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Magnetic iron oxide nanogels for combined hyperthermia 
and drug delivery for cancer treatment†

Sofia Patri,∗a Nguyen Thi Kim Thanh,∗bc and Nazila Kamaly∗d

Hyperthermia and chemotherapy represent established modalities for cancer treatments. However, 
hyperthermia can be invasive, while chemotherapy drugs often have severe side effects. Recent 
clinical investigations have underscored the potential synergistic efficacy of combining hyperthermia 
with chemotherapy, leading to enhanced cancer cell killing. In this context, magnetic iron oxide 
nanogels have emerged as promising candidates as they can integrate superparamagnetic iron oxide 
nanoparticles (IONPs), providing the requisite magnetism for magnetic hyperthermia, with the 
nanogel scaffold facilitating smart drug delivery. This review provides an overview of the synthetic 
methodologies employed in fabricating magnetic nanogels. Key properties and designs of these 
nanogels are discussed and challenges for their translation to the clinic and the market are summarised.

1 Introduction
Conventional treatments for cancer, such   as   chemotherapy and 
radiotherapy, 1 while essential, are often accompanied by profound 
and debilitating side effects. These unwanted reactions, alongside 
the emergence of drug resistance, highlight the need for innovative 
therapeutic approaches. 2

In    response,    combinatorial    approaches    have    emerged for 
cancer treatment over the years. 3 Therapies such as photodynamic 
or ultraviolet light therapy have shown the potential to weaken 
cancer before chemotherapy. 3 Notably, the rise of combinatorial 
therapy can be traced to the convergence of nanotechnology and 
cancer therapeutics. This has enabled the development of 
precision-engineered therapies with superior targeting 
capabilities, reduced systemic toxicity, and promising clinical 
outcomes. 4

This review focuses on the combination of magnetic 
hyperthermia and chemotherapy with the use of magnetic iron 
oxide nanogels.
Hyperthermia and   chemotherapy   are   established   modalities
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in cancer treatment, each with distinct drawbacks. 5 While 
hyperthermia poses risks of invasiveness and adverse effects such 
as heat-related complications including heat strokes, heat cramps, 
and dehydration, 6 chemotherapy often inflicts severe side effects 
on patients due to medication toxicity. Combining the two 
therapies offers the advantage of localised heat and lower drug 
doses, as the treatment can leverage both the cytotoxic effects of 
the drugs and the hyperthermic action, thus enhancing therapeutic 
efficacy while potentially mitigating the individual drawbacks 
associated with each modality.

2 Magnetic Hyperthermia
Hyperthermia therapy relies on the thermal ablation of cancer cells. 
7 The susceptibility of cancer cells to heat-induced damage was 
demonstrated in pioneering research done by Woodhall et al. in the 
1960s. 8 At temperatures around 43 °C and in the absence of 
hyperthermia-enhancing agents, the vasculature of tumour tissues, 
characterised by abnormalities, experiences a notable reduction in 
blood flow. This reduction impairs the delivery of oxygen and 
nutrient supplies to the tumour cells, leading to cell death. 7 At the 
same temperature, healthy cells exhibit resilience to thermal 
stress.

Diverse approaches to hyperthermia treatment are employed 
based on tumour characteristics such as location   and   size. For 
instance, whole-body hyperthermia techniques such as hot baths 
or saunas are utilised for extensive skin tumours. These techniques 
elevate the patient’s temperature up to the tolerance limit, typically 
around 41 °C. 9 For deep-seated tumours, localised heat application 
is achieved through the use of metal probes. 10 In recent years, the 
field has witnessed a shift towards less invasive yet highly efficient 
methods such as magnetic hyperthermia.
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Fig. 1 Magnetic hyperthermia due to injected nanoparticles interacting 
with AMF (created with BioRender.com).

Magnetic hyperthermia (MH) harnesses the heat-generating 
potential of magnetic nanoparticles (NPs) when exposed to 
alternating magnetic fields (AMFs). 11 This technique offers 
significant advantages, notably the ability of AMFs to penetrate 
tissues deeply and the option to directly administer nanoparticles 
into the tumour site, rendering the therapy minimally invasive, 11 
figure 1.

2.1 Iron Oxide Nanoparticles
Iron oxide nanoparticles (IONPs) are one of the few magnetic 
nanoparticles approved by the FDA for biomedical applications. 10 
They are made of magnetite (Fe3O4) or maghemite (γ-Fe2O3) with 
an inverse spinel structure. 12 IONPs are non-toxic and undergo 
metabolisation primarily by the spleen and liver; 13 the iron 
component holds potential for utilisation in haemoglobin 
production. 14

Both the biocompatibility and performance of IONPs are strictly 
related to the magnetic properties of the NP. The properties, in 
turn, depend on the size, crystallinity, and purity of the material. 12 
The ideal properties for MH are obtained with mono-dispersed and 
colloidally stable IONPs. This can be achieved   with   several   
synthetic   strategies,   such   as   alkaline
precipitation of iron salts in water, 15 16 thermal decomposition, 17

polyol mediated synthesis 18  and lithography. 19

2.1.1 Magnetic properties of IONPs

Fig. 2 Magnetisation curve and hysteresis loop of a ferromagnetic 
and a superparamagnetic material. The curves show the magnetisation 
saturation (MS), the retentivity (HR) and the coercitivity (HC) (created 
with BioRender.com).

The magnetism   exhibited   by   IONPs   originates   from   the

magnetic field induced by the spin-orbit coupling of the electrons. 
This coupling describes the interaction of the electron movement 
with its spin. 12

When IONPs are subjected to an external magnetic field or AMF, 
the electron spins orient themselves along the direction of the 
applied field; 20 once all the spins are aligned, the material reaches 
magnetisation saturation (MS), represented as a plateau in 
magnetisation curves, 21 figure 2. These curves are obtained
by measuring the magnetisations of the sample under different 
magnetic field strengths. 12

As the AMF is removed, the material will retain some residual 
magnetisation (MR), resulting in a hysteresis loop. 12 The remanent 
magnetisation is one of the causes of particles’ aggregation, which 
can lead to clot formation in the arteries. 12 The magnetisation 
curves and MS values are significantly influenced by the size and 
morphology of the particles. 22 Consequently, IONPs may display 
varying MS values depending on the synthesis method, batch, and 
degree of polydispersity. Only recently, LaGrow et al. provided a 
solution for the reproducible synthesis of IONP. By investigating 
the growth mechanism of the co-precipitation synthesis method 
with the aid of synchrotron X-ray diffraction in solution. By 
investigating the growth mechanism of the co-precipitation 
synthesis method with the aid of synchrotron X-ray diffraction in 
solution, 23 they were able to provide a comprehensive 
understanding of the mechanism.   This is essential not only for 
robust syntheses, but also for greater control over the size of the 
iron oxide nanoparticles, and hence the tuning of their magnetic 
properties.

