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Recent advances in zinc ferrite (ZnFe2O4) based nanostructures for 
magnetic hyperthermia applications 
Priyambada Sahoo1#, Piyush Choudhary1#, Suvra S. Laha2, Ambesh Dixit1*, O. Thompson Mefford2* 

Spinel ferrite-based magnetic nanomaterials have been investigated for numerous biomedical applications, including 
targeted drug delivery, magnetic hyperthermia therapy (MHT), magnetic resonance imaging (MRI), and biosensors, among 
others.  Recent studies have found that zinc ferrite-based nanomaterials are favorable candidates for cancer theranostics, 
particularly for magnetic hyperthermia applications. Zinc ferrite exhibits excellent biocompatibility, minimal toxicity, and 
more importantly, exciting magnetic properties. In addition, these materials demonstrate a Curie temperature much lower 
than other transition metal ferrites. By regulating synthesis protocols and/or introducing suitable dopants, the Curie 
temperature of zinc ferrite-based nanosystems can be tailored to the MHT therapeutic window, i.e., 43 - 46 ℃, a range 
which is highly beneficial for clinical hyperthermia applications. Furthermore, zinc ferrite-based nanostructures have been 
extensively used in successful pre-clinical trials on mice models focusing on the synergistic killing of cancer cells involving 
magnetic hyperthermia and chemotherapy. This review provides a systematic and comprehensive understanding of the 
recent developments of zinc ferrite-based nanomaterials, including doped particles, shape-modified structures, and 
composites for magnetic hyperthermia applications. In addition, future research prospects involving pure ZnFe2O4 and its 
derivative nanostructures have also been proposed. 

1. Introduction 
Magnetic nanoparticle hyperthermia has been proven to be a 
promising technology in the advancement of cancer 
nanomedicine research. In a typical magnetic hyperthermia 
therapy (MHT) procedure, localized heat is generated by 
magnetic nanoparticles in the presence of an alternating 
magnetic field (AMF) at high frequencies (i.e., hundreds of 
kHz).1–4 The heat produced during MHT primarily results from 
two fundamental nanomagnetic phenomena, namely, the Néel 
and Brownian relaxations. The Brownian relaxation time 
depends on the physical rotation of the entire particle in the 
fluid medium, whereas the Néel relaxation is determined by the 
intrinsic electronic spin rotation inside the particle. In the 
physiological domain, the motion of the particles may 
potentially be limited due to cellular interactions. In this case, 
the Néel mechanism will be the dominant mode of relaxation. 
Past research has demonstrated that heat emanating during 
MHT carries the potency to destroy both cancer and bacteria 
cells.1–10 Despite proposed by Gilchrist and co-workers as early 
as in 1957, 11 the underlying mechanism of how a malignant cell 
succumbs during MHT remains a debatable subject that needs 

further investigation. The role of crucial biochemical factors like 
heat-shock proteins, DNA alterations, and other enzymatic 
processes that initiate during a typical MHT need to be more 
carefully understood before commenting on hyperthermia-
induced cell death.12–16 The key parameters that determine 
nanoparticle heating during MHT include shape, size, saturation 
magnetization (Ms), coating material, and concentration of 
nanoparticles, among other.17–23. 
 This procedure, which is primarily non-invasive and, thus, has 
attracted scientists to further advance this research domain, 
has the potential to modernize future nanomedicine research. 
In the past two decades, MHT has attracted significant attention 
because of its ability to destroy malignant tumors when 
practiced concurrently with traditional chemo and radiotherapy 
strategies. This synergistic approach of combining MHT with 
other advanced therapies has dominated the cancer 
nanomedicine research over the few years.24–26 In Europe, MHT 
has been practiced as an adjuvant therapy to treat human 
glioblastoma, an aggressive form of brain cancer, in conjunction 
with radiotherapy.27,28 Currently, dedicated attempts are 
focused on designing and developing smart nanomaterials 
based on superparamagnetic spinel ferrites for the 
advancement of MHT treatment procedure.29–32 Among the 
several multi-functional spinel ferrites, zinc ferrite (ZnFe2O4) 
deserves special attention because it exhibits excellent 
biocompatibility,33 minimal toxicity and, more importantly, 
exciting magnetic properties34 as well as Curie temperatures 
lower than other ferrites.35,36 In a typical MHT procedure, the 
therapeutic temperature window falls somewhere between 
~43-46 ℃.33 At this temperature range, the cancer cells 

1. Advanced Materials and Devices (A-MAD) Laboratory, Department of Physics, 
Indian Institute of Technology (IIT) Jodhpur, Karwar, Jodhpur, Rajasthan, 342030, 
INDIA,  

* Corresponding author: Email:ambesh@iitj.ac.in 
2. Department of Materials Science & Engineering, Clemson University, Clemson, SC 
29634, USA,  
* Corresponding author: Email:mefford@clemson.edu Address here. 
# These authors contributed equally to this work 

Page 2 of 35ChemComm



ARTICLE Journal Name 

2  | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

succumb leaving the healthy ones unaffected. However, 
sustaining this brief temperature window for the time needed 
(i.e., 30-60 minutes), particularly for clinical hyperthermia 
applications, is challenging. Bulk zinc ferrite is 
antiferromagnetic in nature having a Néel temperature as low 
as 10 K;37 however, in the nano domain it exhibits substantial 
saturation magnetization, and more importantly, a magnetic 
transition temperature in tens of Kelvin, which is significantly 
lower compared to other ferrites.  For example, Fe3O4 (Tc~855 
K)38, MnFe2O4 (~580 K)23 and CoFe2O4 (793 K)40 report higher 
Curie/Néel temperatures than  ZnFe2O4. By tuning synthesis 
protocols and/or introducing suitable dopants, the Curie/Néel 
temperature of zinc ferrite-based nano systems can be tailored 
to the MHT therapeutic window range, providing zinc ferrite-
based nano systems a self-regulated temperature or a 
controlled heating in the 43-46 ℃ range, making them unique 
ferrite material for clinical magnetic hyperthermia 
applications.41–43 
Magnetite (Fe3O4) exhibits an inverse spinel structure with the 
tetrahedral A sites occupied only by Fe3+ ions and the octahedral 
B sites inhabited alternatively by Fe2+ and Fe3+ ions.30 
Interestingly, the magnetic moment contribution in bulk 
magnetite comes primarily from the Fe2+ ions because the Fe3+ 
ions in both sites are directly opposite from each other 
effectively canceling their moments as illustrated in Figure 1A. 
However, ZnFe2O4 exhibits a normal spinel configuration with A 
and B sites occupied by Zn2+ and Fe3+ ions, respectively (Figure 
1B). From Figure 1B, it is observed that the magnetic moment 
contribution from the Fe3+ ions in the B site boils down to zero., 
However, Zn2+, being paramagnetic in nature (filled d-orbitals), 
in the bulk form, zinc ferrite (ZnFe2O4) exhibits 
antiferromagnetic behavior (~ zero magnetic moment). 

Surprisingly, the zinc ferrite based nanosystems show 
substantial saturation magnetization (Ms) near  room 
temperature, sometimes as high as ~ 90 emu/g depending on 
doping percentage, functionalization, morphology and 
synthesis protocol.33,44,45 Therefore, the question remains how 
antiferromagnetic material in bulk form can display such a high 
magnitude of Ms in the nano domain. The most prominent 
factor contributing to the magnetic moment of nano zinc ferrite 
could possibly be a disordered arrangement of Fe3+ spins in both 
A and B sites or only in B sites in a manner such that the effective 
moments do not oppose each other. Furthermore, the spin-
canting effect observed in nanoparticles also contributes to the 
higher magnetic moment of zinc ferrite.  
Doping is an important phenomenon by which one can obtain 
zinc ferrite-based nano systems with significantly greater 
magnetic moments and potentially a higher thermal energy 
conversion. Once zinc ferrite is doped with other ions, in 
particular magnetically relevant ions like Ni2+, Co2+, and Mn2+, 
among others, the positioning of the ions in the spinel system is 
altered, effectively contributing to a non-zero magnetic 
moment as depicted in Figure 1C for a (Zn0.4Fe0.6)Fe2O4 spinel 
configuration. Furthermore, the transition metal zinc records a 
minimum toxicity level as opposed to ions like cobalt. 
Additionally, ZnFe2O4 and its associated nanostructures exhibit 
substantial specific absorption rate (SAR) values. SAR, which 
gives a quantitative measurement of the heat generated by the 
particles during MHT, is expressed by the mathematical formula 
                                    𝑺𝑨𝑹 = 𝒅𝑻

𝒅𝒕
× 𝑪𝒑 ×

𝒎𝒔
𝒎𝒏

 

where 𝑪𝒑 denotes the specific heat of the solution, 𝒎𝒔  
represents the mass of the suspension, 𝒎𝒏   represents the mass 
of the nanoparticles, and 𝒅𝑻

𝒅𝒕
 represents the initial slope of the 

heating curve. The SAR is expressed in W/g.30  
 Currently, the number of  detailed review articles available 
on zinc ferrite in the scientific literature,46,47 is limited, 
substantiating the need to review ZnFe2O4-based 
nanostructures for advanced biomedical applications. In this 
review, comprehensive details focusing on the magnetic 
hyperthermic potential of ZnFe2O4 and its derivative 
nanomaterials including doped, shape anisotropic systems and 
composites are presented. This review is primarily aimed at 
investigating the hyperthermia performance of zinc ferrite-
based nanosystems by analyzing their various synthesis 
approaches, morphological modifications, doping strategies, 
heat profiles, and cell viability studies. The authors conclude 
with future research possibilities and applications focusing on 
various aspects of ZnFe2O4 based nanostructures.   
 
2. Synthesis of zinc ferrite nanostructures  

In nanomaterial applications, the synthesis strategies carry 
enormous importance. The properties of the nanostructures are 
highly dependent upon the chosen method of fabrication. Several 
methods have been developed to produce spherical ZFNPs including 
combustion,48 hydrothermal,44,49,50 co-precipitation,22,23,44 thermal 
decomposition,51,52 and biological synthesis methods,53–55 as 
summarized in Figure 2.

