. Alqadi, Abdulsalam 
Abuelsamen, and Ghaseb Naser Makhadmeh. "A novel one-pot synthesis of PVP-coated iron oxide nanoparticles 
as biocompatible contrast agents for enhanced T2-weighted MRI." Journal of Composites Science 7, no. 3 (2023): 
131. https://doi.org/10.3390/jcs7030131 

https://doi.org/10.1007/s13205-021-02820-w
https://doi.org/10.1016/j.carpta.2022.100228
https://doi.org/10.3390/molecules26237136
https://doi.org/10.1016/j.ijbiomac.2020.11.035
https://doi.org/10.1016/j.fuel.2023.127645
https://doi.org/10.1016/j.matlet.2017.12.107
https://doi.org/10.1021/acsomega.1c06701
https://doi.org/10.1155/2017/7939727
https://doi.org/10.3390/jcs7030131