At   diameters   below   25   nm,    the    energy    needed    for spin 
reorientation falls below the thermal energy barrier. 12 
Consequently, IONPs of this size range do not retain residual 
magnetisation upon removal of the AMF. Instead, excess magnetic 
energy dissipates into the surroundings as heat through the 
physical motion of particles (Brownian relaxation) or the 
rotational movement of magnetic moments (Neél relaxation). 12 
Materials with this characteristic are called superparamagnetic; 12 
this property is essential in biological applications as it prevents 
the aggregation of the particles. 12

The magnetic field frequencies employed in MH therapy are 
considered safe for human health. The bottleneck when using the 
IONPs is that there is not enough heat generated and a high dose of 
IONPs is required. 24 Therefore, researchers are focusing on 
enhancing the heating efficiency of IONPs to minimise the required 
quantity for treatment.
The heating efficiency of IONPs is quantified in terms of specific 
power absorption (SAR), representing the energy released per unit 
mass. 17 A SAR of 300 W/g with a magnetic field of frequency and 
amplitude of 100 kHz and 10 kA/m respectively
is appropriate or hyperthermia applications in humans. 25 26

This could   be   achieved   with   4   mL   of   magnetic   fluid   with 
a concentration of 120 mg/mL, assuming a homogeneous 
distribution of the NPs inside a tumour with volume of 20 mL 
and no losses outside the tumour site. 26 It is important to note that 
the SAR diminishes with increased tumour volumes; this highlights 
the importance of a precisely targeted delivery of the
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NPs inside the tumour. 27 Commercially available IONPs can only 
reach 100 W/g. 28 It should be noted that the SAR depends on the 
IONP properties and the AMF amplitude and frequency. 29

In 2013, Meffre et al. synthesised a series of core-shell iron/iron 
carbide nanoparticles with a SAR of 415 W/g in a magnetic field 
with a frequency of 54 kHz and amplitude of 24 kA/m. 30

In 2014, Di Corato et al. tested the SAR of several magnetic 
nanomaterials in solution and the cellular environment. 31 Having 
tested single round particles, agglomerations and cubes, they 
reported heating up to 42 °C in a field with a frequency of up to 
700 kHz and amplitude of up to 24 kA/m. Notably, all tested 
nanomaterials exhibited a decrease in SAR upon cellular 
internalisation, 31 demonstrating the influence of environmental 
factors on SAR. 17 To achieve a SAR of approximately   300 W/g 
27 in the cellular environment, the IONPs should have exceptionally 
high SAR in solution. For more information on magnetic 
hyperthermia, and its relation with IONP properties
and the environment, we refer the reader to the following 
publications. 31 32 33 34 35 36 37 38 39

To summarise, the ideal IONPs for hyperthermic applications 
should possess the following characteristics:

• Composition: they are composed of magnetite (Fe3O4) or 
maghemite (γ-Fe2O3) with an inverse spinel structure. 12

• Size: Their diameter should be less than 25 nm to exhibit 
superparamagnetic properties. 40

• Specific absorption rate (SAR): they should ideally exhibit a 
SAR value of approximately 300 W/g 27 under a magnetic field 
frequency of 100 kHz and an amplitude of 10 kA/m. 30

2.1.2 Colloidal stability of IONPs

In 2017, Stocke et al. performed MH using IONPs on mice affected 
by lung cancer, demonstrating a significant reduction in tumour 
growth. 24 Initial results indicated that optimal efficacy was 
achieved with high doses of IONPs. 24 However, high doses of 
IONPs can pose several potential problems, primarily related   to   
their   cytotoxicity   and   interactions within biological systems. 
Several reviews in the literature report an overview of the 
toxicology, distribution, clearance, pharmacokinetics of IONPS and 
hydroxyl radical formation via Fenton reaction. 4 41 42 43 44 45 46 47 

48 49 50 Here, we will focus on the systemic danger associated with 
the IONPs aggregation.

The tendency of IONPs to aggregate, driven by factors such as 
van der Waal forces, poses potential risks of pulmonary embolism 
or coagulation. 51 This can be counteracted by covering the IONPs 
in an organic coating. The coating provides steric and 
electrostatic repulsion while enhancing the colloidal stability and 
the biocompatibility of the metal oxide particles. 51 In 2015, 
Walter et al. functionalised the surface of IONPs with PEGylated 
mono-phosphonated dendrons. 52 Their investigation revealed that 
the conical architecture of the dendron contributes to the 
enhanced colloidal stability of the IONPs, attributed to the 
introduction of steric hindrance. 52 Additionally, polymeric

coatings like chitosan offer a means to increase the repulsive forces 
between the IONPs. 53

Furthermore, employing a soft coating material enables IONPs 
to serve as a drug delivery system (DDS), facilitating combination 
therapy with other treatments. 54 55 56 57 While hyperthermia alone 
may not suffice for complete cancer eradication, it can synergise 
with drug interventions by weakening  cancer cells. 7 11

2.1.3 Polymer coatings for IONPs

Fig. 3 Types of nanoparticles for drug delivery (created with 
BioRender.com).

Various organic   nanoparticles   and   nanoplatforms   have been 
employed in literature to encapsulate IONPs for biomedical 
applications, as summarised in table 1. These are also graphically 
shown in figure 3.

Dendrimers are 3D macromolecules, comprising an inner core 
and branching outer layers. 58 Such dendrimer-covered IONPs are 
often used in magnetic resonance imaging (MRI) as dendrimers can 
facilitate the penetration of IONPs inside cells. 59

Micelles, colloidal dispersions of amphiphilic molecules arranged 
in a particle-like shape, 60 also aid in cellular uptake of IONPs for 
imaging purposes. 61

Microbubbles are spherical polymeric structures containing a gas 
core 62. By encapsulating IONPs in microbubbles, the IONPs can be 
delivered inside the cells by sonoporation. 62

Polymers,   such as polyethylene glycol (PEG), can be grafted on 
the surface of IONPs to prolong their circulation time. 63 
Additionally, polymers can also impart controlled drug delivery 
properties to IONPs: for example, Zhang et al. coated their IONPs 
with poly(N-isopropylacrylamide) (PNIPAAM) to facilitate the 
development of a magnetic DDS with thermoresponsive 
characteristics. 64

Liposomes, hollow spherical particles composed of a lipid bilayer, 
12 exhibit less stability compared to other platforms, leading to 
potential leakage of contents over time. 1

Hydrogels are formed by polymer chains crosslinked to give a 3D 
network with a highly porous nature that encapsulates water. 12 
Similar to liposomes, hydrogels are highly biocompatible but they 
excel in shielding the payload from degradation. 12

From table 1, it can be noted that polymers, liposomes and
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Platform Size
Shape and
structure

MNP hybridisation
method Application Ref

Dendrimers 7-11 nm
MNPs covered 
in dendrimers in situ MNP synthesis MRI imaging 65 59

Single MNP in situ MNP synthesis Drug delivery,
Polymers 10 to 100 nm with a polymer shell grafting MRI imaging, hyperthermia 66 64 63 56 57

MNPs embedded Formation of liposomes in MRI imaging,
Liposomes >100 nm in lipid bilayer in presence of pre-formed MNP Drug release, hyperthermia 67 68 69

IONPs encapsulated Grafting in presence of
Micelles 10.9 nm in micelles water to induce micelles MRI imaging 61

Gas core, shell Pre-formed MNP distributed MRI imaging,
Microbubbles 1-4 µm of polymer and MNP in polymer layer during synthesis. Drug delivery 62 55

Hydrogel 300 nm-150 µm
Hydrogel shell with 
IONPs core

in situ, blending, 
grafting

drug delivery,
hyperthermia 70 71 72 73

Table 1 Nanoplatforms for encapsulating magnetic nanoparticles and their applications.

hydrogels are the most extensively studied for drug delivery.

3 Localised delivery of chemotherapy drugs with 
nanogels

Chemotherapy relies on small-molecule antiplastic drugs to either 
kill cancer cells or inhibit their growth. 74 These drugs suffer from 
short circulation half-lives and poor water solubility, 1 hindering 
their ability to reach the tumour site. Higher doses are typically 
administered to patients to ensure therapeutic efficacy, albeit at 
the cost of impacting healthy cells in the body.

In recent years, these shortcomings have been addressed with 
the development of biomaterial carriers, DDS. 4 The DDS platforms 
shield the drugs from the biological environment, extending their 
circulation time, and offering precise control over drug release 
kinetics and localisation through external manipulation. 1 The main 
aim of a DDS is to enhance the therapeutic window of the drug. As 
figure 4 shows, nano-sized DDS facilitate a more uniform release 
of the drug over time, achieving the minimum effective level 
earlier than macro-sized
DDS. 75

Fig. 4 The therapeutic window for an ideal nano-sized DDS and a macro 
DDS (created with BioRender.com).