Figure 1. Schematic representation of A (tetrahedral) and B (octahedral) magnetite 
sites with zinc doping.
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These methods and their parameters for synthesis have a 
decisive impact on properties such as the shape, size, and 
morphology of the ZFNPs. These, in turn, are responsible for 
properties (saturation magnetization, super-paramagnetism, 
magnetic anisotropy etc.,) relevant in the context of magnetic 
hyperthermia. We will briefly look at the synthesis methods for 
ZFNPs. The co-precipitation method is one of the most common 
and simplistic methods used for the synthesis of ferrite 
nanoparticles.22,56–61 It is similarly translated to ZFNPs as well as 
it is one of the easiest and most cost-effective methods for their 
synthesis.  As its name indicates, this process usually involves 
the simultaneous precipitation of soluble salts of the two 
cationic components in the ZFNPs, often achieved by creating a 
highly alkaline environment in the reaction medium (pH ~11-
12). Frequently,  the pH is the critical parameter in these 
synthesis procedures.62,63 Nguyen et al.62 have reported a 
critical analysis of the pH during the precipitation of ZFNPs. 
However, agglomeration as well as the large particle size 
distribution and large particle size (> 20 nm) of the ZFNPs 
formed through co-precipitation are several of the major 
drawbacks to this method. Efforts have been made to improve 
both particle size distribution and agglomeration by 
implementing various surfactants such as PVA, PVP,  PEG, and 
Glycerol, among others.64,65  

Another  simple method for ZFNP synthesis, the combustion 
method,36,66–70 typically involves formation of a gel of the 
desired ratio of precursors in the presence of a mild reducing 
agent, with citric acid being the most frequently used. This gel 
is combusted into ashes at an appropriate temperature. The 
temperature of combustion and calcination after combustion 
are often the determining parameters for this synthesis. While 
this method is known for its simplicity and minimal use of toxic 
chemicals, its disadvantages include high operation 
temperature, large particle size distribution, and high 
agglomeration, among others.   
 The disadvantages of the co-precipitation and the 
combustion method can be improved by other synthesis 
methods, one such method for ZFNP synthesis being thermal 
decomposition (TD).71–78 In this synthesis, a metallic complex is 
thermally decomposed by dissolving it in an organic solvent 
with a high boiling point. These decomposed intermediates 
then stabilize in the form of NPs. To control the size of these 
NPs, a surfactant or ligand is usually added during the synthesis. 
The TD method is known for synthesis of anisotropic 
nanoparticles, with accurate size control, very fine size 
distribution and little agglomeration being the signature 
features of this method as they are the important properties 
required in the design of hyperthermia agents. The major 
disadvantages of this method are the use of organic solvents 

Figure 2. Electron microscopic images of spherical ZFNPs obtained using various synthesis approaches. The commonly used fabrication methods 
include (a) co-precipitation, (Reproduced with permission from ref.56. Copyright 2022, ELSEVIER).  (b) sol gel auto-ignition or combustion synthesis, 
(Reproduced with permission from ref.36. Copyright 2020, ELSEVIER).  (c) hydrothermal synthesis, (Reproduced with permission from ref.50. Copyright 
2012, ELSEVIER) (d) thermal decomposition (Reproduced with permission from ref.51. Copyright 2009, WILEY) and (e) bacterial synthesis (Reproduced 
with permission from ref.54. Copyright 2014, Royal Society of Chemistry).  
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and reagents, both of which are highly toxic. The hyperthermia 
application requires the preparation of ferrofluid in saline stable 
colloidal solutions. However, Rubio et al.71 proposed a 
procedure to stabilize the NPs in aqueous colloidal solutions. 
The hydrothermal method, another controlled method used for 
the synthesis of ZFNPs,79–83 involves the treatment of inorganic 
salts in water under high pressure. The temperature and time 
are the important reaction parameters that can be used to 
critically control the properties of the ZFNPs.80,81 This method is 
typically known for producing small uniform ZFNPs of high 
purity and crystallinity. While it is perhaps one of the best 
methods for synthesis, the high reaction temperatures and long 
reaction times are a concern for this method. In addition, the 

yield when synthesizing in large quantities is also not good, 
which is the most important drawback to this synthesis 
pathway.  
 Representative transmission electron microscopy (TEM) 
images of spherical ZFNPs that have been utilized in magnetic 
field-mediated hyperthermia are shown in Figure 2, with   Table 
1 providing a brief overview of the comparative quality of 
spherical ZFNPs prepared using different synthesis protocols. 
Advancements in fabrication methods have led to improved 
dispersion and uniformity of the nanoparticles produced, 
resulting in better hyperthermia performance.  
 

 

Table 1. Properties of nano zinc ferrites for magnetic hyperthermia applications produced using different synthesis techniques. 

Synthesis Method Process Parameters Particle 
Size 

Particle Size 
Distribution 

Shape 
Control 

Yield 

Precursors Reaction 
Temperature 

Co-Precipitation Inorganic salts in water Low ~ 30 nm Broad Small Good 

Hydrothermal Inorganic salts dissolved 
in water 

High < 20 nm Monodisperse Good Average 

Thermal 
Decomposition 

Metal complexes in 
organic solvents 

High < 20 nm Very Narrow Very High Average 

Combustion Inorganic salts and 
chelating agents in water 

Very High > 50 nm Polydisperse Very Little Good 

Biological Synthesis Biological reducing and 
capping agents with 

inorganic salts in water 

Low ~ 50 nm Very Broad Very Little Average 

3. Performance evaluation parameters of zinc 
ferrite-based nanoparticles for magnetic 
hyperthermia applications  

The performance factor is primarily determined by three 
important characteristics, namely, 1. a substantial high 
saturation magnetization (MS) of ZFNPs; 2. a high specific 
absorption rate (SAR)  or specific loss power (SLP) of the ZFNP-
based ferrofluid; and 3. superior cell viability performance when 
incubated with these nanoparticles. 
3.1. High Saturation Magnetization (MS): The saturation 
magnetization for ZFNPs is observed to be approximately 35-40 
emu/g in the nanoparticle diameter range of 15-50 nm. 
However, this improved synthesis control has led to the 
efficient production of extremely small nanoparticles, which are 
superparamagnetic in nature and exhibit a higher saturation 
magnetization.36,84 Although discussion of the factors 
influencing saturation magnetization is beyond the objective of 
this review, the highest saturation magnetization achieved by 
ZFNPs is reported to be 90.23 emu/g, achieved by a two-step 
co-precipitation technique followed by a microwave-assisted 
hydrothermal method (Figure 3. (a)).44   

3.2. Specific Absorption Rate (SAR): SAR is an important 
parameter for analyzing the hyperthermia performance of 
magnetic nanoparticles. Typically, the SAR values for ZFNP-
based ferrofluids lie above 100 W/g. For example, Somvanshi et 
al.36 reported SAR values decreasing  as the concentration of 
ZFNPs in the ferrofluid increased (Figure. 3 (b)), suggesting the 
impact of interparticle interactions on the resulting SAR value. 
Currently, maximizing the SAR output is one of the primary 
goals in designing an appropriate hyperthermia agent, and 
ZFNP-based ferrofluids have established themselves as a prime 
candidate in this regard. The details concerning particle size, 
morphology, surface functionalization, saturation 
magnetization, and SAR values obtained from some of the 
recent studies are reported in Table 3. 
3.3. Cytotoxicity and Cell viability: The third critical parameter 
in determining hyperthermia efficiency is the cytotoxicity of the 
nanoparticles. Zinc is an important transition metal ion, the 
concentration of which in the human body is critical. Research 
has found that a  deficiency of zinc leads to carcinogenic 
malformations.85 In addition, the toxicity level of zinc is 
substantially lower compared to other elements used in doping
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magnetic ferrites  such as Mn, Co, and  Ni.  ZFNPs have shown 
great promise, becoming a recent trend in hyperthermia 
material due to their cytotoxic properties. They have an 
advantage  over other doped ferrites due to the high dosage 
limit86 of Zn+2 ions in the human body along with their antifungal 
and antibacterial properties.66 A  recent study conducted by S. 
Chakroborty et al.87 shows the relative cytotoxicity of various 
doped ferrites on the human lung epithelial cell line (A549). 
Their study focused on various factors affecting the cytotoxicity 
of doped ferrites, specifically Cu, Co, Mn, and Zn.  Of these Zn 
and Cu doped ferrites were observed to exhibit superior 
cytotoxic behavior. Figure 3. (c) shows the cell viability of the 
various doped ferrites studied at the exposure of 24 hrs where 

Zn doped ferrite is seen as clearly performing better than the 
others. This result is supported by the study conducted by 
Lachowicz et al.17, who applied a special coating of 
biocompatible polysaccharide that improved the cytotoxic 
behavior even further. Figure 3. (d) shows, the cell viability of 
the cancer cell line is shown to be perfectly intact in the 
presence of ZFNPs. However, with the hyperthermia treatment 
the cell viability exhibits a drastic reduction. These are clear 
indications that zinc doped ferrites are better candidates than 
conventional ferrites in this case. In addition, it was found that 
ZnxFe3-xO4 cytotoxicity was largely dependent on the dissolved 
ions. Table 2 shows the cytotoxic values in percentages due to 
the dissolved ions of various doped ferrites over different time 
periods of exposure. 

Figure 3. (a) The plot presenting saturation magnetization of varying ZFNPs (Reproduced with permission from ref.44. Copyright 2019, 
ELSEVIER). (b) The bar graph representing variation of SAR with respect to nanoparticle concentration in the ferrofluid used in a typical 
hyperthermia experiment where UC-ZNF refers to uncoated zinc ferrite NPs and OA-ZFNPs refers to Oleic Acid Capped zinc ferrite NPs. 
(Reproduced with permission from ref.36. Copyright 2020, ELSEVIER). (c)  Effect of doped ferrite nanoparticles on viability of A549 cells 
after 24 h of exposure, calculated as fold changes compared with the control. The statistical analysis was performed with respect to the 
control. (Reproduced with permission from ref.87. Copyright 2019, Royal Society of Chemistry). (d) The cell viability plot showing a 
significant reduction in the percentage cell viability of cancer cell line (marked with the red bar) when exposed to magnetic hyperthermia 
using ZFNPs (Reproduced with permission from ref.33. Copyright 2019, Royal Society of Chemistry).
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Table 2. Summary of the cytotoxicity of various doped ferrites commonly used in magnetic hyperthermia applications (Reproduced with permission from  ref.85. Copyright 2019, 
Royal Society of Chemistry). 

Sl. No. Ferrite composition Toxicity through dissolved ions (%) 

24 hrs 48 hrs 72 hrs 

1 CuFe2O4 8.8 26.9 34.6 

2 MnFe2O4 15.5 22.1 29.6 

3 CoFe2O4 12.2 24.1 29.6 

4 ZnFe2O4 9.2 17.7 27.6 

 

4. Undoped zinc ferrite-based nanostructures for 
MHT applications 

This section highlights the recent achievements of undoped zinc 
ferrite nanomaterials (i.e., those consisting of only Zn and Fe) 
exhibiting various morphologies aimed at magnetic 
hyperthermia applications. The spherical zinc ferrite 

nanoparticles (ZFNPs) are perhaps the most studied and widely 
utilized forms in MHT. However, recently shape anisotropic 
nanoparticles have also shown great promise in this regard. We 
now consider more fully a few of the recent articles in this 
domain to investigate the factors involved in improved 
hyperthermia performance.

