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Abstract

Cancer remains a major challenge in modern medicine, often hindered by the limitations of conventional treatments
such as chemotherapy, including severe side effects and low specificity. Iron oxide nanoparticles (IONPs) have emerged
as promising tools for cancer theranostics, owing to their magnetic responsiveness, tunable surface properties, and ability
to enhance both therapeutic and diagnostic precision. This review focuses on the advancements in the green synthesis
of IONPs using plant extracts rich in polyphenols, which serve as natural reducing agents while providing additional
anti-cancer benefits. These green-synthesized IONPs demonstrate potential in targeted drug delivery, controlled release,
and enhanced imaging through magnetic resonance imaging (MRI), offering a sustainable and effective approach to
cancer treatment. The review highlights the biosafety, biocompatibility, and anticancer efficacy of green-synthesized
IONPs through an in-depth analysis of preclinical in vitro studies from the last five years. Key challenges in plant-based
synthesis, such as reproducibility and variability in phytochemical composition, are critically discussed alongside strate-
gies to address these limitations. Furthermore, using waste materials in green synthesis is emphasized as a sustainable
approach to nanoparticle production, promoting resource efficiency and environmental stewardship. This comprehen-
sive analysis underscores the dual functionality of green-synthesized IONPs as a novel, eco-friendly solution for cancer
theranostics, paving the way for sustainable and scalable applications in future biomedical research.

Keywords Green synthesis - Superparamagnetic iron oxide nanoparticles - Cancer therapy - Targeted drug delivery -
Theranostics - Nanocarrier

1 Introduction

Cancer remains a formidable global health challenge, characterized by uncontrolled cell growth and the potential to
spread throughout the body [1]. Detecting cancer early and providing proper treatment is crucial for enhancing patient
results. While traditional approaches such as hormone therapy, chemotherapy, surgery, radiation therapy, and immuno-
therapy have proven effective in cancer treatment, they come with challenges like detecting tumors in the early stages,
a lack of precisely targeted therapy, and harmful side effects on healthy tissues [2]. Targeted therapy is a cornerstone
of modern cancer treatment. Unlike traditional chemotherapy, which can harm healthy cells alongside cancer cells,
targeted drugs focus on specific vulnerabilities within cancer cells [3]. Iron oxide nanoparticles (IONPs) are becoming a
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game changer in the field of cancer treatment and diagnosis, combining both diagnostic and therapeutic functions in
one platform [4, 5]. These tiny particles have unique characteristics that make them very attractive for managing cancer.
One major benefit is their ability to be customized for precise delivery, allowing them to gather specifically in cancer-
ous tissues while minimizing exposure to healthy organs [6]. This targeted approach holds the promise of reducing the
harsh side effects often linked with traditional cancer treatments. Additionally, the magnetic properties of IONPs make
them excellent contrast agents for magnetic resonance imaging (MRI), giving doctors a clear view of tumors [7, 8]. This
enhanced visualization not only aids in accurate diagnosis but also facilitates real-time monitoring of treatment response.
Beyond their diagnostic prowess, IONPs can be further functionalized for a multifaceted therapeutic assault on cancer
cells. One such strategy involves hyperthermia, where light-activated IONPs generate heat within the tumor microenvi-
ronment, leading to direct ablation of cancer cells [9]. IONPs have been granted clinical approval as hyperthermia agents
for the treatment of multiforme glioblastoma (MagForce®). Current research is investigating the potential effectiveness
of these treatments for many types of tumors, such as prostate cancer (Maksoudian et al. 2020). Additionally, IONPs
can be designed to produce reactive oxygen species (ROS) under specific light conditions, a phenomenon exploited in
photodynamic therapy to induce cancer cell death. Moreover, IONPs hold promise for stimulating the body’s immune
system to recognize and target cancer cells, offering a potent immunotherapeutic approach [10]. The true value of IONPs
lies in their versatility, enabling their combination with other treatment modalities, such as gene therapy, chemotherapy,
and radiotherapy. This multi-functional approach offers new possibilities for personalized cancer treatments, with IONPs
providing a customizable platform for delivering targeted, effective therapy [11]. Additionally, the method of synthesizing
IONPs plays a critical role in their biocompatibility and efficiency, with green synthesis offering several key advantages,
as shown in the Fig. 1. The environmentally friendly, non-toxic, and cost-effective nature of biosynthesized IONPs aligns
perfectly with their emerging role in cancer treatment. Green synthesis not only reduces energy consumption but also
enables rapid production of nanoparticles. These benefits complement the introduction’s emphasis on innovative and
sustainable approaches, reinforcing the significance of IONPs in modern cancer management strategies.