The design of an efficient nano-carrier should address the 
following points 75:

• Encapsulation: The nanocarrier must exhibit high 
encapsulation efficiency to minimise the dosage required for 
therapy. Additionally, the carrier’s shell should effectively 
prevent cargo leakage before the intended release. 75

• Stimuli-response: the release of the cargo should be 
controlled by a stimulus to prevent premature release. 76

• Passive targeting: the size and morphology should be 
tailored to target the tumour thanks to the enhanced 
permeability and retention effect (EPR). EPR is caused by 
the abnormal growth of the tumour’s vasculature and the 
poorly formed lymphatic systems. 76

• Active targeting: Incorporating ligands capable of targeting 
specific receptors expressed by tumour cells enhances the 
accumulation of DDS within the tumour site. 75

• Ease of synthesis: the synthesis of the nanocarrier should be 
scalable for commercialisation and the post-processing 
should be straightforward and time-effective.

Hydrogels and liposomes can both be engineered to meet the 
criteria for an ideal drug delivery system.   However, hydrogels are 
more suitable for combined hyperthermia and chemotherapy 
applications due to their three-dimensional polymer network, 
which effectively prevents the leakage of IONPs over time. 1 For 
other systems capable of simultaneous hyperthermia and drug 
delivery, the reader is invited to read the review by Hervault et 
al. 21.

3.1 Nanogels
As shown in table 1, hydrogels incorporating IONPs may possess 
larger diameters that could impede biomedical applications. 4 To 
optimise functionality, hydrogels must be sized appropriately to 
evade antibody interference 4 and traverse biological barriers for 
intracellular drug delivery. 76 The nano-range size can be achieved 
by constraining the diameter of the hydrogels to the nano-scale 
(<500 nm), rendering them as nanogels. The size constraint can
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be achieved via traditional microemulsion polymerisations 75 or 
more recent strategies such as micro-moulding and micro-fluidic 
methods. 77 A diverse array of natural and synthetic polymers can 
be used to form nanogels 78 with good biocompatibility; for 
biomedical applications, natural or FDA-approved polymers, such 
as PEG, are preferred. 79

Nanogels can undergo crosslinking through either physical 
interactions or covalent chemical bonds. 79 Physically crosslinked 
nanogels are synthesised in mild conditions and are less likely 
to carry toxic contaminants, such as unreacted monomers or 
catalysts. 79 However, these nanogels are also less stable in 
physiological conditions and it is more difficult to control the cargo 
release.
Chemically crosslinked nanogels are given by a bonding reaction 
between the   chains   of   the   polymers.   These nanogels exhibit 
enhanced stability and are better suited for biomedical 
applications. 79 Many   cross-linking   reactions   can be used to 
form chemically crosslinked nanogels, such as radical 
polymerisation, 80 click chemistry and copper-free click
chemistry, 81 82 amide crosslinking 83  or photocrosslinking. 84

3.1.1 Properties of nanogels for drug delivery

Fig. 5 The main mechanisms of drug loading in nanogels (created with 
BioRender.com).

Nanogels are excellent drug carriers thanks to their porous 
nature. 76 They can incorporate a large number of drugs thanks 
to their extensive inner surface area and the ability to coordinate 
the payload with their functional groups. 79 There are three main 
mechanisms for the incorporation of drugs, figure 5:

• Physical entrapment: drugs are entrapped by mixing them 
with pre-formed nanogel; 85

• Covalent conjugation: drugs form covalent bonds with 
nanogels via pendant functional groups on polymer chains 
or the backbone, 86 Disruption of these covalent bonds is 
necessary for drug release into the environment; 87

• Self-assembly: electrostatic interactions or hydrophobic 
interactions facilitate drug coordination with polymer chains. 
88

Upon reaching the target site, drug release from the nanogel 
is regulated by the mesh size of the network. The mesh size is 
influenced by crosslinking points and polymer nature. 89 If the drug 
cannot freely travel outside of the network by diffusion, several 
strategies allow for a more controlled release, such as degradation, 
which permanently disrupts the 3D network of the gel. 90

Alternatively, the nanogel can be forced to undergo an induced 
transition.    For example, the network can be shrunk, leading 
to water and cargo expulsion. 76 Nanogels capable of such trigger-
induced changes are termed stimuli-responsive, exhibiting 
reversible alterations in conformation or solubility, 76 figure 6.

Fig. 6 The main mechanisms of drug release from nanogels (created with 
BioRender.com).

For combined magnetic hyperthermia and chemotherapy, the 
conformational change of the nanogel should be triggered by a 
rise in temperature, induced by the IONPs. 11 The ability of the 
nanogel to swell or shrink is governed by a volume phase transition 
known as coil-to-globule transition, 91 figure 7.

Fig. 7 Coil to globule transition in polymer chains and nanogels; LCST 
and UCST polymers (created with BioRender.com).

In a polymer solution, above a certain temperature known as 
the lower critical solution Temperature (LCST), the entropy
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penalty becomes prohibitive to maintain the coil configuration. The 
penalty prompts the polymer chain to collapse onto itself to shield 
the hydrophobic sections from solvent molecules, forming a 
globule. 92 The transition is governed by the ratio between the 
hydrophobic and hydrophilic units in the polymer. 92

In a nanogel, the coil-to-globule transition results in the shrinking 
of the network with the expulsion of the solvent from the mesh; 91 
some nanogels can undergo the opposite transition, from a
collapsed to a swollen state, upon reaching an upper critical 
solution temperature (UCST). 93

Nanogels undergo this structural change faster than hydrogels 
as the time to achieve this transition is proportional to the square 
of their length. 91

Fig. 8 Non-linear PEG derivates and their LCST 94. mDEGMA - di(ethylene 
glycol) methyl ether methacrylate; mTEGMA - tri(ethylene glycol) 
methacrylate ; mOEGMA - oligo(ethylene glycol) methyl ether 
methacrylate

Thermoresponsiveness is given by a thermosensitive unit in the 
nanogel formulation,   such as PNIPAAM, LCST =  32 °C 79 or   
poly(N-vinylcaprolactam)   (PVCL,   LCST   =  32   °C) 95.    As the 
ideal temperature for hyperthermia is above 40 °Cc, 57 as 
demonstrated by Wang et al: at 40 °C, around 50% of the cancer 
cells died under exposure to AMF. Hence, the nanogel should be 
engineered to exhibit a sharp transition at this temperature.
One strategy to raise or lower the LCST of the polymer is through 
copolymerisation of more hydrophilic or hydrophobic monomers. 
By adjusting the ratio of these monomers, the desired
temperature range can be achieved. 96, 97 However, the addition
of monomers to lower the LCST often results in a broadening of the 
transition temperature range, complicating control.
Alternatively, the addition of branching units or the variation of the 
chain length has also demonstrated efficacy in altering the LCST, 93, 
98 figure 8.

Overall, the ideal nanogel formulation for combined 
hyperthermia and drug delivery should possess the following 
properties:

• Composition: It should be composed of FDA-approved or 
biocompatible polymers, such as PEG.

• Drug release: The nanogel should release its cargo in 
response to an external stimulus, specifically heat.

• Thermo-responsivity: It should demonstrate a distinct phase 
transition temperature in the range of 40-45 °C. 57

4 Combinatorial therapies
While DDSs have demonstrated efficacy in mitigating 
chemotherapy toxicity, addressing the adaptability of tumours and 
achieving complete eradication of malignant growths necessitates 
the development of multifunctional therapies. 74

Petryk et al. showed that, following heat treatment, cancer cells 
exhibit reduced drug resistance, rendering synergistic therapy 1.5
times more effective than chemotherapy alone. 99 Similar results 
have been reported by Wang et al. 57 A Phase III clinical trial report 
highlighted that the combination of hyperthermia and
chemotherapy doubled the life expectancy of patients with soft 
tissue sarcoma. 5 Figure 9 shows a graphical representation of the 
simultaneous action of hyperthermia and chemotherapy.

