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Abstract: In recent years, nanoscience and nanotechnology have gained prominence within materials
science, offering new opportunities for cancer diagnosis and treatment. Advances in nanotechnology
have allowed for the manipulation and size control of nanomaterials, leading to the development of a
wide range of materials. The use of nanomaterials as chemical biology tools in cancer theranostics has
been widely investigated, owing to their enhanced stability, biocompatibility, and improved cell per-
meability. These properties enable precise targeting while addressing the limitations of conventional
cancer treatments. Nanoflowers, a specific class of nanomaterials, have recently attracted significant
interest due to their promising properties for several biomedical applications. However, despite the
growing attention toward nanoflowers, detailed reviews on the subject have been limited. This work
focuses on two primary types of hybrid nanoflowers: iron- and copper-based ones. Within this article
an overview of recent applications in cancer theranostics are thoroughly reviewed, while the synthesis
processes for controlling morphology and size, underlying functions, and their characteristics and
uses are also extensively explored, aiming to provide a guide for future developments in the field.

Keywords: anticancer; antitumor; metal nanoparticles; metal oxide nanoparticles; nanostructured
materials; hybrid nanomaterials

1. Introduction

Despite various advancements and the introduction of cutting-edge technologies in
medical sciences, cancer remains a significant global public health concern [1]. It accounted
for an estimated 9.6 million deaths in 2018. Projections suggest that cancer could soon
surpass heart disease as the leading common cause of death [2]. Typical treatments are
often less effective and can cause serious damage to healthy cells, worsening patients’
condition [3,4]. Consequently, there is a constant global demand for more effective cancer
treatments [4].

In this regard, the rise of nanotechnology offers new avenues for early cancer diagnosis
and treatment. Nanotechnology, particularly through the modification of various nanopar-
ticles (NPs), has been extensively utilized in biomedical research [5]. NPs offer several
unique advantages: their small size allows for easy metabolism by the body, and their large
surface area enables them to carry therapeutic drugs, prolong drug action, enhance efficacy
at lower doses, and reduce side effects [6–10]. Nano-PROTAC offers solutions to challenges
such as poor water solubility, limited cell permeability, off-target effects, and metabolic
instability [11]. Tao et al., introduced a nanoengineering approach (Nano-PROTACs) by en-
capsulating ARV-771 within glutathione (GSH)-responsive polydithiamide polymer (PDSA)
nanoparticles, which enhanced BRD4 protein degradation and suppressed downstream
oncogene c-Myc expression [12]. In another study, a homogeneous anti-MHC-II nanobody–
drug conjugate (VHH7-DM1) was developed using Sortase A (SrtA)-mediated protein
conjugation. This conjugate demonstrated efficacy in both in vitro and in vivo models
for treating aggressive murine B-cell lymphoma. With superior pharmacokinetics, VHH
conjugates surpassed commercial monoclonal antibodies (mAbs) in terms of internalization
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and clearance, offering reduced systemic toxicity and enabling convenient non-invasive
imaging [13].

As a result, NPs are considered powerful theranostic tools with multiple biomedical
applications [14,15]. Theranostics is a cutting-edge strategy that integrates therapy and
diagnosis into a single platform for accurate cancer detection. It is considered a promising
advancement in addressing the challenges of conventional cancer treatments. Nanoparticles
(NPs) are especially effective as carriers for theranostic agents due to their exceptional
physicochemical properties [16].

Previous applications have imposed varied requirements on nanostructures, leading to
the development of a wide array of nanoparticle types. Among these, metal nanoparticles,
particularly copper [17,18] and iron [19,20], have become indispensable in biomedicine due
to their tunable properties and biocompatibility [21,22], establishing them as a promising
category. For instance, copper is present in many proteins and enzyme catalytic sites [23],
and its oxides offer a multitude of advantages, such as inducing oxidative stress for
tumor destruction and catalyzing oxygen production from endogenous hydrogen peroxide
(H2O2) to alleviate tumor hypoxia [24]. Similarly, transition metals like iron (Fe) enhance
the fundamental properties of nanomaterials, increasing their functionality and offering
flexibility to meet the specific requirements of various applications [25]. The performance of
metal oxides can be precisely adjusted by controlling factors like size, shape, composition,
and structure, rather than relying solely on their chemical composition [26,27]. With this
level of precision, the use of metal oxides reaches new heights, where their performance
can be significantly impacted by slight manipulations, sometimes making it challenging to
select the most suitable candidate for a given application.

In addition to other nanostructures, a new category of NPs owing structural parts
smaller than 100 nm [28] known as nanoflowers (NFs), has recently captured extensive
attention. Their structure enhances surface reactions, offering benefits such as strong
adsorption capacity, great catalytic ability, and efficient drug loading potential [29]. NFs can
be produced from a range of organic and inorganic materials, including polymers, metals,
metal oxides, and carbon. Additionally, hybrid nanoflowers (HNFs) made from DNA,
proteins, enzymes, and polymers are also a significant area of interest [30]. In 2012, Zare
and his team created an organic–inorganic hybrid—by adding Cu(II) sulfate to phosphate-
buffered saline containing a protein, expanding the focus beyond metal NFs [31]. This
discovery paved the way for new nanohybrids, expanding the scope of nanoflower research.
These NFs possess a distinctive geometry, with petal- or branch-like structures radiating
from a central core, resembling natural flowers [32]. The unique design of NFs is achieved
through controlled synthesis involving seed-mediated growth, optimized reactions, and
selected precursor materials [33]. Their layered structure enhances adsorption capacity,
electrocatalytic activity, loading capacity, and stability [34]. Hybrid nanoflowers composed
of metal ions and polymers exhibit unique characteristics.

Recently, multiple reviews have explored the synthesis of nanoflowers. Yucheng Liu
and his team offered an in-depth analysis of hybrid nanoflowers, covering their design,
synthesis methods, mechanisms, and properties. They also emphasized advanced biomedi-
cal applications such as biosensing, biocatalysis, and cancer treatment [35]. In 2022, Su Jung
Lee and team reviewed inorganic nanoflowers, emphasizing their applications in various
treatments, including cancer therapy. Two years later, the same group released another
review that categorized inorganic nanoflowers into categories according to their attributes.
They discussed preparation methods, morphology, size control, mechanisms, and possible
uses to advance future research and promote synergistic implementations across various
fields [36]. Mehrdad Khakbiz and his team investigated the synthetic methods, proper-
ties, and biomedical applications of various nanostructures, including nanoflowers and
other nanostructures. Their work provides insights into their use as advanced functional
materials for a wide range of applications. Chormey et al., published a recent review
that focuses on the synthesis, characterization, and analytical applications of nanoflowers.
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The review covers a range of synthesis techniques, including sol–gel, hydrothermal and
biosynthesis [33].

To date, nanoflowers with metal compositions present certain challenges, particularly
in design strategies, as their performance can vary significantly depending on the approach
used [35]. This complexity has led to inconsistent experimental results. For example, copper
ions have been shown to negatively affect the enzyme β-galactosidase [37], while for other
proteins like laccase, copper ions in the nanoflower structure can enhance the enzyme’s
activity, as seen in the case of Cu3(PO4)2 NFs [31]. To address this issue, one potential
solution is to develop new nanostructured materials that combine multiple metals and
allow precise control over the metal ratio. Such a fine manipulation of metal oxides can
significantly impact performance, making it challenging to select the ideal candidate for
specific applications. However, the use of mixed-metal nanoparticles offers various bene-
fits [38–40], such as improved attributes through synergistic effects, tailored functionalities,
stability and cost efficiency.

Given the scarcity of comprehensive reviews on the applications of NFs, particularly
those with metallic compositions, this review aims to outline the role of iron- and copper-
based NFs in cancer theranostics. First, we elaborate on the mechanisms of various synthetic
methods based on previously reported strategies. Then, we classify copper- and iron-
containing hybrid nanoflowers, synthesized using different organic components and metal
precursor salts, according to their specific applications in cancer diagnosis and therapy,
providing valuable insights and guidance for future design.

Thus, this review serves two main purposes: firstly, to offer up-to-date perspectives
on the use of copper and iron nanoflowers as tools in cancer theranostics; and secondly,
to evaluate how the synthesis process impacts nanoflower performance. In essence, it
captures significant progress made over the past five years in applying copper and iron
nanoflowers for cancer treatment. A key focus is on the novel aspects of the synthesis
process, assessing its influence on nanoflower performance. Additionally, we explore the
mechanisms and strategies involved in synthesizing iron and copper nanoflowers and
finish with a discussion on the prospects of this promising area of research.

2. Synthesis Methods for Copper- and Iron-Based Nanoflowers

Ongoing research has focused on developing new synthesis methods for NFs [22].
Figure 1a,b presents key milestones in the history of copper- and iron-based nanoflowers.