1.1 Methods for IONPs synthesis in general

The synthesis of IONPs involves various methods, each with distinct advantages and limitations. While traditional chemical
synthesis methods like co-precipitation, thermal decomposition, and hydrothermal synthesis offer control over particle
characteristics, they often involve hazardous chemicals and energy-intensive processes. These methods face limitations
such as poor size control, environmental hazards, and complex purification steps [12]. Nevertheless, these methods are
being replaced by easy, cheaper, greener, and repeatable ways to make metallic nanoparticles (NPs) by extracting them
from leaves, stems, seeds, and roots [13] (Fig. 2). A comparative study by [14] highlights the efficacy of biosynthesized and
chemically synthesized magnetic NPs on different cancer cell lines and the study revealed a dose-dependent inhibition of
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Fig.2 Various approaches to nanoparticle synthesis

cell proliferation, with biosynthesized NPs showing reduced cytotoxicity while maintaining significant biological activity.
This suggests that green synthesis methods produce safer and effective NPs for medical and pharmaceutical applications.

The use of plant-based synthesis methods is increasing in popularity because of their environmentally favorable
characteristics and ability to produce innovative materials. Nevertheless, ensuring consistent and dependable out-
comes (reproducibility) is essential for practical implementations. [15] discussed the methods and procedures used to
optimize the synthesis and ensure the reproducibility of green synthesis NPs. Utilizing precise plant cultivars cultivated
in controlled environments can effectively reduce inherent fluctuations in phytochemical composition. Developing
precise protocols for the manufacture of plant extracts is crucial for ensuring consistent outcomes. Enhancing reaction
parameters such as temperature, pH, and concentration of plant extract can enhance the ability to regulate the synthe-
sis process. Utilizing advanced analytical techniques yields crucial data to ensure consistent material qualities. Several
investigations have reported that the biogenic process for synthesizing NPs demonstrates a high degree of reproduc-
ibility [16]. Nanomaterials made from plants or derivatives of plants are usually cheap because plants naturally contain
reducing organic chemicals that are easy to use in the manufacturing process. Therefore, the ability to make NPs from
phytochemicals found in plants is a big step forward for both plant and human studies [17, 18].

1.2 Role of bioactive components in plant-based IONPs synthesis

Plant extracts, abundant in bioactive compounds like polyphenols, flavonoids, and tannins, are essential in the synthesis
and stabilization of IONPs. These substances function both as reducing agents and stabilizers, affecting the NPs ' size,
shape, and surface characteristics [19]. Also, substances such as vitamins, amino acids, proteins, enzymes, and Polysac-
charides can serve as both reducing and capping agents in green synthesis [20, 21]. According to [22], Tannins, particularly
rich in polyphenol groups, offer a safe and valuable approach for creating and stabilizing IONPs, tannins achieve this due
to their unique structure, which includes phenolic hydroxyl groups and ortho-dihydroxyphenyl units. These structural
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features enable tannins to bind (complex) with iron particles during chemical reactions involving electron transfer (redox
reactions), thereby facilitating the formation of stable IONPs.

Grape (Vitis vinifera) is one of the largest fruit crops globally, yielding over 67 million tons annually. Primarily cultivated
for wine production, this process generates significant solid organic by-products known as grape pomace, constitut-
ing approximately 40% of the grape’s mass. While grape pomace is recognized as a potential source of tannic acid, its
widespread utilization remains limited. As a result, large quantities accumulate near wineries, posing environmental
and disposal challenges [23]. However, recent innovations have shown promise in transforming this waste into valuable
resources. For instance, grape pomace extracts can be utilized in green synthesis processes to produce IONPs. These NPs
exhibit favorable properties such as controlled size and enhanced biocompatibility, offering not only valuable products
but also mitigating the environmental burden posed by grape pomace waste accumulation. This dual benefit underscores
the potential of innovative approaches in sustainable waste management and resource utilization [24].