Fig. 9 Representation of simultaneous hyperthermia and drug delivery 
(created with BioRender.com).

To effectively combine these two different therapies, it is 
necessary to understand the properties of each material, how to 
enhance them in the therapy, and how they are affected by the 
biological environment. 1

In the sections below, the synthesis, properties and applications of 
Iron Oxide magnetic nanogels will be covered.

5 Synthesis of magnetic nanogels
The magnetic nanogels reviewed in this study feature IONPs 
encapsulated within a nanogel shell. Different structures have been 
reported in the literature, all of which depend on the synthesis 
method of the magnetic nanogels.

5.1 Synthesis by physical entrapment
The blending and in situ are two prominent techniques relying on 
the physical entrapment of IONPs within the nanogel structure. 
Both methods have been extensively used since the early 2000s for 
magnetic hydrogel/nanogel synthesis, 100 101 102 103 104 105

figure 10.

Fig. 10 Pictorial representation of the blending and in situ methods 
(created with BioRender.com).
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In the blending method, non-covalent interactions are commonly 
used to form stable intermediates; a subsequent crosslinking 
reaction forms the magnetic nanogels.   Vijayan et al. achieved 
pre-organisation of the magnetic nanogel structure through 
electrostatic interactions between negatively charged citric acid-
coated IONPs and the positively charged 2-(dimethylamino)ethyl 
methacrylate. 102 Following the crosslinking reaction, a negatively 
charged, 80 nm spherical magnetic nanogel was formed, even if 
only 2.5 wt% of IONPs were incorporated in the nanogel.
In 2013, Chiu and co-workers synthesised hollow hybrid nanogels 
by photoinitiated polymerisation of a nanogel in the presence of 
citric acid-coated IONPs. 106 They exploited the temporary 
hydrogen bonding (H-bond) of the citric acid and the PNIPAAM 
grafts of the nanogel precursor to form an assembly at pH 3 with 
a diameter of 198 nm. Covalent crosslinking of polymer chains was 
subsequently executed to secure a stable system with a diameter 
of 208 nm even at higher pH. Remarkably, approximately 44 wt% 
of IONPs were incorporated into the nanogels, rivalling previous 
literature records. 106 However, the blending method offers limited 
control over IONP incorporation into the matrix, potentially 
altering predicted properties and leading to unwanted aggregate 
formation. 103 In the study by Chiu and co-workers, the MS of the 
IONPs synthesised decreased from 77 emu/g to 36 emu/g post-
polymerisation. 106

The in situ method provides a simpler synthetic approach by 
utilising the micro/nanogel as a microreactor. But, as with the 
blending method, controlling the morphology and consequently the 
properties of magnetic nanogels remains challenging. 103

The absence of a strong bond between the IONPs and the 
nanogel chains can lead to a leakage of the IONPs over time. Such 
leakage not only undermines the functionality of the composite, as 
the IONPs can no longer facilitate drug delivery, but it also poses 
potential toxicity concerns. 107, 108 By introducing a covalent bond 
between the IONPs and the nanogel, the composites can be 
constructed in a "bottom-up" fashion with higher control over the 
structure. 109

5.2 Synthesis by covalent grafting
The grafting approaches rely on the use of ligands featuring 
functional groups capable of binding with the surface, figure figure 
11.These ligands commonly include carboxylic acids, 110 51 

trimethoxysilanes, 17 and phosphonic acids. 111 112 A key attribute 
of these bonds is their capacity to withstand high temperatures, a 
crucial requirement for hyperthermia applications. 109

5.2.0.1 Grafting to: In the grafting to approach, the binding 
group is located at the end of the polymer chain to anchor the 
pre-formed polymer to the IONP surface. 109 This can be 
accomplished using bare IONPs or via ligand exchange with the 
coating of the IONPs.
Cortes et al. synthesised MagNanogels by incorporating the IONPs 
at pH 3 utilising their positive surface charge for easy diffusion 
through the neutral polymer matrix. 113 By increasing the pH to 
7, the IONPs are neutralised and carboxylic functionalities of the 
nanogel can bind to the surface of the IONPs. This approach,

Fig. 11 Pictorial representation of the grafting methods (created with 
BioRender.com).

previously used by Boularas et al, 114 resulted in a homogeneous 
distribution of IONPs throughout the polymer matrix without 
aggregation, figure 12. However, the MagNanogels were found to 
be stable only up to a wt of 37.5% iron content. Those with wt 
percentages of 50 and 66.7% exhibited instability due to the 
presence of aggregates on the surface. 113

Fig. 12 Transmission electron microscopy (TEM) images of the 
MagNanogels synthesised by Cortes et al. with different IONPs content 
(from a to f: 9.0, 16.7, 28.6, 37.5, 50.0, and 66.7 wt%). 113 Reprinted with 
permission from E. Cazares-Cortes et al., ACS Appl. Mater. Interfaces 
2017, 9, 31, 25775–25788. Copyright 2017 American Chemical Society.

5.2.0.2 Grafting from: In the grafting from approach, the 
initiator for the nanogel polymerisation is incorporated into the 
surface ligand. Kurzhals et al. conducted a comparative study of 
the grafting from and the grafting to methods by preparing the 
same magnetic hydrogel: 109 the grafting from approach resulted 
in a denser polymeric coating compared to the grafting to method. 
In the grafting to method, the structural arrangement of the 
polymer chains obstructed the access of IONPs surfaces to other 
polymers, thus limiting the coating density.   However, the 
magnetic nanogel formed by the grafting from approach exhibited 
unwanted and uncontrolled clustering of the cores due
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to challenges in dispersing the initiator-coated IONPs in water. 109

5.2.0.3 Grafting through: The grafting through method involves 
the anchoring of surface active monomers. These monomers have 
a functionality, such as a   vinyl   group, capable of participating in 
the polymerisation. Through this process, the IONPs are 
incorporated into the matrix during the polymerisation. 115 116

The modified IONPs can serve as either crosslinkers or templates 
around which the nanogel can be synthesised.

Gao   et   al.    utilised   the   hydroxyl   groups   on   the   surface of 
bare IONPs to modify the surface with 2-isocyanatoethyl 
methacrylate (IEM). 108 The resulting IEM-IONPs were employed 
as templates for synthesising a PVCL nanogel with miniemulsion 
polymerisation. However, the hydrophobic nature of the IEM-
modified IONPs caused aggregation in solution (with an average 
particle size of 215 nm in dimethylsulfoxide, while transmission 
electron microscopy (TEM) analysis indicated a diameter of 18 
nm); the aggregation led to the presence of multiple particles 
within the core of the nanogel.

Similarly, Chen et al. employed 3-(trimethoxysilyl)propyl 
methacrylate   (TMSPMA)   as   a   ligand,    which    promoted IONPs   
aggregation. 117   These   aggregated   IONPs   were   used as 
crosslinking nodes in a PNIPAAM nanogel, but the resulting 
magnetic nanogel exhibited non-homogeneous crosslinking 
density. This unevenness can be attributed partially to the 
challenge of uniformly modifying IONPs with crosslinkers, 
resulting in different numbers of crosslinking sites per particle. 
Furthermore, the hydrophobic nature of TMSPMA contributed to 
the formation of clusters with varying dimensions, leading to 
differences in the number of crosslinking sites between the cores.

In 2021, Chou et al. obtained well-dispersed IONPs by imparting 
a negative charge on the surface. This was accomplished by using 
acrylic acid (AA) monomers as the surface active ligands. 118 The 
study   emphasised   the   critical   nature of anchoring AA, 
highlighting its importance in synthesising magnetic hydrogels 
with small encapsulated cores of IONPs. When no anchoring step 
was performed and all the components were blended, minimal 
incorporation of IONPs in the hydrogel matrix was observed. 118

In a study by Fernandez et al. in 2021, the efficacy of the grafting 
through method was compared with that of the blending method.   
Using 3-butenoic acid as the surface-active monomer, the blending 
method resulted in IONPs predominantly located towards the 
surface of a continuous macrogel matrix. 119 In contrast, the 
grafting through method led to uniform localisation of IONPs at 
the centre of individual nanogels ranging between 100 and 200 
nm in size.