Figure 1. Cont.
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Figure 1. Key milestones in the history of (a) copper- and (b) iron -based nanoflowers.

As outlined by Kulkarni, nanomaterials are generally synthesized using physicochemical,
biological, and hybrid methods [41]. Table 1 examines the advantages and constraints thereof.

Table 1. A summary of the main advantages and drawbacks of the synthesis method options.

Synthesis
Method Advantages Drawbacks Economic Considerations

Co-precipitation

The particles generated are relatively less toxic and simpler to
produce [42].

Reactants need to have similar precipitation
rates [34].

Low cost of chemicals [43].The synthesis occurs at a lower temperature compared to other
conventional methods [42]. There are possible impurities in the product [34].

This is a fast method [44]. It requires waste management in non-aqueous
solutions [34].

It has the ease of industrial scaling up [44]. It produces a low yield [44].

Sol–gel
It has high purity [45]. It cannot be applied on a large scale [46]. Low energy consumption

due to mild temperature
usage [47].It has a uniform size distribution [48]. This is a time-consuming process, includes

several steps [49].

Hydrothermal This is a non-toxic solvent, green method [50]. We cannot observe the crystals through the
process [34]. High cost of autoclave [34].It enables the precise control of size and morphology [51].

One-pot biomin-
eralization

Immediate biomimetic mineralization simultaneously
combines MNP preparation with surface functionalization [52].

The produced material frequently exhibits low
performance in technical applications, primarily
due to relying on pre-existing natural pathways

that have evolved over time [53].

Less expensive [52].
This approach offers an eco-friendly and safe method for

synthesizing multifunctional biomaterials, inspiring future
researchers in the development of smart materials [52].

Additionally, the one-pot technique operates under gentler
reaction conditions, is time-efficient, and aligns with the

principles of sustainable development [52].

Sonochemical
This approach is an environmentally friendly option, and it

operates fast without the need for high-temperature
conditions [33].

Predicting the overall reaction mechanism is
challenging as it depends on factors such as the

type of reactor, the applied irradiation power
and duration, and, most critically, the substrates
and solvents used. Each material prepared using
ultrasound requires the specific optimization of

its synthesis conditions [54].

A cost-efficient
approach [55].

Polyol

A high boiling point ensures the formation of well-crystallized
materials [56]. Additionally, the reducing medium safeguards
the freshly prepared metal particles from oxidation. Its ability

to coordinate both metal precursors and particle surfaces
enables precise control over the resulting structures and

morphologies [57]. These features make it widely used in
industrial applications [42].

It lacks the drawback of a low boiling point,
which often necessitates the use of an

autoclave [57].

Regarded as green and
cost-efficient solvent [42].

Exhibits solubility for
compounds similar to

water, enabling the use of
simple, inexpensive metal

salts as starting
materials [58].

Assisted by
microwaves

It is considered a quick, simple, green approach [59].

It has pressure sensitivity and penetration
depth [60]. Cost efficiency [59].There are challenges with scaling up [61].

Not all solvents are appropriate [61].



Appl. Sci. 2024, 14, 11294 5 of 30

The chemical synthesis of inorganic NFs similarly employs these established or modi-
fied techniques as illustrated in Figure 2.

Figure 2. Commonly chemical employed techniques for synthesizing inorganic nanoflowers.

2.1. Co-Precipitation Method

Co-precipitation is the very frequently utilized in biomedical applications due to its
ability to produce relatively less harmful and easily prepared particles [62]. Additionally,
this approach offers safety and cost efficiency and operates at a lower temperature levels as
opposed to alternative techniques [42].

The overall reaction of ferric and ferrous ions can be expressed as

Fe2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O.

If the reaction conditions are carefully controlled, it may oxidize to Fe(OH)3, signifi-
cantly impacting the properties of the NPs. This reaction can be represented as follows:

4Fe3O4 + O2 + 18H2O → 12Fe(OH)3.

Other reaction parameters, including the rate at which the solution is added and the
stirring speed, also influence the quality of the result. It is essential to regulate the pH of
the reaction mixture throughout both the synthesis and purification stages. Additionally,
due to their high surface-to-volume ratio, nanoparticles have the tendency to aggregate in
solution to minimize their surface energy. As a result, alternative approaches have been
established to achieve better outcomes and more uniform dimensions [42].

Ganeshlenin Kandasamy et al., synthesized hydrophilic, surface-functionalized su-
perparamagnetic iron oxide nanoparticles (SPIOs) for liver cancer treatment through mag-
netic fluid hyperthermia (MFH)-based thermotherapy. In calorimetric fluid hyperthermia
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(C-MFH) studies, aqueous ferrofluid (AFF) based on SPIOs coated with 34DABA demon-
strated a faster thermal response to an applied alternating magnetic field (AMF). Further-
more, the 34DABA-coated SPIO-based AFF exhibited superior heating efficiency, with
specific absorption rate (SAR) and intrinsic loss power (ILP) values of 432.1 W gFe−1 and
5.2 nHm2 kg−1, respectively, at 0.5 mg mL−1. The high heating efficiency of 34DABA-coated
SPIOs is attributed to an enhanced π-π conjugation within the coating molecules and im-
proved anisotropy from an SPIO cluster or chain formation in ferrofluid suspensions. These
nanoparticles also exhibit excellent cytocompatibility over 24 and 48 h incubation periods
and achieve a superior cancer cell killing efficiency of 61–88% against HepG2 liver cells
through magnetic fluid hyperthermia (MFH), outperforming AMF- or water-bath-based
thermotherapy alone [63].

Figure 3 shows the coating molecules and the chemical synthesis process for these
surface-functionalized SPIOs [63].

Figure 3. (A) shows the molecular structures of the surface coatings used on SPIOs; (B) provides a
schematic of SPIO synthesis using single or dual surfactants through co-precipitation and thermolysis;
and (C) illustrates interaction types in 34DABA-coated SPIO formulations. The interactions in
these formulations are categorized as (i) intrafunctional and (ii) interfunctional groups, as well as
(iii) interparticle interactions [63].

The produced SPIOs successfully entered the HepG2 liver cancer cells, as confirmed
by Prussian blue staining. These SPIOs could be valuable in cancer thermotherapy [63].

Shahri et al., synthesized copper-molybdate (CuMoO4) nanoflowers by employing
the co-precipitation method. In their experiment, an aqueous solution of Copper Salicyli-
dene (Cu(Sal)2) in the presence of different surfactants was used as a precursor, while an
aqueous solution of (NH4)6Mo7O24 4H2O was used as a precipitating agent. To investigate
the effect of surfactants on the morphology and size of the product, SEM images were
obtained for the prepared samples using polyvinylpyrrolidone (PVP), polyethylene glycol
600 (PEG), sodium dodecyl sulfate (SDS), and cetyltrimethylammonium bromide (CTAB)
as surfactants. In a typical procedure, the two solutions were mixed and heated together.
After that, the product was further processed by filtration, cleaning and drying [64].

2.2. Sol–Gel Method

The sol–gel process (Figure 4) is a widely used wet chemical method for synthesizing
various nanostructures, especially metal oxide nanoparticles. In this technique, a molecular
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precursor, typically a metal alkoxide, is dissolved in water or alcohol and undergoes
hydrolysis or alcoholysis through heating and stirring, leading to condensation and the
formation of a gel. Since the gel remains wet, it requires drying, which is tailored to achieve
specific properties and applications. For example, in an alcoholic solution, drying may
involve burning off the alcohol. After drying, the gel is powdered and calcined. This
conventional and industrially relevant method enables the synthesis of nanoparticles with
diverse chemical compositions. The process begins with forming a homogeneous sol from
precursors, which transitions into a gel. During the drying stage, the solvent is removed,
and the properties of the resulting dried gel are significantly influenced by the selected
drying technique [65].

Figure 4. Illustration of the sol–gel process for synthesizing nanomaterials. Reproduced with
permission from Ref. [66].

Due to its simplicity, the sol–gel method is also commonly used in NF production.
Sol is a type of colloidal suspension of solid particles in a liquid, while gel is a viscous 3D
macromolecular network immersed in a solvent [34]. This process includes five stages:
hydrolysis, polycondensation, aging, drying and calcination [33]. The first three steps are
related to the gradual formation of the gel structure, while the other two are associated with
the separation of aqueous and organic components and the removal of water molecules,
respectively [34]. The sol–gel method produces MNPs with high purity and uniformity;
however, it can also lead to impurities that are challenging to remove. Like other techniques,
it offers substantial control over particle size and composition [42].