Pucci and colleagues mentioned in their study that among various metal ions, iron (Fe**) is particularly favored for
complexation with tannic acid (Fig. 3). This preference arises from the strong interaction between tannic acid and iron,
the ability of iron to form multiple bonds, and its relatively low toxicity compared to other metals. These tannic acid-iron
complexes, in general, hold promise for various applications in medicine, such as cancer treatment, diagnostic imaging,
and wound healing [25].

Research using Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy has repeatedly demonstrated that plants
contain various reducing sugars as illustrated in Table 1 which are responsible for the synthesis of NPs by reducing the
metal salts and also stabilizing them naturally. For instance [27] highlight in their study that C. citratus extract serves as
a reducing and capping agent, primarily using hydroxyl and carbonyl groups to reduce iron. The FeO-NPs were func-
tionalized in one step, achieving properties similar to traditional methods. The biomolecule-coated surface increases
biocompatibility. Similarly [28] mentioned in their research that Green synthesis of IONPs by pheonix dactylifera leaf
extract presents the phenolic compounds act as reducing and capping agents.

Through the green synthesis method, various plant extracts have been used to create IONPs. A key advantage of
using plant extracts is that water serves as the solvent, making the process safe and suitable for numerous biological
applications. The reduction of iron salts by these extracts results in noticeable changes in color and pH, which act as
markers for nanoparticle synthesis [34]. For instance, Oolong green tea extract has been utilized to biosynthesize iron
NPs, offering a cost-effective and locally available material. The polyphenols in Oolong tea extract stabilize zero-valent
IONPs at room temperature without requiring surfactants or polymers [35]. A variety of plant-derived polyphenols and
the general concept of synthesis of metal oxide from the reduction process by polyphenols is given below in (Fig. 4).

1.3 Exploring the role of bioactive components as an anti-cancer agent

Polyphenols, abundant in plant extracts, not only serve as reducing and capping agents in the synthesis of nanoparticles
but also contribute significant biological effects [36]. These plant-based antioxidants are gaining attention due to their
potential dual role: aiding in nanoparticle synthesis and offering therapeutic benefits in cancer treatment (Patra et al.
2021). Dietary polyphenols are increasingly being recognized for their role in cancer prevention, primarily by influenc-
ing molecular pathways linked to cell death and inflammation. These compounds have shown promise in enhancing
the efficacy of conventional anticancer therapies through synergistic mechanisms [37]. Research has identified several
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Fig.4 The image displays the chemical structures of different polyphenols. These polyphenols act as reducing agents, facilitating the reduc-
tion of Fe?* ions to Fe®. The right side of the figure illustrates the general mechanism of how polyphenols reduce iron ions, resulting in the
formation of IONPs stabilized and functionalized by these natural compounds

mechanisms through which polyphenols exert their anti-cancer properties. One key mechanism is their antioxidant
capacity, which allows them to neutralize free radicals unstable molecules that can damage cells and contribute to
carcinogenesis [38], Cell Cycle Regulation: Polyphenols may influence how cancer cells grow and divide, potentially
slowing or stopping their proliferation [39], Apoptosis Induction: They may trigger programmed cell death (apoptosis)
in cancer cells, essentially eliminating them [40], Anti-inflammatory Effects: Chronic inflammation can be a risk factor for
cancer. Polyphenols may have anti-inflammatory properties that could help reduce this risk [41]. Furthermore, polyphe-
nols directly neutralize free radicals [42]. Collectively, these properties underline the dual role of polyphenols in cancer
management, both as therapeutic agents with anticancer potential and as reducing agents in the green synthesis of
nanoparticles (Fig. 5) and the polyphenols listed in Table 2 are abundant in plant extracts used for nanoparticle synthesis,
underscoring their relevance to both the synthesis process and their inherent anticancer properties.

Polyphenols serve a dual purpose in this approach: firstly, acting as reducing and capping agents in the eco-friendly
synthesis of IONPs, and secondly, potentially contribute their own therapeutic effects in cancer management [50].

1.4 IONPs synthesis by the green method

The green synthesis of IONPs offers an eco-friendly and sustainable alternative to traditional chemical methods. Plant
extracts play a vital role in this method by serving as reducing and capping agents as previously mentioned. Figure 6
shows the reduction of metal ions (such as Fe*" or Fe?*) to nanoparticles through the action of phytochemicals from
plant extracts. These plant biomolecules, including polyphenols, flavonoids, and terpenoids, act as reducing agents by
donating electrons, converting Fe3* or Fe?* ions into magnetite (Fe;0,) nanoparticles, the growth and stabilization stages,
where the nanoparticles form and stabilize. During this process, the biomolecules function as capping agents, preventing
nanoparticle aggregation, ensuring uniform size distribution, and enhancing biocompatibility [51].