The works by Fernandez et al. and Chou et al. demonstrate the 
superiority of the grafting methods over the methods utilising 
physical entrapment. Grafting methods offer superior control over 
both size and morphology, facilitating the core placement of the 
majority IONPs within the nanogel structure. However, the 
grafting to method can lead to a less dense coating due to the 
steric effects of bulky polymer chains. 109 Grafting a

monomer onto IONP surfaces ensures uniform templating of the 
nanogel, although monomer solubility affects morphology, with 
poorly dispersed monomer-IONPs resulting in undesired 
clustering. 117 108 109 Nonetheless, the grafting through maintains 
composite size within the nanometer scale. 119 In some instances, 
it is possible to achieve a single core-shell configuration below 50 
nm. 120 Thus, employing surface-active IONPs as templates in the 
grafting through method is preferred.

6 Properties
In the design of magnetic nanogels,   a   key   concern   lies   in the 
impact of hybridisation on the properties of the individual 
components. 91

Coating or trapping the IONPs in the matrix will reduce their 
rotation, which influences the SAR. On the other hand, the volume 
phase transition of the nanogel can be impacted as a portion 
of the internal volume of the nanogel is occupied by the IONPs. 
91 This interplay between the nanogel matrix and the 
encapsulated IONPs underscores the importance of understanding 
and optimising the hybridisation process to achieve desired 
properties in magnetic nanogels.

6.1 Magnetic properties
As mentioned, achieving effective hyperthermia treatment 
requires magnetic nanogels with high heating ability. However, the 
encapsulation of IONPs hinders their rotational movement, 
thereby reducing their Brownian relaxation and leading to a 
decrease in MS and SAR, table 2.

Medeiros et al.   reported that magnetic hydrogels with the
lowest percentage of iron content (0.08 wt%) exhibited the lowest 
MS per mass unit of sample. 122 However, having a high 
concentration of IONPs in the core can adversely affect the thermo-
responsiveness of the polymer.

Zhang and co-workers synthesised magnetic nanogels by 
polymerising PNIPAAM and chitosan in the presence of oleic acid-
coated IONPs with the blending method. 123 The magnetic
nanogel exhibited a MS value of 9.3 emu/g sample, significantly 
lower than the 64.3 emu/g of the bare IONPs. As the oleic acid-
coated IONPs also showed a decrease in MS (35.8 emu/g sample), 
they concluded that:

• The oleic acid shell around the nanoparticles reduced the 
magnetic properties of the sample;

• The presence of a thick carbon shell in the magnetic nanogels 
reduced the magnetism of the particles by disrupting the 
surface anisotropy and the alignment of the surface spins. 123

However, when subjected to an AMF, an increase in solution 
temperature was observed, dependent on the concentration of 
magnetic nanogels ((10 g/mL 15-35 °C and 20 mg/mL 15-45
°C). Zhang and co-workers measure a SAR value between 10 and 
15 W/g when exposing the magnetic nanogels to an AMF with an 
amplitude of 20 kA/m and a frequency of 360 kHz. This 
demonstrates that magnetic nanogels do not necessarily require 
high MS to release heat to the environment; however,  the SAR
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Components MS of composite (emu/g) MS of bare IONPs (emu/g) Ref
Fe3O4-MEO2MA 14 51 119

PNIPAAM-(AA-Fe3O4) 1 63 118

PNIPAAM-TMSPMA-Fe3O4 9 60 117

Fe3O4-maleic anhydride 32 82 121

Fe3O4-chitosan-g-PVCL 37 57 95

Table 2 Examples of magnetic hybrid systems and their MS, with and without polymer coatings. MEO2MA - (2-(2-methoxyethoxy)ethyl methacrylate; 
TMSPMA - 3-(trimethoxysilyl)propyl methacrylate

value is too low for hyperthermic applications. 123 Similarly, in the 
study by Chiu and co-workers, the MS of the sample containing the 
IONPs synthesised with blending method decreased from 77 
emu/g to 36 emu/g post-polymerisation. 106

In the study by Gao et al., minimal differences were observed 
in the MS of the bare IONPs, the ligand-modified IONPs and the 
magnetic nanogel synthesised with the grafting through method 
(68 emu/g, 64 emu/g and 60 emu/g respectively). 108 However, no 
experiments to record the SAR value were performed. Similarly, 
the coating did not significantly impact the MS values of the 
magnetic nanogels synthesised by Lin and co-worker. 124

Recently, Cortes et al.    reported that the incorporation of
37.5 wt% IONP in their nanogel through grafting to method did not 
affect the MS   (98 and 96 emu/g).    Under an AMF with a 
frequency of 335 kHz and an amplitude of 7 kA/m, they recorded 
a SAR value of 47 W/g, comparable to that of the IONPs alone (SAR 
of 55 W/g). Their findings indicate that the right polymer 
formulation will not affect the magnetic properties of the IONPs, 113 

but the SAR is lower than the ideal one for biomedical applications. 
27 Other studies in the literature have also reported no reduction in 
the MS of the magnetic core. 125 102 To illustrate the potential of 
their MagNanogel for hyperthermia therapy, Cortes et al. 
demonstrated an increase of the water temperature from 20 °C to 
40 °C in a solution of MagNanogels exposed to AMF. 113 Under AMF 
for 30 min, they observed a size change from 462 nm to 430 nm. 
This study showcased how IONPs can induce thermo-responsive 
behaviour in the surrounding polymer matrix. 113

6.2 Thermo-responsiveness
When IONPs are encapsulated in the nanogel matrix, they could 
hinder the coil-to-globule transition and impact the LCST value 
of the composite.
For instance, Fernandez et al. utilised MEO2MA as the 
thermosensitive polymer (LCST = 26 °C), but observed a transition 
temperature of 21.9 °C in the magnetic microgels.

The change in LCST is dependent on the synthesis of the 
magnetic nanogel and the chosen polymer. Chen et al. found that 
PNIPAAM magnetic microgels exhibited a transition temperature 
of around 33 °C, similar to that of PNIPAAM microgels (32 °C). 117

Additionally, the percentage of iron content can affect the size 
change at the LCST. 122 Chou et al. recorded the transition 
temperature for magnetic nanogels with a P(PNIPAAM-co-AA) 
polymer blend synthesised with the grafting through method. The 
magnetic nanogels with a higher percentage of IONPs in the core 
exhibited less shrinkage. 118

In another study by Gao et al., magnetic nanogels synthesised 
with grafting through method with PVCL showed a clear size 
reduction (440 nm to 380 nm) in the temperature range between 
28 °C to 42 °C, with an LCST of 32.5 °C. 108 No change was observed 
before or after this range. However, for a more precise therapy, the 
temperature range should be narrow to allow for a sharp decrease 
in size. Liu et al. achieved a narrow temperature range for their 
PVCL-based magnetic nanogel with the grafting through method, 
which shrank from 530 to 300 nm within approximately a 4 °C 
range, with an LCST of 40 °C. 125

The environment can also influence the LCST of the polymer. 
Jiang et al. calculated an LCST of 40 °C for their magnetic nanogel 
with PNIPAAM. 126 However, by adjusting the pH of the medium, 
they were able to modify the LCST: at pH 6.8, the LCST was 37
°C due to the reduced hydrophilicity of the less ionised carboxyl 
groups of the PNIPAAM.
For hyperthermia applications, the nanogel should respond to 
temperatures above the body’s and be stable in an acidic 
environment to prevent premature drug release. 125

6.3 Drug release
Chemotherapy drugs can be loaded into magnetic nanogels and 
held in the matrix through various non-covalent interactions, such 
as hydrogen bonding 108 and electrostatic interactions, 127 or 
covalent conjugation. 126

Liu et al. applied an external AMF to induce the release in their 
magnetic nanogels. The release of cargo only slightly increased 
with AMF. 125 Investigations revealed that the drug release was 
primarily driven by the dissociation of the nanogel shell in the 
presence of glucose. Consequently, the group concluded that AMF-
triggered release made only a small contribution to the overall 
drug release mechanism.