2.3. Hydrothermal Method

Hydrothermal synthesis involves the reaction of a solid substance with an aqueous
solution at an elevated temperature and pressure within a reaction vessel, resulting in the
deposition of fine particles [67]. This method is solution-based, with water serving as the
solvent, hence the term “hydrothermal” [68]. This process takes place in a steel pressure
vessel called an autoclave, where temperature and pressure are carefully regulated. The
temperature is raised above the boiling point of water until vapor saturation is reached [69].
The hydrothermal method has played a crucial role in modern science and technology due
to its advantages, including uniform precipitation, low cost, scalability, and the production
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of a pure final product [34]. Furthermore, the hydrothermal technique encompasses various
applications, including hydrothermal synthesis, treatment, crystal growth, organic waste
treatment, and the preparation of functional ceramic powders [70].

The hydrothermal method, widely used for nanoparticle synthesis, facilitates rapid
nucleation and growth at various temperature and pressure levels [42]. This eco-friendly,
cost-effective, and versatile approach yields pure nanoparticles with a specific morphol-
ogy [71] without needing organic solvents or additional post-synthesis treatments [72,73].
However, its limitations include an inability to produce particles smaller than 10 nm and
slow reaction kinetics at high temperatures. Despite its limitations, the hydrothermal
method provides excellent magnetic controllability and superior control over particle size,
shape, and dispersion compared to alternative techniques [74].

Jiamin Sun and colleagues created a nanoflower-based therapeutic using iron ions,
thioguanine (TG), and tetracarboxylic porphyrin (TCPP) through a one-step hydrothermal
process for chemo/chemodynamic/photodynamic cancer therapy. The resulting nanoflow-
ers, featuring a low-density Fe2O3 core and a shell of iron complexes (Fe-TG and Fe-TCPP),
show strong tumor site accumulation, favorable degradability within the tumor microenvi-
ronment (TME), the effective inhibition of tumor growth and metastasis, and the ability to
boost host antitumor immunity [75].

In the acidic tumor microenvironment, the nanoflowers degrade gradually after inter-
nalization, enabling targeted drug release and catalytic reactions specifically at tumor sites.
After treatment, iron ions are excreted via renal clearance. This multimodal therapy en-
hances antitumor immunity effectively without added toxicity. The degradable and easily
manufactured nanomedicine shows strong potential for clinical precision oncology [75].

Yunfei Yan et al., synthesized hollow spherical and nanoflower Fe3O4 structures to
improve magnetothermal conversion efficiency. Using the hydrothermal method, they
achieved nanoparticles with a uniform size and shape distribution. The Fe3O4 nanoflowers
exhibited a significantly higher intrinsic loss power (ILP) of 6.52, 1.83 times greater than
that of hollow spherical Fe3O4 (3.55), demonstrating their strong potential for magnetic
hyperthermia therapy (MHT) in cancer treatment [76].

Intrinsic loss power (ILP) measures a material’s inherent ability to convert magnetic
energy into heat in an alternating magnetic field, highlighting its intrinsic properties and
efficiency. Because ILP is unaffected by external magnetic field parameters, it allows for
unbiased comparisons across various magnetic nanomaterials, facilitating the identification
of optimal candidates for magnetothermal applications [76]. The ILP is expressed as

ILP =
SAR
f H2

where the f represents the frequency of the alternating magnetic field, and H is its amplitude.
The synthesized Fe3O4-SC nanoflower nanoparticles demonstrated high ILP values

compared to other magnetic materials. Specifically, Fe3O4 nanoflower-SC showed an 83.66%
improvement over hollow Fe3O4 and a 10.70% increase over regular Fe3O4 nanoflowers.
Additionally, incorporating dispersants into Fe3O4 nanoflowers reduced agglomeration,
further enhancing their magnetothermal performance [76]. Despite these advantages,
Mn0.5Zn0.5Fe2O4 nanoparticles [77] outperform hollow Fe3O4 in ILP, benefiting from Mn2+

doping, which optimizes magnetothermal performance.
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Ying Xu and colleagues developed nanoflower-like Bi2CuO4 via a one-step hydrother-
mal method, leveraging its large surface area to adsorb aptamers and create a signal
probe in a sandwich structure on the sensing interface. This enabled enhanced electro-
chemical signal detection and amplification. The resulting ratiometric biosensor, using
Al-MOF, Ce-MOF, and Bi2CuO4, achieved an ultra-sensitive detection of HER2 within
0.001–20.0 ng/mL and can detect other tumor markers by altering the aptamer type, show-
ing high universality and promising clinical application potential [78].

The synthesis of copper bismuth oxysulfide (BiCuOS) nanoflowers (NFs) using oley-
lamine and sodium citrate as a surfactant and a reducing agent in a one-step hydrothermal
process was reported. The nanoflowers consist of bismuth oxide nanoplates arranged in
nanoarrays on CuS bases, which enhances optical absorption under NIR light. With a
point of zero charge (PZC) near the acidic tumor pH (~5.5), these BiCuOS NFs can absorb
NIR light to induce hyperthermia in cancer therapy and act as laser cavity mirrors. Ad-
ditionally, they can carry chemotherapeutic drugs like doxorubicin, enabling combined
chemo-photothermal therapy for improved anticancer efficacy [79].

Hima Patel et al., investigated iron oxide-based magnetic nanoflowers in an in vitro
study on breast cancer cells (MDA-MB-231). These monodispersed, temperature-sensitive
nanoflowers, synthesized via hydrothermal methods, were tested for magnetic fluid hy-
perthermia (MFH) effects. The results showed that MFH, in the presence of magnetic
nanoclusters, killed nearly 87% of cancer cells within 30 min, highlighting nanoflowers
as a promising alternative to traditional single-domain magnetic nanoparticles for cancer
treatment [80].

Negar Alizadeh and colleagues synthesized Co(OH)2/FeOOH/WO3 nanofibers (NFs)
using a one-step hydrothermal method, demonstrating dual-function enzyme activity with
enhanced peroxidase and catalase-like properties. The interactions between the NFs and
hydrogen peroxide (H2O2) were studied using EPR, XPS, and UV-vis techniques. The NFs
exhibited pH-dependent activity: peroxidase-like at acidic pH and catalase-like at basic pH.
At acidic pH, they generated hydroxyl radicals, while at basic pH, they produced oxygen.
The production of hydroxyl radicals and oxygen varied with NF concentration. The study
also assessed their anticancer potential for photodynamic therapy (PDT) based on catalase-
like activity and oxygen production. This work paves the way for the development of
active nanozymes for biosensors and cancer therapy [81].

2.4. Polyol Process

After nearly thirty years of development, the polyol process has become a widely
recognized and effective soft chemical method for synthesizing nanoparticles used in key
technological areas. Polyols, along with traditional reducing agents, have proven to be
highly efficient in producing metal nanoparticles, leading to the term “polyol process” [56].
First introduced in the late 1980s by Fiévet, Lagier, and Figlarz, this colloidal chemistry
method allows for the liquid-phase synthesis of finely divided metals from their oxides,
hydroxides, or salts using polyols [57]. Magnetically induced hyperthermia has also
advanced significantly, now reaching phase III clinical trials for cancer treatment.

The polyol method is particularly favored for synthesizing flower-like magnetic
nanoparticles (Figure 5), with substantial research focused on enhancing their magnetic
heating capabilities. Improvements to the polyol process, such as controlling nanoparticle
size and morphology through precise water addition or seeded growth methods, have been
explored. It has been suggested that the polyol method offers more versatility than thermal
decomposition, allowing better control over both particle size and the composition of the
grains in the flower-like structures [82].
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Figure 5. Synthesis of stable iron oxide nanoflowers with simple and fast polyol synthesis. Reprinted
(adapted) with permission from Ref. [22]. Copyright 2021 American Chemical Society.

Liudmyla Storozhuk et al., developed a fast and simple method for producing col-
loidally stable iron oxide nanostructures with excellent heating capabilities using the polyol
process. This approach led to biocompatible single-core nanoparticles and nanoflowers.
The study optimized nanoparticle heating rates by adjusting parameters like precursor
concentration, polyol molecular weight, and reaction time. Polyacrylic acid facilitated the
formation of efficient nanoheating agents—iron oxide nanoflowers (IONFs)—in just 30 min.
The seeded growth method enhanced nanoflower size, improving heating efficiency with
an intrinsic loss parameter of 8.49 nH m2 kg Fe−1. The colloidal stability of the nanoflowers
was preserved through a ligand exchange protocol, where polyol ligands were replaced
with sodium tripolyphosphate for long-term stabilization (Figure 6) [22].

Figure 6. A schematic illustrating the simple one-pot thermal decomposition of Fe(acac)3 in polyol
synthesis is provided. In Step 1, single-core iron oxide nanoparticles (IONPs) are produced without
poly(acrylic acid). In Step 2, iron oxide nanoflowers (IONFs) are formed with poly(acrylic acid).
Finally, in Step 3, the stability of the resulting products in water is achieved by replacing the polyol
ligand with sodium tripolyphosphate. Reprinted (adapted) with permission from [22]. Copyright
2021 American Chemical Society.