In a typical procedure, plant materials, such as tea leaves, lemongrass, or Aloe vera, are first cleaned and prepared as
an extract using deionized water. The iron precursor, usually an iron salt like FeCl; or FeCl,, is dissolved in water. The plant
extract is gradually added to the iron solution under continuous stirring, and the pH is adjusted using a base, such as
sodium hydroxide (NaOH). The formation of IONPs is indicated by a color change, typically darkening as the nanoparti-
cles form. After a specific reaction time, the nanoparticles are separated via centrifugation, washed, and dried at a mild
temperature. The plant extract biomolecules such as polyphenols, flavonoids, terpenoids, and alkaloids are essential
in reducing and stabilizing IONPs. These compounds act as reducing agents by donating electrons to Fe* or Fe?" ions,
converting them into Fe;0,4 (magnetite), which forms the core of the nanoparticles [52].

Recent studies have demonstrated the effectiveness of various plant extracts in the green synthesis of IONPs, highlight-
ing the role of natural biomolecules in reducing and stabilizing iron ions. For example, Hibiscus plant extract has been
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Fig. 5 Role of polyphenols in IONP synthesis and anti-cancer activity

successfully used for the green synthesis of hematite (a-Fe,0s) nanoparticles. Structural analysis confirmed the successful
synthesis of hematite nanoparticles with an average size of 20 nm [53]. Similarly, Hibiscus sabdariffa calyces extract was
employed as a reducing and capping agent for biosynthesized IONPs [54]. Moreover, the gel of Aloe vera contains phenolic
compounds and flavonoids that aid in the synthesis of IONPs with high antioxidant potential. These nanoparticles have
demonstrated strong biocompatibility, making them promising candidates for hyperthermia-based cancer treatments
[55]. Additionally, Moringa oleifera extract, which is rich in alkaloids and polyphenols, has been employed in the green
synthesis of IONPs. The alkaloids in the extract function as both reducing and capping agents, enhancing the stability
and biocompatibility of the nanoparticles [56]. Together, these examples underscore the versatility and efficacy of plant
extracts in producing biocompatible IONPs for various biomedical applications.

1.5 Application of bio-synthesized IONPs in cancer therapy

Bio-synthesized IONPs have emerged as promising tools in cancer therapy due to their versatile applications mentioned
in the Fig. 7. These nanoparticles can be used in various cancer treatment methods, offering both therapeutic and diag-
nostic benefits. Below are some of the key applications of bio-synthesized IONPs in cancer therapy.

1.6 Photothermal therapy (PTT)

Photothermal therapy (PTT) utilizing bio-synthesized IONPs has shown great promise in cancer treatment due to their
effective near-infrared (NIR) light absorption and heat generation, which causes localized tumor cell destruction. These
bio-synthesized IONPs not only have lower toxicity and better biocompatibility than traditional agents but also enhance
targeting efficacy by remaining longer in the reticuloendothelial system [57]. When combined with other therapeutic
approaches, such as chemotherapy or radiation, PTT provides a novel and potent treatment option, particularly for
prostate cancer (PCa) and castration-resistant prostate cancer (CRPC) [58].

1.7 Photodynamic therapy (PDT)

Photodynamic Therapy (PDT) utilizes photosensitizers to generate ROS upon light exposure, effectively targeting
and destroying cancer cells. Recent advancements in bio-synthesized IONPs have shown promise in enhancing the
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efficacy of PDT by acting as potent photosensitizers, thereby increasing ROS production that induces cancer cell
death [59]. Bio-synthesized IONPs can improve the accumulation of photosensitizers in tumor tissues, enhancing
the selectivity and effectiveness of PDT [60].

The combination of IONPs with traditional photosensitizers can overcome limitations such as poor solubility
and low targetability, thus improving therapeutic outcomes. The integration of IONPs in PDT has shown promis-
ing results in preclinical studies, indicating potential for improved treatment strategies in oncology [61] for more
studies refer to Table 3.

