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Current cancer treatments and their limitations 

Cancer has been one of the biggest threats for human health for decades. Around 20 million new 

cases and 9.7 million deaths were reported in 2022 (Figure 1.1).1, 2 Up to now, surgery, 

chemotherapy and radiotherapy are still the three main approaches applied for cancer treatment. 

Surgery is usually the first choice, which is performed to completely remove tumor tissues.3 

However, this is often associated with residual cancerous cells at the resection margins, 

microscopic deposits, and micrometastases, which can progress rapidly.4 Besides, surgical 

intervention may potentially cause infections, decreased life quality, and postoperative recovery.5,6  

Chemotherapy is effective in the 

treatment of malignant metastases, but 

due to its high toxicity and low delivery 

efficiency, the treatment often needs to 

be terminated before the desired effects 

have been achieved. Although recent 

studies focus on the combination of 

chemotherapeutic drugs with some 

targeting groups or drug delivery agents 

to improve delivery efficiency, the 

impact of the chemotherapeutics on the 

immune system may still affect healthy 

tissues and put the patient at increased 

risk of infection.7  

Radiotherapy is widely used for 

treatment of malignant tumors at both surface and deep tissues due to its deep penetration.8 

According to how the radiation is applied, radiotherapy is mainly categorized into three kinds: 

external beam radiotherapy, brachytherapy and radionuclide therapy.9, 10 External beam 

radiotherapy makes use of external radiation source such as X-rays and gamma-rays to irradiate 

localized tumors. Brachytherapy is conducted by placing radiation source in or near localized 

tumors. For radionuclide therapy, radioisotopes are bounded to targeting agents and injected 

intravenously or orally (131I) for the treatments of metastases.8, 11 However, considering radiation 

penetration depth and the ununiformed shape of tumors, it is difficult for external sources to 

deliver dose homogeneously to the entire tumor without putting adjacent organs and tissues at risk 

of radiation exposure. In addition, oxygen concentration, genetic factors and metabolites influence 

the clinical outcome of patients.11 Despite the widespread use of surgery, chemotherapy and 

radiotherapy, new cancer treatments are still required as alternative methods with higher 

efficiency, lower toxicity and less invasiveness.11 

Figure 1.1 Regional distribution of global cancer 

incidence and mortality for men and women in 2022, 

adapted from [1]. 
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Hyperthermia/thermal ablation as an alternative method 

One of the alternative strategies is hyperthermia/thermal ablation (HT/TA), which has been 

reported as a possible treatment of intractable asthma, gonococcal infections and rheumatoid 

arthritis since 1930s.12-14 Later in 1946-1970, the potential of HT/TA for cancer treatments was 

noticed and a series of studies were carried out since then.15-19 

Hyperthermia is defined as a mild raising of body temperature from 37 °C to 42-46 °C.20, 21 

Healthy cells and tissues may survive at 44 °C for 1 h due to efficient internal heat dissipation 

mechanism that prevents further increase in the temperature, in contrast to solid tumors that do 

not have this adaptability.22, 23 Besides, higher temperature may induce some cellular changes to 

make cells more sensitive to other treatments.20, 24, 25 Therefore, HT/TA may be used to (partially) 

kill tumor cells or in combination with other treatment methods.  

How temperature/heat kills cells 

Temperature and heat are the most important factors for HT/TA. To achieve HT/TA, heat is 

generated, which leads to an increase in local body temperature. When the temperature increases 

to 41 ˚C, heat shock protein becomes upregulated, which is a defensive mechanism that protects 

cells from heat damage. Irreversible cell necrosis occurs when tissues are heated to more than 42 

˚C. However, no direct cell death or destruction of proteins and membrane will occur in the 

temperature range of hyperthermia. Owing to the vessel thrombosis and ischemia, rapid cell death 

can occur when the temperature is above 46 ˚C, and therefore, this temperature range is called 

thermal ablation.26, 27  

Although thermal ablation can be a possible alternative for traditional cancer treatments, 

hyperthermia is more promising as it can conveniently be combined with other treatments, 

allowing for less damage to healthy tissue. For instance, hyperthermia may help to overcome drug 

resistance by modulation of different pathways such as DNA repair and immune response.25, 28 

The faster blood flow induced by moderate hyperthermia can accelerate the delivery of drugs and 

help to overcome hypoxia, which is highly connected to radioresistance. 20, 24, 25 

Heating sources for HT/TA 

According to different heating sources, hyperthermia can be divided into two types: direct and 

indirect heating. Direct heating sources such as microwave (MW), radiofrequency (RF) and 

ultrasound may generate heat directly inside human body, while photothermal (PTT) and magnetic 

hyperthermia (MHT) therapies can only be performed after the injection of the corresponding 

agents.29, 30 While the application of all direct heating requires precise calculations and 

implantation of the sources to focus the energy on the treatment site avoiding healthy tissues, the 

indirect heating source could offer the ability to generate heat exclusively at the place where both 

hyperthermia agents and excitation energy are present.30, 31 
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Ultrasound 

Ultrasound technology provides enhanced spatial and dynamic control of heating, owing to its 

deep penetration in soft tissues and its capability to shape the energy distribution patterns.32-34 In 

soft tissues, the attenuation coefficient describing ultrasound energy loss is approximately 

proportional to the applied frequency. Thus, the penetration depth for ultrasound treatment can be 

easily controlled from ±1 cm to ±10 cm, by adjusting the frequency in the range of 0.5-10 MHz.35, 

36 However, the reflection from gas surfaces and high acoustic absorption at bone interfaces make 

it difficult to apply ultrasound hyperthermia at certain sites.31 

MW/RF 

Among other hyperthermia methods, MW/RF therapy is currently most commonly applied for 

cancer patients. When MW/RF energy is applied to the human body, all tissues behave as lossy 

dielectric materials, meaning they are neither good electrical conductors nor effective 

insulators.29,37 Therefore, the energy from MW/RF is gradually absorbed and a rise of temperature 

is induced at the irradiated area due to intermolecular friction.  

PTT 

PTT is conducted by the combination of injected photothermal agents and a near infrared (NIR, 

700-1700 nm) laser. With high photothermal conversion efficiency, photothermal agents absorb 

energy from NIR laser and convert it into heat to increase the surrounding temperature. Using 

external laser irradiation with adjustable injection dosage, it is possible to precisely target tumor 

with a minimized damage to healthy tissues. However, the limited penetration depth of NIR laser 

(~3 cm) hinders its further application. 26, 27 

MHT 

MHT makes use of the high tissue penetrating alternating magnetic field (AMF) to generate heat 

with application of magnetic materials such as iron oxide nanoparticles (Fe-oxide NPs). When Fe-

oxide NPs are delivered to cancer tissue and the AMF is switched on, heat is produced through 

energy loss processes, such as Néel and Brownian relaxations and nanoparticle hysteresis loss. 

Taking advantage of the injection of magnetic materials and the high penetration depth of AMF, 

it is possible to achieve MHT in almost any part of the body. 38-41  

Mechanism and basic principles of MHT 

The study of MHT started with the understanding of its mechanism and the basic parameters that 

influence the heat generation. As illustrated previously, MHT is the conversion of electromagnetic 

energy to heat by magnetic nanoparticles (MNPs).42 The initial magnetic moments (m) of MNPs 

align with the applied external magnetic field and the energy loss during this process is transferred 
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to heat through hysteresis loss, Néel and Brownian relaxation.42-44 To further illustrate the key 

parameters of this process, some basic principles of MNPs and heat dissipation equations need to 

be discussed.  

Hysteresis loop and superparamagnetism 

The hysteresis loop represents the magnetization (M) change with field (H), which is usually used 

to study the basic magnetic properties of MNPs. It is achieved by magnetizing and demagnetizing 

the MNPs in opposite directions and measuring the material magnetization parallel to the applied 

field. With a typical magnetization curve of ferro/ferrimagnetic materials shown in Figure 1.2, the 

following parameters can be obtained: (1) saturation magnetization (MS), the maximum 

magnetization induced when all magnetic dipoles are aligned with the external magnetic field; (2) 

remanent magnetization (Mr), magnetization remaining after removal of the applied magnetic field; 

(3) coercivity (HC), intensity of an external magnetic field required to force the magnetization to 

zero.45, 46 

 

 

Figure 1.2 Magnetization curves of superparamagnetic and ferro/ferrimagnetic materials, with corresponding 

saturation magnetization (MS), remanent magnetization (Mr) and coercivity (HC).46 

In bulk magnetic materials and relatively large nanoparticles, magnetic domains are usually 

organized into domain walls, whereas at particle sizes below a certain value, MNPs exhibit a 

single-domain character.46 This size depends on the composition and morphology of MNPs next 

to their domain wall energy.47 For Fe-oxide NPs such as magnetite (Fe3O4) and maghemite (γ-

Fe2O3), this transition from multi-domain to mono-domain happens within 80-90 nm, while an 

even smaller particle size of <20-30 nm allows the transition of Fe-oxide NPs to 

superparamagnetic state.44, 48  

The crystal lattice of MNPs possesses a preferred direction along one of its crystallographic axes 

in which magnetization is energetically favored. This property is known as anisotropy. In single-

domain MNPs, the magnetic moment can adopt two stable orientations along this ‘easy axis’, 
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which are anti-parallel to each other and separated by an energy barrier. The anisotropy energy 

(𝐸𝑎) depends on both the magnetocrystalline anisotropy constant (𝐾) and the magnetic volume (𝑉) 

of the MNPs.49 For sufficiently small particles, typically below 20-30 nm, the thermal energy (𝑘𝐵𝑇) 

can exceed the energy barrier required to reverse the magnetic moment. As a result, the magnetic 

moments fluctuate between the two orientations. This thermally driven switching leads 

spontaneous and continuous reversal of the magnetic moments, producing a time-averaged net 

magnetization of zero, which is a behavior known as superparamagnetism.50  

As shown in Figure 1.2, a similar sigmoidal curve is observed for superparamagnetic NPs, while 

no coercivity is shown in the hysteresis loop. The heating mechanism of both multi-domain and 

mono-domain MNPs are related to the generation of a hysteresis cycle, and the thermal loss is 

proportional to the area enclosed by the hysteresis loop (hysteresis loss). This unique 

magnetization behavior means that no energy loss is caused by hysteresis loss for 

superparamagnetic NPs.46 

Besides hysteresis loss, Néel relaxation and Brownian relaxations are also the main heat 

generation mechanisms in MHT, especially for superparamagnetic NPs.44 Néel relaxation refers 

to the internal rotation of the magnetic moments within MNPs,51 which is typically hindered by 

magnetic frictions that tend to orient the magnetic domains in a given direction relative to the 

crystal lattice. Brownian relaxation refers to the external rotation of the nanoparticle itself, 52 

which is controlled by the viscosity of the medium (η) in which the MNPs are placed, and all other 

mechanical parameters that restrict the movement.  

Heat dissipation equations 

The heat dissipation equations describe the parameters that govern the MHT. The specific 

absorption rate (SAR) and specific loss power (SLP) are defined to evaluate the heating 

conversion efficiency of the MNPs.53 The amount of heat generated by MNPs depends on the heat 

dissipation power (𝑃 ) and the density of the MNPs (𝜌). For both multi- and mono-domain 

nanoparticles, 𝑃 is given by the product of the area of each cycle (𝐴) and the magnetic field 

frequency (𝑓) (Eq. 1).47 

𝑆𝐴𝑅 = 𝑆𝐿𝑃 =
𝑃

𝜌
=

𝑓×𝐴

𝜌
        (1) 

Since the hysteresis loss is absent in the case of superparamagnetic NPs, Eq. 1 is not applicable, 

and an alternative model developed by Rosensweig can be used to correlate the features of MNPs 

to the area of the hysteresis generated under AMF, and to calculate the heat generation (Eq. 2). 54 

𝑃 = 𝑓 × 𝐴 = 𝜇0𝜋𝐻𝑚𝑎𝑥
2 𝑓𝜒"        (2)  

In this equation, 𝜇0  represents the permeability of free space, and the loss component of 

susceptibility (𝜒") can be expressed as: 

𝜒" = 𝜒0
𝜔𝜏

(1+𝜔𝜏)2
          (3) 
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where 𝜒0 is the static susceptibility, which can be further expressed in Eq. 4. 

𝜒0 =
𝑀𝑆
2𝑉

3𝑘𝑏𝑇
         (4) 

For superparamagnetic nanoparticles, heat is generated through both Néel and Brownian 

relaxation, where the effective relaxation time τ can be calculated as: 45 

1

𝜏
=

1

𝜏𝑁
+

1

𝜏𝐵
         (5) 

where the relaxation time of Néel and Brownian relaxation can be expressed as Eqs. 6 and 7, 

respectively. 

𝜏𝑁 = 𝜏0𝑒𝑥𝑝⁡(
𝐾𝑉𝑚

𝑘𝐵𝑇
)         (6) 

𝜏𝐵 =
3𝑉𝐻𝜂

𝑘𝐵𝑇
         (7) 

In the above equations, Vm represents the magnetic volume, while VH is the hydrodynamic volume 

of MNPs.  

 

Both Néel and Brownian relaxation times are influenced by the volume of MNPs. However, 𝜏𝑁 is 

exponentially dependent on the magnetic volume of MNPs, and thus their anisotropy energy 𝐸𝑎, 

while 𝜏𝐵  is less dependent on the particles size.42 For γ-Fe2O3 NPs smaller than 17 nm, heat 

generation is predominantly contributed by Néel relaxation and highly dependent on particle 

size.42 With particle size bigger than 17 nm, 𝜏𝑁 is longer than 𝜏𝐵, and the contribution of Brownian 

relaxation becomes predominant.  

Moreover, the SLP value is also influenced by other physical properties of MNPs, such as the 

saturation magnetization MS, magnetic anisotropy energy 𝐸𝑎, as well as the frequency 𝑓 and the 

intensity (H) of the applied external magnetic field. 

Tuning MNPs for higher SLP 

The above-mentioned parameters affecting the SLP values and heating efficiencies of MNPs can 

be easily improved by tuning the frequency and intensity of AMF or by optimizing the properties 

of MNPs themselves. Modulations of the size and shape of the MNPs, modification of their 

surface, crystallinity and composition, incl. doping with other elements, and control of the 

aggregation state, are among typical parameters assessable through synthetic methods, with a 

direct effect on the saturation magnetization, magnetic anisotropy, relaxation times, and therefore, 

leading to an improved heating efficiency. 

Size 

As discussed earlier, the size of the NPs influences both the SLP and the heating efficiency 

through the contribution to the Néel relaxation. Therefore, increasing the SLP is often approached 



Chapter 1 

 
 

8 

 

through synthetic procedures aiming at an optimal NP diameter (dopt) and monodispersity.47 

However, the dopt cannot be fixed to a single value, even if optimal synthetic conditions are 

identified. Although the differences arising from the composition of the NPs are evident, the 

medium and the applied magnetic field also play an important role. For example, Sathya et al. 

synthesized a series of CoxFe3-xO4 NCs and compared the SAR values of the iron content fixed as 

Co0.7Fe2.3O4 with the particle size of 15, 17, 19, 23 and 27 nm. The highest heating performance 

was obtained with the NPs of 17 and 19 nm, which is similar as the previous experiments on iron 

oxide nanotubes.55 Guardia et al. reported a higher dopt of 23 nm for Au@FexOy, observing an 

increase in SAR at sizes ranging from 17 to 23 nm, and a clear decrease at 26 nm.56 Fortin et al. 

investigated the SLP changes of maghemite and cobalt ferrite nanoparticles in the range of 5-20 

nm in aqueous solvents of various viscosities.57 The dopt of maghemite in both water and glycerol 

were 14 - 16 nm and decreased with the applied frequencies (100 kHz - 1 MHz), while the dopt of 

cobalt ferrite varied with the viscosities. Mehdaoui et al. studied the SAR change with 𝜇0𝐻𝑚𝑎𝑥 of 

various particle sizes in the range of 5.6 - 27.5 nm at 54 kHz and 274 kHz.58 The dopt for both 

frequencies was 8.9 nm when the magnetic field was low (8, 16 mT for 54 kHz and 23, 30 mT for 

274 kHz). With higher magnetic field, the dopt increased to 13.7 nm and 19.7 nm. Despite the 

reported differences in dopt depending on various parameters, the generally accepted range of dopt 

for Fe-oxide NPs is 10 - 20 nm. 