Maria Theodosiou et al., synthesized iron oxide nanoflowers (IONFs) as innovative
heating mediators for magnetic hyperthermia therapy (MHT) using the polyol method.
The resulting NFs exhibited cluster-like geometry, providing excellent colloidal stability
and high specific absorption rate (SAR) values. The study compared NFs of different sizes
and coatings, focusing on stability, magnetothermal responsiveness, and in vitro behavior,
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including cytotoxicity and cellular localization, both with and without MHT. To facilitate
simultaneous cellular imaging and therapy, the nanoflowers were coated or loaded with
Rhodamine B (RhB), a red fluorescent dye with high quantum yield and photostability. The
research also compared the in vitro behavior of RhB-loaded NFs and magnetoliposomes to
assess their therapeutic and imaging potential under MHT [22,83].

2.5. Microwave-Assisted Method

Microwave irradiation offers a fast and efficient environment for synthesizing nano-
materials due to its uniform and controlled heating properties. Consequently, microwave-
assisted synthesis methods have garnered significant attention in the literature [33].

Microwave-based synthesis enhances nucleation and growth through microwave irra-
diation, enabling swift nanoflower production [32]. When combined with hydrothermal
synthesis, the microwave process requires significantly less power and time, allowing
for the synthesis of nanomaterials at lower temperatures compared to traditional furnace
heating. The conventional hydrothermal method for nanomaterial synthesis typically in-
volves long reaction times and high energy consumption, whereas the microwave-assisted
approach provides faster heating, higher yields, and an improved reproducibility of the
nanocrystals. Thus, utilizing microwave energy for chemical reactions offers substan-
tial advantages, as it is a straightforward, highly efficient, and environmentally friendly
process [84].

S.K. Shaw et al., studied the microwave-assisted polyol method to synthesize
γ-Fe2O3 nanoflowers. By adjusting the amount of sodium acetate as an alkali source,
they were able to modify the structural and magnetic properties, leading to nanoflowers
with excellent heating performance in magnetic hyperthermia therapy (MHT) and pho-
tothermal therapy (PTT). Photoluminescence spectroscopy revealed the role of defects,
such as oxygen vacancies and surface states, in enhancing the performance. The γ-Fe2O3
nanoflowers exhibited improved crystallinity, a higher coercive field, and an intrinsic loss
power value of 15.21 ± 0.34 nHm2/kg, which was significantly higher than commercially
available ferrofluids and other nanoflowers. During PTT, a therapeutic temperature of
42 ◦C was reached at a concentration as low as 100 µg/mL, demonstrating the effectiveness
of γ-Fe2O3 nanoflowers as a PTT agent [85].

2.6. Sonochemical Method

The sonochemical method is another technique for producing NFs, utilizing ultrasonic
waves (Khorsand Zak et al., 2013 [86]). This environmentally friendly approach avoids
the use of highly toxic chemicals and does not necessitate high-temperature conditions.
By optimizing the energy of the ultrasonic waves and the exposure duration, desired
shapes and yields of nanomaterials can be achieved [33]. This method offers several
advantages, making it a leading technique: it is simple, environmentally friendly, cost-
effective, and safe. The chemical and physical effects of ultrasound are not caused by
direct interactions between chemical species and sound waves but rather by the physical
phenomenon of acoustic cavitation. This process involves the formation, growth, and
eventual explosive collapse of bubbles in the liquid. These stages generate localized
hot spots with temperatures around 5000 ◦C and pressures of 500 atm, lasting only a
few microseconds. Consequently, when a liquid is exposed to high-intensity ultrasound,
high-energy chemical reactions are triggered [87]. The sonochemical method induces
intense local heating, high pressure, and extremely rapid cooling rates, all due to acoustic
cavitation—the continuous formation, growth, and implosive collapse of bubbles in the
liquid [88].

The sonochemical method was developed to further optimize the one-pot method and
facilitate even more HNF production. The use of a sonicator bath accelerates the formation
of HNFs from three days of incubation to under ten minutes. In a similar way, Gulmez
et al., used a CuSO4 5H2O solution and a hemoglobin solution and incubated their mixture
with sonication for ten minutes [89]. In both cases, the refining of the produced HNFs was
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carried out according to the conventional method. It should be noted that enzyme-free
HNFs, containing the typical inorganic part (metal phosphates) and an organic part (pieces
of DNA sequence or antigens but not enzymes), are considered to be the second generation
of HNFs [90] and are generally synthesized with similar methods as the ones mentioned
above [91,92].

2.7. Biomolecule Immobilization

In recent years, extensive research has concentrated on the development of biomolecule-
integrated nanostructures for a range of potential applications in biomedical sciences. Many
of these approaches utilize enzymes (Figure 7), which are known for their exceptional activ-
ity and specificity. However, like most biomolecules, they are highly susceptible to various
environmental factors. To enable their application in large-scale reactions across different
industries, enzymes have been immobilized. This immobilization enhances their stability,
reusability, and enantioselectivity while simplifying product purification, making them
a more economically viable option [93]. As a result, the immobilization of enzymes has
garnered significant interest from researchers and the scientific community due to their
extensive range of applications [94].

Figure 7. Hybrid employed techniques for synthesizing inorganic–organic nanoflowers.

The concept of biomolecule-embedded nanomaterials, where biomolecules are im-
mobilized within nanostructured materials, is a promising area of research that improves
the stability, activity, and selectivity of the biomolecules. Traditionally, biomolecules have
been covalently bonded, trapped, or physically adsorbed onto various supports like bulk
materials, beads, membranes, and fibers. However, improper immobilization can reduce
biomolecule activity due to issues like blocked active sites, mass transfer limitations, and
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conformational changes. Recently, organic–inorganic hybrid nanoflowers and biomolecule-
encapsulated metal–organic frameworks (biomolecule@MOF (CD BioSciences, Shirley, NY,
USA)), formed through self-assembly, have attracted significant attention in this field.

These composites provide a straightforward synthesis, high efficiency, and consider-
able potential to enhance the stability, activity, and selectivity of biomolecules, outperform-
ing traditional immobilization methods. Biomolecules, such as proteins, strongly bind to
metal ions, mainly through the coordination of amide groups in the protein backbone [95].

Duygu Aydemir et al., synthesized triple enzyme–inorganic hybrid nanoflowers
(TrpE@ihNFs) by combining α-amylase, lipase, and protease with Cu2+ ions. They com-
pared the enzyme activity and stability of TrpE@ihNFs with those of the free enzymes
under varying pH levels and temperatures using spectrophotometric methods. The results
showed that the enzyme activities and stability of TrpE@ihNFs were significantly superior
to those of the free enzymes [96].

2.8. One-Pot Biomineralization

Biomineralization, the process by which biological systems produce inorganic mate-
rials, has become an attractive method for sustainably creating functional nanomaterials.
Relying on proteins or other biomolecules, this process occurs at ambient temperatures
and pressures, offering a scalable, cost-effective, and environmentally friendly approach to
nanoparticle synthesis [53].

Biomineralization is a natural process used by various organisms to produce functional
inorganic crystals with complex hierarchical micro- and nanostructures. Biomolecules,
particularly proteins, act as templates that guide the assembly of inorganic nanomaterials,
forming structures like bones, teeth, shells, and fish scales. Collagen, the most abundant
protein in animals, has a unique triple-helix structure made of repetitive amino acid
sequences. Its rod-like structure and self-assembly properties make it a strong building
block, making collagen the primary biotemplate for synthesizing inorganic mesocrystals in
the human body [97].

Figure 8 illustrates the stepwise fabrication of milk allergen, β-lactoglobulin biosensor
on polyimide (PI) film.

Figure 8. Stepwise fabrication of milk allergen, β-lactoglobulin biosensor on polyimide (PI) film
involves the following steps: (a) acid–base treatment to introduce carboxylic functional groups,
(b) deposition of CDI-Cu hybrid nanoflowers (NF), (c) modification with neutravidin, (d) immobi-
lization of oligoaptamer, and (e) detection of β-lactoglobulin [98].
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The innovative biomimetic mineralization strategy known as the one-pot method
enables the direct and efficient synthesis of smart biomaterials with multiple responsive
capabilities in an environmentally friendly manner. This one-pot approach is simpler to
operate, does not necessitate oxygen isolation, and features milder and faster reactions,
resulting in reduced environmental and operator harm. This aligns with the principles of
green chemistry in the preparation of multifunctional magnetic nanoparticles [52].

2.9. Biological Method/Green Synthesis

The green synthesis of metal nanoparticles (Figure 9) has received notable attention,
especially in medicine [99].

Figure 9. Biological employed techniques for synthesizing inorganic nanoflowers.