1.8 Magnetic hyperthermia

Magnetic hyperthermia employs external magnetic fields to heat magnetic nanoparticles, focusing on tumor cells
while sparing healthy tissue. Bio-synthesized IONPs are ideal for this due to their magnetic properties and biocom-
patibility. When exposed to an alternating magnetic field, IONPs generate localized heat 42-46 °C that induces
apoptosis in cancer cells. Their effectiveness is influenced by the specific absorption rate (SAR), optimized through
nanoparticle design. IONPs’ stability and ability to uniformly distribute heat enhance treatment outcomes. Combin-
ing magnetic hyperthermia with chemotherapy offers a promising, non-invasive cancer treatment [62].
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1.9 Magnetic resonance imaging (MRI)

MRI utilizing IONPs as contrast agents has shown significant promise in enhancing tumor visibility. Bio-synthesized IONPs,
in particular, leverage their magnetic properties to improve the contrast between healthy and cancerous tissues, facilitat-
ing better tumor detection. The superparamagnetic nature of IONPs allows for stable and biocompatible formulations,
which are crucial for effective MRI applications [63, 64].

1.10 Drug delivery

Bio-synthesized IONPs can also be used as carriers for delivering drugs directly to cancer cells. These nanoparticles can
be loaded with anticancer drugs and directed to the tumor site, where they release the drugs in a controlled manner.
This targeted drug delivery system improves the effectiveness of the treatment and reduces side effects by minimizing
the exposure of healthy cells to the drug [65].

Previous studies have extensively investigated the synthesis and properties of IONPs derived from various plant
sources. Table 3 presents a summary of these nanoparticles, their characteristics, and their applications, highlighting
the significant potential of plant-based synthesis methods. The data underscores the versatility and eco-friendliness of
these methods, further emphasized in this current review [66].

1.11 Targeted delivery of IONPs

Targeted delivery of iron oxide nanoparticles (IONPs) is a key strategy for enhancing cancer treatment efficacy by ensur-
ing that therapeutic agents accumulate specifically at tumor sites. [67].IO0NPs can be directed to the tumor via multi-
ple mechanisms, each with its own advantages. These approaches are discussed below, highlighting their potential to
improve treatment outcomes through localized delivery and minimizing damage to healthy tissues. Various methods such
as local administration, passive targeting using the Enhanced Permeability and Retention (EPR) effect, active targeting,
and magnetic targeting are utilized to optimize IONPs’ effectiveness in cancer therapy (Fig. 8).

Targeted Delivery Strategies of Iron Oxide
Nanoparticles in Cancer Therapy

Local delivery at

the site of action @ Targeting via enhanced premeability

and retention

Targeting via receptor
mediated endocytosis

Magnetic
Targeting

Fig. 8 Targeted delivery strategies of IONPs in cancer therapy
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1.12 Local delivery at the site of action

Administering the IONPs solution directly at the tumor site (e.g., through intracranial or intraperitoneal injection).
Intracranial delivery, for instance, offers a convenient means to target IONPs to brain tumors like gliomas without
needing to enhance drug lipophilicity for crossing the blood-brain barrier (BBB) using invasive catheters. However,
this approach is associated with significant clinical morbidity, patient discomfort, and potential for surgical errors.
Additionally, the tight junctions between brain cells pose a physiological challenge, often leading to fluid stagnation
or outflow following administration [9].

1.13 Passive target delivery

Malignant tumors present unique challenges, often characterized by irregular vascular structures and poor lym-
phatic drainage. These features create opportunities for passive targeted delivery using nanocarriers, leveraging
the Enhanced Permeability and Retention (EPR) effect. This effect allows NPs to passively accumulate in the tumor
microenvironment due to the leaky blood vessels and limited lymphatic drainage in the tumor [2]. Encapsulating
small molecules within nanosized carriers helps improve their pharmacokinetic profile, extending circulation time
and enhancing localization at the tumor site [68]. Synthesized IONPs are particularly promising for passive targeted
cancer therapy. However, the size of these NPs is crucial; IONPs ranging between 10 and 100 nm provide the optimal
balance for effective tumor targeting via EPR-mediated delivery [11].

1.14 Active target delivery

Beyond passive accumulation, IONPs can be actively directed towards specific cells. This strategy, known as active
targeting, relies on the attachment of targeting molecules to the surface of the nanocarrier. Targeting molecules
encompass a variety of substances including antibodies, ligands, peptides, nucleic acids, and other compounds that
specifically attach to receptors that are excessively expressed on the surface of tumour cells [69].These targeting
molecules act like recognition tags, allowing the nanocarrier to bind to specific receptors present on the surface of
the target cells. This binding, facilitated by ligand-receptor interactions, ensures the nanocarrier reaches its intended
destination with high accuracy [2].