Figure 4. (a) SEM image of the uncoated ZFNPs produced using a green synthesis method. (b) Magnetization curves for the ZFNPs under an applied 
magnetic field. The uncoated ZFNPs, 20 ml leaf extract coated ZFNPs and 30 ml leaf extract coated ZFNPs are shown in black, red, and green colored 
curves respectively.  (c) The time dependent relative increasing temperature plot for the ZFNP magneto-fluid. The uncoated ZFNPs, 20 ml leaf extract 
coated ZFNPs and 30 ml leaf extract coated ZFNPs are shown in black, red, and green colored curves respectively.  (d) The variation of the SLP based 
on the concentration of the coating agent used (Reproduced with permission from ref. 53. Copyright 2022, Springer). 
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4.1. Spherical zinc ferrites: In this section, we will have a closer look 
at a few of the most interesting studies during recent times 
conducted on spherical ZFNP systems. One of the most recent 
studies conducted by Onyedikachi et al.53 used a green route in the 
synthesis of ZFNPs. Specifically, Gongronema Latifolium leaf extract 
was used as both the reducing and the coating agent for the synthesis 
of these nanoparticles (Figure 4. (a)). The saturation magnetization 
of these nanoparticles increased with increasing amounts of the 
capping agent, i. e., the leaf extract (Figure 4. (b)). The saturation 
magnetization of these nanoparticles was found to be relatively 
lower compared to others reported in literature. However, the 
magnetic fluid prepared using these nanoparticles showed a 
satisfactory hyperthermia response, with SLP values ranging from 
100-220 W/g. The t42 parameter, the time taken to reach 42 ℃ in the 
presence of AMF during magnetic hyperthermia from the room 
temperature, in this study for the 20 ml capped ZFNPs was found to 
be approximately 2-3 minutes, and the fluid reached saturation 
within five minutes of the experiment (Figure 4(c)). The SLP reported 
for this magneto-fluid was 142.6 W/g. A plot depicting the variation 

of SLP with the capping agent used is shown in Figure 4. (d). As this 
plot indicates, the SLP was reduced with the increase in the capping 
agent used at the time of synthesis. A second recent study conducted 
by Vijaykanth et al. 88 explored producing ZFNPs via the solvothermal 
reflux method; the  resulting SEM image is shown in Figure 5. (a). In 
this study, zwitterionic dopamine sulphate ligands were used as 
surfactants for capping the ZFNPs, with the results finding that this 
coating is one of the most effective as it significantly enhances their 
saturation magnetization as can be seen by comparing the graphs in 
Figure 5. (b) and (c). The investigation of hyperthermia performance 
was conducted using nanoparticle fluids of concentrations 1 mg/ml 
and 3 mg/ml ((Figure 5 (d)). The t42 was reported to be approximately 
2 minutes under the influence of a magnetic field of 35.33 kA/m at 
315 kHz. The magnitude of SAR was relatively higher (~ 393 W/g) 
under these magnetic field conditions and with a magnetic 
nanoparticle concentration of 3 mg/ml. This SAR value is one of the 
highest recently reported for spherical ZFNPs. Another interesting 
recent work on spherical ZFNPs was conducted by Somvanshi et al.36 
where oleic acid capped spherical ZFNPs were produced using a sol-

Figure 5. (a) SEM image of the ZFNPs produced using the solvothermal reflux method.  (b) Magnetization curve for uncoated ZFNPs. (c) 
Magnetization curve after coating with a dopamine derivative. (d) The time dependent temperature rise plot for the magnetic fluids prepared 
by using the  dopamine derivative coated ZFNPs at  concentrations 1 and 3 mg/ml. (Reproduced with permission from ref.88. Copyright 2021, 
Springer). 
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gel auto ignition route. The SEM image of these nanoparticles can be 
seen in Figure 6. (a). Of particular interest here is the capping of 
ZFNPs by oleic acid renders their surfaces hydrophilic in nature, 
enabling the easy dispersion of these nanoparticles in water. The 
capped nanoparticles exhibit a magnetic saturation of 23.59 emu/g 
at room temperature. The plot of the magnetic moment with respect 
to the magnetic field applied is shown in Figure 6. (b). In this study, 
magnetic-induced heating of zinc ferrite ferrofluid was performed 
using concentrations of ZFNPs varying from 2 mg/ml to 10 mg/ml, 
with the best results being obtained using the 10 mg/ml 
concentration fluid. The temperature increase observed over time   is 
shown in Figure 6. (c), with the t42 being achieved in less than 5 
minutes. During this magnetic heating process, the magnetic field 
was 35 kA/m at 350 kHz. The SAR value obtained was 105 W/g for 
the 2 mg/ml fluid under these magnetic field conditions. The 
cytotoxicity tests were conducted by incubating the cell lines for 2 

days, with the results showing more than 70 % cell viability in all the 
cases. The plot of cell viability with respect to incubations with 
various concentrations of nanoparticle fluid is shown in Figure 6. (d). 
As expected, the cells coated with nanoparticle fluid showed 
significantly better viability than the uncoated ones.  

4.2. Shape anisotropic zinc ferrites  

Spherical nanoparticles have shown much promise, the use of 
anisotropic particles having cubic and polyhedral morphologies has 
opened new avenues for enhancement of hyperthermia properties. 
These anisotropic ZFNPs typically exhibit higher saturation 
magnetization and SAR values than their spherical counterparts as it 
is evident from Table 3. Research efforts in nanoparticle 
morphology-based hyperthermia has seen increasing interest 
recently.  To evaluate the performance of these ZFNPs, we review a 
few recently published articles on anisotropic ZFNPs. One of the most 
recent works in this areas  has been reported by Shatooti et al.45, who 
synthesized ZFNPs of various compositions using the chemical co-

Figure 6. (a) SEM images of the uncoated and oleic acid (OA) coated ZFNPs produced using an auto-ignition process. (b) The plot of magnetic moment 
corresponding to the applied magnetic field for uncoated and OA coated ZFNPs. (c) The temperature increase of the magnetic nanoparticle fluid using 
various concentrations of ZFNPs with respect to time. (d) The cell viability plot showing the percentage cell viability when cell lines were incubated 
using ZFNP fluids of various concentrations. (Reproduced with permission from ref.36. Copyright 2020, ELSEVIER). 
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precipitation method. The capping agents used in this research were 
citric acid and Pluronic-F127, with the resulting product having a 
cubical morphology. The TEM image of the produced ZFNPs is shown 
in Figure 7. (a). These particles had an average dimension of 35-40 
nm, and the maximum saturation magnetization of the ZFNPs was 
reported to be 95.2 emu/g (Figure 7. (b)) with a composition of 
Zn0.1Fe2.9O4, a significantly higher value than typically obtained from 
most spherical zinc ferrite systems. The hyperthermia studies on the 
ferrofluid prepared using these ZFNPs were conducted using 
concentrations varying between 1.26 mg/mL and 10.57 mg/ml. The 
ferrofluid at a concentration of 1.26 mg/ml could not achieve an 
appropriate hyperthermia temperature (~ 42-46 ℃). The plot of the 
temperature increase with respect to time is shown in Figure 7. (c). 

As this graph shows, the ferrofluid with a concentration of 10.57 
mg/ml resulted in a temperature increase that crossed the 
hyperthermia therapeutic window. Thus, an intermediate 
concentration may be ideal for hyperthermia applications. The SAR 
value reported was the highest for the 1.26 mg/ml ferrofluid with a 
numerical value of 539 W/g. This value dropped to 161 W/g for the 
10.57 mg/mL ferrofluid. The thermal stability studies performed on 
these NPs used thermogravimetric analysis (TGA), the results finding 
that these NPs were essentially stable up to 600 ℃. Figure 7. (d) 
shows the TGA response of the ZFNPs. This plot shows a loss of mass 
initially that is determined to have been caused by the evaporation 
of the water absorbed, indicating  that the nanoparticles do not lose 
mass easily and have excellent thermal stability. 

 Another important study was conducted by Pardo et al.89, who 
synthesized nanoparticles using a thermal decomposition method. 
The TEM image of the ZFNPs produced by this method is shown in 

Figure 8. (a).  The particles of various sizes seen here were obtained 
by tuning the amount of the metallic precursors and the reaction 
time. The saturation magnetization plots for these nanocubes are 

Figure 7. (a) TEM image of the cubical ZFNPs produced using a co-precipitation method. (b) The plot of magnetization with respect to the changing 
magnetic field for cubic ZFNPs of varying composition. (c) The temperature time dependence of the ZFNP-based ferrofluid at concentrations of 1.26 
mg/mL and 10.57 mg/mL.  (d) The TG response of cubical ZFNPs showing excellent thermal stability. (Reproduced with permission from ref.45. Copyright 
2022, ELSEVIER). 
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shown in Figure 8. (b). Zinc substitution in ferrites have observed 
very high saturation magnetization values, in the range of ~ 130 
emu/gFe+Zn. The rise in temperature with time of of different Zn and 
Co doped ferrite-based ferrofluids in the presence of alternating 
magnetic field were recorded (Figure 8. (c)). Herein, zinc doped 
ferrites clearly show better heating capability when compared with 
the cobalt doped ferrite particles. The SAR values for these 
nanocubes obtained under an applied magnetic field of 23 kA/m and 
a frequency of 293 kHz were dependent on both the zinc doping 
concentration and the size of the nanocubes produced. The 
maximum SAR achieved was 1675 W/g for a stoichiometric 
composition of Zn0.3Fe2.7O4 and a cube dimension of ~ 40 nm. The 
variation of the SAR with respect to zinc doping concentration is 
shown in Figure 8. (d). As we can see in this figure, the SAR increases 
until a zinc doping concentration of x = 0.3 is achieved. These 
nanocubes have achieved extraordinary SAR and magnetic 
properties due to the synthesis procedure adopted which produces 

highly uniform sized nanoparticles and excellent dispersive 
ferrofluid. The anisotropic behavior of the ZFNPs is the reason 
attributed to these excellent hyperthermia properties.  

The anisotropy can be further increased by producing particles of 
unequal dimensions; for example, shapes such as octahedral and 
faceted polyhedral are a few of the morphologies that can provide 
more significant changes in the anisotropic behavior. However, 
research on these types of particles is limited. One of the recent 
studies in this area was conducted by Rubio et al.71, who proposed a 
thermal decomposition method of metal oleates to tune the 
morphology as well as the size of the nanoparticles. Their method is 
capable of producing spherical, cubical, octahedral and faceted 
polyhedral shapes, along with fine conrol of  the size and dispersion 
of these nanoparticles The TEM images of the various polyhedral 
shaped particles produced is shown in Figure 9. (a). 