Green synthesis is considered a better approach because traditional methods often
rely on hazardous chemicals and require significant energy inputs, both of which have
negative environmental impacts. In contrast, green synthesis employs natural sources such
as enzymes, plant extracts, microbes, or biocompatible agents for the synthesis process.
Using biomolecules and plant extracts to synthesize nanoflowers ensures environmentally
friendly practices while also introducing biocompatibility, which is crucial for biomedical
applications [32]. The utilization of plant extracts for producing metal nanoparticles is
favored for its simplicity, scalability, and non-toxicity [100]. However, the application of this
approach for synthesizing NFs is still in its early phase, with only a few works exploring
this specific method.
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A green synthesis process has been proposed for creating HNFs using Cu(II) and
Co(II) metal ions as inorganic components, along with quercetin as the organic component.
When evaluating the anticancer activities of HNFs, it was found that CuHNFs exhibited
more effective anticancer properties compared to quercetin and CoHNFs, depending on
concentration levels. Specifically, CuHNFs led to 80% cell death, while ZnhNFs resulted in
30% cell death, and quercetin caused 40% cell death. These observations clearly demonstrate
that cell death is concentration-dependent [101].

A green synthesis mechanism was developed using Tribulus terrestris L. extract as the
organic component along with copper, zinc, and cobalt metal ions. Cytotoxic evaluations
indicated that cobalt nanoflowers may be a safer therapeutic option compared to other
plant extracts and nanoflowers. To synthesize T. terrestris-Cu nanoflowers (CuHNFs), a
stock solution of CuSO4 5H2O at 120 mM was prepared and mixed with 8 mL of 10 mM
phosphate-buffered saline (pH 7.4). The plant extract was then added at a concentration of
0.02 mg/mL. The mixtures were incubated at +4 ◦C for 72 h, followed by centrifugation
at 10,000 rpm for 20 min. The hybrid nanoflowers were finally dried at room temperature
(Figure 10) [102].

Figure 10. T. terrestris L.-Cu(II) hybrid nanoflowers (T. terrestris L.-CuhNFs) synthesis scheme.
Reproduced with permission from Ref. [102].

The zinc and copper hybrids had a notable impact on cell lines up to a specific concen-
tration, beyond which they increased cell viability. Furthermore, all hybrids demonstrated
improved anticancer activity compared to the extract. These results could contribute to the
development of effective new-generation formulations for treating A549 lung cancer [102].

3. Experimental Parameters’ Effect on Morphology of Nanoflowers

The morphology of NFs and HNFs, and therefore their efficacy (Table 2), is affected by
many variables such as temperature, pH and time of incubation.
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Table 2. Parameters affecting morphology of nanoflowers.

Parameter Effect on Morphology Reference

pH

Depending on pH conditions during
synthesis, fully grown, semi-developed
and non-developed NFs and HNFs can

be obtained

[103,104]

Temperature

The temperature window range
favoring HNF formation depends on

material composition and
synthesis process

[104]

Incubation time NF and HNF growth lasts for about
72 h until they “blossom” [104,105]

Immobilization of multiple
enzymes

enhancing their biodistribution by
increasing the NP’s water solubility [83]

3.1. Effect of pH

Xiang et al., studied the effect of pH on the morphology of CuO nanostructures. In
their report, they concluded that a pH value equal to 10.5 is optimal for the formation
of NFs [106]. Hao et al., investigated the role of pH conditions on the synthesis of self-
assembled Brevibacterium cholesterol oxidase enzyme-containing Cu(II) HNFs (COD-Cu)
and found that the optimum value for their formation was pH = 7, and for pH equal to
5 and 3, smaller-sized and not fully grown flower-like structures were obtained, while at
pH = 9, no HNFs were formed [104].

Concerning the production of HNFs, the pH of the reaction system directly affects the
net charge of biomolecules, influencing their affinity to metal ions or other biomolecules,
so typically, the pH value should be carefully selected according to the isoelectric point
(pI) [105,107]. A pH value lower than the pI can result in repulsion between metal ions and
enzymes, while a value equal or higher than the pI can result in a neutral or negative overall
change, thus facilitating the formation of NFs. Therefore, this variant has a significant effect
on the morphology and properties of the immobilized enzyme. Gao et al., synthesized
copper-based HNFs, changing the parameter of the pH (ranging from 7.0 to 8.5) of the
buffer solutions in order to test the morphology of the produced HNFs [103]. According to
their results, pH values further from the isoelectric point (pI) resulted in a regular HNF
morphology and larger flower-like nanocrystals.

3.2. Effect of Temperature

Moderate temperatures are usually required both in the synthesis of NFs and HNFs.
Sahri et al., investigated the effect of temperature on the final morphology of CuMoO4
NFs [64]. The formation of CuMoO4 NFs took place at a narrow temperature window
around 35 ◦C, and at higher temperatures, underdeveloped and deformed NFs were
produced, while at lower temperatures no NFs were formed. On the other hand, self-
assembled COD-Cu HNFs can be obtained at a wider temperature range (4–25 ◦C), with
their size and “petal” density increasing with temperature. However, at 37 ◦C, stacked
“petals” rather than spherical flower-like structures were observed [104]. It should also
be noted that the HNF system’s functionality is not always proportional to the morphol-
ogy of the petals. Because of their nature, each enzyme shows optimal activity at its
own temperature.

3.3. Effect of Incubation Time

Typically, NF and HNF growth lasts for about 72 h until they “blossom”. For instance,
after the first 24 h of incubation, tiny COD-Cu spheres were obtained, some individual
“petals” appeared after 48 h, and fully grown HNF structures were formed after the overall
72 h (Figure 11c) [104].
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Figure 11. FE-SEM images of enzyme-functionalized Cu(II) HNFs. Effect of (a) pH, (b) tempera-
ture, and (c) incubation time on their morphologies. Modified and reproduced with permission
from Ref. [104].

It is worth noting that overgrowth will reduce the activity of biomolecules in HNFs,
resulting in a decline in catalytic efficiency [105]. Therefore, the sonochemical method is
more beneficial for the production of NFs and increases the time period of their storage.

4. Synthesis Methods and Applications of Flower-like Copper- and Iron-Based
Nanostructures
4.1. Iron-Based NFs

Iron oxide NPs have been examined for their safety, biocompatibility, and significant
clinical applications over the years. Various methods exist to activate their therapeutic
properties, with superparamagnetic iron oxide nanoparticles (SPIONs) being particularly
notable for their use as MRI contrast agents due to their non-toxic nature and the lack of
residual magnetic force once the external field is removed. Transition metals or metal oxides
are often selected for their high magnetic saturation to enhance therapeutic effectiveness.
Magnetite (Fe3O4) and maghemite (γ-Fe2O3) nanoparticles have diverse biomedical appli-
cations, including drug delivery and cancer treatment. Their non-toxicity, biocompatibility,
and relative ease of functionalization with various polymers or functional groups further
enhance their utility [42]. Conventional Fe3O4 nanoparticles are typically synthesized
using a hydrothermal method without modifications, which frequently results in particle
aggregation and precipitation. To address this issue, surface modifications and coatings are
commonly employed to enhance the stability of Fe3O4 nanoparticles. Mesoporous silica is
often used as a material for surface passivation [108].

Iron NFs, along with other ferrous-based nanoparticles, are currently studied to be
used in cancer theranostics, due to their excellent magnetic properties [76]. As an imaging
modality, iron-based NFs have an auxiliary role as contrasting agents in MRI scans both in
in vitro and in vivo experiments. Concerning cancer therapy, NFs find use in PTT. Usually,
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PTT is based on photothermia: the optical excitation of plasmonic nanoparticles by an
infrared laser causing localized heating that can destroy nearby cancer cells. Likewise,
when using magnetic nanoparticles, a high-frequency magnetic field is applied, exciting the
fluctuations of the magnetic moment and resulting in magnetic energy release in the form
of heat. In other words, it is the use of the photoirradiation of photothermal agents (in this
case, NFs) in order to generate heat for the localized thermal damage of solid cancerous
tumors [109]. Table 3 presents iron-based nanoflowers synthesized by different processes,
and Table 4 shows the synthesized iron nanoflowers under diverse reaction conditions and
their main findings.

Table 3. Iron-based nanoflowers synthesized by different processes.

Type of
Nanoflower Synthesis Method Diameter (nm) Magnetic

Properties Application Reference

Fe0.6Mn0.4O

One-pot
high-temperature

thermal
decomposition

102.7 ± 11 ferromagnetic Theranostic agent for
MRI and MHT [110]

Fe3O4@PEG Solvothermal 70–250 superparamagnetic MRI contrast agent,
photothermal agent [111]

γFe2O3@Au Co-precipitation 179 superparamagnetic PA and MRI agent,
photothermal agent [112]

γFe2O3 Modified polyol 15.1 ± 2.8 35 ± 3.8 superparamagnetic Cellular imaging
MHT agent [83]

Fe3O4@PS-b-PAA Polyol 49 n.a.
MRI contrast agent,

imaging tracer in MPI,
photothermal agent

[113]

Fe2O3@Au Polyol 25–30 n.a. Photothermal agent [114]

γFe2O3@CuS Polyol 120.4 ± 7.3 superparamagnetic
Theranostic

Agent (PTT, PDT,
MHT, MRI)

[115]

Table 4. Synthesized iron-based nanoflowers under diverse synthesis parameters and their main
findings.