Similarly, Gao et al. observed an increase in the percentage of 
drugs released by their magnetic nanogels when the solution 
temperature was increased to 37 °C. However, no tests were 
performed in the presence of an AMF. This suggests that drug 
release from this composite could occur simply by injecting it into 
the body due to the wide temperature range triggering release. 108

Cortes et al. were able to load up to 63% of doxorubicin (DOX) in 
their MagNanogel and tested the release under heat, pH and 
magnetic trigger. By raising the temperature of a water bath to 50 
°C and 70 °C, they could achieve up to 32 and 36% of release after 
4 h. 113 Under AMF with amplitude 12 kA/m and frequency 335 Hz, 
the group achieved up to 47% DOX release. It is worth noting that 
close to 100% release was obtained when the pH was
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lowered from 7.5 to 5 as the MagNanogels are sensitive to the acidic 
environment.

The characteristics of magnetic nanogels are dependent upon 
both the size of IONPs and the polymer utilised. However, 
magnetic nanogels synthesised via the grafting through technique 
preserve the inherent properties of their constituent elements. 
This phenomenon stems from the enhanced control achieved 
through covalent synthetic methods for incorporating IONPs, 
contrasting with the limitations of physical entrapment 
approaches. However, very few studies in the literature present 
a complete set of data, in particular regarding the response to the 
AMF and measurement of the SAR value. Among the reported 
magnetic nanogels, the work by Cortes et al. appears to be 
the most promising for drug release and thermo-
responsiveness. Despite preserving the magnetic properties of the 
IONPs post-nanogel synthesis and promising experiments in 
solution, the relatively low SAR value (47 W/g) might hinder 
biomedical applications in vivo.

7 Applicability of magnetic nanogels for cancer 
treatment

7.1 Biocompatibility of magnetic nanogels
Several studies have reported the good biocompatibility of 
magnetic nanogels, 95 which seem to be less cytotoxic to healthy 
cells than certain chemotherapy drugs, such as DOX, 124 113 while 
exhibiting higher efficiency against cancer cells. 127 113

7.1.1 In vitro studies

Indulekha et al. investigated the cytotoxicity of 1 mg/mL of 
magnetic nanogel containing 0.42 mg/mL of DOX in breast cancer 
cells. 95 At room temperature, the viability of the cells treated with 
the magnetic nano gels-DOX was 60%, whereas cells treated with
0.42 mg/mL of DOX alone exhibited a viability of 40%. 95

The magnetic nanogel developed by Cortes et al showed viability 
close to 100% for cells treated with 2mM of the composites, 
while cells treated with DOX alone showed viability of only 60%. 
113

Magnetic polymers containing poly(acrylic   acid),   such   as those 
synthesised by Sundaresan et al., also exhibited good 
biocompatibility (80% viability with 0.5 mg/mL), challenging the 
toxicity associated with the acrylate units. 128

The magnetic nanogel developed by Mdlovu et al. contains 
pluronic F127 (PF) and polyethylenimine (PEI). PEI is known for 
its cell toxicity. 124 No cell death was observed in HepG2 cells after 
24 and 48 h with concentrations of up to 75 µL/mL of the magnetic 
nanogel.
Once DOX was loaded in the magnetic nanogel and tested against 
cancer cells, the complex was found to be less cytotoxic than the 
drug alone. 124 However, when the cells were exposed to an 
external magnetic field, the viability was lower than that observed 
with DOX alone. The team was able to verify an increased presence 
of DOX inside the cells when delivered with the magnetic nanogel. 
This suggests that the PF/PEI nanogel can destabilise the 
endosomal barriers and facilitate penetration of

DOX through the cellular membrane.

7.1.2 In vivo studies

Zhang et al.    conducted in vivo studies to assess the toxicity of 
a magnetic nanogel containing PNIPAAM and AA monomers. Mice 
treated with DOX alone exhibited severe degradation of the liver, 
whereas no damage was observed in those treated with the 
magnetic nanogel. 129

Jiang et al found no iron accumulation in the animals’ organs after 
21 d from the treatment with the magnetic nanogel. 
Histopathological exams on the liver, spleen, brain, and other 
organs did not show any abnormal results. 126

7.2 Efficiency of the combined hyperthermia/drug delivery 
system

Despite the abundance of literature on the synthesis and 
properties of magnetic nanogels, few studies have extended their 
investigations to include in vitro experiments. To the authors’ 
knowledge, no paper has explored the in vivo efficacy of magnetic 
nanogels for combined hyperthermia and drug delivery. Therefore, 
in the in vivo section, the two cited works should be considered 
exemplary studies outlining the necessary experiments for a 
comprehensive investigation.

7.2.1 In vitro studies

Sundarsen et al. compared the cell death induced by DOX and 
by the DOX-magnetic nanogel after incubation at 37 °C and 40
°C. As expected, at 40 °C, viability was 54% for DOX and 42% for 
the magnetic system.   At 37 °C, 26% of the cells were killed by DOX 
and 19% by the magnetic system. These results indicated that, 
below the LCST, the drug within the polymer is not able to
diffuse through the pores. 128

Cortes et al. compared the viability of cancer cells with and 
without the contribution of the AMF. Empty magnetic nanogels 
under AMF did not affect the cells’ viability. After loading DOX 
in the magnetic nanogel, 75% of the cells died after exposure to 
AMF (with a local temperature of 65 °C). As 50% died without 
AMF, the paper concluded that hyperthermia enhances the 
cytotoxicity of DOX but is not efficient on its own. 113

Contrary to Cortes et al., Indulekha et al. reported that 2 mg/mL 
of the empty magnetic nanogels under AMF caused 51% of cell 
death. 95 After DOX loading, the magnetic nanogels were found to 
be toxic to 50% of the cells without AMF and to 80% with AMF. 
It should be noted that the DOX-loaded magnetic nanogels in a 
water bath at 43 °C released 60% of DOX under AMF and 40% 
without. Hence, the highest cytotoxicity of the DOX-loaded 
magnetic nanogels under AMF could be attributed to a higher 
amount of DOX released in the cells rather than due to the 
hyperthermic action. 95

7.2.2 In vivo studies

Zhang et al. demonstrated the enhanced efficacy of DOX when 
encapsulated in a magnetic nanogel using a mouse model. However, 
in this magnetic nanogel, the pH was used as the trigger for drug 
release and no hyperthermia work was done. The group found a 
significant reduction in liver tumour size
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upon treatment with targeted and DOX-loaded magnetic nanogels 
after 14 d. While the saline group tumour was 473 mm3, the 
volumes of the tumours treated with the magnetic nanogels were 
found to be 135 and 109 mm3. For comparison, the volume of 
the tumour treated with DOX alone was around 300 mm3. This 
reduction in tumour volume is attributed to the controlled and 
sustained release of the encapsulated drug over time, highlighting 
the potential of magnetic nanogels as drug delivery systems for 
cancer therapy. 129 As the body weight of the mice treated with 
magnetic nanogels remained constant throughout the 
administration window, the group concluded that the magnetic 
nanogels did not have a toxic effect on the organism.

Fig. 13 Thermal image of a mouse injected with magnetic 
polymer grafts. 130 Adapted with permission from M. 
Hayashi et al., Theranostics, 2014, 4, 834–84. Copyright 
2014 Ivyspring International Publisher.

Fig. 14 Pictures of tumour size after 45 d of treatment. 
130 Adapted with permission from M. Hayashi et al., 
Theranostics, 2014, 4, 834–84. Copyright 2014 Ivyspring 
International Publisher.