Figure 8. (a) TEM image of the ZFNPs prepared using thermal decomposition method. b) The magnetization response of ZFNPs in varying magnetic 
field. (c) The relative change in temperature obtained with respect to time in the presence of alternating magnetic field. (d) The variation of SAR with 
respect to Zn composition. (Reproduced with permission from ref.89. Copyright 2021, American Chemical Society). 
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dependent magnetization studies show a small change in saturation 
magnetization. The room temperature Ms  was recorded to be 97 
emu/g, which was reduced to 90 emu/g for the highest doped 
sample. The room temperature magnetization curve is shown in 
Figure 9. (b). The hyperthermia properties of these samples, 
recorded by applying an additional coating of PMAO-PEG (PMAO-
dodecylamine-modified poly- (isobutylene-alt-maleic anhydride) 
polymer, PEG-polyethylene glycol), were conducted under magnetic 
fields of  70.02, 51.72, 42.17 kA/m at frequencies of 153, 300, 605 
kHz, respectively. The SAR values achieved were high (> 1000 W/g), 
with the maximum achieved being 3652 W/g for the smallest sample 
having an average dimension of 24 nm at a field strength of 53 mT 
and a frequency of 605 kHz. These results were interpolated using 
the Hergt Criterion for frequency cutoff, 90 and the maximum SAR or 
SAR limit was calculated for various  samples. The plot of the SAR 
limit variation under magnetic field and frequency  is shown in Figure 
9. (c). The human colorectal cancer cells were incubated with the 

nanoparticle solution for 96 hrs, and their growth relative to their 
size at incubation is considered as the cell viability performance. The 
near basal growth in almost all the incubated samples shows that the 
cytotoxity is minimal for these nanoparticles (Figure 9. (d)).  

The polyhedral ZFNPs show good promise in terms of hyperthermia 
and magnetic properties. However, they have been the subject of 
limited resarch. Additonal recent work in this context has been  
reported by  Yang et al. 91, Starsich et al. 92, and He et al. 93  It is 
unexpected that superparamagnetic ZFNPs of cubic and octahedral 
morphologies are not reported in the current literature  available; 
however, the reason for this limited research may  be because it is  
one domain that needs to be more thoroughly explored to fabricate 
shape modified pure zinc ferrite nanostrcutures for enhanced 
hyperthermia performance. A summary of the research published 
using pure ZFNPs is listed in Table 3. Better performance perhaps is 
achieved through the doping of other transition metals. 

Figure 9. (a) TEM images of the octahedral (left) and faceted polyhedral (Right) NPs produced by chemical decomposition of metal oleates. The scale 
bars in white are equivalent to 100 nm. (b) Magnetization curves at 300K for the various Zn doped ferrite polyhderas. (c)  The SAR variation of the 
various compositions of ZFNP at varying magnetic field intensity and frequency.  (d) The cell viability test results after the incubation of human 
colorectal cancer cells with ZFNPs for 96 hrs (Reproduced with permission from ref.71. Copyright 2021, American Chemical Society).   
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Table 3. Zinc Ferrite Nanoparticles and their critical properties for Hyperthermia applications 

Material Coating or 
Modification 

Morphology Particle 
Size 
(nm) 

Ms 

(emu/
gm) 

SAR 

(W/gm) 

H 

(kA/m
) 

f 

(kHz
) 

TMax 

(0C) 
texp 

(min) 
t42 

(min) 
Ref 

Zn0.52Fe2.48O4 C-Chistosan (+) Spherical 
Clusters 

8-10 87 264 27-35 360 46 12 5 33 

Zn0.1Fe2.9O4 -- Spherical 12.4 82 139 7.5 339 -- 10 -- 34 

ZnFe2O4 Oleic Acid Spherical 23.63 23.59 105 35 350 46 20 5  

36 

Zn0.37Fe2.63O4 Citric acid Spherical 10.3 90.23 106.4 15.9 252 36 1.67 -- 44 

Zn0.37Fe2.63O4 Citric acid Spherical 10.3 90.23 261.2 15.9 577 44 1.67 1.33 44 

Zn0.3Fe2.7O4 Citric Acid (CA) Spherical 10.42 79.89 28.1 6 330 -- -- -- 50 

Zn0.37Fe2.63O4 Citric Acid (CA) Spherical 9.8 82.5 18.03 6 330 -- -- -- 50 

ZnFe2O4 Oleic Acid - 12.30 25.87 - 4 265 47 20 10 22 

Zn0.4Fe2.6O4 DMSA Spherical 15 152 - - - - - - 51 

Zn0.63Fe2.37O4 dDPMA Spherical 8.2 78 17.5 - - - - - 52 

ZnFe2O4 Gongronema 
Latifolium 

Spherical 
Clusters 

20-40 0.012 142.6 11.54 425 45.0
5 

5 3 53 

Zn0.2Fe2.8O4 Citric Acid Spherical 
Clusters 

14.3 0.504 225 15.91 87 - - - 54 

ZnFe2O4 Allium Cepa Spherical 23-55 61.32 32.60 14.32 425 46 5 4 55 

ZnFe2O4 ZDS Spherical 
Clusters 

17 36.5 393 35.33 316 50 4 2 88 

Zn0.1Fe2.9O4 Citric Acid + 
Pluronic 

F-127 

Cubic 26 95.2 373 16 290 58 1 0.5 45 
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Zn0.05Fe2.95O4 Citric Acid + 
Pluronic 

F-127 

Cubic 28 93.2 539 16 290 - - - 45 

Zn0.29Fe2.710O4 P-mPEG 

Oleic Acid 

Octahedral - 106.8 - - 240 - - - 91 

Zn0.468Fe2.532O4 Faceted 
Polyhedral 

- 109.7 - - 240 - - - 

Zn0.522Fe2.478O4 Cubic - 104.4 - - 240 - - - 

Zn0.3Fe2.7O4 SiO2 Cubo-
Octahedron 

18-22 0.458 1010 13 380 54 3 2 93 

ZnFe2O4 Tetra methyl 
ammonium 
Hydroxide 

Polyhedral 
(pH=9) 

 

15.43 

 

 

12.2 

45 5-65 355 39 5 - 63 

ZnFe2O4 Tetra methyl 
ammonium 
Hydroxide 

Spherical (pH= 
12) 

24.97 11 125 5-65 355 49 5 2 63 

Zn0.9Fe2.1O4 Tetra-ethylene 
glycol (TEG) 

Spherical 11 12 36 2.7 700 38.6 6 - 94 

Zn0.13Fe2.87O4 Oleic Acid 
Oleylamine 

Cubo-
Octahedron 

18.3 86.2 525 23.87 228 290 480 0.5 21 

ZnFe2O4 Diethylene 
Glycol (DEG) 

Quasi-
Spherical 

8.5 41.06 42.26 26.68 276 48 20 6 95 

Zn0.3Fe2.7O4 Citric Acid Cubic 13- 25 35.86 18.706 6 330 51 25 11 80 

ZnFe2O4 Oleic Acid 

Olelyamine 

Spherical 10 38.9 128.76 9.95 315 50 12 7 96 

 

5. Mn-Zn ferrite nanostructures for MHT 
applications 

Recent research has turned to examining the properties of 
doped zinc ferrite-based nanosystems, with a number of studies 
focusing on the incorporation of manganese into zinc ferrite 
nanostructures because of their potential applications in cancer 
theranostics. The Mn-Zn ferrite nanostructures including Mn 
and Zn codoped magnetite nanosystems have exhibited 
excellent biocompatibility, potentially exceptional magnetic 

properties and more importantly, an outstanding magnetic 
hyperthermia performance for practical applications.97–103 In 
this section, we  primarily discuss the morphological aspects, 
magnetic properties and hyperthermic potential, including in 
vivo studies based on mice-models, of Mn-Zn ferrite-based 
nanostructures. These nanomaterials exhibiting different 
morphologies that can be synthesized using the various 
techniques depicted in Figure  10.104  Over the last few years, a 
number of pre-clinical studies based on zinc ferrite systems 
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have been conducted using functionalized Mn-Zn ferrite 
nanostructures.  
First, we analyze a system comprised of manganese and zinc co-
doped magnetite nanoparticles  recently investigated  by L.B. de 
Mello et al.97, who  synthesized these co-doped PEGylated 
nanoparticles that exhibit the truncated octahedron 
morphologies seen in  Figure 11. (a-b) via a simple co-
precipitation approach. Several nanoparticle samples of 
ZnxMnyFe1-(x+y)Fe2O4 with stoichiometry were fabricated by 
systematically varying the concentration of manganese and 
zinc. Furthermore, the corresponding saturation magnetization 
(MS) as well as the magnetic hyperthermic potential of these co-
doped samples was investigated, with the results finding that 
the nanoparticles display nearly superparamagnetic behavior, 
i.e., zero coercivity and remanence, and that the highest 
saturation magnetization was reported to be ~81 emu/g at 
room temperature (300 K) for an equimolar concentration of 
zinc and manganese co-doping (Figure 11. c). However, the SAR 
was reported to be much lower at   ~ 25 W/g compared to ~ 38 
W/g and 46 W/g for (Zn0.1Mn0.3Fe0.6)Fe2O4 (MS ~ 74 emu/g) and 
(Mn0.4Fe0.6)Fe2O4 (MS ~ 72 emu/g) nanoparticle samples, 
respectively. The increase in temperature, reported as DT vs. 
time plots for all the nanoparticle samples including a control, 

namely citric acid solution, can be seen in Figure 11. (d). The 
higher concentration of zinc leads to a reduction in the 
saturation magnetization as the presence of paramagnetic zinc 
may possibly affect the super-exchange interactions between 
the metal-oxygen ions in the spinel structure. The presence of 
zinc further reduces the SAR values, with the lowest magnitude 
of ~ 4 W/g recorded for (Zn0.4Fe0.6)Fe2O4 nano systems. As seen 
in Figure 11. (d), the increase in temperature during the first 10 
min, or 600 sec, of magnetic hyperthermia is the highest for 
(Mn0.4Fe0.6)Fe2O4 followed by (Zn0.3Mn0.1Fe0.6)Fe2O4. Therefore, 
it is critical to determine the optimal concentration of zinc and 
manganese needed in the ferrite spinel configuration to obtain 
enhanced SAR values and, correspondingly, the appropriate 
heating impact during magnetic hyperthermia. The 
incorporation of manganese plays a crucial role in modifying the 
magnetic properties as well as the SAR of spinel ferrite 
nanoparticles. It  is of particular interest that the inclusion of 
manganese in zinc ferrite nano systems can register a magnetic 
saturation as high as ~ 175 emu/g as was observed for 
(Zn0.4Mn0.6)Fe2O4 synthesized by a typical one-pot thermal 
decomposition method.105 In addition to Mn doping, it has been 
observed that surfactants like oleic acid or polyethylene glycol 
(PEG) strongly influence the shape anisotropy, magnetic 
properties, and self-heating abilities for magnetic hyperthermia 
applications of Mn-Zn ferrite-based nanomaterials.100 