Shape and crystallinity 

Different shapes of MNPs also exhibit different heating efficiencies. Although the reported SLP 

values vary, a general order of heat performance can be approximated as: nanotubes > 

nanoflowers > nanoctahedra > truncated NPs > nanorods.47 These shapes can be acquired with 

different synthesis methods, which on its turn can also influence the crystallinity of MNPs. 

The synthesis of MNPs can be both hydrolytic (co-precipitation, oxidative precipitation) or non-

hydrolytic (solvothermal, thermal decomposition).47 Hydrolytic methods make use of Fe(III) and 

Fe(II) salts and a strong base (NaOH or ammonia), allowing direct synthesis of water-dispersible 

MNPs and enabling easy scale-up of the mass of MNPs obtained per batch. However, hydrolytic 

methods always result in low crystallinity and are not suitable for shape control.59 Non-hydrolytic 

methods use alkyl oxygen derivatives as oxygen donors to form Fe-oxide NPs at higher 

temperatures. This allows for varying a range of experimental conditions, such as heating rate, 

time and pressure.60 Together with the choice of specific ligands/stabilizers and their molar ratio 

to the metal precursor, it is possible to allow or inhibit the growth of nanocrystal in certain 

directions, and hence, achieve shape-controlled synthesis. For instance, the nanocrystal growth 

along (111) direction leads to the formation of nanocubes, while the growth along (100) direction 

over (111) leads to the formation of octahedral MNPs.61, 62 For cubic-shaped MNPs, the higher MS 

values and better heating characteristics are due to their lower surface spin disorder, higher 

crystallinity, and higher magnetic moments.47, 63 For nanorods and nano-octapods, their lower SLP 

and MS values are mainly due to the intermediate FeO phase impurities. 45 
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Composition 

The density, saturation magnetization and magnetic anisotropy of MNPs can be controlled by 

changing their composition. Doping with different metal ions in Fe-oxide NPs is one of the most 

commonly used methods to tune the magnetic properties of MNPs. Transition metals such as Co, 

Mn and Zn with controlled distribution are typically doped into the crystalline structure of ferrites 

and described as MxFe3-xO4. Sathya et al. synthesized a series of CoxFe3-xO4 NCs with different 

Co/Fe ratio (0.3 ≤ x ≤ 0.7) and compared their SAR values at 105 kHz and 12-32 kAm-1.55 With 

same particle sizes of 20 ± 2 nm, SAR increased with increasing cobalt content regardless of the 

amplitude of AMF (from 600 ± 10 to 915 ± 10 W/g(Co+Fe)). Jang et al. reported the doping of Zn 

and Mn in MxFe3-xO4 with varied doping levels and the same size of 15 nm. The SLP value of 

(Zn0.4Mn0.6)Fe2O4 obtained at 500 kHz and 3.7 kAm-1 was 432 W g-1, which is significantly higher 

than that of commercial Feridex NPs (115 W g-1).64 With different magnetic moments and element 

radius, these cations partially occupy either octahedral or tetrahedral sites of MxFe3-xO4, resulting 

in an increase in magnetic anisotropy. As discussed previously, the increase in magnetic 

anisotropy requires higher energy to flip both the magnetic and particle spins, which leads to 

higher SAR and SLP values. 

Another strategy to alter the composition is the synthesis of heterostructures. By combining more 

than one domain with different composition, such as in bi-metal core-shell MNPs, the exchange 

coupling interaction results in the increase in SAR values.65-67 An example of this approach was 

demonstrated by Lee et al, who tuned the magnetic properties and heating conversion efficiency 

with magnetically hard core and magnetically soft shell.68 Due to the exchange coupling between 

different combinations of cores and shells, the SLP value could be maximized to 3034 W g -1. 

Bordet et al. reported the carbidization process on the surface of their MNPs to form a core-shell 

structure (Fe@ICNPs),69 which resulted in SAR of more than 1000 W/g after 4h of carbidization. 

Aggregation state 

In addition, to the described strategies that focus on the individual characteristics of NPs, another 

factor that influences the overall SLP is the aggregation state of MNPs. In biological environments 

like serum, blood, or other physiological fluids, MNPs naturally tend to cluster and form 

aggregates or agglomerates if they are not stabilized with specific coatings, due to their inherent 

physical interactions with surrounding components. The collective magnetic properties of MNPs 

may therefore be strongly influenced by exchange interactions and dipole-dipole interactions.70 

Exchange interactions refer to the quantum mechanical coupling of the magnetic moments from 

two neighboring atoms in either parallel or antiparallel directions. The exchange interactions 

between cores allow for cooperative behavior, and therefore, enhance susceptibility while 

maintaining superparamagnetic behavior. However, these exchange interactions are mainly 

related to multi-core nanoparticles that are directly formed with a controlled aggregation, such as 

nanoflowers.71 For most MNPs that spontaneously form agglomerates or aggregates after 

synthesis, the impact on their magnetic properties is mainly influenced by dipole-dipole 
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interactions, which are highly dependent on the distance between MNPs.72 A collective magnetic 

state is formed when the distances decrease, while the dipolar interactions increase. Since small 

Fe-oxide NPs are superparamagnetic and exhibit single domain character,73 the orientation of each 

particle that forms the agglomerates or aggregates will strongly influence the collective magnetic 

properties. For instance, if the magnetic moments align and form chains, the collective magnetic 

properties will be much stronger than those oriented randomly.74, 75  

Beyond MHT: secondary applications of MNPs 

Aside from their magnetothermal performance in MHT, the magnetic and structural properties of 

MNPs have been intensively studied as enabling features for multimodal biomedical applications 

over the last decades. Thereby, substantial interest is centered on using MNPs to support and 

improve the outcomes of complementary therapeutic strategies, positioning them as versatile tools 

for imaging, targeted drug delivery, and multimodal cancer therapy. 

Imaging 

The magnetic properties of NPs specifically developed for MHT in fact match those responsible 

for contrast enhancement in magnetic resonance imaging (MRI) or magnetic particle imaging 

(MPI).76-78 Moreover, MNPs can be combined with other imaging reporters to create multimodal 

probes that allow for their further application in other bioimaging modalities.79-81 

Lu et al. reported 131I conjugated Fe3O4 nanoparticles for combined MHT, MRI and single-photon 

emission computed tomography (SPECT) imaging.82 The mesoporous Fe3O4 particles, prepared 

with thermal transformation of the precursor, were loaded with perfluoropentane and subsequently 

conjugated with 131I to enable SPECT imaging. Similarly, Ince et al. reported the conjugation of 
131I to solid Fe3O4 NPs for multimodal SPECT and MR imaging.83 Other examples include 

radiolabeling of MNPs with 111In and 141Ce for MRI/SPECT imaging-guided MHT.84, 85 To enable 

optical imaging combined with MHT, MNPs are either combined with optical nanoparticles such 

as quantum dots (QDs)86-88 and lanthanide based NPs,89, 90 or modified with small molecule 

luminescent dyes.91-93 Perton et al. designed a core-shell iron oxide@stellate mesoporous silica 

nanocomposites (IO@STMS NPs) with large pores grafted with CdSe/ZnS QDs, and as a result, 

in the presence of QDs, cellular endosomes displayed strong and photostable fluorescence 

signals.94 Small molecular dyes, such such as Cyanine 5.5 and 7, can be easily attached to the 

surface of Fe3O4 NPs through the reaction with NHS (N-hydroxysuccinimide) ester and APTES 

((3-aminopropyl)triethoxysilane) resulting in a strong fluorescence signal at 722 nm observed in 

vivo upon 662 nm excitation.91 

MNPs-based synergistic therapies 

The advantage of synergistic approaches in oncology is well-demonstrated. From this point of 

view, MNPs offer the possibility to be exploited for multiple therapeutic purposes based on their 
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intrinsic properties suitable for e.g. phototherapy next to MHP, or to provide heat during other 

treatments, such as radio- or chemotherapy, to enhance their efficacy. 

Chemodynamic therapy (CDT) can be achieved with MNPs due to the existence of Fe2+ ions, 

which interact with H2O2 present in tumors and produce reactive oxygen species (ROS) through 

the Fenton reaction.95 Du et al. reported the use of Fe2+/Fe3+ pairs in hollow Fe3O4 mesocrystals 

as nanoenzymes to produce ROS for a self-augmented synergistic MHT-CDT.96 The boosted 

reactive oxygen levels could not only induce cell apoptosis, but also reduce the expression of heat 

shock proteins, further improving the efficiency of MHT. The synergistic MHT-CDT was also 

demonstrated with MNPs containing Fe3+, which could be reduced to Fe2+ by glutathione (GSH) 

overexpressed in tumor.97  

The strong absorption of MNPs in the NIR region, together with their high photothermal 

conversion efficiency, enables their use in combined PTT and MHT,98, 99 where a boosted heating 

effect can be achieved under AMF and NIR laser irradiation.100 Due to their different heating 

mechanisms, the drawbacks of MHT, such as NPs diffusion or aggregation in tumor, could be 

overcome by combining it with PTT, while the limited tissue penetration of NIR light could be 

mitigated by the use of an AMF.101  

Furthermore, mild MHT has been reported to accelerate blood flow, leading to increased oxygen 

supply and reduction of tumor hypoxia, which may help to overcome radiation resistance and 

improve the sensitivity for radiotherapy.102-104 Moreover, internal radiotherapy can be applied 

using MNPs as nanocarriers.105 By designing core-shell MNPs, applying radionuclide doping or 

functionalizing their surface with therapeutic radionuclides, MHT-RT can be achieved.106, 107  

MHT-based drug delivery and controlled release 

Similar to the benefits described for MHT-RT, the combination of MHT and chemotherapy can 

be achieved by using MNPs as nanocarriers for drug delivery. With the rational design of MNPs, 

the drugs can be either loaded into MNPs or conjugated to their surface.108, 109 Benterrou et al. 

reported Fe-oxide NPs prepared by using mesoporous carbon as a hard template, which allowed 

for the loading of the pores with the anti-tumor drug doxorubicin (DOX),110 whose further leakage 

from the pores was prevented by a polymer coating. Covalent attachment of the drugs to the MNPs, 

taking advantage of their large specific surface area, represents another option to enable combined 

MHT-chemotherapy.111  

Moreover, the high temperature induced by MNPs is an ideal parameter for controlled drug release. 

After surface modification of thermal responsive materials, the loaded chemotherapeutics can be 

released only after the AMF is switched on.112, 113 An example of this approach was demonstrated 

for Fe3O4 NPs modified with beta-cyclodextrin (β-CD) and heat responsive poly(N-isopropyl 

acrylamide) (PNIPAAm) that formed a hydrogel for the delivery of DOX through thermo-

triggered release.114 Other options for controlled drug release using MNPs include the use of 

pH/heat sensitive materials that help enhance the selectivity of chemotherapy.115, 116 
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Safety of MHT 

While pursuing highly effective MHT through optimizing MNPs for greater SLP and achieving 

synergistic therapeutic effects, it is equally important to consider their impact on surrounding 

tissues. The drive to continually enhance MHT performance should not overshadow safety 

considerations, which are essential for clinical translation. Therefore, in view of future clinical 

translations, efforts should focus on systematic evaluations of the toxicity and biocompatibility of 

MNPs, improving the selectivity of MHT and developing strategies to prevent overheating. These 

aspects are crucial for ensuring treatment safety and minimizing damage to healthy tissues. 

Biocompatibility and toxicity of MNPs 

The biocompatibility and toxicity of NPs have always been the primary concern in all biomedical 

applications.117, 118 Biocompatibility ensures that the NPs can deliver the desired performance 

without causing adverse effects, such as DNA damage, oxidative stress and apoptosis, while 

cytotoxicity concerns the oxidative stress and cell damage induced by the production of free 

radicals or ROS due to the high chemical reactivity of NPs.119 

The physicochemical characteristics of NPs such as size, charge, morphology, composition and 

surface chemistry are the main factors influencing nanotoxicological reactions.117, 119 As discussed 

previously, the MHT performance of MNPs is strongly related to their SLP values, which in turn 

are influenced by the size, morphology and composition of MNPs. Therefore, one of the 

commonly used methods to improve biocompatibility of MNPs while maintaining their heating 

efficiency, is surface modification. Surface coating with large biocompatible molecules, such as 

polyethylene glycol (PEG) provides a protective layer on the surface of NPs, which prevents them 

from aggregation, improves biocompatibility and increases their blood circulation time due to 

shielding from the immune system.120 In addition to hydrophilic stealth polymers, alginate, 

chitosan and lipids are also good alternatives for improving biocompatibility.120-127 

Studies also show that the toxicity of NPs is highly dose-dependent, suggesting that NPs can be 

only used safely below certain concentrations,128, 129 while higher concentration may lead to 

increased cytotoxicity, oxidative stress and apoptosis. This is an important consideration, as 

achieving higher MHT efficacy often implies a critical mass/concentration of MNPs. From this 

perspective, enhancing the SLP, and thus the therapeutic effect, may present a good strategy for 

reducing MNPs dosage and, consequently, toxicity.  

Selectivity of MHT 

Therapeutic selectivity as a strategy to improve the safety of chemotherapy and PTT has been 

widely explored in studies, with the main focus being on limiting therapeutic action exclusively 

to the tumor region.108, 109, 130 The mechanism of MHT involves heating MNPs through exposure 

to AMF, which penetrates deeply and acts specifically on NPs. This may inherently reduce safety 

concerns, provided that the MNPs remain well-localized within the tumor. Currently, the common 
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methods for delivering MNPs to tumors include intravenous administration of surface-

functionalized particles bearing targeting vectors that recognize overexpressed cellular receptors, 

or direct intratumoral injection.131-134 Although the latter approach appears more efficient for the 

precise delivery of MNPs, their post-injection fate, including their concentration and spatial 

distribution within the tumor tissue, remain uncertain. Furthermore, achieving accurate injection 

is a challenging task and poses the risk of damaging adjacent tissues.135, 136 

Studies on tumors have proved that their abnormal growth often results in irregular features such 

as hypoxia, acidic pH and overexpression of glutathione.137-141 These features are collectively 

referred as tumor microenvironment (TME) and have been extensively studied in the context of 

improving selective drug delivery to tumors for chemotherapy and PTT.130, 142 By selecting 

specific features and designing TME-responsive materials accordingly, therapeutic selectivity can 

be effectively improved. For example, high level of endogenous H2S in colorectal cancer has been 

used as a target for in situ synthesis of photothermal agent; 130, 143 H2O2 has been designed as a 

target to generate ·OH for chemodynamic therapy based on Fenton/Fenton-like reaction.144. 

Although TME is a good target for improving therapeutic selectivity and has also been mentioned 

in MHT-related research, it has only been used for TME-responsive synergistic therapy.132, 133, 145, 

146 The possibility of using TME to improve MHT selectivity remains to be explored. 

Overheating problems 

In ensure high efficacy and safety of MHT, the heating efficiency must be assessed and 

controlled.147, 148 Even if MNPs are injected into the tumor center, once the temperature becomes 

too high, adjacent healthy tissues may still be damaged by heat due to heat diffusion within the 

body.149 Therefore, the temperature during MHT should not only be carefully calculated and 

adjusted based on the size and morphology of the tumors, but also monitored and preferably 

controlled to minimize unnecessary damage. 

Injection strategies and simulation 

Limiting the effective temperature exclusively to the tumor region is challenging. Therefore, 

simulation studies were conducted to explore injection strategies for tumors of different sizes and 

shapes, and how to achieve an optimal delivery.150-152 Hadadian et al. simulated the concentration 

of MNPs required to reach 45 °C in tumors of various sizes (80-700 mm3) and demonstrated a 

non-linear relationship.153 However, they were able to identify the minimum concentration for 

small tumors and volume-normalized concentrations for injections into large tumors. Further 

evaluation revealed that the critical size is associated with the fundamental limits of thermal 

diffusion, which forms a theoretical basis for determining injection doses depending on tumor 

volume.  