Nanoflower
Type Synthesis Parameters Main Findings Ref.

Fe0.6Mn0.4O

Temperature: 365 ◦C;
Reaction time: 1 h;

Precursors: Mn(acac)2
Fe(acac)3 (0.65:1 mol/mol);

Reducing agent/solvent: trioctylamine;
Surfactants: oleic acid, oleylamine;
Washing solvents: hexane, EtOH.

In imaging:
Contrast enhancement in MRI, easier tumor

identification.
In vitro:

Hyperthermia at low dosage against MCF-7
cancer cells.

In vivo:
Complete tumor inhibition without

appreciable side effects on the treated mice.

[110]

Fe3O4@PEG

Temperature: 200 ◦C;
Reaction time: 16 h;

Precursor: FeCl3 6H2O;
Reducing agent: NaAc 3H2O;

Stabilizer: PEG;
Solvent: ethylene glycol;

Washing solvents: EtOH, DI H2O.

In imaging:
Magnetic properties for MRI monitoring of

the therapeutic process.
As a PTT agent:

Under 808 nm laser, Fe3O4 NFs are more
efficient than the reported Fe3O4 NPs.

In vitro and in vivo results show that they
are comparable to black TiO2@PEG NPs.

[111]
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Table 4. Cont.

Nanoflower
Type Synthesis Parameters Main Findings Ref.

γFe2O3@Au

Temperature: 100 ◦C;
Reaction time: 13 h;

Precursors: FeCl3 6H2O, FeCl2 4H2O (2.6:1 w/w);
Precipitating agent: NaOH soln (1.5 M);

Oxidizing agent: HNO3;
Solvents: HCl soln (0.4 M);
Washing solvent: DI H2O.

In imaging:
Ultrasensitivity to SERS, anatomical

localization using PA imaging, spatial
resolution from MRI for tumor localization

and boundary identification.
As a PTT agent:

Efficient ablation of tumor under the NIR
irradiation without regrowth.

[112]

γFe2O3

Temperature: 210 ◦C;
Reaction time: 7.5 h;

Precursors: FeCl3 6H2O, FeCl2 4H2O, (2:1 mol/mol);
Reducing agents/surfactants/solvents:

N-methyldiethanolamine, diethylene glycol;
Reduction assistant agent: NaOH;
Oxidizing agent: Fe(NO3)3 9H2O;

Washing solvents: EtOH, ethyl acetate, HNO3 soln
(10%), diethyl ether.

In imaging:
Could be used in cellular imaging.

As a MHT agent:
Both NFs’ sizes showed a

concentration-dependent magnetothermal
response.
In vitro:

There was no hemolysis or notable changes
in the morphology of RBCs. All formulations

tested in LLC and CULA lung cancer cell
lines exhibited minimal effects without

magnetic hyperthermia (MHT). However,
following exposure to an alternating
magnetic field (AMF), cell viability

significantly decreased.

[83]

Fe3O4@PS-b-
PAA

Temperature: 220 ◦C;
Reaction atmosphere: N2;

Reaction time: 1.5 h;
Precursor: FeCl3 6H2O, FeCl2 4H2O, (2:1 mol/mol);

Reducing agents/surfactants/solvents:
N-methyldiethanolamine, diethylene glycol;

Reduction assistant agent: NaOH;
Solvents: Type 1 H2O, THF;

Solubility enhancing agents: citric acid, oleic acid;
Stabilizer: PS-b-PAA;

Washing solvents: HNO3 soln (10%), EtOH, acetone,
methanol, ethyl ether.

In imaging:
Great potential for both Fe3O4 NFs and

Fe3O4@PS-b-PAA NFs as contrast agents for
MRI, with the second one performing

exceptionally well as an imaging tracer in
MPI.

As a PTT agent:
Light-to-heat conversion was not affected by

the polymer surrounding the NFs.
In vivo:

Fe3O4@PS-b-PAA are biocompatible with the
tested glioblastoma cell line.

[113]

Fe3O4@Au

Temperature: 220 ◦C;
Reaction time: 5.5 h;

Precursors: FeCl3 6H2O, FeCl2 4H2O, (4:1 mol/mol);
Reducing agents/surfactants/solvents:

N-methyldiethanolamine, diethylene glycol;
Reduction assistant agent: NaOH;
Oxidizing agent: Fe(NO3)3 9H2O;

Solvent: Type 1 H2O;
Washing solvents: EtOH, ethyl acetate, HNO3 soln

(10%), acetone, diethyl ether.

As a PTT agent:
NPs’ accumulation in CAFs, resulting in a

cumulative effect of PTT treatment.
The efficiency of Au-Fe3O4 NFs varies based
on the injected dose, the irradiation time and

the number of laser expositions.
Cancer-associated fibroblasts targeted PTT
modulates the physical properties of the

solid tumors, followed by tumor regression.

[114]

γFe2O3@CuS

Temperature: 220 ◦C;
Reaction time: 3.5 h;

PrecursorsFeCl3 6H2O, FeCl2 4H2O, (2:1 mol/mol);
Reducing agents/surfactants/solvents:

N-methyldiethanolamine, diethylene glycol;
Reduction assistant agent: NaOH;

Washing solvents: EtOH, ethyl acetate, HNO3 soln
(10%), acetone, diethyl ether.

Achievement of a reduced NP-administered
dose, reduced laser power exposure and the

possibility of serial heating cycles and
therapy monitoring by photoacoustic (PA)

and magnetic resonance imaging (MRI).
Achievement of integration of the dual

heating capability (MHT + PTT) with the
PDT.

[115]



Appl. Sci. 2024, 14, 11294 20 of 30

Liu et al., produced ferromagnetic Fe0.6Mn0.4O NFs and tested their properties. Their
results showed that the produced NFs had great potential as a negative and a positive
contrast agent in MRI, thus contributing to a more spot-on diagnosis and reducing the
chances of the misdiagnosis of other entities as cancerous tumors [110]. Saeed et al.,
produced PEG-coated Fe3O4 NFs through the solvothermal method with easy dimension
control for the diagnosis and therapy of breast cancer. Moreover, it was proven that the
magnetization of the Fe NFs has a linear relationship with their size, making them excellent
for imaging purposes and monitoring therapeutic performance [111].

Therapeutic action against breast cancer cells is also supported by Huang et al. In their
study, γFe2O3@Au NFs were produced and tested in vivo on mice. It was observed that
the produced NPs had a great tumor accumulation and gradual concentration decrease
at the 6, 24 and 48 h time stamps post injection. The NF’s anticancerous properties were
only apparent when applied in combination with laser irradiation. In other cases, in which
the separate use of γFe2O3@Au NFs or laser irradiation was applied, tumor growth was
not influenced. Tumor necrosis was triggered as soon as two days post injection, and no
regrowth was observed during the course of 12 days post injection [112].

Furthermore, Theodosiou et al., examined the effect of iron oxide NFs encapsulated in
thermosensitive fluorescent liposomes for the hyperthermia treatment of lung adenocar-
cinoma. In their experiments, NFs managed to easily pass through the lung cancer cells’
membranes due to the high biocompatibility provided by the surrounding lipid capsule,
therefore accumulating in their cytoplasm. As mentioned before, cytotoxicity showed
a negligible effect without a source of radiation, in this case, MHT, thus reinforcing the
synergetic effect of NFs [83].

Similarly, iron NFs encapsulated with the polymer PS-PAA have also been exam-
ined as multimodal nanoplatforms on one of the most aggressive types of cancer: brain
glioblastoma. Benassai et al., developed IONFs@PS-b-PAA for PTT, MRI and magnetic
particle imaging (MPI) [113]. Boluda et al., synthesized iron oxide–gold nanoparticles
(GIONFs) with great optical properties and biocompatibility and tested them as a PTT
agent. In their study, the effect of GIONFs on cholangiocarcinoma (CAA), an aggressive
type of cancer affecting the bile duct, was examined. The synergetic use of the produced
NFs with NIR laser irradiation resulted in an increase in the tumor’s temperature, indi-
cating the high heating capacity of GIONFs. In vitro testing on CAA cells showed that
GIONFs do not induce hemolysis. In vivo PTT experiments revealed that a dose of 200 µg
GIONFs only reduced the stiffness of the tumor but did not induce its regression. A dose of
700 µg GIONFs showed a partial tumor regression, suggesting that GIONFs should have
an auxiliary role in cancer therapeutics [114].