Figure 10. Schematic representation of the different morphological Mn-Zn ferrite nanoparticles synthesized using (a) Co-precipitation, (b) Thermal 
decomposition, (c) Sol-gel, (d) Hydrothermal and (e) Microemulsion for biomedical applications.  (Reproduced with permission from ref.104. Copyright 
2021, MDPI).
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In a recent study, Lin Wang et al.98 reported the fabrication of 
water-soluble amphiphilic vitamin E (d-alpha-tocopheryl 
polyethylene glycol 1000 succinate) functionalized Mn-Zn 
ferrite nanoparticles, denoted MZF@TPGS, as a potential 
candidate in cancer theranostics. Doped zinc ferrite 
nanostructures of varying Mn concentrations were synthesized 
using a thermal decomposition method, the TEM image of one 
such Mn-Zn ferrite nano system, Mn0.5Zn0.5Fe2O4 (MZF), shown 
in Figure 12. (a), exhibiting uniformly distributed spherical 
morphology of dimensions 10.35 ± 1.25 nm. The inset of Figure 
12. (a) shows the TEM image of MZF@TPGS nanoparticles with 
a size distribution of 153.39 ± 17.52 nm. Most importantly, the 
magnetic saturation of Mn0.5Zn0.5Fe2O4 was the highest at ~ 82 
emu/g at 300 K. This result is interesting because for the system 
comprised of Mn and Zn co-doped magnetite97 mentioned 
earlier, the highest MS was recorded for an equimolar co-doping 
of manganese and zinc. In this case, the sample containing 
equimolar amounts of manganese and zinc, Mn0.5Zn0.5Fe2O4 
was subjected to TPGS functionalization. The saturation 

magnetization of the MZF@TPGS formulation was recorded to 
be ~ 45 emu/g (Figure 12. (b)). However, the coercivity is found 
to be reduced to 0.184 kA/m compared to 0.263 kA/m for MZF. 
Furthermore, the cytotoxicity studies conducted on the KB 
model of cancer cells incubated with the MZF@TPGS 
formulation for 24 h showed no significant toxicity effects up to 
a concentration of 20 µg Fe/ml (Figure 12. (c)). However, after 
the post-hyperthermia (H=10 Oe, f = 100 kHz, t= 30 min) 
treatment (MZF@TPGS+hyperthermia+24h incubation), a 
drastic decrease in the cell viability is observed at a 
concentration of 20 µg Fe/ml. In addition, these researchers 
investigated the in vivo hyperthermia (H = 20 Oe, f = 100 kHz, t 
= 30 min) potential of the MZF@TPGS formulation on KB tumor 
cell-bearing mice, reporting a significant reduction in tumor 
volume after 17 days for the group of mice treated with 
MZF@TPGS + hyperthermia compared to the control treated 
with PBS and no hyperthermia for the MZF@TPGS conditions 
(Figure 12. (d)). Of particular importance is the fact that this 
significant inhibition in the tumor volume was achieved after

Figure 11. (a) TEM (b) and high resolution TEM image of PEG coated (Mn0.1Zn0.3Fe0.6)Fe2O4magnetic nanoparticles having truncated octahedral 
morphology and average particle size of 13 ± 3 nm, (c) field dependent magnetic hysteresis plot, and (d) hyperthermia plot over 600 s. (Reproduced 
with permission from ref.97. Copyright 2019, ELSEVIER).
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only a single hyperthermia treatment, meaning MZF@TPGS 
played a vital role in delivering an impactful tumor regression 
effect at a relatively low and safe field-frequency. Over the last 
few years, it has been observed that magnetic hyperthermia can 
be productive when applied in conjunction with other 
traditional treatment modalities. In a recent study conducted  
by Wang et al. 101, the researchers exploited Mn-Zn ferrite 
nanomaterials to deliver a synergistic therapy for lung cancer 
treatment involving a combination of magnetic hyperthermia 
and radiotherapy. In this work, Mn-Zn ferrite or MZF 
(Mn0.6Zn0.4Fe2O4) spherical nanoparticles were synthesized 
using a thermal decomposition technique. Then, using a self-
assembly approach, these MZF nanoparticles were 
encapsulated in micelles (NH2-PEG2000-PCL3400), which render 

their surfaces amino-functionalized. Finally, the hyaluronic acid 
modified MZF nano systems, denoted by MZF-HA (diameter ~ 
150 nm), were fabricated using EDC/NHS chemistry (Figure 13. 
(a)). The TEM image of Mn0.6Zn0.4Fe2O4 (MZF) nanoparticles, 
along with inserted TEM image of MZF-HA is shown in Figure 13 
(b). The magnetic hysteresis curves of both MZF and MZF-HA 
are shown in Figure 13. (c). The MZF nanoparticles exhibit a 
saturation magnetization as high as ~ 55 emu/g compared to 6.8 
emu/g for MZF-HA. However, both MZF and MZF-HA have near 
zero residual magnetization confirming their 
superparamagnetic behavior. Figure 13. (d) shows the change 
in temperature vs time plots of MZF-HA under alternating 
magnetic fields (f=178 kHz; I= 64.1 A). The temperature reaches 
the optimum target ~ 43 ℃ within 7 min at a concentration of 2 

Figure 12.  (a) TEM image of Mn0.5Zn0.5Fe2O4 (MZF) magnetic nanoparticles having a spherical morphology and average particle sizes of 10.35 ± 1.25 
nm with inserted TEM image of d-tocopheryl polyethylene glycol 1000 succinate MZF (MZF@TPGS) with an average particle size of 153.39 ± 17.52 nm. 
(b) The hysteresis loops of various Mn/Zn ratio MZF nanoparticles (black: Mn0.2Zn0.8Fe2O4, red: Mn0.5Zn0.5Fe2O4, blue: Mn0.8Zn0.2Fe2O4, green: 
Mn0.5Zn0.5Fe2O4@TPGS) and TPGS formulatedMn0.5Zn0.5Fe2O4 nanoparticles formulations (MZF@TPGS). (c) Cell viability of KB cells under the treatment 
of MZF@TPGS, (d) In vivo antitumor effect studies of MZF@TPGS formulations in KB tumor-bearing mice, decrease in tumor size. (Reproduced with 
permission from ref.98. Copyright 2022, Pharmaceutics). 
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mg of Fe/ml. In clinical applications, a control heat treatment is 
a necessity; hence, fixing the self-heating temperature at ~ 43 
℃ is crucial. Despite having a low value of saturation 
magnetization, the effective SAR reported for MZF-HA is 
significantly higher, 247.2 W/g at a concentration of 2 mg of 

Fe/ml. The hyaluronic acid functionalization facilitates the 
uptake of these Mn-Zn ferrite nanoparticles into the human 
lung adenocarcinoma cell line, the A549 cells, via the binding of 
CD44, a cell surface adhesion receptor overexpressed on the 
surface of these cancer cells.  

 
For the in vivo anticancer treatment, four groups of mice were 
labelled as (i) control where PBS is injected to mice; (ii) 
hyperthermia (HT) containing MZF-HA in presence of 
alternating magnetic field (AMF); (iii) Radiotherapy (RT) (only RT 
treatment); and (iv) combined group of hyperthermia and 
radiotherapy (MZF-HA + AMF + RT). The HT was applied after RT 
for 30 min at 178 kHz using a current of 64.1 A. The researchers 
performed the treatment on a tumor volume of 80 mm3. The 
effect of different treatment condition based on relative change 
in tumor volume is depicted in Figure 14. (a) and (b). The effect 
of the four treatment conditions was analyzed for a total of four 
hyperthermia cycles on Day 1, Day 4, Day 7 and Day 13. For 
treatment condition of RT and RT + HT, the mice were subjected 
to 12 Gy irradiation in each fraction on a day. The tumor volume 
decreased to 49 % under the combined treatment of 
hyperthermia and radiotherapy in Day 13 (Figure 14. (b)). 

However, the tumor volume increased to 58.8 % in the control 
group.  
In a recent study conducted by Wang et al.106, a sophisticated 
platform based on the  anti-cancer drug doxorubicin and 
functionalized Mn-Zn ferrite nanoparticles embedded in an 
injectable hydrogel, specifically PULL-CS hydrogel, was explored 
as a synergistic magnetothermal-chemo-chemodynamic 
therapy. In addition to demonstrating magnetic hyperthermia 
and chemotherapy potential, this nanocomposite hydrogel 
system actively participates in catalysis producing in-situ 
hydroxyl radicals via Fenton-like reactions, further facilitating in 
cancer cell annihilation. The Mn-Zn ferrite nanospheres, 
Mn0.6Zn0.4Fe2O4,   synthesized using a thermal decomposition 
technique and  having a similar stoichiometry  to the previously 

mentioned Mn-Zn ferrite system 101, were functionalized with 
mesoporous silica and the fluorescent dye Rhodamine B 
isothiocyanate (RBITC), denoted by MMSN-RBITC,

 

Figure 13. (a) Schematic representation of the synthesis process of Mn0.6Zn0.4Fe2O4(MZF) and its post modification with hyaluronic acid. (b) TEM image 
of Mn0.6Zn0.4Fe2O4 (MZF) nanoparticles, with inserted TEM image of MZF-HA). (c) Magnetic hysteresis loop of MZF nanoparticle and MZF-HA. (d) 
Temperature profile curve of hyaluronic acid modified Mn0.6Zn0.4Fe2O4 (MZF-HA) at an external induction field of 178 kHz and 64.1 A (Reproduced with 
permission from ref.101. Copyright 2020, American Chemical Society). 
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Figure 14. (a) Schematic representation of tumor size in mice. (b) Plot of rate of tumor volume change for different treatment groups (i) control group, 
PBS injection via tail vein;  (ii) HT group, treated with MZF-HA and AMF; (iii) RT group, treated with RT only; and (iv) hyperthermia plus radiotherapy 
group, treated with MZF-HA and AFM plus RT, where treatment was performed on Days 1 and 4. (Reproduced with permission from ref.101. Copyright 
2020, American Chemical Society).
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using the protocol shown in Figure 15. (a).106 The TEM images of 
Mn0.6Zn0.4Fe2O4 and MMSN-RBITC can be seen in Figure 15 (b) and 
(c), with the nanoparticles of the former having an average diameter 
of ~ 7 nm while the diameter is significantly larger for the MMSN-
RBITC nanoparticles. The best size estimate of MMSN-RBITC as 
determined by dynamic light scattering (DLS) measurements is 30.5 
nm. Furthermore, the Mn-Zn ferrite nanoparticles exhibit a 
saturation magnetization of ~ 64 emu/g which decreases to ~ 52 
emu/g, post-functionalization with MMSN-RBITC (Figure 15. (d)). The 
change in temperature vs time plots for understanding the 
hyperthermic potential of this nanocomposite hydrogel system were 

created based on different concentrations of MMSN-RBITCs 
suspended in PULL-CS hydrogel under an alternating magnetic field 
of 328 Oe and a frequency of 160 kHz for 20 min (Figure 15 (e)). The 
temperature profile data obtained depict that with the blank 
hydrogel, the temperature remains basically unchanged with the 
passage of time. However, with increasing concentrations of MMSN-
RBITCs, the highest temperature achieved after 20 min of 
hyperthermia was 35 ℃ at 1% /wt. The maximum SAR component 
for MMSN-RBITCs in hydrogel was estimated to be approximately 
642 W/g. 