A study conducted by Hayashi et al. demonstrates the synergistic 
effect of combined therapy in a mouse model with xenografted 
tumours. In their experiment, IONPs coated with polymer chains 
were injected into the mice, followed by the application of an AMF. 
130

Thermal imaging of the animals revealed the localised "hot-spot" 
effect generated by the IONPs when exposed to the AMF, figure13. 
Subsequent monitoring of tumour reduction over several days 
post-treatment showed a significant decrease in tumour size.
Figure 14 depicts the mice 45 d after the injection, illustrating 
an 80% reduction in tumour size in mice treated with either 
hyperthermia or chemotherapy alone. Notably, in mice treated 
with the magnetic composite under AMF, the tumour completely 
disappeared after 12 d. Furthermore, the survival rate of the mice 
treated with the combined chemotherapy and hyperthermia was 
100% after 200 d from the treatment. Mice treated with the
individual treatments died  after 100 d  from the  procedure. 130

This data suggests a synergistic mechanism wherein magnetic 
hyperthermia treatment reduces the volume of tumour cells,

Fig. 15 Other magnetic nanogel structures found in the literature (created 
with Biorender.com)

facilitating the penetration and efficacy of chemotherapy drugs 
throughout the tumour tissue. 130

To conclude, several formulations in the literature have 
demonstrated the non-toxicity of magnetic nanogels. However, 
there is a lack of in vitro and in vivo studies showing the efficacy 
of magnetic nanogels for combined hyperthermia and 
chemotherapy. The in vitro works done by Indulekha et al 131 and 
by Cortes et al. 113 have both shown that around 75 to 80% of 
cancer cells can be killed with DOX-loaded magnetic nanogels 
under AMF. As the SAR of the MagNanogels by Cortes et al. might 
not be ideal for human applications, there is an urgent need for 
in vivo studies.

8 Beyond iron oxide magnetic nanogels
In recent years, the field of magnetic nanogels has witnessed 
significant advancements, with the integration of various materials 
to enhance their properties and broaden their applications, figure 
15.

8.1 Magnetic graphene oxide nanogels
The incorporation of graphene oxide (GO) into magnetic nanogels 
offers several advantages, 132 including increased drug-loading 
capacity and the ability for magnetic tracking and smart drug 
delivery. 133

Bardajee et al. demonstrated a method for modifying GO with 
magnetic nanoparticles to create magnetic GO (MGO). While
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the MGO nanogels showed high drug loading efficiency (more than 
80% for DOX), the relatively low MS of 0.08 emu/g limited their 
suitability for applications such as hyperthermia, MRI, or magnetic 
guiding. 132

In contrast, Kunene et al. achieved higher MS and 
superparamagnetic behaviour for both MGO and MGO nanogels 
(71.62 and 67.61 emu/g, respectively). 134

Despite the reduction in porosity due to the presence of nanogels, 
they demonstrated higher loading efficiency of MGO nanogels 
compared to MGO alone. Moreover, they observed accelerated 
drug release from MGO nanogels under the influence of an AMF,
high temperatures, and acidic pH conditions. 134

8.2 Magnetic-fluorescent nanogels
The integration of quantum dots (QDs) into magnetic nanogel 
formulations offers the potential to   impart   fluorescence   to the 
structure, enabling sensing capabilities 135 and cellular imaging. 136

Shen   et   al.        synthesised   a   luminescent-magnetic   nanogel by 
incorporating pre-formed IONPs and QD during the polymerisation 
of chitosan. 136 The composite showed strong orange/yellow 
emission, making it suitable for imaging purposes. However, the 
presence of cadmium in the QDs had a slight impact on cell viability 
due to its toxicity. 136

In a different approach, Wang et al. developed a core-shell nanogel 
containing iron oxide crystals and non-toxic 137 fluorescent carbon 
dots (CDs). 138 Similar to magnetic nanogels,
these composite nanogels were capable of releasing heat induced   
by   the   IONPs   under   an   AMF.   Additionally,    the CDs enabled 
the nanogels to absorb near-infrared (NIR) wavelengths, allowing 
them to heat the   environment   upon NIR irradiation. 138 

Consequently, these nanogels could be utilised for both 
hyperthermia and photothermal therapy, with triggering 
mechanisms involving either an external AMF or NIR irradiation. 
Furthermore, the magnetic-fluorescent nanogels could be 
employed for fluorescent tracking, as the luminescence intensity 
was dependent on the size, with emission intensity increasing as 
the matrix shrank. 138

8.3 Mesoporous silica magnetic nanogels
Coating the IONPs with a mesoporous silica shell (MSS) is one of 
the most widely used strategies to improve the biocompatibility 
of the IONPs and increase the particles’ surface area for improved 
drug loading abilities. 139 While silica itself does not release drugs 
on cue, incorporating a nanogel coating can enable smart release 
mechanisms. 140

Mdlovu et al. demonstrated that incorporating stimuli-responsive 
nanogels enhances the loading   efficiency   of   IONPs   coated in   
mesoporous   silica. 124    Their   magnetic   nanogel   showed   a
sustained release for over 70 h, with the highest release (94.41%) 
reached at an acidic pH of 5.4 and 42 °C due to the 
thermoresponsivity of the nanogel. Although these conditions 
mimic the altered physiology of the tumour environment, release 
experiments in the presence of an AMF were not conducted. In 
vitro and in vivo experiments showed no toxicity during

histopathological analyses and enhanced tumour reduction in 
mice. 124

The presence of silica on the surface of IONPs can significantly 
reduce their magnetism. 141 140 Despite this, the MSS-IONPs 
nanogel reported by Keshavarz et al.   exhibited a SAR value of
108.6 W/g and a temperature of 58 °C within 5 min of exposure 
to an AMF. 140 The frequency and intensity of the magnetic field 
were 315 kHz and 14.3 kA/m respectively. The application of an
AMF increased cargo release from 15% to 70%, demonstrating 
potential applications in hyperthermia and triggered drug release.

8.4    Doped mangnetic nanogels

Doping IONPs with other elements, such as manganese or zinc, can 
enhance their magnetic properties, stability, and SAR, making them 
more suitable for biomedical applications. 142

Monfared et al.   utilised manganese zinc ferrite nanoparticles 
as the magnetic component in their PNIPAAM nanogel formulation. 
143 The resulting nanogel exhibited a SAR of 62.4
w/g in an AMF with 10 kA/m amplitude and 400 kHz frequency. 
The nanogel showed the highest sustained release of the drug when 
incubated at 44 °C for 24 h. However, it’s important to note that 
no experiments were conducted to investigate drug release 
induced by an AMF. This aspect is crucial for evaluating the 
feasibility of using such nanogels in magnetic field-triggered drug 
delivery systems. Further studies are needed to explore the 
responsiveness of these doped IONP-based nanogels to external 
magnetic stimuli and their potential for controlled drug release in 
hyperthermia applications.

9 Challenges for clinical applications
The translation of research findings from the laboratory to clinical 
trials faces numerous challenges, resulting in a limited number of 
studies advancing to clinical stages. 4 Several reasons contribute to 
this gap between research and clinical application, as outlined in 
various reviews 144 145 146 and have been summarised in this section.