For tumor with different shapes and morphologies, injection at multiple sites is necessary, rather 

than just in the center. In this respect, simulation studies represent a valuable asset, especially for 

tumors with a protrusion volume of more than 10% of the total.151 Creating multiple hot-spots 
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within the tumor results in a more homogenous temperature distribution compared to the single-

site injection strategy.154, 155 An accompanying advantage is that each hot-spot requires a lower 

heating temperature due to heat diffusion, which can effectively reduce thermal damage to healthy 

tissues while maintaining a good MHT effect.43, 156 

Thermometry 

The damage to healthy tissues and death of necrotic cells can be minimized by precise and real-

time control over therapeutic effects, which can be achieved through in situ thermometry.157, 158 

Infrared thermography is a non-invasive method for determining surface temperature and can be 

used for MHT, but its accuracy can be challenging. In vivo experiments calibrated with a fiber 

optical sensor indicated temperature errors up to 7 °C.159 An alternative approach can be found in 

the rational design of MNPs, which contain components that allow them to act as 

nanothermometers, thus enabling in situ temperature monitoring of temperature, also known as 

nanothermometry.149,157 Li et al. reported and optomagnetic heater-thermometer nanoplatform by 

combining lanthanide luminescent nanocrystals with Fe-oxide NPs.158 The temperature-dependent 

luminescence lifetime, together with the depth-sensitive NIR-II luminescence intensity ratio, was 

exploited to achieve precise 3D thermographic mapping of tissues, reducing the measurement 

uncertainty to 0.12 °C. In addition, internal temperature can be also predicted via thermal 

distribution and simulation algorithms as part of pre-hyperthermia treatment planning.160 With the 

guidance of real-time temperature monitoring and prediction, the accuracy and safety of MHT can 

be improved by preventing overheating and necrosis of normal tissues.  

Temperature control 

The precise and controllable temperature required for improving safety can be also achieved 

through self-regulating MNPs.161 These smart MNPs have the ability to deliver MHT to tumors, 

but also to stop heating when a certain temperature is exceeded.162 For all MNPs, Curie 

temperature (TC) is the specific temperature at which they will lose their magnetic properties and 

become paramagnetic. Therefore, one way to prevent overheating is to use MNPs with a TC in the 

range of 42-50 °C.149, 162 Valente-Rodrigues et al. investigated the doping of Cr3+ into 

Zn0.54Co0.46CrxFe2-xO4 NPs to precisely tune their TC.162 As it was shown, the TC of these hybrid 

NPs could be decreased from 78 °C (x = 0.1) to 27 °C (x = 0.6) by increasing the among of Cr3+, 

while an optimal TC of 42.3 °C could be achieved with the composition of Zn0.54Co0.46CrxFe2-xO4. 

By tuning TC in a specific range, a temperature limit for MNPs is then determined regardless of 

their concentration. With a TC of 57 °C, the highest temperature of 42 °C remained with increasing 

concentration from 6 to 60 mg/mL.163Although lowering TC is a promising method to achieve self-

regulating MHT, it usually results in lower MS and heating efficiency due to the introduction of 

non-magnetic metal ions.161 This requires new methods to achieve self-regulating MHT while 

maintaining the heating efficiency of MNPs.  
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Scope and outline of the thesis 

This thesis investigates strategies to enhance the safety of MHT without compromising its 

therapeutic efficiency, building on the challenges and motivations outlined in Chapter 1.  

Chapter 2 describes the enhancement of the magnetic properties of Pd/Fe-oxide NPs by doping 

with Mn. While Pd-core was necessary for the envisioned synergistic application in radiotherapy 

(103Pd-doping), addition of paramagnetic Mn resulted in higher SLP and enabled an additional T1-

weighted MRI. A modified thermal decomposition method was used to prepare the hybrid NPs, 

and effects of Mn-doping on magnetic properties were thoroughly evaluated. Subsequently, the 

effect of this synthetic route on the resulting magnetic properties and heating efficiency was 

investigated in comparison to the commonly used cation-exchange method. 

In Chapter 3, Mn was replaced with Ho to further investigate the potential of combining MHT 

and RT. Ho/Fe-oxide NPs were synthesized using co-precipitation method and the influence of 

Ho-doping ratio on their magnetic properties and heating efficiency was studied. It was 

demonstrated that the MHT efficiency of Ho-doped Fe-oxide NPs are strongly related to the 

amount of Ho, with the demonstrated optimum of 2.5%.  

Subsequently, in Chapter 4, the MHT efficiency of the developed Ho/Fe-oxide NPs with a Ho-

doping ratio of 2.5% and their potential to achieve synergistic MHT-RT at reduced therapeutic 

doses were studied. 165Ho was irradiated with neutrons to 166Ho and the 166Ho/Fe-oxide NPs with 

the established Ho-doping ratio were synthesized. The therapeutic efficiency of MHT, RT and 

synergistic MHT-RT were investigated on cancerous cell lines U87 and U2OS. To investigate the 

possibility of reducing therapeutic doses, the efficient concentration/radiation doses for 

synergistic MHT-RT were determined and compared with those for MHT and RT performed 

separately. 

Chapter 5 focused on the improvement of tumor-selectivity of MHT. To achieve this, pH-

responsive ZIF-8 material was combined with Fe-oxide NPs to keep them aggregated, and thus 

unable to efficiently produce heat at physiological pH (7.4). First, the pH-responsive properties of 

the nanocomposites were investigated and the temperature behavior at higher (7.4) and lower pH 

(6.5), characteristic of the tumor environment, was compared. The AMF frequency was optimized 

to achieve maximal differences in temperature, and subsequently the tumor-selective effect was 

studied on cancerous and healthy cells.  
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Introduction 

One of the most challenging innovations in medicine lies in multifunctional biocompatible 

nanoparticles (NPs) that can revolutionize cancer diagnosis and therapy.1 Among various applied 

nanomaterials, magnetic nanoparticles (MNPs) are crucial for biomedical applications, such as 

drug delivery, cell marking, magnetic hyperthermia/thermal ablation (MH/TA), and magnetic 

resonance imaging (MRI).2, 3 For example, one limitation of conventional MNPs in thermal 

treatments is their low heating capacity, expressed as specific loss power (SLP). This limitation 

requires the local injection of large quantities of MNPs.1 Although toxicity is not necessarily a 

concern (FDA-approved magnetic iron oxide NPs (Ferumoxytol) are administered intravenously 

at doses as high as 510 mg for anemia treatment),4 injecting large volumes directly into tumors 

remains a difficult task. Hence, to fully exploit the therapeutic potential of thermal treatments, it 

is crucial to design MNPs with high heating efficiency at clinically relevant doses (< 10 mg/kg). 

This would enable the generation of sufficient intratumoral and intralesional temperatures 

required for sensitization (40-44 °C) or the complete eradication (>60 °C) of cancer tissues.2, 5 

Furthermore, SLP requirements vary depending on the volume of tumors to be treated. In practice, 

this means that the concentration of the injected MNPs must be varied to achieve a certain 

therapeutic temperature increase.6, 7 Therefore, optimization of the nanomaterials for MH/TA, 

while keeping an efficient heating power, has become a significant challenge in biomedicine. At 

the same time, optimized magnetic properties designed for thermal treatments may also lead to 

improved MRI performance, as both heating performance and contrast enhancement are directly 

related to saturation magnetization.2, 8 These objectives can be achieved by tuning the MNPs 

parameters, such as size, shape and magnetocrystalline anisotropy.1 Saturation magnetization (MS) 

varies with the size of the MNPs until a threshold size is reached, beyond which the magnetization 

value plateaus and approaches the bulk magnetization value. Simultaneously, an increase in size 

alters the balance of magnetic interaction, causing the MNPs to transition from superparamagnetic 

to single-domain, and eventually, to multi-domain regimes.8 Conveniently, the MNPs preferred 

in biomedical applications are sufficiently small to remain in the superparamagnetic regime, 

where magnetism disappears after removing an applied magnetic field, ensuring colloidal stability 

and resistance to aggregation.9, 10 Additionally, it appears that MNPs with a size at the optimal 

threshold between superparamagnetic- and single-domain behavior are ideal for thermal 

treatment.1, 11 Thus, tuning the efficiency of MNPs through size adjustments has limitations. On 

the other hand, tuning the anisotropy of the MNPs is a very promising alternative strategy to 

increase MS leading to enhanced heating efficiency and relaxivities (ri where i =1 and 2), which 

stands for relaxation rate enhancement per concentration of magnetic component - a parameter 

important for MRI.1 Ways to influence the effective anisotropy of MNPs are via changes on shape 

anisotropy, or on magnetocrystalline anisotropy by doping or synthesizing core-shell MNPs.12 

In the last years, ferrite nanoparticles with the general formula MFe2O4 (M = Fe, Mn, Co, Ni) have 

been in the spotlight due to their potential applications in biomedicine, and to their remarkable 
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magnetic properties, which can be modified by introducing the desired composition of the 

dopants.13-15 An example is an increased saturation magnetization of MnFe2O4 NPs (110 emu/g) 

compared to Fe3O4 NPs of the same size (101 emu/g) due to magnetic engineering of the iron 

oxide nanocrystal by replacement of Fe2+ with Mn2+.16  

Lastly, the nanomedicine paradigm is shifting towards the development of therapeutic agents that 

can generate accompanying imaging signals. This advancement allows for the visualization of the 

drug delivery and distribution process, monitoring of therapy, and tracking the fate of NPs over 

time.17 Iron oxide NPs are known for their ability to enhance the T2 MRI contrast. When doped 

with paramagnetic ions, such as Mn2+or Eu3+, these MNPs may enable dual T1/T2 MRI contrast,18 

which is more desirable in certain clinical cases. While ultra-small Fe-oxide NPs (<10 nm) have 

been reported to also exhibit a T1-effect,19 achieving both high T1 MRI performance and sufficient 

magnetization for MH/TA applications typically requires optimization strategies beyond mere 

size manipulations.20 Therefore, engineering of magnetization values via the composition of 

MNPs is critical for developing sensitive magnetic probes for biomedical applications.11 

In our previous work, we developed core-shell Pd/Fe-oxide NPs of 20 nm for MR-image assisted 

MH/TA applications combined with radiotherapy when 103Pd-radioisotope is added to the core.21-

23 As previously mentioned, tuning the magnetic properties of NPs via their size, while 

maintaining superparamagnetism, has limitations, while influencing anisotropy presents a 

valuable alternative. This paper describes the attempt to enhance the magnetic properties of Pd/Fe-

oxide NPs by tuning their magnetocrystalline anisotropy through doping the Fe-oxide coating with 

Mn. The literature reports the possibility of replacing Fe-cations in the crystal lattice with Mn-

cations through the cation-exchange (CE) method,24 which involves mixing and heating of the 

pre-made Fe-oxide NPs with additional precursors and surfactants. Therefore, in view of the 

eventual need for 103Pd-radiolabeling, the MNPs in this study were synthesized using a seed-

mediated thermal decomposition with varying amounts of Mn-precursor. The similar sizes and 

shapes of the obtained Pd/Fe|Mn-oxide NPs allowed to investigate the effect of Mn-doping on 

magnetic properties, heating and imaging performance.  

Materials and methods 

Reagents 

Palladium (II) acetate, oleylamine (OAm), tert-butylamine-borane complex, ethanol, hexane, iron 

(III) acetylacetonate (Fe(acac)3), manganese (II) acetylacetonate (Mn(acac)2), 1,2-hexadecanediol, 

1-octadecene (ODE), oleic acid (OA), chloroform, 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] sodium salt (DSPE-PEG2000-

COOH), ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), sodium hydroxide 

(NaOH), manganese(II) chloride tetrahydrate (MnCl2·4H2O), toluene. All chemicals were 

purchased from Sigma Aldrich and used without further purification.  
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Preparation of oleylamine capped Pd NPs (seeds) 

OAm capped Pd-seeds were prepared based on previously published protocols.25, 26 Briefly, Pd(II) 

acetate (56 mg, 0.249 mmol) was added to 15 mL OAm in a 3-neck round-bottom flask. The 

reaction mixture was heated to 60 °C in 10 min under a stream of nitrogen gas and vigorous 

stirring. In parallel, t-butylamine-borane complex (130 mg, 1.495 mmol) was dissolved in 3 mL 

OAm and injected into the reaction mixture via a septum, once the temperature reached 60 °C. 

After addition, the reaction mixture was further heated to 90 °C with a heating rate of 3 °C/min 

and kept at this temperature for 60 min. After that, the reaction mixture was left to cool down to 

room temperature and the Pd NPs were collected by addition of 30 mL ethanol and centrifugation 

for 8 min at 10500 RPM (11830 × g). The Pd seeds were stored as such until further use. The final 

product was re-dispersible in organic solvents such as toluene, hexane, or chloroform. 

Preparation of Pd/Fe|Mn-oxide via a seed-mediated method 

The procedure employed to prepare Pd/Fe|Mn-oxide NPs for this study was adopted from 

protocols presented in previously published articles (Figure 2.1 A).27, 28 Fe(acac)3 (23.5 mg, 0.066 

mmol) together with Mn(acac)2 (8 mg, 0.033 mmol or 4 mg, 0.015 mmol) and 1,2-hexadecanediol 

(50 mg) were added to a 3-neck round bottom flask containing 20 mL ODE, 660 µL OA, and 65 

µL OAm. OAm capped Pd NPs (5.3 mg, 0.05 mmol) were dispersed in approximately 0.4 mL 

hexane and sonicated for 5 min. Next, the Pd-seeds in hexane were added to the 3-neck round 

bottom flask. The reaction mixture was slowly heated to 120 °C under N2 flow and vigorous 

stirring and left at this temperature for 20 min to ensure the complete removal of hexane. 

Subsequently, the reaction mixture was further heated to 205 °C with a heating rate of 5 °C/ min 

and kept at this temperature for 120 min. After that, the reaction mixture was further heated to 

315 °C with a heating rate of 5 °C and kept at this temperature for 60 min. Next, the reaction 

mixture was left to cool down to room temperature and the Mn-doped Pd/Fe-oxide NPs with 

different Fe:Mn ratio ((Pd/Fe|(0.5Mn)-oxide and Pd/Fe|(0.25Mn)-oxide) were collected by 

addition of 30 mL ethanol and centrifugation at 10,500 RPM (11830 × g) for 4-6 min. The 

procedure was repeated several times with ethanol and one or two times with a combination of 

ethanol and hexane in equal volumes. Lastly, the NPs were dried by a gentle flow of 

N2/compressed air and stored as such until further use. The final product could be redispersed in 

organic solvents such as toluene, hexane, chloroform. 
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Preparation of Pd/Fe|Mn-oxide via CE-method 

Cation exchange of Mn2+ with Fe2+ was carried out using a previously published protocol (Figure 

2.1 B).29 Pd/Fe-oxide seeds were first prepared using the abovementioned method. 40 mg of these 

NPs were dispersed in 20 mL mixture of ODE and toluene (1:1 v/v), heated to 100 °C and kept at 

this temperature for 30 min. After cooling down to room temperature, 9.7 mg (0.4 mmol) 

MnCl2·4H2O were added into the flask directly. The mixture was then heated to 180 °C and 

maintained for 2 h under the N2 atmosphere. After the solution was cooled naturally, the Mn-

doped Pd/Fe-oxide NPs were collected by centrifugation at 10,500 RPM (11830 × g) for 4-6 min 

and washed three times with a mixture of ethanol and hexane in equal volumes. The NPs were 

dried by a gentle flow of N2/compressed air and stored as such until further use. The final product 

could be redispersed in organic solvents such as toluene, hexane or chloroform. 

 

Figure 2.1 Illustration of (A) seeded growth and (B) cation exchange method for nanoparticle synthesis. 