Furthermore, these researchers investigated the in vivo synergistic 
magnetothermal-chemo and chemodynamic effect on breast tumor 
(4T1) xenograft mice models. The AMF treated mice groups were 
subjected to 4 hyperthermia treatment cycles on Day 1, Day 3, Day 5 
and Day 7. Figure 16. (a) shows the microstructural representation 
of the PULL-CS hydrogel injected into the mice, and Figure 16. (b) 
depicts the temperature rise (thermal images) in AMF treated mice 
groups. As these images show, the local temperature of the PBS 

treated group remains almost unchanged over a period of 7 days. 
However, for the mice group subjected to injectable hydrogel i.e., 
Hydrogel + DOX + MMSN-RBITC + AMF, the temperature after 7 days 
was recorded to be 44.5 ℃, which is within the hyperthermia 
therapeutic window (Figure 16. (c)). In addition as seen in Figure 16. 
(d), there was approximately an 18-fold increment in the tumor 
volume after Day 15 for the mice group treated with PBS as opposed 
to the group injected with the nanocomposite hydrogel and 

Figure 15. (a) Schematic representation of the synthesis route of MMSN-RBITC. (b) TEM image of Mn0.6Zn0.4Fe2O4 nanoparticles. (c) TEM image 
of MMSN-RBITC core shell structure. (d) Hysteresis loop plot of MNP NPs (Ms = 64.09 emu/g), MMSN (Ms = 4.15 emu/g) and MMSN-RBITC (Ms 
= 3.72 emu/g) nanospheres. (e) Temperature profile curve of nanocomposite hydrogel loaded with different concentrations of MMSN-RBITCs 
under AMF (160 kHz, 328 Oe). (Reproduced with permission from ref.106. Copyright 2020, ELSEVIER). 
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subsequently subjected to magnetic hyperthermia treatment (H= 
328 Oe, f = 160 kHz, t= 10min). Of particular interest, although the 
group designated by DOX + MMSN-RBITC + AMF demonstrated 
substantial tumor regression after 15 days, the most effective anti-

cancer effect is observed with the injectable hydrogel system 
(Hydrogel + DOX + MMSN-RBITC + AMF). Table 4 summarizes the 
magnetic hyperthermia parameters of the Mn- substituted zinc 
ferrite systems.

Table 4. Mn-Zn ferrite nanostructures and their critical parameters for MHT applications 

Material Coating  Morpholog
y 

Particl
e Size 

Ms SAR 
(W/gm) 

H 
(KA/m
) 

f (kHz) Tmax 
(℃) 

texp 
(min) 

t42 

 (min) 

Ref 

Figure 16. (a) Schematic representation of the microstructure of the PULL-CS hydrogel. (b) Illustration of in vivo treatment of 4T1 tumor bearing mice. 
(c) Picture of the temperature at tumor site after different treatment taken via a near-infrared imager. (d) Plot for relative tumor volume measured at 
two-day intervals. (Reproduced with permission from ref.106. Copyright 2020, ELSEVIER). 
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Mn0.06Zn0.04Fe2.9O4 Oleic acid 

Oleylamine 

Cubo-
octahedron
s 

17.2 91.2 426 24 252 - - - 21 

PEG-Mn0.5Zn0.5Fe6.06  

 

PEG 

 

 

Spherical 

17.5 44.4 8.6 14.32 425 74.5  

 

6 

1/2 100 

PEG1.0-
Mn0.5Zn0.5Fe5.06 

19.2 35.5 5.7 48.8 2 

PEG1.5-
Mn0.5Zn0.5Fe4.56 

20.7 30.1 3.5 42.7 5 

Mn0.06Zn0.04Fe2O4 PEG-b-PCL Spherical  30 6.8 247 64.1 A 178 43 9 6 101 

Mn0.2Zn0.2Fe2.6O4 - Truncated 
octahedra 

8.8 74 16.7 - - 54 10 5 102 

Mn-Zn ferrite *PEG-
phospholipi
ds 

Spherical-
Core shell 

15 98 324 12 390 57 15 3 102 

Zn0.93Mn0.03Fe2O4  CTAB Spherical 18.7 91 295 9.2  337 46 23 6 107 

Mn0.2Zn0.2Fe2.6O4 - Truncated 
octahedra 

9.7 81 25.1 - - 43 10 9 108 

Mn0.6Zn0.4Fe2O4  

mPEG-PCL 

Spherical  34.5 1102.4 114.9 114 60 5 2 109 

Mn0.8Zn0.2Fe2O4  25.9 1037.8 114.9 114 60 5 2 

Mn0.4Zn0.6Fe2O4  25.3 962 114.9 114 60 5 2 

Mn0.2Zn0.8Fe2O4  21.3 902.2 114.9 114 60 5 2 

Mn0.2Zn0.8Fe2O4 NIPAAm, 

HIMAAm 

Spherical - 32.4  6.5 80 56 15 2 110 

6. Co-Zn ferrite nanostructures for MHT 
applications 

In addition to Mn-Zn ferrite nanosystems, Co-, Ni- and Mg-
substituted zinc-ferrite nano-structured materials have also been 
extensively explored in magnetic hyperthermia studies. First, we will 
consider Co2+ substituted zinc ferrite nanostructures. Co-doped zinc 
ferrite (CoxZn1-xFe2O4) shows comparably low Curie temperature (Tc); 
for example, Ibrahim Sharifi et al. 111 investigated superparamagnetic 
Co0.3Zn0.7Fe2O4 nano ferrites exhibiting a Curie temperature of  ~ 97 
℃ , with P. Appa Rao et al.41 reporting a decrease to 46 ℃ for  
Co0.37Zn0.63Fe2O4. It also has excellent magnetic properties, which are 
beneficial for practical hyperthermia applications.43,111,112 
Continuous efforts have been made by researchers to obtain narrow 
superparamagnetic Co-Zn ferrites by adopting various fabrication 
methods.111,113,114 To address the limitation of the high Curie 
temperature of Fe3O4 nanoparticles, cobalt-zinc ferrite has seen 

increased interest. The desired self-controlled heating efficiency can 
be achieved by tuning the magnetic properties of these 
nanoparticles.115 Although  obtaining the appropriate hyperthermia 
temperature range and the large specific absorption rate (SAR) is a 
challenge at low concentrations, much research has been conducted 
on Co-Zn ferrite systems aimed at improving their hyperthermia 
performance. The MS value of Co-Zn ferrite varies in the range of 40-
150 emu/g (shown in Figure 17. (a-c)).116 For example, Andhare et 
al.117 investigated the hyperthermia potential of Co0.7Zn0.3Fe2O4 (CZF) 
nanoparticles by modifying their surfaces with PEG. The Ms for these 
PEG-CZF nanoparticles is estimated to be 42.49 emu/g, slightly lower 
than the uncoated CZF samples (MS ~ 46 emu/g). The PEG 
functionalized nanoparticles exhibit better MHT performance, and 
the hyperthermia temperature (43-45 ℃) was reached within 7 to 9 
mins. As can be seen in Figure 17. (d), the temperature curves were 
saturated at 43 ℃, 44 ℃ and 45 ℃ at nanoparticle concentrations of 
4 mg/ml, 6 mg/ml, and 8 mg/ml, respectively. However, at  
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concentrations of 2 and 10 mg/ml, saturation was reached at 40 ℃ 
and 47 ℃, respectively, one below and one above the threshold 
temperature of hyperthermia treatment. In addition, the PEG-coated 
sample produces the highest SAR value of 217.12 W/g for a magnetic 
nanoparticle concentration of 8 mg/ml. 

Furthermore, P. Appa Rao et al.41 recently reported Co-Zn ferrite 
(Co0.37Zn0.63Fe2O4) nanoparticles, exhibiting a Curie temperature (Tc) 
as low as 46 ℃. Hence, these nanoparticles carry the potency to be 
the next-generation spinel ferrites, particularly for magnetic 
hyperthermia applications, as they possess an auto cut-off 
temperature in the MHT therapeutic window. The magnetization 
curves of Co1-xZnxFe2O4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8) 
are shown in Figure 17. (b), with its highest saturation magnetization 
being obtained at x = 0.3 (Ms = 79.7 emu/g). The induction heating 
curve of Co0.37Zn0.63Fe2O4 is shown in Figure 17 (e), and this 
composition records one of the best hyperthermia performances, 
reaching the hyperthermia therapeutic temperature (42-46 ℃) 
within ~ 12 mins under an applied field of 15.91 kA/m and a 

frequency of 995 kHz at 10 mg/ml particle concentration. Most 
important, the temperature remains saturated for a period of 30 min 
and longer, an essential pre-requisite for clinical hyperthermia 
applications.  

Recently, Kumari et al.118  reported the successful fabrication of 
cobalt-zinc ferrite fibers (Co1-xZnxFe2O4; x = 0.1, 0.2, 0.3 and 0.4 and 
0.5) using an electrospinning method. The plot in Figure 17 (c) shows 
the variation of saturation magnetization at different temperatures 
for varying Zn concentration in Co1-xZnxFe2O4. The highest room 
temperature (300 K) saturation magnetization (MS > 90 emu/g) is 
obtained at zinc concentrations of x = 0.2, 0.3 and 0.4. These fibers 
record an excellent MHT performance, which will be explained 
further in the next section. Figure 17. (f) represents the induction 
heating curve of cobalt zinc ferrite nanoparticles recently reported 
by Tatarchuk et al.119. As this figure shows, the composition of Co-Zn 
ferrite,  Co0.4Zn0.6Fe2O4, attains the desired hyperthermia 
temperature within ~ 15 min and remains saturated for a period of 
25 min and longer in the MHT therapeutic window.  