1.15 Magnetic targeting

IONPs due to their inherent magnetic property can be used in targeted delivery by applying external fields. Their
superparamagnetism allows their tiny magnetic moments to align in an external magnetic field, enabling them to
be guided and concentrated in specific areas of the body [70]. Magnetic targeting offers a more precise approach.
An external magnetic field can be applied to guide IONPs loaded with medications towards a tumor site, minimizing
exposure of healthy tissues to the therapeutic agents. This targeted approach leads to a higher drug concentration
in the specific area, ultimately reducing overall side effects [71, 72]. Studies have shown promise for this approach
in treating prostate cancer, where IONPs loaded with docetaxel (DTX) can be delivered directly to the tumor for
improved treatment efficacy (Imran et al., 2020).

1.16 Biocompatibility and anti-tumor activity of bio-synthesized IONPs

IONPs are commonly considered to be biocompatible. However, the majority of chemical synthesis processes utilize
hazardous chemicals such as hydrazine or potassium bitartrate, which may persist as minute amounts in the end
NPs product. Biological synthesis provides a method to create IONPs without using these toxic compounds [73].
The bio-synthesized IONPs were shown to effectively inhibit the growth of different types of tumour cells, including
leukaemia (Jurkat cells), breast cancer (MCF-7 cells), cervical cancer (HelLa cells), and liver cancer (HepG2 cells), as
demonstrated by in vitro cytotoxicity evaluations [74, 75]. To clarify the effectiveness of this, research has highlighted
the importance of the inherent covering of IONPs, for instance, biomolecules from rosemary extracts containing
polyphenols, which show anti-cancer properties. The presence of polyphenolic coating successfully inhibited the
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growth of C26 colon cancer cells. This indicates that Rosemary-FeNPs possess significant cytotoxicity, as evidenced
by their IC50 value of 20.98 pg/ml, compared to the extracts alone (47.87 pg/ml) [76] more studies are thoroughly
reviewed and summarized in the following Table 4.

The graph (Fig. 9) illustrates the cytotoxic effects of various nanoparticle treatments IONPs, PEG-IONPs, and drug-
loaded IONPs on both cancerous and non-cancerous cell lines, as presented in Table [4]. The data reveals that PEG-IONPs
and drug-loaded IONPs demonstrate significantly higher cytotoxicity towards cancerous cells compared to IONPs alone.
Drug-loaded IONPs, in particular, show the highest efficacy in killing cancer cells, underscoring the potential of function-
alized nanoparticles in targeted cancer therapy. Conversely, IONPs exhibit minimal toxicity toward non-cancerous cells,
which suggests their suitability as a safer therapeutic option with reduced side effects. PEGylation, while enhancing the
therapeutic impact on cancer cells, also helps maintain low toxicity to healthy cells, a critical factor for improving the
safety profile of cancer treatments.

This comparison underscores the potential of green-synthesized nanoparticle-based treatments for enhancing the
precision and efficacy of cancer therapies while minimizing harm to healthy tissues. The graph effectively highlights the
advantages of functionalizing nanoparticles with PEG or drug molecules, which can lead to more efficient tumor target-
ing and improved therapeutic outcomes.

1.17 Challenges associated with IONPs translation and strategies to overcome

Despite these advancements, several challenges need to be addressed to fully realize the potential of green-synthesized
IONPs as mentioned in Fig. 10.

1.18 Toxicity

One of the major concerns with IONPs is their potential toxicity, especially at higher concentrations. It is crucial to
understand the toxicity of magnetic nanoparticles (MNPs), as it is influenced by various factors such as their size, shape,
structure, surface modifications, concentration, dosage, biodistribution, bioavailability, solubility, immunogenicity, and
pharmacokinetics [87]. Excess iron accumulation in tissues can lead to oxidative stress, cellular damage, and organ dys-
function. As previously mentioned, and demonstrated in the graph, PEGylated IONPs exhibit significantly lower cytotoxic-
ity towards normal cells compared to uncoated IONPs, underscoring the importance of surface modification strategies.
PEGylation, or coating IONPs with biocompatible polymers, effectively reduces particle aggregation and minimizes the
release of free iron ions into the bloodstream. Additionally, adjusting the size and dosage of IONPs can further minimize
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Fig. 10 Challenges associated with IONPs translation and strategies to overcome

cytotoxicity, while functionalizing nanoparticles with targeting ligands ensures more specific accumulation in tumor
tissues, reducing off-target effects on healthy cells [88, 891.