 

Dispersion of Pd/Fe|Mn-oxide NPs in aqueous media with DSPE-PEG2000-COOH 

The synthesized Pd/Fe|Mn-oxide NPs were transferred into water by means of functionalization 

with DSPE-PEG2000-COOH following a slightly modified protocol presented elsewhere.30 Firstly, 

2 mg of Pd/Fe|Mn-oxide NPs were dispersed via ultrasonication in 1 mL of CHCl3 containing 1.5 

mg of PEG surfactant. The vial containing the mixture was left open for 24 h for the slow 

evaporation of the solvent, until a pasty precipitate remained at the bottom of the vial. The residual 

solid was heated to 80 °C for 10 min in a vacuum oven and subsequently flushed with a gentle N2 
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flow to ensure complete removal of CHCl3. Next, 1 mL of Milli-Q water was added to the 

precipitate and sonicated for 15 min until a colloidal aqueous suspension was obtained. The 

colloidal suspension of NPs was pipetted into Eppendorf vials and the unbound polymer and 

excess lipids were removed by two rounds of centrifugation for 1 h at 19,600 RPM (30,000 × g) 

and subsequent removal of the supernatant. Lastly, the NPs were collected in 1-2 mL of Milli-Q 

water and kept as such for further use. 

Pd- and Mn-leakage study 

Pd/Fe|Mn-oxide NPs (2.5 mg) with the surface covered with DSPE-PEG2000-COOH surfactant 

were resuspended in 0.5 mL of different incubation media (1 mM EDTA (pH 7.4), acidified water 

(pH 6.5), saline, and serum). The NPs were left in suspension for a specified amount of time (24h 

for EDTA, and 48h for all other media), after which they were placed in an Amicon Ultra 

Centrifuge tube with a centrifugal concentrator Ultracel (30 kDa MWCO regenerated cellulose 

membrane) and centrifuged for 20 min at 4200 RPM. The filtrate was collected and analyzed with 

ICP-MS to determine the Pd and Mn content. The NPs were then resuspended in a fresh medium 

and incubated until the next time point, after which the same measurement procedure was applied. 

Physical methods  

Particle size, size distribution and morphology of the samples were determined by transmission 

electron microscopy (TEM), using a 120 kV Jeol-JEM1400 microscope. The samples were 

prepared by drop-casting a diluted NP’s suspension in organic solvents such as hexane on a 

Quantifoil R1.2/1.3 Cu300 grid and evaporating the solvent at room temperature. The mean 

diameter and the size distribution of the samples were obtained by statistical analysis of around 

500-1000 NPs, using TEM images and Image J software. The elemental mapping analysis was 

done with an Oxford Instruments EDS detector X-MAXN 100TLE on the same grids used for 

TEM. Dynamic light scattering (DLS) was measured on a Malvern Pananalytical Zetasizer Pro 

(Worcestershire, UK) equipped with a 633 nm laser. 

Magnetic characterization by superconducting quantum interference device (SQUID), was carried 

out on an MPMS XL magnetometer from Quantum Design, using about 1-2 mg of dry NPs. The 

hysteresis loops M(H) obtained under continuously varying applied magnetic field up to a 

maximum of ±60 kOe at 5 and 300 K were used for evaluation of saturation magnetization and 

coercivity. Transmission 57Fe Mössbauer spectra were collected at 4.2 K with a conventional 

constant-acceleration spectrometer using a 57Co(Rh) source. Velocity calibration was carried out 

using an α-Fe foil. The Mössbauer spectra were fitted using the Mosswinn 4.0 program. The 

heating power measurements were performed using the Magnetherm Digital device manufactured 

by Nanotherics, with either 50 mm or 60 mm coil, at alternating magnetic fields of 346 or 338 

kHz and field strengths of 23 or 18 mT, respectively, used for the calculation of the SLP values. 

The device was equipped with two glass-fiber optic thermometers (Osensa PRB-G40_2.0-STM-
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MRI) to measure the temperature at the core (used for SLP) and bottom (to check for a possible 

precipitation) of the sample. A sample of 1 mg/mL of NPs was inserted in an insulated sample 

holder to reduce heat loss to the environment and placed in the middle of the coil. The temperature 

was equilibrated until it varied less than 0.05 °C/min before the start of the measurement. The 

sample was then exposed to the magnetic field. The heating capacity of MNPs is described as 

specific loss power (SLP) or intrinsic loss power (ILP) expressed in W/gFe+Mn or nHm2/kg, 

respectively.  

Measurement of the longitudinal (T1) and transverse (T2) relaxation times were performed on a 

1.5T at a 450W MR scanner (GE Healthcare, Waukesha, WI, USA) using phantoms prepared in 

Eppendorf vials by suspending 1 mg of NPs in an agar solution. T1 relaxation times were measured 

with an inversion recovery turbo spin echo sequence with the following parameters: repetition 

time (TR) = 3000 ms, inversion time (TI) = 50, 100, 200, 250, 500, 750, 1000, and 1500 ms, echo 

time (TE) = 11.2 ms, field of view (FOV) = 192 × 192 mm2, slice thickness = 4 mm, acquisition 

matrix = 192 × 192, and number of excitations (NEX) = 1. The data was analyzed with MATLAB 

script (R2018b, The MathWorks INC, Natick, USA) developed by Barral et al.31 The T2 relaxation 

times were measured with a spin echo sequence with the following parameters: TR = 200 ms, TE 

= 9, 15, 25, 35, 55, and 75 ms, FOV = 192 × 192 mm2, slice thickness = 4 mm, acquisition matrix 

= 128 × 128, and number of excitations (NEX) = 1. The data was fitted with a mono-exponential 

signal decay model using the MATLAB nonlinear curve fitting function. Relaxation 

measurements were repeated once, and the obtained values were calculated per voxel and reported 

as the mean with standard deviation over approximately 120 voxels per sample.  

The SLP values and the relaxivities (1/Ti, i=1,2) of the samples were calculated using the 

concentrations of Fe and Mn obtained from the Inductively Coupled Plasma Optical Emission 

spectroscopy (ICP-OES) data performed on the same samples after a microwave aided destruction 

of NPs dispersed in a 5% solution of HNO3. The Electron Paramagnetic Resonance (EPR) spectra 

were obtained with Bruker EMXplus X-band EPR spectrometer using standard resonator (ST9107) 

at room temperature operating at microwave frequency of 9.78 GHz, microwave power of 0.002-

63 mW (powerplot) or 20 mW, modulation frequency of 100 kHz, and modulation amplitude of 

2.5 (powerplot) or 5 Gauss. NPs resuspended in hexane were added to an EPR tube and hexane 

was evaporated using N2 flow. The EPR tube was placed in the cavity so that only part of the 

sample was in the measurement window. 
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Results and Discussion 

Synthesis and characterization of Pd/Fe|Mn-oxide NPs  

In our previous work, Fe(CO)5 was used as iron precursor for the synthesis of Pd/Fe-oxide NPs to 

obtain a uniform core-shell structure.21, 22 However, in this work, Fe(acac)3 was considered a better 

option, as it can be easily adapted to the preparation of MnFe2O4 by simply adding Mn(acac)2 to 

the reaction mixture along with the Fe(acac)3 precursor.11 Both Fe(acac)3 and Mn(acac)2 

precursors are readily available, as acetylacetonate group coordinates to a range of metals, 

including Fe and Mn, with decomposition temperatures around 200 °C.11, 28, 32 The synthesis 

method used to generate Pd/Fe|Mn-oxide NPs was a seed-mediated thermal decomposition, 

similar to that employed for Pd/Fe-oxide NPs, where pre-made OAm-capped Pd NPs were 

introduced into the reaction mixture to act as seeds on which the Fe|Mn-oxide simultaneously 

nucleates and grows as a coating. However, the newly introduced precursors failed to form core-

shell structures, presumably because of the differences in nucleation/growth regimes of Fe(acac)3 

and Mn(acac)2 as a consequence of their different chemical properties and reactivities. While 

Fe(CO)5 favors heterogeneous nucleation on the seed’s surface followed by successive growth 

rather than homogeneous nucleation, Fe(acac)3 does not exhibit the same preference, with 

homogeneous nucleation being favored in this case. During the synthesis, this resulted in a mixture 

of single Fe|Mn-oxide NPs, uncoated Pd-seeds and incomplete core-shell morphology, as reported 

elsewhere.27  

Therefore, new measures were employed during the synthesis with Fe(acac)3 and Mn(acac)2 

precursors to promote heterogeneous nucleation and the formation of Pd/Fe|Mn-oxide NPs. These 

measures included: i) using smaller amounts of Fe-Mn precursors to avoid supersaturation 

conditions that promote homogeneous nucleation, ii) adding less OAm-surfactant during the 

reaction, iii) incorporating an intermediate temperature step at approximatively 200 °C for an 

extended period of time to stimulate the formation of Fe(III)-complex with surfactants, iv) using 

a long-chain diol (1,2-hexadecanediol) as an accelerant in the formation of Fe-O-Fe bonds and as 

a mild reducing agent, and v) increasing the temperature of 315 °C for the growth stage. Similar 

measures to promote the heterogeneous nucleation of Fe(acac)3 on pre-made seeds have been 

proposed in other studies.27 

After tuning the synthetic protocol accordingly, Pd/Fe|Mn-oxide NPs were successfully prepared 

via thermal decomposition of Fe and Mn acetylacetonate precursors forming a heterogeneous 

coating on preformed OAm-capped 5 mm Pd-seeds (Figure 2.1 A), leading to hybrid MNPs with 

spherical-squared morphology and sizes around 22 nm, as can be seen in the TEM images 

presented in Figure 2.2 B, C. Two experiments were conducted, in which different amounts of 

Mn(acac)2 relative to Fe(acac)3 were employed during the synthesis: 1[Mn]:2[Fe] and 

1[Mn]:4[Fe]. The two batches of NPs will be referred as Pd/Fe|(0.5Mn)-oxide and 

Pd/Fe|(0.25Mn)-oxide, respectively. Independent of the precursor ratio introduced in the reaction, 
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the hybrid MNPs obtained the same spherical-squared morphology (Figure 2.2 B, C). In the 

bright-field TEM images, the darker areas correspond to Pd, whereas lighter contrast represents 

Fe|Mn-oxide, as result of the different electron density of Pd compared to Fe and Mn, which both 

exhibit a similar density and cannot be differentiated via different contrast in TEM images, making 

it impossible to confirm the presence of the two metals in the targeted composition of the hybrid 

MNPs. For this, EDS elemental mapping analysis was performed on the two batches of 

synthesized Pd/Fe|Mn-oxide NPs visualizing the individual signals for Pd, Fe, and Mn to confirm 

their localization within the NP (Figure 2.2 D, E). 

 

 

Figure 2.2 TEM images and size distribution of (A) Pd, (B) Pd/Fe|(0.25Mn)-oxide, (C) Pd/Fe|(0.5Mn)-oxide 

(scal bar: 50 nm) and EDS mapping of (D) Pd/Fe|(0.25Mn)-oxide and (E) Pd/Fe|(0.5Mn)-oxide NPs (scale 

bar: 10 nm). 

Interestingly, in NPs prepared with higher amount of Mn (Pd/Fe|(0.5Mn)-oxide), the Mn was 

found to be dispersed within the Fe-oxide coating with most of the Mn atoms located at the surface, 

forming an outer rim (Figure 2.2 E). This effect was not observed in the particles prepared with 

lower Mn amount (Pd/Fe|(0.25Mn)-oxide), most probably due to an insufficient amount of Mn 

atoms (Figure 2.2 D). The EDS mapping analysis confirmed the successful synthesis of Pd/Fe|Mn-

oxide hybrid MNPs, with spherical-square morphologies, relevant sizes (±) and different amount 

of Mn-doping, which increased with the higher [Mn]:[Fe] precursor ratio introduced in the 

synthesis.  
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To get insight into the effects of Mn-doping on the Fe-oxide framework, which is crucial for 

interpreting the magnetic properties of the NPs, Mössbauer spectroscopy was performed at 4.2 K, 

revealing the hyperfine parameters of Fe ions in both Pd/Fe|Mn-oxide NPs (Table 2.1). The 

advantage of performing the measurements at this temperature is that magnetite undergoes Verwey 

transition,33 where signals of all three components (tetrahedral Fe3+, octahedral Fe3+ and octahedral 

Fe2+) can be observed separately, with a typical ratio of 1:1:1. Indeed, this ratio was observed for 

Pd/Fe|(0.25Mn)-oxide NPs, where 28% of their components could be fitted with the contributions 

from magnetite species. A paramagnetic doublet (16%) observable in the spectrum (Figure 2.3 A) 

can be explained as the result of the interaction of Fe with paramagnetic Mn dispersed in the lattice 

without taking part in the crystal structure.  

Table 2.1 The Mössbauer fitted parameters of the Pd/Fe|Mn-oxide samples at 4.2 K.  

Sample 
IS 

(mm s-1) 

QS 

(mm s-1) 

Hyperfine  

field (T) 

Γ 

(mm s-1) 
Phase a 

Spectral 

contribution 

(%) 

Pd/Fe|(0.25Mn)-

oxide 

0.30 -0.05 51.0 0.41 
Fe3+ (Fe3O4,A) 

yellow 
9 

0.40 0.08 52.3 0.41 
Fe3+ (Fe3O4,B) 

cyan 
9 

0.85 -0.32 46.0 0.74 
Fe2+ (Fe3O4,B)  

magenta 
10 

0.57 1.03 - 0.42 Fe3+ green 16 

0.48 -0.02 51.3 0.46 
Fe3+ (Fe3O4,A)* 

blue 
29 

0.50 -0.01 53.4 0.41 
Fe3+ (Fe3O4,B)* 

red 
27 

Pd/Fe|(0.5 Mn)-
oxide 

0.42 -0.03 50.7 0.77 
Fe3+ (Fe3O4,A)* 

blue 
50 

0.47 0.01 53.1 0.59 
Fe3+ (Fe3O4,B)* 

 red 
50 

Experimental uncertainties: Isomer shift: IS ± 0.02 mm s-1; Quadrupole splitting: QS ± 0.02 mm s-1; Line width: Γ 

± 0.03 mm s-1; Hyperfine field: ± 0.1T; Spectral contribution: ± 3%; a Tetrahedral (A) and octahedral (B) sites of 

magnetite, the color code is used in Figure 2.3; *influenced by Mn2+ dopants. 
 

 

Interestingly, another 27% and 29% of the contributions were also fitted with the functions for the 

tetrahedral and octahedral Fe3+ of magnetite, with slight differences in IS and magnetic field due 

to the influence of Mn and Pd dopants. However, about 28% of octahedral Fe2+, typically present 

in a magnetite spectrum, was absent, likely due to the replacement by Mn2+. Since Mössbauer 

spectroscopy focuses solely on the state of Fe, the effect of Mn interaction was observed indirectly 

through the exclusive presence of tetrahedral and octahedral Fe3+. As Mn2+ doping increases, Fe2+ 

ions are progressively replaced, leading to a gradual disappearance of octahedral Fe2+ from the 

spectrum (Figure 2.3 B). A similar pattern was observed in the spectrum of Pd/Fe|(0.5Mn)-oxide 

NPs, where both tetrahedral and octahedral Fe3+ contributed equally (50%), indicating complete 

replacement of Fe2+. Consequently, the excess of Mn2+ accumulated at the surface, forming an 

outer rim. 
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Figure 2.3 Mössbauer spectra obtained at 4.2 K with the Pd/Fe|(0.25Mn)-oxide (A) and Pd/Fe|(0.5Mn)-oxide 

NPs (B). The color codes are indicated in Table 2.1. 