Figure 17. (a) Magnetic hysteresis loop of Co0.7Zn0.3Fe2O4 (CZF) and PEGylated CZF nanoparticles measured at T = 300 K (Reproduced with permission  
from ref.117. Copyright 2022, Springer).  (b) Hysteresis loop of CoxZn1-xFe2O4 (x = 0.0 - 0.8) measured at T = 300 K (Reproduced with permission from 
ref.41. Copyright 2020, ELSEVIER). (c) Variation of saturation magnetization with temperature (T = 60 K 60 K, 100 K, 200 K, 300 K and 400 K) of Co1-

xZnxFe2O4 at Zn concentration (x = 0.1, 0.2, 0.3, 0.4, 0.5) (Reproduced with permission from ref.118. Copyright 2022, Springer). (d) Induction heating 
curve of CZF and PEG-CZF for various loaded particle concentrations (Reproduced with permission from ref.117. Copyright 2022, Springer). (e) The 
heating induction curve of CoxZn1-xFe2O4 (x = 0.63) nanoparticles at various applied frequencies (Reproduced with permission from ref.41. Copyright 
2020, ELSEVIER). (f) Induction heating curve of CoxZn1-xFe2O4 (x = 0.00, 0.2, 0.4, 0.6 and 0.8 with applied frequency (f) = 100 kHz and nanoparticle 
concentration = 75 mg/ml). (Reproduced with permission from ref.119. Copyright 2021, ELSEVIER). 
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Biocompatibility, an important parameter when considering the 
clinical aspect of magnetic hyperthermia, primarily depends on the 
type and toxicity of the transition metal ions used in the spinel ferrite 
nanoparticles and their subsequent release to the cell lines during in 
vitro/vivo applications. The toxic nature of spinel ferrite 
nanomaterials, given in decreasing order, is 
CoFe2O4<Co0.5Mn0.5Fe2O4<Co0.5Cu0.5Fe2O4<Co0.5Zn0.5Fe2O4<Co0.5Ni0.5

Fe2O4.120 Based on this trend, Co-Zn ferrite nanomaterials seem to be 
a reasonably better biocompatible candidate for cancer theranostics. 
The following section will further discuss the hyperthermia 
performance of various Co-Zn ferrite systems. 

First we discuss the eradication of cancer cells via superparamagnetic 
Co-Zn ferrite nanoparticles reported by R. A. Bohara et al.121, who 
synthesized the cobalt zinc ferrite using a modified thermal 
decomposition method. The surfaces of the CZF particles were 
modified with triethylene glycol,  the resulting TEM micrographs of 
the CZF nanoparticles being shown in Figure 18. (a). The particles, 
characterized by a spherical morphology with an average particle size 

of 15 nm, are uniformly distributed. The most frequently reported 
Co-Zn ferrite nanosystems for hyperthermia applications exhibit a 
spherical morphology.41,117,121,122 The room temperature 
magnetization curve measured at an applied magnetic field of 40 kOe 
is shown in the inset of Figure 18. (a). As can be seen from the M-H 
curve, the CZF nanoparticles showed nearly zero coercivity and 
remanence at zero external field, exhibiting a highly 
superparamagnetic nature. The saturation magnetization value of 
these nanoparticles is reported to be 76.53 emu/g. Further, these 
researchers conducted an induction heating study on Co-Zn ferrite to 
estimate its hyperthermia performance, the resulting temperature 
profile curve being shown in Figure 18. (b). This hyperthermia 
measurement was conducted at AC fields of 167.6, 251.4 and 335.2 
Oe for 10 min at  particle concentrations of 1, 2, and 5 mg/ml. Figure  
18. (b) shows the temperature kinetic curve for 2 mg/ml 
concentration, indicating that the hyperthermia temperature (43 ℃) 
is reached within 3 min and saturation is attained.  The hyperthermia 
behavior is explained in more detail through the specific absorption 
rate curve (Figure. 18 (c)).   

Figure 18. (a) TEM image of cobalt-zinc magnetic nanoparticles showing uniformly distributed spherical morphology, with inserted magnetization 
curve (MS = 76.53 emu/g). (b) Induction heating curve with reference to varying AC magnetic fields (167.6, 251.4 and 335.2 Oe) of particle 
concentration 2 mg/ml. (c) Variation of specific absorption rate with applied AC magnetic field of CZF MNPs.  (d) The cell viability study of MCF7 
cell lines combined with CZF MNPs for particle concentration of 1 mg/ml for 10 to 60 min at an applied AC magnetic field of 300 Oe and a frequency 
of 267 kHz incubated for 1 h and 24 h using MTT assay (Reproduced with permission from ref.121. Copyright 2015, Royal Society of Chemistry). 
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The maximum SAR of 65 W/g is observed at a particle concentration 
of 2 mg/ml for the applied magnetic field of 335 Oe. The SAR value is 
almost same for concentrations of 1 and 5 mg/ml at the maximum 
field of 335.2 Oe. These CZF particles exhibit excellent 
biocompatibility with different cell assays (MTT- (3-(4,5-dimethyl 
thiazol-2yl)-2,5-diphenyltetrazolium bromide)) on MCF7 (human 
breast cancer) and L929 (mouse fibroblast) cell lines. The 
effectiveness of CZF particles in destroying the MCF7 cells via in vitro 
hyperthermia can be seen in Figure 18. (d). The cell viability after 24 
hrs was close to 50 % following a 10 min hyperthermia exposure. 
However, the percentage decreased significantly to ~ 20 % when the 
cells were subjected to 60 min of hyperthermia treatment.   

One of the most recent and interesting studies on Co-Zn ferrite 
systems was conducted by Kumari. et al.118, who  synthesized   Co1-

xZnxFe2O4 (x = 0.1, 0.2, 0.3, 0.4 and 0.5) fibers using an 
electrospinning method (Figure 19. (a)), specifically focusing on using 
magnetic fibers for magnetic hyperthermia applications. One of the 
advantages of nano fibers is the small number of canted spins 
available over the surfaces of fibers, resulting in enhanced magnetic 
properties in comparison to nano ferrites. The magnetization vs 
applied field curve for Co1-xZnxFe2O4 (x = 0.4) is shown in Figure 19. 
(b). These researchers report better magnetization curves for x = 0.4 
concentration of zinc in comparison to other concentrations. The 
magnetization measurement recorded for five temperatures, T = 60 
K, 100 K, 200 K, 300 K, and 400 K- as seen in Figure 19. (b) show the 
highest saturation magnetization (Ms ~ 140 emu/g) is obtained at T = 
60 K. The room temperature MS is approximately 100 emu/g. 

 

 

Figure 19. (a) FESEM image of Co0.9Zn0.1Fe2O4 (CZF) showing fibers morphology. (b) Magnetic hysteresis loop of Co0.6Zn0.4Fe2O4 at different temperatures 
(60 K, 100 K, 200 K, 300 K and 400 K) showing saturation magnetization MS ~ 100 emu/g at 300 K. (c) Curve of effective magnetic anisotropy constant 
(K1) vs Zn concentration (x = 0.1, 0.2, 0.3, 0.4, 0.5). (d) Magnetic induction hyperthermia plots for Co0.9Zn0.1Fe2O4. Reproduced with permission from 
ref.118. Copyright 2020, ELSEVIER). 
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The variation of magnetic anisotropy constant (K1) vs zinc ion 
substitution is shown in Figure 19. (c), and the induction heating 
curve is shown in Figure 19. (d). The best hyperthermia result is 
obtained at x = 0.1 zinc concentration because of the high value of 
the magnetic anisotropy constant. These nanofibers exhibit high 
magnetic anisotropy compared to the nanoparticles. As seen in 
Figure 19 (d), the threshold hyperthermia temperature (T = 43 ℃) is 
reached within ~ 100 s under an applied field and at a frequency of 
250 Oe and 336 kHz. The maximum SAR is obtained for 
Co0.9Zn0.1Fe2O4 at  ~725 W/g. As these results suggest, Co-Zn ferrite 

fibers show promise as future nano agents for magnetic 
hyperthermia applications. Table 5 summarizes the hyperthermia 
parameters of co-substituted zinc ferrite nanosystems. 

As these discussions and analyses suggest, Co-Zn ferrite 
nanosystems, based on their superior magnetic properties and 
excellent biocompatibility, possess significant potential, particularly 
in delivering a temperature-controlled heating in the MHT 
therapeutic window (~ 43-46 ℃), which is considered crucial for 
clinical applications.  

Table 5. Co-Zn ferrite nanostructures and their critical parameters for MHT applications 

Material Coating Morphology Particle 
Size (nm) 

Ms 

(emu/g) 

SAR 

(W/g) 

H 

(kA/m) 

f 

(kHz) 

TMax 

(0C) 
texp 

(min) 
t42 

(min) 
Ref 

Co0.37Zn0.63Fe2O4 - Spherical ~ 3.6 ~ 59.6 - 15.91 995 46 58 7 41 

Co0.5Zn0.5Fe2O4 - Spherical 19 70.231 114.98 26.67 265 54 15 5 115 

Co0.7Zn0.3Fe2O4 - Spherical 23.94 46.82 166.89 35 280 50 20 4 117 

Co0.7Zn0.3Fe2O4 PEG Spherical 31 42.49 246.09 35 280 47 20 6 117 

Co0.9Zn0.1Fe2O4 - Fiber 35 - - 19.89 336 - - - 118 

Co0.4Zn0.6Fe2O4 - Polyhedral 14 - 2.56 7.95 100 45 60 15 119 

CoZnFe2O4 TEG 

(Triethyl
ene 

glycol) 

Spherical 15 76.53 165 26.65 267 45 10 3 121 

Co0.5Zn0.5Fe2O4 - Spherical 12.1 83.7 10 22.9183 - 75 41.66 - 122 

Co0.2Zn0.8Fe2O4 - - - 85.41 - 19.89 112 95 10 ~ 20 123 

Co0.4Zn0.6Fe2O4+g Silica Encapsulated - - - 8.8 484 - - - 124 

 

7. Ni- and Mg- zinc ferrite nanostructures for MHT 
applications 

The doping of nickel in zinc ferrite nanosystems for hyperthermia 
applications was first  reported in a 2006 study conducted by Lee and 
Kim,125 who showed the potential of Ni doped ZFNPs in hyperthermia 
applications. To understand the hyperthermia-related properties 
more fully, we first consider the most recent research conducted  by 
P. V. Ramana et al.126, who  investigated the hyperthermia 

characteristics of citric acid coated and uncoated Ni and Zn co-doped 
ferrite nanoparticles synthesized using a simple sol-gel method. The 
TEM image of these Ni doped ZFNPs are shown in Figure 20. (a). The 
samples showing the appropriate hyperthermia response were those 
that were annealed at 300 and 400 ℃ since their temperature 
increases saturated within the hyperthermia therapeutic range. The 
magnetization response in the presence of an external magnetic field 
is shown in Figure 20. (b). The NZ3 (Ni0.60Zn0.35Fe2.05O4, annealed at 
300 ℃) and NZ4 (Ni0.60Zn0.35Fe2.05O4, annealed at 400 ℃) samples 
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show a saturation magnetization of 30.8 and 36.3 emu/g, 
respectively,  values  similar to those of pure zinc ferrite systems. The 
hyperthermia studies were conducted in the magnetic field strength 
of 200 Oe and at the two frequencies of 519 and 746 kHz, using 
ferrofluids of 12, 14, and 16 mg/ml. To improve the dispersion and 
the cytotoxicity of these ferrite nanoparticles, a coating of citric acid 
was applied. The hyperthermia response of these ferro-fluids as a 
function of time is shown in Figure 20. (c, d); these plots show the 
hyperthermia response of coated and uncoated NZ3 and NZ4 
samples at a frequency of 746 kHz. The uncoated NZ3 samples fail to 

reach the therapeutic range; however, the coated particle ferrofluid 
of the NZ3 samples showed optimum response. The heating curve 
attains saturation at approximately 45 ℃. The t42 parameter for this 
sample was approximately 33 mins, considered a relatively long time. 
While the NZ4 sample showed the desired response for both the 
coated and uncoated cases, the performance of the former was 
better, with a t42 parameter of approximately 17 mins, or 
approximately  half the value of the NZ3 sample. However, the 
heating response was slower compared to the pure zinc ferrite 
systems found in the literature.