Curcio et al., created iron oxide NFs with an outer Cu2O shell with multimodal
properties including PTT, MHT and PDT. The produced nanomaterials were tested on
human prostate adenocarcinoma PC3 cells both in vitro and induced on mice. The in vitro
sole use of laser irradiation, magnetic frequencies or nanoparticles showed a negligible
effect on PC3 cells. Comparing PTT and MHT, the first showed excellent results, reaching
90% cytotoxicity in 5 min with a concentration of 1.6 mM Cu and 250 µM Fe, while the
latter reached only 15% cytotoxicity. It was observed that the effect of NFs in PTT is dose-
dependent, even in low concentrations; for example, in 0.16 mM Cu and 25 µM Fe, the NPs
showed great results. Taking into consideration that PDT’s cytotoxicity depends on oxygen
production, IONF@CuSs are eligible for this application due to the production of reactive
oxygen species (ROS), especially under laser irradiation. Overall, IONF@CuS provides
multiple theranostic applications, especially in PTT [115].

Jing et al., reported that the produced FHCPC@MnO2 NFs have the ability to be
responsive to the TME, typically increasing oxygen levels and decreasing the pH and
releasing anticancer drugs, therefore overall contributing to the optimization of therapy.
The main advantages of FHCPC@MnO2 NFs include their simple development through a
two-step process, biodegradability, and in vivo fluorescence during MRI scans [116].
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4.2. Copper-Based NFs

Copper-based NFs also play an important role in the development of novel theranostic
modalities for cancer. Chen et al., synthesized CuS–MnS2 NFs via a hydrothermal process
followed by calcination thermal treatment. Biomedical applications on human ovarian
carcinoma A2780 cells, human hepatocyte LO2 cells and MIHA cells, human non-small
cell lung cancer H460 cells, and human lung adenocarcinoma A549 cells were examined
along with the NFs’ anticancer mechanism. Cells were incubated with CuS–MnS2 NFs and
exposed to 808 nm laser irradiation for 15 min along with a fluorescent agent in order to test
cell viability. As was expected, higher doses of NFs showed better efficiency. At the highest
concentration tested (1 mg mL−1), A2780 cells showed the lowest viability around 65%,
H460 70% and A549 around 90%. Compared to cancer cells, healthy human cells MIHA and
LO2 were not affected, suggesting that CuS–MnS2 exhibits good biocompatibility. Further
tests were conducted, proving that necroptosis might be the main anticancer mechanism of
CuS–MnS2 NFs paired with NIR irradiation [117]. CuS NFs conjugated with nanographene
oxide (NGO) and folic acid (FA) were tested for their efficacy in PTT by Neelgund et al.
In their study, the produced NFs showed 46.2% photothermal efficiency (light-to-heat
conversion), while only within 5 min of exposure at 980 nm laser irradiation, a temperature
of 63.1 ◦C was accomplished. Notable cytotoxicity was exhibited towards human cervix
adenocarcinoma and human ovarian adenocarcinoma cells [118]. Table 5 presents copper-
based nanoflowers synthesized by different processes, and Table 6 presents the synthesized
copper nanoflowers under diverse reaction conditions and their main findings.

Table 5. Copper-based nanoflowers synthesized by different processes.

Type of
Nanoflower

Synthesis
Method Size (nm) Application Reference

CuS–MnS2 Hydrothermal 400

Contrast agent (MRI),
photothermal (PTT)
and photodynamic
(PDT) agent against

ovarian cancer

[117]

NGO–FA–CuS Hydrothermal 40 Theranostic agent [118]
Cu-EGCG-ICG-

DOX Self-assembly 217 ± 18.1 PTT and
chemotherapy agent [119]

Cu7.2S4/5MoS2 Solvothermal 200 Theranostic agent
(PTT, PDT, CT) [120]

Hollow CuS
Laser-assisted
ablation/ion-

exchange
30–120

Theranostic agent
(MRI, PTT,

DOX-mediated
chemotherapy)

Cu3SnS4 Hydrothermal n.a.
Photoelectrochemical

(PEC) detection of
human cytochrome c

[121]

CaMoO4/MoS2/CuS Hydrothermal ~1000

Enzyme-like action
for cancer cell
detection and
ROS-mediated

treatment

[23]

Gallic acid–Cu(II) Self-assembly 9200
Anticancer activity
against breast and

lung cancer cell lines
[122]
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Table 6. Synthesized copper-based nanoflowers under diverse reaction conditions and their main findings.

Nanoflower Type Reaction Parameters Main Findings Ref.

CuS–MnS2

Temperature: 100 ◦C
Reaction time: 4 h

Precursors: Thioacetamide, CuCl2.2H2O,
MnCl2 4H2O, (15:5:1 mol/mol/mol);

Surfactant: sodium
dodecylbenzensulphonate;

Solvent: H2O;
Washing solvents: EtOH, H2O.

Potential use as theranostic agents for
MRI and PDT/PTT for cancer.

Necroptosis might be their main
anticancer mechanism of action.

NGO–FA–CuS

Temperature: 150 ◦C
Reaction time: 6 h

Precursors: Cu(NO3)2;
Reducing agent: thioglycolic acid;

Solvent: Type 1 H2O;
Washing solvents: EtOH, DI H2O;

Other materials: Folic acid-conjugated
nanographene oxide.

Multifunctional photothermal agent that
causes nuclear targeting, accumulation

and necrosis of cancer cells by
hypothermia.

[118]

Cu-EGCG-ICG-DOX

Temperature: room temperature;
Reaction time: 4.5 h;

Precursor: CuCl2;
Solvent: triethanolamine.

Drugs: (−)-epigallocatechin-3-gallate,
indocyanine green, doxorubicin

hydrochloride.

Long-term drug retention in tumor above
8 d. Upon NIR laser irradiation, high

NIR-II fluorescence signals could image
guide local PTT-chemotherapy of tumors

and suppress tumor growth until 14 d.

[119]

Cu7.2S4/5MoS2

Temperature: 200 ◦C;
Reaction time: 24 h;

Precursors: (NH4)2MoO4, Cu(CO2CH3)2,
thioacetamide, (0.58:1.2:2.3

mol/mol/mol);
Solvents: Type 1 H2O, PEG-400;

Washing solvents: EtOH, Type 1 H2O.

Both in vivo and in vitro:
Synergetic therapeutic effect between

PTT, CDT, PDT in vivo:
photoacoustic signal amplitudes and

computed tomographic contrast
enhancement.

[120]

hollow CuS

Temperature: 60 ◦C;
Reaction time: 2 h;

Precursor: Cu(NO3)2 3H2O;
Solvent: Type 1 H2O;

Washing solvents: Type 1 H2O;
Other materials: ZnO nanoparticles.

Effective theranostic agent for MRI-guided
synergetic thermochemotherapy. Exhibits

(a) 1.6 times larger longitudinal mass
relaxation rate than that of the T1 MRI

contrast agent Magnevist and
(b) photothermal conversion efficiency

of 30%.

[123]

Cu3SnS4

Temperature: 200 ◦C;
Reaction time: 3 h;

Precursors SnCl4 5H2O, CuCl2,
thioacetamide (13.3:4.4);

Stabilizer: EDTA;
Reducing agent: NaOH;

Solvent: DI H2O;
Washing solvents: DI H2O, anhydrous

EtOH;

PEC immunosensor detects human
serum Cyt c at concentrations of

1 fM-1000 nM (limit of
detection: 0.35 fM).

[121]

CaMoO4/MoS2/CuS

Temperature: 180 ◦C;
Reaction time: 6 h;

Precursor: CaCl2, Na2MoO4 2H2O,
thiourea, Cu(NO3)2 2H2O (6:2.5:13:3);

Stabilizer: PVP;
Reducing agent: citric acid;

Solvent: dH2O;
Washing solvents: absolute EtOH, dH2O.

Provides MDA-MB-231 cell detection at
concentrations of 50–5.5 × 104 cells/mL

(limit of detection: 10 cells/mL). By
generating reactive oxygen species,

cancer cells were treated.

[23]

Gallic acid–Cu(II)

Temperature: room temperature;
Reaction time: 72 h;

Precursor: CuSO4 5H2O, gallic acid;
Solvent: UP H2O, PBS.

Cytotoxic effects against MCF7 and A549
cancer cell lines, showing apoptotic cell

death percentages of 67% and 65%,
respectively.