X-ray diffraction (XRD) performed on both Pd/Fe|(0.25Mn)-oxide and Pd/Fe|(0.5Mn)-oxide NPs 

confirmed further the appearance of Mn in the lattice by demonstrating cubic phase ferrite, 

corresponding to the standard card of Fe2.8Mn0.2O4 (JCPDS: 04-024-5003) and Fe2MnO4 (JCPDS: 

01-071-4919), respectively (Figure 2.4). The average grain size of both nanoparticles was 

calculated using Scherrer Equation.34 The grain size of Pd/Fe|(0.5Mn)-oxide NPs (19.34 nm) is 

comparable to the overall nanoparticle size, while the grain size of Pd/Fe|(0.25 Mn)-oxide NPs is 

slightly smaller (14.68 nm). Following DSPE-PEG2000-COOH coating, necessary to transfer the 

NPs into aqueous media, the morphology remained unchanged (Figure 2.5 A). The hydrodynamic 

size was measured to be 159.4 nm, which is of a similar magnitude compared to that of the 

undoped Pd/Fe-oxide (113.8 nm) (Figure 2.5 B), and the colloidal stability of the NPs remained 

good across various buffer solutions and pH lower than physiological (Figure 2.5 C, Table 2.2).  

 

Figure 2.4 XRD patterns of Pd/Fe|Mn-oxide NPs. 
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Figure 2.5 (A) TEM images of Pd/Fe|Mn-oxide NPs after DSPE-PEG2000-COOH coating, (B) 

hydrodynamic sizes of Mn-doped and undoped Fe-oxide NPs, and (C) DLS spectra of Pd/Fe|Mn-oxide NPs 

dispersed in saline, serum and acidified water after 0, 24 and 48h. 

 

Table 2.2 Hydrodynamic sizes of Pd/Fe|Mn-oxide NPs dispersed in saline, serum and acidified water after 0, 

24 and 48 hours measured by DLS. 

Time (h) 
Saline Serum Water (pH 6.5) 

Size (nm) POD Size (nm) POD Size (nm) POD 

0 189.2 0.3316 192.7 0.3566 183 0.3678 
24 179.5 0.3188 202.6 0.3719 169.4 0.2987 

48 295 167.4 0.3309 197.3 0.3589 188.2 

 

Magnetic properties of Pd/Fe|Mn-oxide MNPs 

The static magnetic behavior of the Pd/Fe|Mn-oxide MNPs was investigated by SQUID 

magnetometry directly after the synthesis, which means that the MNPs were coated with OA after 

the thermal decomposition and the subsequent cleaning procedure. The magnetization curves 

resulting from the alignment of the MNPs in the presence of an increasing magnetic field (up to 

50 kOe) were measured at 5 K and 300 K, as shown in Figure 2.6 A and 2.6 B, respectively. 

The saturation magnetization was determined by extrapolating the highest magnetization values 

(40 kOe) to the ordinate axis, where the field approaches zero (Table 2.3). The MS values obtained 

for the two batches of Pd/Fe|Mn-oxide MNPs were corrected for the presence of Pd-core and 

organic layer at the surface, hence expressed as emu/gFe+Mn. For both temperatures, 5 and 300 K 

the saturation magnetization values were higher for the Pd/Fe|(0.5Mn)-oxide, which are NPs with 

higher Mn content (Figure 2.6, Table 2.3). It is important to note that the hysteresis loops present 

small dips at high fields because of the strong diamagnetic interaction of the plastic capsule used 

during the measurements. 
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Figure 2.6. SQUID magnetometry of Pd/Fe|Mn-oxide MNPs: (A) M(H)T curves at T = 5 K; (B) M(H)T curves 

at T = 300 K; the insets represent 120  ́(A) and 1200  ́(B) magnification of the x-axis showing coercivities. 

As both batches of MNPs possess similar sizes, the differences in MS values can be attributed to 

the content of doping material in their composition. According to multiple literature data, doping 

Fe-oxide crystal structures with paramagnetic cations, such as Mn or Co, results in an increase in 

magnetic anisotropy due to the replacement of Fe2+/Fe3+ cations with more anisotropic Mn2+ or 

Co2+. Additionally, the same studies observed that an increased magnetic anisotropy ensured 

higher MS values, which translates in more effective magnetic properties. As the MS values 

obtained for Pd/Fe-oxide NPs described previously were not corrected for Pd-core and 

surfactants,21 a relevant comparison could not be made in this case. Nevertheless, it is clear that 

adjusting the composition of the MNPs is indeed a better strategy to increase the MS of the NPs 

than size manipulations. 

Table 2.3 Overview of the magnetic properties of Pd/Fe|Mn-oxide and Pd/Fe-oxide NPs: saturation 

magnetization (MS) at 40 kOe, T = 5 K and 300 K, coercivity (HC) at T = 5 K and 300 K, and calculated SLP, 

r1 and r2 values.  

MNPs 
MS (emu/gFe+Mn) HC (Oe) 

SLPa 

(W/gFe+Mn) 

r1
b 

(mMFe+Mn
−1 s−1) 

r2
b 

(mMFe+Mn
−1 s−1) 

5K 300K 5K 300K    

Pd/Fe|(0.5 Mn)-oxide 140 112 308 20 386 8.74 ± 0.3 443 

Pd/Fe|(0.25 Mn)-oxide 95 83 240 12 352 5.95± 0.4 404 

Pd/Fe-oxidec 69 61 67 12 233 -d 440 
a Measured at 346 kHz, 23 mT with STD ≤ 5-10%; b measured at 1.5 T and 25 °C; c from previous work;21 d not 

measured. 

Both magnetization curves at 5 K display hysteresis with substantial coercivity (Table 2.3), which 

indicates a typical behavior of superparamagnetic MNPs below their blocking temperature. On 

the other hand, the MNPs exhibit characteristics of the superparamagnetic state at 300 K, with 

some low remained coercivity that can be attributed to complex interactions, such as frustrated 

order or spin canting phenomena. Interestingly, the coercivity values at both 5 K and 300 K are 

also higher for the Pd/Fe|(0.5Mn)-oxide MNPs, which is in line with the increased anisotropy, 

generally higher for higher Mn-content.13, 24, 27 
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Pd/Fe|Mn-oxide MNPs as hyperthermia/thermal ablation agents 

Thermal therapies in oncology include hyperthermia, which involves increasing in vivo 

temperatures to 41-46 °C to sensitize other treatments such as chemo- and radiotherapy, or thermal 

ablation where the temperatures are >60 °C or at least exceed at least 46 °C to induce targeted 

ablation and cell death, potentially replacing surgery.35 Two main mechanisms contribute to 

dissipation of heat produced by MNPs when exposed to an alternating magnetic field (AMF), 

depending on their sizes. In larger MNPs, which enter a multi-domain regime, heating results from 

hysteresis losses. In smaller MNPs, like Pd/Fe|Mn-oxide NPs in this study, which exhibit 

superparamagnetism, the heat production is attributed to Néel and Brownian relaxation 

mechanisms.1, 5, 32 

It is known that magnetic anisotropy plays a critical role in SLP enhancement,11 thus the heating 

efficacy of the two Pd/Fe|Mn-oxide batches with different amounts of Mn-doping was evaluated 

(Figure 2.7). The samples containing 1 mg of Pd/Fe|Mn-oxide MNPs dispersed in 1 mL of water 

were subjected to an alternating magnetic field at the frequency of 346 kHz and a field strength 

of 23 mT. The SLP values were determined for both Pd/Fe|Mn-oxide NPs based on the Eq. 1: 

𝑆𝐿𝑃 = ⁡
𝐶

𝑚𝐹𝑒+𝑀𝑛

∆𝑇

∆𝑡
         (1) 

where C is the heat capacity of the sample, mFe+Mn is the sum of the masses (g) of Fe and Mn in 

the colloidal NPs suspension, determined by ICP-OES, and ∆T/∆t is the temperature increase 

measured over time. Compared to the previously reported SLP value for Pd/Fe-oxide NPs of 233 

W/gFe,
21 the SLPs of Pd/Fe|(0.25Mn)-oxide and Pd/Fe|(0.5Mn)-oxide NPs were determined to be 

352 and 386 W/gFe+Mn, respectively.  

 

Figure 2.7 Comparison of the temperature change within aqueous suspensions of Pd/Fe|(0.5Mn)-oxide and 

Pd/Fe|(0.25Mn)-oxide NPs measured over 5 min. 
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The SLP is directly influenced by extrinsic parameters such as the frequency and amplitude of the 

applied magnetic field, as well as the viscosity of the surrounding medium.12 It is also affected by 

intrinsic parameters, including size of the MNPs, their magnetocrystalline or shape anisotropy, 

and surface functionalization, which alters local magnetization at the surface of the MNPs. Since 

all these parameters were consistent across the three investigated MNPs, the superior heating 

efficiency (increase by 51-66 %) of Pd/Fe|Mn-oxide NPs over the Pd/Fe-oxide NPs can be 

attributed to the presence and amount of Mn in the Fe-oxide coating. This observation aligns with 

literature reporting that such doping increases crystalline anisotropy leading to enhanced SLP.1, 11, 

12  

 

Figure 2.8 TEM images and size distribution of(A) Pd/Fe-oxide, (B) Pd/Fe|Mn-oxide(CE) (scale bar: 50 nm), 

and (C) XRD patterns of Pd/Fe-oxide (red) and Pd/Fe|Mn-oxide(CE) (blue) NPs.  

To further investigate the effects of Mn-doping, a batch of pre-made Pd/Fe-oxide NPs was doped 

with Mn via a cation exchange procedure24 yielding Pd/Fe|Mn-oxide(CE) NPs with spherical-

squared morphology and size of 19 nm (Figures 2.8 A and B). The XRD patterns (Figure 2.8 C) 

confirmed the successful incorporation of Mn into the lattice, showing highly crystalline cubic 

phase, corresponding to the standard card of Fe2MnO4 (JCPDS: 01-071-4919). The heating 

efficacy of Pd/Fe|Mn-oxide(CE) NPs was compared with that of Pd/Fe|(0.5 Mn)-oxide NPs by 

calculating their intrinsic loss power (ILP) values (Eq. 2), which are independent of experimental 

conditions (i.e. frequency (f) and magnetic field (H)).  

𝐼𝐿𝑃 =
𝑆𝐿𝑃

𝑓∙𝐻2
         (2) 

The ILP values of CE NPs have previously been shown to be higher than those of Fe NPs due to 

Mn2+ exchange.29 However, the ILP value of Pd/Fe|Mn-oxide(CE) NPs (1.289 nHm2/kg) was 

lower than that of the developed Pd/Fe|(0.5Mn)-oxide NPs (3.083 nHm2/kg) (Figure 2.9). This 

can be attributed to a lower fraction of Fe2+ (4%) that has been replaced with Mn2+ in the CE-

procedure, as revealed by Mössbauer spectroscopy (Figure 2.10 and Table 2.3). These results 

indicate that the seeded growth method is a better choice for Mn2+ doping, not only for achieving 

higher heating efficiency, but also because it eliminates the need for an additional synthetic step. 
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Figure 2.9 Comparison of the temperature change within aqueous suspensions of Pd/Fe|(0.5Mn)-oxide and 

Pd/Fe|Mn-oxide(CE) NPs measured over 6 min. 

 

 

Table 2.3 The Mössbauer fitted parameters of the Pd/Fe|Mn-oxide/CE samples at 4.2 K. 

IS 

(mm s-1) 

QS 

(mm s-1) 

Hyperfine  

field (T) 

Γ 

(mm s-1) 
Phase a 

Spectral 

contribution (%) 

0.40 0.01 50.7 0.41 Fe3+(Fe3O4,A) dark-yellow 31 

0.50 -0.02 52.8 0.54 Fe3+ (Fe3O4, B1) cyan 30 

0.80 -0.63 47.8 0.72 Fe2+ (Fe3O4, B2) magenta 19 

0.94 0.74 46.9 0.72 Fe2+ (Fe3O4, B3) green 6 

1.47 1.50 38.7 0.72 Fe2+ (Fe3O4, B4) brown 6 

0.40 0.01 50.5 0.41 Fe3+ (Fe3O4, A)* blue 4 

0.51 0.00 52.7 0.52 Fe3+ (Fe3O4, B)* red 4 

Experimental uncertainties: Isomer shift: IS ± 0.02 mm s-1; Quadrupole splitting: QS ± 0.02 mm s-1; Line width: Γ 

± 0.03 mm s-1; Hyperfine field: ± 0.1T; Spectral contribution: ± 3%; a Tetrahedral (A) and octahedral (B) sites of 

magnetite; *influenced by Mn2+ dopants.  
 

 

Figure 2.10 Mössbauer spectrum obtained at 4.2 K with Pd/Fe|Mn-oxide/CE NPs. 
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Pd/Fe|Mn-oxide MNPs as MR imaging agents 

MRI is a well-known, non-invasive high-resolution imaging technique in medicine that generates 

anatomical images based on the differences in relaxation of water protons around solid tissue and 

the surrounding biological media in the presence of a magnetic field. The proton relaxation rates 

can be altered by administration of contrast agents (CAs), enhancing MRI sensitivity and contrast 

of the images. MRI CAs function by reducing either the longitudinal (T1) or the transversal (T2) 

relaxation times of protons in the target tissue, generating T1-weighted images that give positive 

(bright) image contrast and T2-weighted images that result in negative (dark) contrast, 

respectively.8, 11, 36 T1 CAs are typically based on paramagnetic ions like Gd3+ and Mn2+, often in 

the form of ion-complexes, whereas T2 CAs generally rely on superparamagnetic NPs. However, 

since MNPs designed for MH/TA are intended for intratumoral injection, they are expected to 

reach much higher local concentrations compared to intravenous administration. At these 

concentrations, the elevated r2-values could introduce artifacts in T2-weighted imaging, limiting 

its effectiveness until the MNPs diffuse and their local concentration diminishes. By doping 

Pd/Fe-oxide with paramagnetic Mn, the resulting MNPs may exhibit both T1 and T2 contrast 

effects. To assess this potential dual-contrast capability, T1 and T2 measurements were performed 

on both batches of Pd/Fe|Mn-oxide NPs after transferring them to an aqueous medium with DSPE-

PEG2000-COOH. Results in Table 2.4 demonstrate that the r2-relaxivities of both Pd/Fe|(0.25Mn)-

oxide and Pd/Fe|(0.5Mn)-oxide are comparable to that of Pd/Fe-oxide NPs alone. Interestingly, 

the r1 value for Pd/Fe|(0.5 Mn)-oxide (8.74 mMFe+Mn s
-1) is higher than for Pd/Fe|(0.25 Mn)-oxide 

(5.95 mMFe+Mn s
-1), as expected due to higher Mn-content. Additionally, according to Li et al., T1-

effects are driven by Mn2+-ions at the MNPs surface,37 which is consistent with our Pd/Fe|(0.5Mn)-

oxide NP’s as confirmed by EDS analysis. Figure 2.11 A shows an indication of T1 contrast 

enhancement generated by both Pd/Fe|Mn-oxide NPs, with a more substantial effect for Pd/Fe|(0.5 

Mn)-oxide. Clearly, the T1-contrast enhancement produced by the latter MNPs is insufficient and 

is unlikely to enable them to function as dual T1/T2 CAs in practical applications, which would 

require the r1/r2 ratio close to 1.38 However, understanding how surface Mn-doping affects 

relaxivity, might potentially guide further modifications to optimize contrast characteristics and 

tune NPs design for other multimodal imaging context, where even slight T1 contributions might 

enhance overall imaging performance.  

Table 2.4 The EPR parameters of Pd/Fe|(0.5Mn)-oxide and Pd/Fe|(0.25Mn)-oxide NPs. 

MNPs Hr
a (mT) DHpp

b(mT) Pasy
c gpeak

d gcrossover
f gvalley

g 

Pd/Fe|(0.25 Mn)-oxide 250 147 2.03 3.35 2.44 1.96 

Pd/Fe|(0.5 Mn)-oxide 326 155 0.82 2.78 2.07 1.72 

Pd/Fe-oxide 295 163 1.86 3.14 2.38 1.81 
a Resonance field; b line width; c the ratio of the amplitude of the peak above and below the baseline; d g-factor at 

the positive peak the EPR signal; f g-factor at Hr; 
g g-factor at the negative peak the EPR signal. 𝑔 =

ℎ∙𝜈

𝜇𝐵∙𝐵
 with h = 

Planck constant, ν = microwave frequency (9.78 Hz), µB = Bohr magneton, B = magnetic field (T). The g-factor for 
a free electron in vacuum ge = 2.00232. 
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To gain more insight into the interplay of the magnetic components constituting the MNPs (i.e. 