The lack of   international   standards   for   assessing   the safety 
of nanomedicines poses a significant obstacle to their 
commercialisation. 146 Existing toxicological guidelines within 
both the European and American Pharmacopeias address general 
safety assessments, but they are not specific to nanomaterials. 
Nanoparticles exhibit unique behaviours due to their size, 
necessitating specialised regulations for their production and 
physicochemical testing. 144 145 Furthermore, guidelines for 
studying the pharmacokinetics profiles of nanomaterials are 
lacking in regulatory agencies such as the Food and Drug 
Administration (FDA), the Medicines and Healthcare products 
Regulatory Agency (MHRA) and the European Medicines Agency 
(EMA). Nanomaterials’ pharmacokinetics and pharmacodynamics 
profiles are more complex than traditional drugs, involving factors 
like protein corona formation, intricate metabolic pathways, and 
potential body accumulation. 147 Understanding how 
nanomaterials behave in the biological environment is crucial 
before their commercialisation. 146 While in vitro and small animal 
studies provide valuable insights, the human
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biological environment differs significantly, making it challenging 
to predict nanomedicine behaviour post-administration. 4 Despite 
the extensive research on nanomaterials, there is a significant gap 
in toxicological studies specific to nanomaterials. 147 Developing 
new nanotoxicological assays, such as microfluidics or organ 
bioprinting, is essential for translating nanomedicines into clinical 
applications. 147

Furthermore, the absence of specific regulations on good 
manufacturing practices, laboratory practices, and clinical 
practices for nanomaterials poses a challenge. 147 International 
regulations could help prevent instances such as the removal of 
approved nanotechnological formulations from the market due to 
unforeseen negative side effects. 144

The transition from laboratory-scale development to industrial-
scale production presents a significant obstacle in the 
commercialisation of nanomaterials and nanomedicine. Firstly,   
nanoparticle production is exceptionally sensitive to
minute variations. 148 Factors like stirring speed and agitation,
crucial in maintaining formulation integrity, can exert substantial 
influence. 149 Scaling up to larger batches highlights the issue and 
ensuring reproducibility becomes increasingly   difficult. Any 
inconsistency in batch-to-batch uniformity could result in altered 
properties and physicochemical profiles of the drug. 148 However, 
the multitude of parameters necessary to ensure product 
uniformity renders purity validation challenging. Moreover, the 
synthetic pathways of nanomedicines often involve multi-step, 
complex processes that are low-yielding and high-cost, dissuading 
pharmaceutical manufacturing efforts. 148 The presence of 
solvents and potentially toxic components such as unreacted 
monomers or ligands complicates purification procedures, without 
guaranteeing product purity and safety. 148 Finally, verifying the 
stability of nanomedicine throughout production, storage, and   
administration   is   paramount,   as even slight alterations could 
impact drug toxicity. 148 These various challenges collectively 
contribute to the complexity of establishing the requisite quality 
control assessments necessary for the commercialisation of 
nanomedicines. 149

Despite FDA approval or clinical trials for both IONPs 145 and 
nanogels 144, no magnetic nanogel has entered human trials. 
While NanoTherm®(IONPs coated in aminosilane) has been 
successfully commercialised, 10 ThermoDox®(a liposome 
formulation) reached phase III clinical trial before being halted due 
to insufficient evidence of efficacy. 150 Despite this setback, the 
success of NanoTherm® paves the way for magnetic nanogel 
formulations as efficient synergistic therapies against cancer.

Finally, the intrinsic limitations of the magnetic field applicable 
in hyperthermia therapy pose a challenge to the development of 
magnetic nanogels. 151 The heat generated during hyperthermia 
therapy is partly due to eddy currents, which are induced by 
metallic materials in magnetic fields and are quantified by the 
following equation:

P = σ t(πµ0)2(H0 f )2r2

(where P is the power density, σ t is the electrical conductivity of

the tissue, µ0 is the vacuum permeability, H0 is the amplitude of 
a magnetic field, f is the frequency and r is the radius of the 
object conveying the hyperthermia). 152 It is important to note 
that the intensity of the eddy current is proportional to the square 
of the r. Consequently, beyond a certain product value of H0 and 
f (H0 x f ), there is a risk of heating healthy tissue distant from the 
tumour site. This critical value is known as the Atkinson–
Brezovich limit, established at 4.85 x 108 Am/s. 152 In 2004, this 
limit has been increased to 1.8 x 109 Am/s, as demonstrated by 
NanoTherm®’s magnetic field parameters (18 kA/m and 100 kHz) 
153 which were found to be safe for patients. Since 2006, several in 
vivo experiments have suggested that this limit can be further 
increased. 154 155 156 157. Caizer reported an optimal value of 5 x 
109 Am/s for particles with a diameter within

16.0 to 17 nm, with H0 between 10–25 kA/m and f between 200–
500 kHz (as long as H0 x f is respected). 158 Herrero de la Parte et 
al. proposed a new limit of 9.46 x 109 Am/s, achieved with a 
frequency of 591 kHz and an amplitude of 14 kA/m. 159 However, 
higher values have been observed to be harmful to healthy rodents. 
It should also be considered that patients who are already 
weakened due to surgery or the presence of a tumour might not 
tolerate such high levels of magnetic field intensity and amplitude 
159. Overall, there is a lack of studies concerning the safe limits of 
magnetic fields during hyperthermia therapy. 38

In 2023,   Kwok et al.    argued that the Atkinson–Brezovich limit 
is prone to misuse and   may   not   be   the   best   metric for safety. 
160   Hence, the authors proposed a new metric, the
SARMAX, as a parameter to determine acceptable levels of magnetic 
hyperthermia. SARMAX describes the maximum power absorbed 
per unit mass of tissue due to eddy currents, averaged over 10 g of 
tissue and 6 min. As a guideline, should not exceed 20 mW/g for 
the torso or head (achieved with f of 330 kHz and H of 4.9 
k/Am) and 40 mW/g for the limbs (f of 242 kHz and maximum 
H of 10.43 kA/m). 160 The paper identifies several
advantages for this new parameter, namely:

• The possibility of establishing a correlation with the local 
SAR limits for MRI.

• SARMAX      can be easily estimated from calculations, 
simulations, or direct measurements.

• This parameter is reliable and adaptable, accounting for hot 
spots and non-axial field geometries

In the study by Kwok et al., the patients did not experience any 
discomfort during the hyperthermia experiments. 160

Overcoming these challenges requires interdisciplinary 
collaborations, innovative approaches, and sustained investment 
in translational research.   Despite   hurdles,   ongoing   efforts aim 
to advance the clinical translation of nanomaterial-based 
therapies, ultimately improving patient outcomes and advancing 
healthcare.

10 Conclusions
Combining hyperthermia and chemotherapy through magnetic 
nanogels presents a promising approach in cancer treatment,
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offering synergistic therapeutic effects and addressing the 
limitations of individual treatments. 4 3

While various synthesis strategies exist for magnetic nanogels, 
optimising their magnetic properties, thermo-responsiveness, 
drug-loading capacity, and biocompatibility are crucial for their 
effectiveness. 76 Optimisation of the magnetic properties and SAR 
for hyperthermic properties is still needed to achieve the optimal 
value for biomedical applications. Numerous studies in this review 
have thoroughly investigated the thermo-responsive 
characteristics of magnetic nanogels, additional research focusing 
on drug release upon exposure to AMF is needed.
Although there is ongoing debate regarding the cytotoxicity of 
hyperthermia alone, studies have demonstrated the efficacy of 
magnetic nanogels in combined hyperthermia and chemotherapy 
drug delivery in vitro. However, challenges such as the complexity 
of magnetic nanogels, limited understanding of their behaviour in 
vivo,   and their multi-component nature hinder
their   translation   into   clinical   applications. 146    Conducting   in
vivo comparisons to assess the potential increased toxicity of 
magnetic nanogels compared to individual hyperthermia and 
chemotherapy treatments would advance the field towards 
commercialisation.   Data on the tumour regression,   toxicity and 
survival rate of mice treated with magnetic nanogels could bridge 
the gap between the bench and the market.   Similarly, a 
comparative study against other formulations for combined 
hyperthermia and chemotherapy, such as magnetic liposomes, 
would demonstrate the advantages of nanogels over other 
combined therapy approaches.
Most studies in the literature utilise spherical IONPs in magnetic 
nanogels, but exploring alternative morphologies such as cubes 
and nanoflowers could offer enhanced heating abilities and 
therapeutic efficacy. Further research into the properties and 
behaviour of magnetic nanogels, along with the development of
standardised protocols, will be crucial for advancing their clinical 
translation and realising their potential in cancer therapy. 107
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