1.19 Degradability

IONPs, particularly larger or poorly coated particles, may show slow or incomplete biodegradability, which can lead to
long-term accumulation in the body. Similar to how PEGylation reduces toxicity by enhancing biocompatibility, surface
modifications can also improve the degradability of IONPs. In particular, using biodegradable polymer materials such as
PEG, dextran or chitosan can promote enzymatic or biological degradation, ensuring that the nanoparticles are safely
broken down in vivo [90].

1.20 Overcoming macrophage clearance and immunogenicity

One of the major limitations of IONPs is their susceptibility to immunogenicity the ability to provoke an immune response.
When foreign nanoparticles are introduced into the body, they can trigger recognition by the immune system, leading to
inflammation or rapid clearance. This process often begins with opsonization, where proteins in the bloodstream bind to
the surface of the nanoparticles. Opsonization tags the nanoparticles for recognition by the mononuclear phagocyte sys-
tem (MPS), especially macrophages in the liver and spleen, which rapidly clears them from circulation [91]. This immune
recognition limits the therapeutic efficacy of IONPs by reducing the time they spend in the bloodstream, preventing
them from reaching their target tissues. To overcome this challenge, surface modification strategies, such as PEGylation,
have been highly effective. PEGylation involves coating IONPs with PEG, forming a hydrophilic protective layer around
the nanoparticles [92]. As depicted in Fig. 8, this layer repels opsonization proteins, preventing immune recognition and
reducing macrophage uptake. Furthermore, PEGylation helps reduce the immunogenicity of IONPs by shielding the
nanoparticles from immune surveillance, PEGylation decreases the likelihood of triggering an immune response [93].

1.21 Reproducibility and scalability

Scaling up the production of IONPs from lab to industrial or clinical levels presents several challenges. Maintaining
uniformity in nanoparticle size, stability, and surface functionalization during large-scale production can be difficult.
However, green synthesis methods offer a more sustainable and scalable alternative to traditional techniques. By utilizing
biogenic sources like plant extracts, green synthesis reduces the reliance on expensive chemicals, making the process
more cost-effective and easier to scale. Additionally, green synthesis operates under simpler conditions, such as lower
temperatures and pressures, facilitating larger-scale production without requiring significant infrastructure changes.
This method also aligns with environmental sustainability goals by minimizing waste and avoiding harmful chemicals,
which eases scaling while meeting regulatory standards [94].
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Reproducibility, however, remains a key challenge due to variations in raw biogenic materials, which can affect nano-
particle consistency. As suggested by Fernandes and coworkers, addressing this issue involves optimizing production
parameters, such as plant extract concentrations and reaction conditions, to standardize outcomes. Furthermore, natu-
rally occurring compounds in green synthesis can act as capping agents, helping to prevent aggregation and ensuring
uniform nanoparticle size and shape. Regular monitoring and quality control measures, like electron microscopy, can
further improve consistency across batches. By applying these strategies, green synthesis can overcome reproducibility
challenges and enhance the reliability of nanoparticle production [95].

2 Conclusion

In comparison to chemically synthesized nanoparticles, biosynthesized IONPs offer distinct advantages in cancer therapy,
making them a novel alternative. Unlike traditional methods that rely on toxic chemicals, biosynthesized IONPs are pro-
duced using plant extracts, significantly enhancing their biocompatibility and safety profile. Unique findings from this
study demonstrate that biosynthesized IONPs exhibit higher stability, lower cytotoxicity, and better targeted delivery
to tumor sites. These properties position them as a sustainable and effective option for cancer theranostics, offering a
promising advancement over conventional nanoparticles. The use of plant-based extracts not only reduces environmental
impact but also enhances biocompatibility and safety. IONPs’ multifunctionality, spanning drug delivery, magnetic hyper-
thermia, and diagnostic imaging, positions them as crucial tools in personalized cancer therapy. Despite their potential,
challenges such as reproducibility, toxicity, and scalability remain. Future research should focus on optimizing synthesis
methods and addressing these limitations to fully translate biosynthesized IONPs into clinical practice.
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