Fe and Mn), EPR spectra of dry Pd/Fe|Mn-oxide NPs with different Mn-content were recorded at 

room temperature and the obtained parameters are summarized in Table 2.4. As shown in Figure 

2.11 B, the EPR active spins of both samples resulted in broad spectra ranging from 1500 to 4500 

Gauss. The power saturation behavior of the EPR signals in both cases shows almost no saturation, 

confirming the fast relaxation of the spins (Figure 2.11 C). The slight decrease in signal intensity 

at maximal power (200 mW), being more pronounced for Pd/Fe|(0.25Mn)-oxide NPs, indicates 

slower relaxation for the less Mn-containing MNPs. This is consistent with the larger ∆Hpp due to 

shorter spin lifetime for more Mn-containing NPs, Pd/Fe|(0.5Mn)-oxide. The EPR spectra of the 

Pd/Fe-oxide NPs with and without Mn-doping obtained at powers corresponding to each data 

point in the power saturation curves, are shown in Figure 2.11 D-F.  

 

 

Figure 2.11 T1-mapping measured at 1.5 T and 25 °C on agar phantoms containing Pd/Fe|(0.25Mn)-oxide 

(top) and Pd/Fe|(0.5Mn)-oxide (bottom) NPs (A); EPR spectra of the powder samples, with the signal 

intensity of the two spectra normalized to their maximal signal amplitude (B); Power saturation curves (C). 

EPR conditions: microwave frequency, 9.78 GHz; microwave power, 20 mW (A) and 0.002-63 mW (B), 

modulation frequency, 100 kHz, modulation amplitude, 5 Gauss (A) and 2.5 Gauss (B); room temperature. 

And (D-F) EPR spectra of Pd/Fe-oxide NPs with and without Mn-doping corresponding to each data point in 

power saturation curve. 

The line shape of Pd/Fe|(0.25 Mn)-oxide NPs corresponds to a so-called Dysonian line, which is 

determined by the diffusion of electrons, the penetration depth of the microwaves and relaxation 

time, while the more symmetrical line shape of Pd/Fe|(0.25 Mn)-oxide NPs resembles those 

observed for superparamagnetic Fe-oxide NPs in general,38 as well as the control Pd/Fe-oxide NPs 
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in this study (Figure 2.11 B). According to Dyson theory, the symmetry parameter Pasy is 

correlated with the ratio of electron diffusion and spin lifetime TD/Tspin. Since the spin lifetime 

Tspin (inversely proportional to the ∆Hpp) contains both T1 and T2 relaxation in metals, the 

calculated Pasy value for Pd/Fe|(0.5Mn)-oxide is significantly lower compared to the less Mn-

containing NPs. 

Pd- and Mn-leakage studies 

Since the designed Pd/Fe|Mn-oxide NPs are intended for biomedical applications, their 

biocompatibility is of great importance. Palladium is considered toxic for the human body, with 

the hypothesized mechanism being the release of Pd ions, which can elicit a range of cytotoxic 

effects in vivo.39 Manganese toxicity (manganism) is rare but poses a serious health hazard, 

potentially leading to severe central nervous system pathologies.40, 41 The Mn cytotoxicity arises 

from the triggering of apoptosis in cells accumulating toxic doses of Mn. Depending on comorbid 

disease state or dietary variations, bodily efflux and pancreatic elimination may become 

dysfunctional, potentially affecting the cellular efflux of Mn as well. Changes in glutamate and 

glutamine metabolism, mitochondrial function, and the triggering of cellular apoptosis and 

necrosis are key cellular responses to manganism, eventually leading to the neuropsychiatric 

manifestations of Mn toxicity.40 Therefore, with biomedical applications in mind, a study was 

conducted to determine the amount of Pd and Mn released from the MNPs. To assess this, 

Pd/Fe|Mn-oxide NPs functionalized with DSPE-PEG2000-COOH were exposed to 1mM EDTA (a 

compound typically used in leakage studies as it strongly binds di- and trivalent metal ions),42 and 

incubated for 24h, 48h and 7d. Since only negligible amounts of Mn and Pd (µg), close to the 

detection limit and below toxic levels39,40 were found by ICP-OES (Table 2.5), it could be assumed 

that Fe-oxide coating encapsulating the Pd-core and the surfactant layers create a sufficient barrier 

to prevent any Pd or Mn leakage. Similar results were obtained from MNPs incubated with 

acidified water (pH 6.5), saline and serum after 48 h (Table 2.5). Therefore, the Pd/Fe|Mn-oxide 

NPs can be considered stable for biomedical use. 

Table 2.5 Pd and Mn leakage from Pd/Fe|Mn-oxide NPs in different buffers and pH conditions. 

Media 
Pd Mn 

μg % μg % 

EDTA (24h)a 

EDTA (48h) a 

EDTA (7d) a 

0.019 

0.017 

0.016 

0.00081 

0.00071 

0.00066 

0.196 

0.113 

0.096 

0.0081 

0.0047 

0.0039 

water (pH 6.5)b 0.021 0.00105 0.200 0.00999 

salineb 0.009 0.00044 0.112 0.00559 

serumb 0.017 0.00086 0.199 0.00993 
a pH 7.4; b measured at 48h. 
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Conclusion 

In conclusion, this study demonstrates the significant impact of Mn-doping on the 

magnetocrystalline anisotropy of Pd/Fe-oxide NPs, positioning them as promising candidates for 

theranostic applications. Using a seed-mediated thermal decomposition method, Pd/Fe|Mn-oxide 

NPs with varied Mn-doping levels were synthesized, while preserving the morphology of their 

undoped counterparts and thoroughly investigated. The successful incorporation of Mn was 

confirmed through EDS analysis, while SQUID magnetometry revealed that the Mn-doped NPs 

are superparamagnetic, displaying high saturation magnetization and low coercivity values. These 

enhancements translated into superior performance in hyperthermia/thermal ablation therapy, 

where Mn-doped NPs, especially those with higher Mn-content, exhibited up to 1.7 times greater 

SLP values under AMF exposure compared to their undoped analogues.  

Notably, NPs with higher Mn-content showed significant Mn accumulation on their surface, 

prompting an investigation of their T1 MRI contrast properties, alongside their evident T2 

enhancement and demonstrated therapeutic potential. Relaxivity measurements and MRI phantom 

assessments of the Mn-doped NPs provided with a hydrophilic DSPE-PEG2000-COOH layer 

revealed elevated r1-values in the samples with the highest Mn-content, reflecting the surface 

accumulation of Mn. Although the increase in r1 is insufficient to qualify these NPs as dual T1/T2 

MRI CAs, these findings emphasize the role of structural modifications in improving both imaging 

and therapeutic performance of nanomaterials. 

Overall, this work provides valuable insights into the design of multifunctional MNPs as cancer 

theranostics, offering a promising direction for developing more effective probes for thermal 

therapy, coupled with accurate MRI-based monitoring. This approach is expected to contribute to 

the further advancement of these materials in personalized therapies. 
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Introduction 

The superior heating properties of magnetic nanoparticles (MNPs) when exposed to alternating 

magnetic fields (AMF) have led to extensive research into the mechanisms governing this process. 

This in turn has attracted interest in superparamagnetic iron oxide (Fe-oxide) NPs consisting of 

magnetite (Fe3O4) and/or maghemite (Fe2O3),
1 as excellent candidates for magnetic hyperthermia 

(MHT), a promising treatment method based on raising the temperature in cancer tissue to 

approximately 42 ºC.2, 3 Another method using elevated temperatures generated by MNPs is 

thermal ablation, which involves higher local temperatures (>50 ºC) capable of destroying tumor 

cells in a non-invasive way, unlike traditional surgery. One way to achieve this goal is to inject 

rationally designed MNPs directly into the tumor, which significantly lowers toxicity to healthy 

organs and decreases general side effects compared to the intravenous administration of 

therapeutics.4, 5  

To evaluate the heating efficiency of MNPs, the specific heat absorption rate (SAR) and specific 

loss power (SLP), both expressed in watts per gram of magnetic material, 1 are key parameters 

that quantify energy dissipation via Brownian and Néel relaxation mechanisms.6, 7 The subsequent 

temperature increase triggers a series of biological responses, including upregulation of heat shock 

proteins, irreversible cell necrosis, vessel thrombosis and ischaemia.8, 9 Furthermore, hyperthermia 

can sensitize cells to other therapeutic modalities, such as chemo- or radiotherapy. An example of 

such an adjuvant application of hyperthermia is blood flow modulation, which not only accelerates 

the delivery of cytostatic drugs and improves the effect on chemotherapy, but also increases the 

availability of oxygen in cancer cells.10 Since tumor hypoxia is associated with radio-resistance, 

higher oxygen levels in turn sensitize tumors to radiotherapy.11 Hyperthermia may also enhance 

the immune response by stimulating the recruitment of immune effector cells into the tumor, 

increasing the cytotoxicity of immune cells against malignant cells, and upregulating various 

proinflammatory cytokines and cell surface molecules.12 Therefore, in addition to serving as a 

standalone therapeutic modality, MHT also holds potential for use in combination with other 

treatments in a synergistic approach.  

Previously, we have developed core-shell Pd/Fe-oxide NPs for combined hyperthermia and 

radiotherapy envisioned by incorporation of 103Pd radioisotope.13, 14 In addition to the safe 

encapsulation of the radioisotopes, the advantage of a core-shell structure is the ability to combine 

two functional elements in one NP without interference with their individual properties, which is 

especially important for magnetic properties that are sensitive to even minor 

structural/morphological alternations.15 However, the preparation of core-shell structures requires 

harsh conditions and extra surface-exchange steps in order to make them water dispersible. 

Doping the Fe-oxide lattice represents an attractive alternative that eliminates the need for 

additional synthesis steps, although it carries the risk of degrading the magnetic properties when 

using a non-magnetic dopant.16 An elegant solution is to dope the Fe-oxide NPs with other 

magnetic ions, which may lead to enhanced magnetic properties, as shown by  
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doping Fe-oxide with Co2+, which increased the saturation magnetization saturation (MS) of the 

resulting CoFe2O4 NPs to 92 emu/g.17 In our hands, doping with paramagnetic Mn2+ increased the 

MS and SLP values of Pd/Fe-oxide NPs 1.7 times compared to the undoped analogs.13  

In this study, we investigate the effectiveness of holmium (Ho) doping in Fe-oxide NPs via an 

optimized coprecipitation method and examine how varying Ho-doping levels influence their 

magnetic properties. As a member of the lanthanide series, holmium possesses one of the highest 

magnetic moments (eff = 10.6B per Ho3+ ion), which can substantially enhance magnetic 

anisotropy in ferrites through strong 4f-3d exchange interactions.18 The paramagnetic properties 

of Ho have been considered for the application in magnetic resonance imaging (MRI),19 while its 

high density makes it useful for computed tomography (CT). The radiotherapeutic potential Ho-

doped NPs lies in the ability to incorporate 166Ho, which is a therapeutic radioisotope (T1/2 = 26.8 

h) that decays to stable 166Er, emitting high-energy β-particles (Emax ≈ 1.85 MeV) with an average 

soft tissue penetration depth of ~ 3.2 mm, along with γ-emission at 80.57 keV (6.7% ) suitable for 

imaging purposes.20-22  

However, the larger radius of Ho3+ ion (1.01 Å) compared to the Fe3+ ion (0.79 Å) can lead to core 

anisotropy and alterations in the crystallographic lattice with the subsequent deterioration of the 

magnetic properties. Doping of Fe-oxide with Ho3+ ions therefore requires a thorough 

understanding of the process and the resulting magnetic/heating properties of hybrid Ho/Fe-oxide 

NPs with improved morphology and dispersity. Understanding the interplay between key 

parameters such as size, morphology and composition leads to an adaptive design that takes these 

essential parameters into account.  

Materials and methods 

Chemicals 

Iron (II) chloride tetrahydrate (FeCl2·4H2O), iron (III) chloride hexahydrate (FeCl3·6H2O), 25% 

ammonia, sodium hydroxide (NaOH), polyvinylpyrrolidone (PVP) and ethanol were purchased 

from Sigma Aldrich (Merck, St. Louis, MO, USA), holmium chloride hexahydrate (HoCl3·6H2O) 

was purchased from Strem (Newburyport, USA). All chemicals were of analytical grade and were 

used without further purification. 

Synthesis of Ho doped iron oxide nanoparticles (Ho/Fe-oxide NPs) 

Iron oxide NPs were prepared based on previously published protocols with minor modification23-

25. In a typical method, FeCl2·4H2O (198.8 mg, 1 mmol) and PVP (250 mg) were dispersed in 10 

mL water and ultrasonicated for 15 min, after which FeCl3·6H2O (540.6 mg, 2 mmol) in 5 mL 

water was added and the mixture was heated to 60 °C under vigorous stirring. After the subsequent 

drop-wise addition of 1.25 mL ammonia and stirring the mixture for another 60 min, the NPs were 
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collected with a magnet, washed with water/ethanol several times and dispersed in water (10 

mg/mL) for further use. The same procedure was applied to synthesize Ho/Fe-oxide NPs where 

x% of FeCl3·6H2O was replaced by HoCl3·6H2O (x = 0.1, 0.25, 0.5, 1 , 2.5, and 5%). The obtained 

Ho/Fe-oxide NPs were denoted as x% Ho/Fe-oxide NPs. Three selected compositions with x = 0, 

2.5, and 5% were used to prepare NPs at room temperature (x% Ho/Fe-oxide-rt NPs). 

Physical methods  

Particle size, size distribution and morphology of the samples were determined by transmission 

electron microscopy (TEM), using a 120 kV Jeol-JEM1400 microscope. The samples were 

prepared by drop-casting a diluted NP suspension on a Quantifoil R1.2/1.3 Cu300 grid and 

evaporating the solvent at room temperature. Statistical analysis of around 100-500 NPs, using 

TEM images and Nano Measurer 1.2 software was performed to calculate the mean diameter and 

the size distribution of the samples. The high resolution-TEM images and elemental mapping 

analysis were done with Titan aberration-corrected Transmission Electron Microscope (Thermo 

Fisher, FEI) on the same grids used for TEM.  

The heating measurements were performed using the Magnetherm Digital device manufactured 

by Nanotherics, with a 60 mm coil at alternating magnetic field with a frequency of 338 kHz and 

a field strength of 18 mT, used for the calculation of the SLP values. The device was equipped 

with two glass-fiber optic thermometers (Osensa PRB-G40_2.0-STM-MRI) to measure the 

temperature at the core (used for SLP) and bottom (to check for a possible precipitation) of the 

sample. For the heating measurement, an Eppendorf tube containing approximately 5 mg/mL of 

NPs was inserted in an insulated sample holder to reduce heat loss to the environment, which was 

then placed in the middle of the coil. The temperature was allowed to equilibrate until it varied 

less than 0.5 °C/min before the start of the measurement. The SLP values of the samples, 

expressed in W/gFe+Ho, were calculated using the concentrations of Fe and Ho obtained from the 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) data performed on the same samples 

after microwave destruction of NPs dispersed in a 5% solution of HNO3.  