 

The cytotoxicity, however, shows better performance despite the 
large concentration of nanoparticles used to prepare the ferrofluid. 
The Ni doped ZFNPs do not show promising results. A few additional 
recent studies include those conducted by Kahmei et al.127, Manohar 
et al.128, Ashfaq Ahmad et al.129, Tovstolytkin et al.130 and Ashfaq 
Ahmad et al.131 A list of the articles reporting research using Ni doped 
ZFNPs is given in Table 6.  These articles found that the saturation 
magnetization is approximately 30 emu/g for these nanoparticles. 
However, Kahmei et al.132 reported a saturation magnetization of 
approximately 60 emu/g. 

Most of the reports mentioned have found that the samples with 
good saturation magnetization do not show heating profiles that 

saturate around the hyperthermia therapeutic range, limiting their 
potential use as hyperthermia agents. Since the remaining 
hyperthermia related properties are similar to the pure zinc ferrite 
systems explained previously, researchers have shown less interest 
in these doped systems. The Ni doped ZFNPs have not shown unique 
properties like the Mn and Co doped systems. These two factors, the 
limited number of published articles and no unique property of these 
zinc ferrite systems, are interrelated. It is possible that the smaller 
number of studies explains the lack of insight concerning a specific 
advantage for Ni doping. In addition, it can be concluded that the lack 
of novelty has led to less exploration of this particular zinc ferrite 
system and vice versa, meaning there is definitely a need for 
extensive exploration of the Ni doped zinc ferrite systems. Further, 

Figure 20. (a) TEM images of the Ni doped ZFNPS annealed at 3000C (NZ3) and 4000C (NZ4) with the inset showing mean particle diameters of 3.6 
nm and 4.4 nm. (b) The plot of specific magnetization dependence on the applied magnetic field for various heat-treated Ni doped ZFNPs. (c & d) 
The plots showing the increase in temperature of the ferrofluid over time for citric acid coated and uncoated NZ3 and NZ4 samples. (Reproduced 
with permissions from ref.126. Copyright 2021, ELSEVIER). 
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most of the research reported has synthesized the Ni doped ZFNPs 
using a sol-gel method, which is a less effective technique for 
synthesizing uniform sized particles. Other synthesis techniques such 
as thermal decomposition and auto combustion, among others can 

be used to prepare more uniform and better dispersed samples, 
leading to more improved characteristics than pure zinc ferrite 
nanomaterials. 

Another very attractive doped system is Mg doped zinc ferrite, one 
of the potential systems with hyperthermia characteristics that has 
seen limited research.  To the best of our knowledge, we found only 
three published articles that used  Mg doped ZFNPs for hyperthermia 
applications.133–135 The most important advantage of this system is 
that both zinc and magnesium are present in the human blood 
stream in considerably larger amounts than the other transition 
metals. Their presence is also known to reduce the chances and risks 
of several types of carcinomas. Thus, even if trace amounts of the 
NPs are left inside the system, they would not be as harmful as other 
transition metal doped systems. These NPs have a low cytotoxicity 
and a high biocompatibility. The most recent study on Mg doped Zinc 
ferrites for hyperthermia was conducted by Rodriguez et al.135, who 
synthesized Mg doped ZFNPs using a sol gel method.  

The TEM image obtained for these particles is shown in Figure 21. 
(a). The average diameter of these NPs was found to be 
approximately 12 nm. These researchers synthesized several 

compositions using varying Zn and Mg doping ratios, the 
compositions exhibiting good saturation magnetization response 
including Mg0.9Zn0.1Fe2O4 and Mg0.7Zn0.3Fe2O4. The magnetization 
response with an applied magnetic field is shown in Figure 21. (b). 
The hyperthermia characteristics were recorded using a magnetic 
field of 10.2 kA/m and a frequency of 326 kHz. The ferrofluids were 
prepared for these two compositions from 2 mg/mL to 10 mg/ml. 
The temperature time profiles of these compositions are shown in 
Figure 21. (c) and (d), respectively. The Mg0.7Zn0.3Fe2O4 composition 
showed better hyperthermia response, its therapeutic range being 
achieved in approximately 10 mins for the 10 mg/mL concentration 
ferrofluid. These NPs show potential for mild hyperthermia 
applications. Their primary limitation is their low saturation 
magnetization, which, similar to the systems discussed here, can be 
improved using better synthesis methods and coating materials. A 
second challenge lies in their high Curie temperature. In their recent 
article, Alghamdi  et al.136  have shown that by tuning the zinc 
magnesium doping ratio, the Curie temperature can be manipulated 

Figure 21. (a) TEM image of the Mg doped ZFNPs insets showing SAED (selected area electron diffraction) pattern, EDX (energy dispersive X-ray 
spectroscopy) pattern and bar graph of particle size distribution. (b) The plot of magnetization vs applied magnetic field for different compositions of 
Mg doped Zinc Ferrites. (c) The heating profile of Mg0.9Zn0.1Fe2O4 nanoparticle fluids of different concentrations. (d) The heating profile of 
Mg0.7Zn0.3Fe2O4 nanoparticle fluids of different concentrations. (Reproduced with permissions from ref.135. Copyright 2016. ELSEVIER). 
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and lowered.  Perhaps better exploration in this direction would 
result in a self-regulated hyperthermia agent. The Mg doped ZFNPs 

have significant potential, and this system offers plenty of 
opportunities.

 

Table 6. : Ni-Zn ferrite nanostructures s and their critical parameters for MHT applications 

Material Coating Morphology Particle 
Size (nm) 

Ms 

(emu
/g) 

SAR 

(W/
g) 

H 

(KA/
m) 

f 

(kHz) 

TMax 

(0C) 
texp 

(min) 
t42 

(min) 
Ref 

Ni0.6Zn0.35Fe2.05O4 Citric Acid Spherical 
clusters 

4.4 36.3 131.
5 

15.91 746 51 50 13 126 

Ni0.5Zn0.5Fe2O4 Oleic Acid 

Oleylamine 

Spherical 11 66.74 410 35.28 316 53 12 5 128 

Ni0.65Zn0.35Fe2O4 PEG Spherical 8.5 55 33 4.4 260 50 20 10 129 

Ni0.8Zn0.2Fe2O4 TREG 
(triethylene 

glycol) 

Spherical 18.73 72.4 98 4.4 216 72 23 2 137 

8. Concluding Remarks and Outlook 

In this review, we have primarily analyzed the hyperthermic 
performance of zinc ferrite nanostructures beginning from spherical 
morphologies to anisotropic systems involving pure zinc ferrite as 
well as several doped and composite nano systems. It has been 
observed that anisotropic zinc ferrite exhibits improved magnetic 
properties and MHT performance compared to the spherical 
counterparts. In addition to its biocompatibility and magnetic 
properties, the primary advantage of zinc ferrite is its ability to 
transform into a paramagnetic substance at temperatures within the 
range of the MHT therapeutic window. This quality   provides zinc 
ferrite-based systems (as primarily observed for Co-Zn ferrite 
nanoparticles) a self-regulated temperature (Curie temperature) or 
an auto cut-off near ~ 43-46 ℃, which is an essential pre-requisite for 
clinical hyperthermia applications. Not many studies involving in vivo 
or pre-clinical studies based on mice models have used zinc ferrite-
based nanoparticles. Currently, Mn-Zn ferrite is the nanomaterial 
receiving the most research attention in pre-clinical applications. 
Considering the potency of these nano systems, systematic in vivo 
studies on several other doped zinc ferrite-based nanostructures 
exhibiting different morphologies need to be conducted to exploit 
these materials in advanced biomedical applications including MHT, 
targeted drug delivery and magnetic resonance imaging (MRI). 
Furthermore, detailed studies must be conducted covering the 
fundamental nanomagnetic aspects of zinc ferrite-based 
nanoparticles, including research on interparticle dipolar 
interactions,138–140 magnetic spin relaxation dynamics141–146 and 

exchange-bias effects147–150 targeting spherical and anisotropic 
morphologies of both pure and doped/composite systems. A 
rigorous understanding of these fundamental nanophysics aspects 
could possibly help us in designing much sophisticated zinc ferrite-
based nanosystems for future applications.  

Most of the scientific literature comprises studies focused on 
transition-metal doped zinc ferrite systems; however, the impact of 
doping rare-earth ions into the spinel structure of zinc ferrite is yet 
to be understood.  Limited studies have investigated the impact of 
rare-earth doping on zinc ferrite. It would be interesting to see how 
rare-earth doping, particularly MRI active ions like Gd3+ and Dy3+, 
influence the morphology, magnetic properties, and Curie 
temperature of zinc ferrite. Introducing rare-earth ions into zinc-
ferrite could possibly equip these nanomaterials with multi-
functional applications in terms of both MHT and T1-T2 dual modal 
MRI. In addition,  in the field of nanorobotics for biomedical 
applications, it has been reported that a zinc ferrite coating on the 
helical surfaces of the robots stabilizes them against magnetic 
agglomeration and simultaneously registers a reasonably good 
hyperthermia performance,151 suggesting the need for further 
exploration of the  functionalization of these nanorobots with Mn-Zn 
ferrite and rare-earth doped zinc ferrite nanosystems for potential 
utilization of these helices in cancer theranostics, including MHT and 
MRI. Moreover, zinc ferrite is considered a prime candidate for non-
invasive glucose monitoring152 and photocatalytic dye degradation 
purposes153;  therefore, more systematic studies that increase our 
understanding of these nanosystems could result in zinc ferrite 
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becoming a future nanomaterial for both biomedical and 
environmental applications. 
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