[122]
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Liao et al., synthesized self-assembled Cu HNFs loaded with epigallocatechin-3-
gallate (EGCG), indocyanine green (ICG) and doxorubicin hydrochloride (DOX) (referred
to as ICG ⊃ EDOX), based on the metal coordination effect, hydrophobic interactions
and π-π stacking between the reagents. EGCG was used for its biocompatibility, ICG
works as an excellent photoabsorbing agent causing green fluorescence, and DOX is a
common drug used against cancer. After the characterization of the nanomaterial, it was
found that DOX made up 42.1 wt%, indicating high drug load efficiency. The produced
HNFs exhibited responsive behavior to acidic pH (a characteristic of TME), releasing
ICG ⊃ DOX at a rate of 13.5% at a pH = 7.4 and 33.1% at a pH = 5 (both measurements were
conducted 108 h post injection). The synergetic effect between the HNFs and PTT became
obvious when NIR laser irradiation was applied at a pH = 5, and the release percentage of
ICG ⊃ DOX increased up to 60.8%. The in vitro cytotoxicity of HNFs was tested on murine
mammary carcinoma (4T1) cells. The most efficient method proved to be ICG ⊃ DOX
combined with laser irradiation, as the viability of 4T1 cells was valued at 47.9%. More-
over, no hemolysis of red blood cells was observed after they were being treated with
ICG ⊃ EDOX. Concerning in vivo experiments, it was noted that mice with administrated
ICG ⊃ EDOX did not exhibit hair loss, weight loss and tissues damages so severely com-
pared to mice who were only administrated DOX.

Wu et al., synthesized PEG Cu7.2S4/5MoS2 composite NFs (CSMS-PEG CNFs) in a
one-pot approach, using the solvothermal method. The in vitro cytotoxicity of CSMS-PEG
CNFs was examined on 4T1 cells. The sole use of NFs did not influence the cells’ viability,
whereas the highest concentration of NFs (200 µg mL−1), combined with laser irradiation,
imposed death on 78% of tumor cells. The photothermic conversion of CSMS-PEG CNFs
was tested in different concentrations. It was proved that under a laser irradiation of
808 nm, the sample with 200 µg mL−1 showed the highest PT properties to be 20.9 ◦C in
500 s, therefore proving a dose-dependent correlation. Moreover, in vivo experiments
on mice showed that CSMS-PEG CNFs combined with laser irradiation have a great
therapeutic effect on 4T1 cells without a reoccurrence of the tumor [120].

Zhang et al., synthesized CuS NFs and tested them as a multimodal nanomaterial.
Firstly, its ability as a nanocarrier of DOX was investigated. Due to its high surface area,
the nanomaterial showed a high drug loading capacity as well as time- and pH-dependent
behavior in vivo. The amount of DOX released from loaded CuS NFs was at 80.2% at a pH
of 4.5, similar to a tumor’s microenvironment. Cell viability tests on human hepatocellular
carcinoma (HepG2) showed that the synergetic action of CuS-DOX NFs and laser irradiation
caused 96.8% cytotoxicity [123].

4.3. Other Applications

Iron- and copper-based NFs have plenty of applications both within and out of the
realm of medicine. Firstly, NFs show great antibacterial properties with low values of
minimum inhibitory concentration (MIC) comparable to other widely used antibiotics.
Eskikaya et al., synthesized NF@FeO(OH) and studied its effect against certain bacterial
strands. Their results showed that the MIC was equal to 256 mg L−1 for E. coli, C. parapisilosis
and P. aeruginosa and 128 mg L−1 for L. pneumophila, E. hirae, and S. aureus, and C. tropicalis.
Its antimicrobial mechanism is probably linked to the changes in microbial DNA and
proteins caused by ferric ions [124].

Yilmaz used a green self-assembly method to synthesize hybrid gallic acid–Cu(II) NFs
and studied their antimicrobial activity against fungus (C. albicans) and Gram-negative
(E. coli, P. aeruginosa) and Gram-positive (S. aureus) bacteria. It was found that the hNFs
depicted high antimicrobial efficacy at all examined microorganism concentrations [122].

Ingle and Rai synthesized Cu NFs and evaluated their antifungal properties against
common plant pathogenic fungi, namely F. oxysporum, F. moniliforme, F. culmorum, F. tricinc-
tum and A. niger. It was concluded that Cu NFs enhance the action of the commercial
antifungal agent ketoconazole despite the NFs’ dependence on multiple factors such as
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temperature, the concentration of nanoparticles, pH and the concentration of the test
organism [125].

5. Limitations and Future Perspectives

The mechanisms underlying the interactions between biomolecules and metal ions
are not yet fully understood. Various metal ions can affect the activity of proteins or en-
zymes involved in the formation of protein–inorganic HNFs; for instance, copper ions may
inhibit β-Galactosidase (β-Gal) enzyme activity while enhancing horseradish peroxidase
(HRP) enzyme activity. Gaining a deeper insight into these interactions could facilitate the
development of protein–inorganic HNFs with optimal biological activity. Additionally, the
properties of HNFs, such as morphology and size, significantly influence their performance.
Studies suggest that the morphology of organic–inorganic nanohybrids can impact enzy-
matic activity, with NFs that have a higher surface-to-volume ratio experiencing fewer mass
transfer limitations and thus increasing the likelihood of substrate interaction. The size of
HNFs is also critical for their performance in various applications; producing nanoflowers
with a narrow size distribution is essential for nanoflower-based immunosensors, as size
variability can reduce analysis accuracy [35].

Although NFs show a great variety of applications, currently, there is not a fulfilling
number of studies or clinical trials investigating their impact towards living organisms or
the environment and/or the ecological balance.

Also, ever since the invention of nanomaterials, nanotoxicity has been a rising concern
in the scientific community [126,127]. According to research, NFs tend to be recognized
as foreign substances in the body and concentrate in the liver and the spleen [111,116].
Although NFs are non-hemolytic, partial deformations of red blood cell (RBC) morphology
is possible [83].

Another limitation of NFs that should be taken into consideration is their variable
effect as a therapy modality. According to the literature, the anticancerous action of NFs
is not universal to all types of cancer. The viability of cancer cells can vary; for example,
breast cancer cells have shown a viability of around 20% [111,112] and 50–70% [110] in
different studies, while lung adenocarcinoma cells survived at 70–80% [83]. At the same
time, aggressive types of cancer, such as brain glioblastoma, showed 75% viability, even
after a high concentration of Fe NFs was applied [113]. On the contrary, NFs acting as a
contrast agent in imaging modalities for cancer diagnosis show excellent potential. The
future utilization of NFs as a contrast agent could be applied for the diagnosis of other
diseases. More specifically, these NPs could especially be useful for the diagnosis of the
“silent” diseases, such as atherosclerosis [128], as there is a need for urgent treatment.
Further research is imperative for NFs if they are to be used as the main modality in
cancer theranostics.

6. Conclusions

Cancer is currently one of the main causes of death internationally. Its complex nature
has been gradually revealed, while many imaging and therapeutic modalities have been
developed. Advanced modalities in cancer theranostics with a low price range and high
yield efficiency are pressing issues. A novel type of materials, nanomaterials like NPs, is
being studied as a plausible solution to this problem. NFs are NPs that resemble flowers
on the nanoscale. Although a typical NF’s structure consists of inorganic materials, many
organic components can be added to enhance their properties, such as enzymes and drugs,
thus creating HNFs.

The field of flower-like hierarchical nanomaterials has seen significant advancements,
focusing on synthetic techniques, growth mechanisms, particle size distribution, morphol-
ogy, and their chemical, physical, and optical properties to enhance catalytic, energy-related,
and biomedical applications. Various inorganic nanoflowers have been synthesized through
physical, chemical, biological, and hybrid methods. Over the past two decades, research on
these materials has surged, with increasing publications emphasizing their benefits, such
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as their high surface-to-volume ratio, strong adsorption capacity, high loading efficiency,
and excellent catalytic performance. Efforts have been made to optimize their morphology
and size distribution for specific applications by controlling factors like reagents, reaction
time, temperature, and metal ratios.

In the last couple of decades, NFs based on copper or iron have been under the
microscope for the production of novel nanomaterials. Due to their excellent biocompatibil-
ity, high drug loading ability, low cost, facile synthesis and, most importantly, magnetic
and photothermic properties, Fe- and Cu-based NFs can be used as drug nanoplatforms,
PTT/MHT/PDT agents and MRI contrast agents. NFs have been synthesized through
various methods, including physical, chemical, biological, and hybrid approaches. The
optimization of their morphology and size distribution is of great importance for specific
applications, by adjusting, for example, reaction conditions such as reagent type and quan-
tity, reaction time, temperature, and metal ratios. By altering synthetic pathways, simple,
cost-effective, and environmentally friendly methods have been developed that seem to be
suitable for industrial applications too. Such NFs possess unique functionalities and hold
promise for use in cancer theranostics. Investigations into alloy, core–shell, and surface-
modified NFs are anticipated to expand the range of multi-metallic compositions with
modified structures, and future research may focus on integrating multiple nanostructured
materials. These studies have uncovered numerous unique functionalities and potential
applications. Future research on nanomaterials is likely to involve combining multiple
nanostructured materials, such as CoS nanoflowers coated with gallic acid, manganese
sulfide, and graphene oxides, to unlock new functionalities and expand their applications.
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