Magnetic properties were assessed by superconducting quantum interference device (SQUID), 

using an MPMS XL magnetometer (Quantum Design) with 2-3 mg of dry NPs. Continuously 

varying magnetic field up to a maximum of ±60 kOe at 5 and 300 K was applied to obtain 

saturation magnetization and coercivity. Transmission 57Fe Mössbauer spectra were obtained 

using a 57Co(Rh) source at 4.2 K with a conventional constant-acceleration spectrometer. Velocity 

calibration was carried out using an α-Fe foil and the final Mössbauer spectra were fitted using 

the Mosswinn 4.0 program. Powder X-ray diffraction (XRD) pattern was measured with a 

PANalytical X’Pert Pro PW3040/60 diffractometer from 10° to 90° at 45 kV and 40 mA (Cu Kα 

radiation, λ = 1. 54 Å).  
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Results and Discussion 

Synthesis and characterization of Ho/Fe-oxide NPs 

Within the different strategies to fuse iron oxide with other metals in one nanoparticle (NP), two 

main synthesis routes, each offering specific advantages, can be distinguished: thermal 

decomposition and co-precipitation. Thermal decomposition typically produces crystalline NPs 

of uniform size and well-defined morphologies, and enables the construction of core-shell 

architectures if required by the application, as was the case with our previously reported Mn-

doped Pd/Fe-oxide NPs.13 However, this method is characterized by low yields and involves the 

use of high temperatures, organic solvents and surfactants, which in turn necessitates additional 

steps of surface modification with hydrophilic groups to impart water dispersibility to the final 

NPs. In the present study, which is aimed at generating homogeneous hybrid NPs, the co-

precipitation method proved particularly suitable, as it promotes the simultaneous nucleation and 

growth of both Ho and Fe ions within a single lattice. Such atomic-level mixing enables a reliable 

correlation between composition, structure, and magnetic heating performance, while the yield of 

water dispersible Ho/Fe-oxide NPs can be readily increased by adjusting reagent rations. A known 

drawback of this method is the production of particles with less uniform morphology.26 Our initial 

attempt to apply a conventional co-precipitation procedure to achieve Ho-doping into Fe-oxide 

resulted in NPs with the size of 12.5±5.3 nm (1% Ho) and a relatively broad size distribution 

(Figure 3.1A,B). For 10% Ho-doped NPs, determination of size and its distribution was not 

possible due to heavy aggregation, as shown in TEM images (Figure 3.1C).  

 

Figure 3.1. Analysis of Ho/Fe-oxide NPs prepared by conventional co-precipitation procedure (FeCl2
/FeCl3, 

H2O/NH4OH, RT): TEM image of 1% Ho-doping (A) with determined size-distribution (B) and 10% Ho-

doping (C) without size-distribution due to the severe aggregation. The scale bars are set to 50 nm.  

Mitigation of this problem becomes very important considering magnetic properties of the NPs 

and the associated heating effect, which are known to depend on size, crystallinity, and dispertion.5 

Although the reported optimal diameter of iron oxide NPs varies in the literature and depends on 

the amplitude of the applied magnetic field, particles in the 12-20 nm range are generally 

considered to exhibit the best heating performance.5, 27, 28 Low crystallinity in MNPs, caused by 

surface and internal defects, induces magnetic disorder and effectively reduces their magnetic 
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volume relative to crystal volume. This can lead to diminishing the SLP and overall heating 

efficiency. Aggregation can further compromise performance through interparticle interactions. 

Unless a chain-like assembly is formed, these interactions are typically detrimental.5, 29 Strong 

antiferromagnetic coupling within aggregated MNPs leads to magnetic frustration during the 

relaxation of individual magnetic moments, causing a demagnetization effect that ultimately 

inhibits their thermal efficiency. Based on the co-precipitation synthesis mechanism, 

improvement of these factors can be tackled through several approaches: i) increasing reaction 

temperatures and reaction times are to facilitate better ripening of NPs, and thus, better 

crystallinity; ii) increasing stirring rates to induce smaller NPs; and iii) adding surfactants to 

prevent aggregation. 

Based on these considerations, x% Ho/Fe-oxide NPs (x = 0, 0.1, 0.25, 0.5, 1, 2.5 and 5% ) were 

synthesized at 60 C under vigorous stirring in the presence of a PVP-surfactant. The obtained 

undoped NPs exhibited a similar size (11.2 vs 10.2 nm) but showed markedly improved size 

distribution and dispersibility compared to those prepared by the conventional co-precipitation 

method (Figure 3.2). Increasing Ho-doping from 0.1 to 2.5% (Figure 3.3A-E) yielded NPs ranging 

from 10.2 to 13.6 nm, with good dispersity attributed to the presence of PVP. However, at the 

highest Ho-doping level of 5% , the particle size increased substantially (17.9±4.9 nm), and both 

size distribution and morphology were notably poorer (Figure 3.1F).  

 

 

Figure 3.2. TEM images and size distributions of Fe-oxide NPs prepared by (A) conventional and (B) 

modified co-precipitation method (60 C, vigorous stirring, PVP). The scale bars are set to 50 nm.  
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Figure 3.3. TEM images of Ho/Fe-oxide NPs prepared by a modified co-precipitation method (60 C, 

vigorous stirring, PVP) with the Ho-doping varied as: 1% (A), 0.25% (B) 0.5% (C), 1% (D), 2.5% (E), 5% 

(F). The scale bars are set to 50 nm. 

Heating performance of Ho/Fe-oxide NPs 

Following the synthesis and characterization of Ho-doped Fe-oxide NPs, the effect of varying Ho-

content on their magnetic heating performance under AMF was investigated. For this purpose, 1 

mL of x% Ho/Fe-oxide NPs dispersions (5 mg/mL) were pipetted into Eppendorf tubes and placed 

in the Nanotherm device, set to a frequency of 338 kHz and a maximum field strength of 18 mT. 

The temperature increase in the presence of the NPs was monitored for 10 min, and the resulting 

curves, representing the temperature difference (ΔT) and the corresponding SLP values calculated 

using Ho- and Fe-concentrations obtained with ICP-MS, are shown in Figure 3.4 and Table 3.1. 

As expected, the lowest ΔT of ±19 ºC was observed for the 0% Ho/Fe-oxide NPs. However, no 

clear relationship was found between ΔT and Ho-content (Figure 3.4A). Interestingly, considering 

the average particle size as an accompanying parameter (Figure 3.4B), it can be seen that up to 

0.5% Ho-doping increases in both ΔT and SLP are primarily correlated with the corresponding 

increase in NP size. Since NPs size is a dominant intrinsic factor affecting SLP, Ho-incorporation 

at levels ≤0.5% does not significantly influences heating performance, which remains size-

governed. At 1% Ho-doping, both SLP and ΔT exhibit slight enhancements despite a reduction in 

NP size, suggesting a growing contribution of Ho. Notably, the highest SLP (176.38 W/gFe+Ho) is 

observed for 2.5% Ho-doping, where NP size (11.7 ± 3.3 nm), magnetocrystalline/shape 

anisotropy and surface functionalization are comparable to those of undoped 0% Ho/Fe-oxide NPs 

(11.2 ± 2.6 nm). This strongly indicates that the improved heating performance at this level is 

primarily attributable to Ho-incorporation rather than size effects. At 5% Ho-doping, however, 

the observed increase in SLP cannot be unambiguously assigned to either Ho-content of particle 

size, as both parameters vary significantly, complicating interpretation.  
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Figure 3.4. Investigation of magnetic heating performance of x% Ho/Fe-oxide NPs (1 mg/mL) under AMF 

(338 kHz/18mT): (A) temperature change (ΔT) in 10 min and (B) correlation between ΔT, SLP and size 

within the series of Ho-doped NPs. The line connecting the sizes serves as a guide for the eyes.  

Table 3.1. Overview of the magnetic properties of % Ho/Fe-oxide NPs: saturation magnetization (Ms) at 50 

kOe, T = 5 K and 300 K, and coercivity (Hc) at T = 5 K and 300 K. 

Ho/Fe-oxide NPs 

(% Ho) 

Size 

(nm) 

Saturation Magnetization (Ms) 

(emu/g) 

Coercivity (Hc) 

(Oe) 

SLPa 

(W/gHo,Fe) 

  5 K 300 K 5 K 300 K  

0 11.2±2.6 62.0 54.1 51.7 11.5 109.18 

0.1 13.5±5.7 61.4 53.7 78.9 12.3 144.09b 

0.25 13.6±3.0 72.8 63.1 91.5 11.1 102.61 

0.5 10.2±3.8 66.2 56.7 207.8 10.4 96.69 

1 10.2+3.2 69.8 58.9 169.9 11.9 116.45 

2.5 11.7±3.3 79.0 64.9 134.2 7.3 176.38 

5 17.9±4.9 71.1 55.2 83.2 9.0 128.06 

a Calculated considering a collective contribution of Ho- and Fe-content determined by ICP-MS; b the relatively high 

SLP can be attributed to the inaccuracy of the ICP-measurement at low Ho-content. 

Physical property studies 

To understand the abovementioned phenomena, the static magnetic behavior of x% Ho/Fe-oxide 

NPs was investigated by SQUID magnetometry. Dry MNPs with varied Ho-doping were exposed 

to a magnetic field increasing in the range of –50 to 50 kOe and their saturation magnetization 

(MS) was measured at 5 and 300K. Compared to the MS of the Fe-oxide NPs (62.0 and 54.1 emu/g 

at 5K and 300K, respectively), slightly higher MS were obtained for all Ho-doped NPs, with the 

highest values of 79.0 and 64.9 emu/g for 2.5% Ho/Fe-oxide NPs at 5 and 300K, respectively 

(Figure 3.5). Similar to the SLP and ΔT correlations, the same dependence on NP size was 

observed for MS values within the Ho-doping range of 0 - 0.5% (Figure 3.6). This suggests that 

the size and composition of NPs have a profound influence on their magnetic properties and 

heating characteristics. 
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Figure 3.5. SQUID magnetometry performed with dry powders of Ho/Fe-oxide NPs to obtain magnetizations 

(emu/g) and coercivities (Hc) in the insets): (A) M(H)T curves measured at 5 K (the inset represents 240 

magnification of the y-axis); (B) M(H)T curves at 300 K; the inset represents 2400 magnification of the y-

axis. 

To investigate the interplay between Ho and Fe-oxide that leads to the distinctly superior magnetic 

and thus heating behavior of the 2.5% Ho/Fe-oxide NPs despite their smaller size, Mössbauer 

spectroscopy and XRD analysis were performed. The hyperfine parameters of Fe in 0% , 2.5% 

and 5% Ho/Fe-oxide NPs obtained at 4.2 K (Table 3.2), together with the Mössbauer spectra 

(Figure 3.7A) fitted with two Fe3+ contributions, both indicated the presence of maghemite (γ-

Fe2O3) species. The different hyperfine magnetic fields (Γ) observed for all NPs can be explained 

by the coexistence of both bigger larger and smaller species, consistent with the TEM images 

obtained after co-precipitation synthesis. Compared to 0% Ho/Fe-oxide NPs, a remarkable 

decrease in the hyperfine magnetic field was observed for 2.5% Ho-doped NPs, which may 

indicate the substitution of Ho in the Fe-lattice leading to stronger interactions between magnetic 

ions, which in turn causes an increase in the corresponding line widths.30  

 

Figure 3.6. Correlation between the size and magnetic properties of x% Ho/Fe-oxide NPs expressed as 

saturation magnetization (Ms) at 50 kOe, measured at 5/300 K and calculated SLP. The line connecting the 

sizes serves as a guide for the eyes.  
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Figure 3.7. Characterization of x% Ho/Fe-oxide NPs (x= 0, 2.5, 5% ): (A) Mössbauer spectra obtained at 4.2 

K and (B) XRD patterns. 

Table 3.2. The Mössbauer fitted parameters of the Ho/Fe-oxide samples at 4.2 K. 

Ho/Fe-oxide  

NPs (% Ho) 

IS 

(mm s-1) 

QS 

(mm s-1) 

Hyperfine  

field (T) 

Γ 

(mm s-1) 
Phase 

Spectral 

contribution (% ) 

0 

0.47 0.01 53.18 0.45 γ-Fe2O3 42.4 

0.43 -0.03 51.12 0.59 
γ-Fe2O3 

(smaller) 
57.6 

2.5 

0.45 0.00 58.82 0.69 γ-Fe2O3 48.2 

0.46 -0.10 40.43 1.05 
γ-Fe2O3 

(smaller) 
51.8 

5 

0.47 0.00 53.07 0.45 γ-Fe2O3 42.0 

0.41 -0.04 51.07 0.60 
γ-Fe2O3 

(smaller) 
58.0 

Experimental uncertainties: Isomer shift: IS ± 0.02 mm s-1; Quadrupole splitting: QS ± 0.02 mm s-1; Line width: Γ 
± 0.03 mm s-1; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%. 

 

Both of these features were however not observed in the spectrum of 5% Ho/Fe-oxide NPs, 

suggesting that Ho incorporation into the Fe-oxide lattice is very limited. While ICP-MS analysis 

confirmed that 5% Ho is indeed present in the NPs and likely in contact with Fe, it does not 

necessarily mean the presence of a fully mixed phase. This estimation is consistent with our 

previous work on MnPd/Fe-oxide NPs, where higher Mn-doping levels led to segregation of Mn 

and the formation of a rim on the NP surface.13 This effect could also be observed by elemental 

mapping, which showed a uniform distribution of Ho within 2.5% Ho/Fe-oxide NPs in contrast 

to aggregation of Ho at the surface at a higher doping level of 5% (Figure 3.8).  

In addition to the dopant concentration and its substitution mode in the Fe-oxide lattice, particle 

size can also influence hyperfine magnetic field.31 To examine this effect, we considered both the 

sizes of the Ho-doped NPs from TEM images and the grain sizes calculated from XRD. The XRD 
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patterns (Figure 3.7B) suggested that all three samples were typical maghemite, corresponding to 

the standard card of γ-Fe2O3 (JCPDS: 01-078-6916). The grain sizes of 0% , 2.5% and 5% Ho/Fe-

oxide NPs calculated using Scherrer equation with the peaks in 2θ=30-50º,32 amounted 9.3, 11.3, 

and 16.6 nm, respectively, which is comparable to the statistical results from TEM (11.2, 11.7, 

and 17.9 nm). Unfortunately, XRD proved to be less useful for observing Ho-aggregation at the 

surface of 5% -doped NPs, which was previously seen in elemental mapping images, likely due 

to the amorphous nature or insufficient thickness of the layer.  

These findings yield a hypothesis that, for 0% and 2.5% Ho/Fe-oxide NPs with similar particle 

and grain sizes, the observed decrease in hyperfine magnetic field of the latter can be primarily 

attributed to the Ho-substitution, which increases magnetic anisotropy and, consequently, 

enhances magnetic properties and heating performance. In the case of 5% Ho/Fe-oxide NPs, the 

higher Ho-doping level and the larger NPs and grain size are likely to cause a decrease and an 

increase in the hyperfine magnetic field, respectively, resulting in mutually offsetting effects.  

 

 

Figure 3.8. HR-TEM and EDS elemental mapping with individual signals for Fe (blue), O (green), and Ho 

(orange) of (A) 2.5% Ho/Fe-oxide and (B) 5% Ho/Fe-oxide NPs. 
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Figure 3.9. HR-TEM images of (A) 2.5% Ho/Fe-oxide and (B) 5% Ho/Fe-oxide NPs. 

The High-Resolution Transmission Electron Microscopy (HR-TEM) revealed (111) and (511) 

face of γ-Fe2O3 for 2.5% Ho/Fe-oxide NPs and 5% Ho/Fe-oxide NPs, respectively (Figure 3.9). 

While the higher interplanar distance of 0.166 nm (A) compared to 0.487 nm (B) could be 

attributed to the higher Ho-doping, the elemental mapping analysis suggested that both samples 

contained Fe, O and Ho (Figure 3.8).  

 

 

 

Figure 3.10. Characterization of % Ho/Fe-oxide-rt NPs (% = 0, 2.5, 5): (A) Mössbauer spectra 

obtained at 4.2 K and (B) XRD patterns.  
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Having established the structural, magnetic, and heating properties of the Ho-doped Fe-oxide NPs, 

we then attempted to address a rather unexpected resulting composition of the NPs that 

predominantly contained maghemite rather than expected magnetite. To clarify this discrepancy, 

we returned to the synthesis and looked into possible effects of the temperature on the maghemite 

formation, since Fe2+ is known to be sensitive to heat, which in our case was applied during 1h. 

Therefore, new batches of 0% , 2.5% and 5% Ho/Fe-oxide NPs were synthesis at room 

temperature (Ho/Fe-oxide-rt NPs) and the Mössbauer spectra showed the presence of 20.28% and 

16.77% of magnetite next to maghemite in 0% and 2.5% Ho/Fe-oxide-rt NPs, respectively (Figure 

3.10A). This, however, was not the case for 5% Ho/Fe-oxide-rt NPs.  

Interestingly, the grain sizes of 0% and 2.5% Ho/Fe-oxide-rt NPs, calculated with from the XRD 

patterns (Figure 3.10B), were comparable to those of the NPs prepared under heating, whereas the 

5% Ho/Fe-oxide-rt NPs exhibited a smaller grain size (9.9 nm). this comparison made it possible 

to separate the effects of particle size and Ho-doping level, identifying the latter as the primary 

factor influencing the hyperfine magnetic field. However, this relatively small decrease observed 

despite a 2-fold Ho-content further supports the earlier hypothesis that Ho-incorporation into the 

Fe-oxide lattice is only partial in the 5% Ho-doped NPs. 

Table 3.3. The Mössbauer fitted parameters of the Ho/Fe-oxide-rt samples at 4.2 K. 

Ho/Fe-oxide-rt  

NPs (% Ho) 

IS 

(mm s-1) 

QS 

(mm s-1) 

Hyperfine  

field (T) 

Γ 

(mm s-1) 
Phase 

Spectral 

contribution (% ) 

0 

0.45 

0.43 

0.37 

0.51 
0.81 

0.84 

1.02 

-0.04 

-0.06 

-0.04 

0.34 
0.50 

-1.10 

1.57 

52.63 

49.63 

50.91 

52.75 
47.21 

45.21 

37.72 

0.50 

0.57 

0.37 

0.30 
0.30 

0.30 

0.30 

γ-Fe2O3 

γ-Fe2O3 (smaller) 

Fe3+ (Fe3O4, A) 

Fe3+ (Fe3O4, B1) 
Fe2+ (Fe3O4, B2) 

Fe2+ (Fe3O4, B2) 

Fe2+ (Fe3O4, B3) 

55.16 

24.56 

9.91 

6.90 
2.22 

1.59 

2.67 

2.5 

0.46 

0.45 

0.37 

0.49 

0.78 

0.89 

1.15 

-0.07 

-0.05 

0.05 

0.40 

0.66 

-1.10 

1.49 

52.55 

49.09 

50.91 

52.75 

46.36 

44.49 

37.56 

0.59 

0.76 

0.37 

0.30 

0.30 

0.30 

0.30 

γ-Fe2O3 

γ-Fe2O3 (smaller) 

Fe3+ (Fe3O4, A) 

Fe3+ (Fe3O4, B1) 

Fe2+ (Fe3O4, B2) 

Fe2+ (Fe3O4, B2) 

Fe2+ (Fe3O4, B3) 

47.05 

36.18 

5.39 

5.46 

1.87 

1.91 

2.14 

5 
0.46 
0.43 

0.00 
-0.07 

52.57 
50.02 

0.49 
0.73 

γ-Fe2O3 
γ-Fe2O3 (smaller) 

46.17 
53.83 

Experimental uncertainties: Isomer shift: IS ± 0.02 mm s-1; Quadrupole splitting: QS ± 0.02 mm s-1; Line width: Γ 

± 0.03 mm s-1; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%. 

 

Surprisingly, the MS values of the NPs prepared at room temperature were found to be significantly 

lower than those of the analogues prepared under 1h heating (Figure 3.11 and Table 3.4). For the 

5% Ho-Fe-oxide-rt NPs with the same γ-Fe2O3 composition as the 5% Ho-Fe-oxide-NPs, this 

decrease in MS can be explained by their smaller size (9.9 vs 17.9 nm). However, this is not the 

case for 0% and 2.5% Ho/Fe-oxide-rt NPs, since their sizes were unaffected when synthesized at 

room temperature. This leads to the conclusion that maghemites are more prone to improvements 

in magnetic properties and heating capacity upon Ho-doping than magnetites.  
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Figure 3.11. SQUID magnetometry performed with dry powders of Ho/Fe-oxide-rt NPs to obtain 

magnetizations (emu/g) and coercivities (Hc) in the insets): (A) M(H)T curves measured at 5 K (the inset 

represents 240 magnification of the y-axis); (B) M(H)T curves at 300 K; the inset represents 2400 

magnification of the y-axis. 

 

Table 3.4. Overview of the magnetic properties of x% Ho/Fe-oxide NPs: saturation magnetization (Ms) at 50 

kOe, T = 5 K and 300 K, and coercivity (Hc) at T = 5 K and 300 K. 

Ho/Fe-oxide NPs 

(%Ho) 

Grain Size 

(nm) 

Saturation Magnetization (Ms) ( 

emu/g) 

Coercivity (Hc) 

(Oe) 

  5 K 300 K 5 K 300 K 

0a 9.3 62.0 54.1 51.7 11.5 

2.5a 11.3 79.0 64.9 134.2 7.3 

5a 16.6 71.1 55.2 83.2 9.0 

0b 8.2 66.1 56.3 16.6 13.8 

2.5b 11.1 50.7 38.7 3.2 8.8 

5b 9.9 57.0 40.5 24.5 12.8 

a Prepared with 1h heating at 60 C; b Prepared at room temperature.  

Conclusion 

In summary, this study demonstrates that Ho-doping in Fe-oxide NPs exhibits a complex interplay 

with particle size, magnetic ordering, and hyperfine interactions. We showed that at the doping 

levels below 0.5% , the impact of Ho incorporation is negligible, with heating performance 

primarily governed by the particle size. The highest MS values, and hence the best heating capacity, 

were achieved at 2.5% Ho-doping, and since the size of these NPs was similar to that of the 

undoped Fe-oxide NPs, it was confirmed that this enhancement arises directly from Ho-

incorporation. At higher doping (5% ), the effects of Ho-content and particle size become difficult 

to differentiate, while structural analysis indicates only partial substitution of Ho into the Fe-oxide 
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lattice. Detailed Mössbauer spectroscopy and XRD analysis further identified subtle changes in 

hyperfine fields and Fe-phases as the cause of magnetic anisotropy and its importance for tuning 

heating performance. Finally, a slight modification of the synthesis by performing the co-

precipitation reaction at room temperature yielded NPs of the same size, which allowed to exclude 

this parameter from the factors contributing to the increase in MS and showing that the Ho-doping 

level dominates the magnetic properties in magnetite. Future studies with the radioactive 166Ho 

doped in Fe-oxide will demonstrate the potential of this hybrid NPs for combined hyperthermia 

and radiotherapy of tumors.  
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Introduction 

Radiotherapy (RT) is an essential modality in modern oncology, alongside with surgery and 

systemic treatments such as chemo- and immune-therapy. It uses ionizing radiation to cause DNA 

damage, leading to cell death or the prevention of cell division.1, 2 This rapidly developing 

therapeutic modality can be broadly divided into an external therapy, which uses external beams 

to deliver radiation to the localized tumors (EBRT), and internal radiotherapy, where radioactive 

sources are placed inside or near the tumor. The latter can be further classified into targeted 

radionuclide therapy (TRT), which involves the systemic administration of radionuclides coupled 

with tumor-specific targeting vectors suitable for metastases treatment, and brachytherapy (BT),3 

in which sealed radioactive sources are placed close to or within the tumor.2, 4 Therefore, BT can 

minimize unnecessary radiation exposure to healthy tissues and organs.4 Today, BT has become 

a standard of care, used either as a single modality or as a boost after EBRT for tumors that benefit 

from highly localized radiation doses, as well as in postoperative settings where additional local 

control is needed, especially when the risk of local recurrence is high.5 Moreover, combining BT 

with other treatments, such as chemotherapy,5, 6 or hyperthermia (HT) offers the possibility of 

enhancing the overall therapeutic effect by increasing radiosensitivity and improving 

oxygenation7-11 within the tumor microenvironment.6  

Advances in nanotechnology have given impulse to the development of a new form of BT, which 

involves the use of nanoparticles (NPs) as miniature radiation sources, known as nano-

brachytherapy (nano-BT). The advantage of nano-BT stems from the properties of nanomaterials, 

such as their large surface area, which allows for conjugation with various functional molecules, 

e.g., targeting vectors, imaging reporters, and chemotherapeutic drugs, as well as the incorporation 

of radionuclides. By selecting appropriate radioisotopes and nanocarriers, nano-BT systems can 

be assembled and delivered to the patient via intratumoral injection as an alternative to 

conventional BT (Figure 4.1). Furthermore, the potential of NPs to penetrate the tumor 

microenvironment more uniformly compared to conventional BT-sources, may provide improved 

dose distribution while minimizing radiation exposure to surrounding healthy tissues.4, 12  

Various radioisotopes with specific properties in terms of half-life and energy can be used for 

BT.3 For therapeutic purposes, the preferred half-lives of radionuclides are above 6 h to ensure 

practical handling and logistics.13 14 β--emitting radionuclides are interesting in this respect, as 

they often exhibit favorable combination of suitable half-lives and relatively long penetration 

ranges of electrons in tissue (≈0.05 - 12 mm), which is particularly important for treatment of 

large or bulky tumors.4 One such radionuclide is holmium-166 (166Ho), which can be produced 

via thermal neutron irradiation of the monoisotopic 165Ho (100% natural abundance; n,  59 

barns) (Scheme 1). As a β--emitter with a half-life of 26.8 h, 166Ho is a promising candidate for 

various applications in nuclear medicine and BT. Next to high-energy therapeutic β-particles (1.8 

MeV with average soft tissue penetration of 3.2 mm), 166Ho also emits γ-rays of 80.57 keV that 

can be used for single photon emission tomography (SPECT) imaging. Moreover, Ho possesses 
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one of the highest magnetic moments of all elements ( = 10.6 B), giving it unique paramagnetic 

properties that enable the use of Ho as a contrast agent in magnetic resonance imaging (MRI) as 

well as a dopant in magnetic nanoparticles (MNPs) for magnetic hyperthermia (MHT).15-18 The 

latter two applications are in fact dominated by superparamagnetic iron oxide nanoparticles (Fe-

oxide NPs),19 whose exposure to an alternating magnetic field (AMF) generates heat through Néel 

and Brownian relaxation processes.20 Fe-oxide NPs have attracted considerable attention due to 

their superior magnetic properties in combination with good biocompatibility, low toxicity, and 

relatively simple manufacturing. This includes facile surface functionalization and radiolabeling, 

the latter being especially important for the intended application in nano-BT.  

 

 

Figure 4.1. Schematic representation of different radiotherapeutic approaches for the treatment of localized 

tumors.  

The preparation and characterization of Fe-oxide NPs doped with 165Ho was studied in Chapter 3. 

Ho-doping of 2.5% was found to be the most optimal to enhance the magnetic properties, and thus, 

to improve the heating capacity of MNPs. However, their in vitro MHT performance had yet to 

be demonstrated. Furthermore, by easily replacing 165Ho with 166Ho, the combination of MHT 

with RT could be realized to demonstrate the synergistic effects of both therapeutic modalities. 

This chapter represents a systematic evaluation of the effect of Ho/Fe-oxide NPs and their 

radioactive analogues 166Ho:Ho/Fe-oxide NPs on two cancer cell lines (U87 and U2OS) with and 

without application of AMF.  
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Materials and methods 

Materials and methods 

Iron (II) chloride tetrahydrate (FeCl2·4H2O), iron (III) chloride hexahydrate (FeCl3·6H2O), 25% 

ammonia, sodium hydroxide (NaOH), polyvinylpyrrolidone (PVP) and ethanol were purchased 

from Sigma Aldrich, holmium chloride hexahydrate (HoCl3·6H2O) was purchased from Strem. 

All chemicals were used without further purification. 

HoCl3·6H2O irradiation 

The 166HoCl3·6H2O was prepared through neutron irradiation of HoCl3·6H2O (Scheme 4.1) at the 

BP2/BP3 pneumatic irradiation facility of Hoger Onderwijs Reactor (HOR) of the TU Delft | 

Reactor Institute. Typically, 5 mg of HoCl3·6H2O were sealed in a polyethylene capsule and 

irradiated for 1-5 h. The neutron fluxes in the facilities were: Φth = 3.64 × 1016 s-1 m-2, Φepi = 7.14 

× 1014 s-1 m-2, and Φfast = 2.59 × 1015 s-1 m-2 for BP2; Φth = 4.6 × 1016 s-1 m-2, Φepi = 8.28 × 1014 s-1 

m-2, and Φfast = 3.25 × 1015 s-1 m-2 for BP3. After irradiation, the samples were cooled for 16-65 h 

(depending on the irradiation facility used and irradiation time) to ensure the decay of short-lived 

activation products and achieve a final activity of ~50 MBq. The obtained 166HoCl3·6H2O samples 

in capsules were then transferred into a glass vial containing 2 mL of milli-Q.  

 

  

Scheme 4.1. Diagram for the production route of 166Ho through neutron activation of 165Ho. 

Synthesis of 166Ho-doped iron oxide nanoparticles (166Ho:Ho/Fe-oxide NPs) 

Ho/Fe-oxide NPs were prepared based on the method described in Chapter 3. In a typical 

procedure, FeCl2·4H2O (49.7 mg, 0.25 mmol) and PVP (62.5 mg) were dispersed in 10 mL water 

under ultrasonication for 15 min. Then, FeCl3·6H2O (131.82 mg, 0.4875 mmol) and 1.896 mL of 

HoCl3 solution (2.5 mg mL-1) were added into the mixture. After heating to 60 °C under 700 rpm 

stirring, 0.313 mL ammonia was added into the mixture drop wise. The reaction mixture was kept 

as such for 60 min. The Ho/Fe-oxide NPs were collected with a magnet, washed with water and 

culture medium several times and dispersed in culture medium (5 mg mL-1) for further use. For 

the synthesis of 166Ho:Ho/Fe-oxide NPs, the 2.5 mg mL-1 HoCl3 solution were replaced by 
166HoCl3 solution, and the activity was corrected with instrumental neutron activation analysis 

(INAA) after the synthesis.  
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In vitro experiments 

Cell culture 

Human glioblastoma astrocytoma cell line (U87) and human osteosarcoma cell line (U2OS) were 

provided by ATCC and Erasmus MC, respectively. Cells were grown in DMEM (Dulbecco’s 

modified Eagle’s medium, Avantor Biowest) supplemented with 10% of FEB (fetal bovine serum) 

and 1% penicillin-streptomycin (Avantor Biowest) at 37 ºC with 5% CO2.  

Cell studies  

Cell viability was measured using a modified Cell Counting Kit-8 (CCK-8) protocol. U87/U2OS 

cells (5 × 104 mL-1, 90 µL well-1) were seeded into a 96-well plate and incubated at 37 ºC with 5% 

CO2 for 24 h to allow cell attachment. Then, 10 µL of Ho/Fe-oxide NPs suspension was added to 

each well (0, 1, 2, 3, 4, 5 mg mL-1) and the cells were incubated for 24 and 48 h. At the end of 

each incubation period, 10 µL CCK-8 solution was added to each well, followed by a further 4h 

incubation. Subsequently, 50 µL of PBS (phosphate-buffered saline) was added to each well. The 

NPs were held in place at the bottom of the wells using a magnet, while 100 µL of the liquid was 

transferred to a new plate, and 10 µL of 1% HCl was added to each well. The absorbance of each 

well was measured at 450 nm using a microplate reader, with background subtraction applied.  

Treatment Experiments 

For the MHT and RT treatments, both cell types were seeded in 35 mm cell culture dishes 

containing 2 mL of culture medium at concentrations of 1×105 and 5×104 cell mL-1, respectively. 

The cells were then incubated for 24 h at 37 ºC with 5% CO2 to allow attachment.  

MHT experiment  

Heating experiments were performed with the MagneTherm Digital device (NanoTherics) by 

placing the culture dishes in the 50 mm coil with 20 °C cooling at the operating frequency of 338 

kHz and the field strength of 18 mT. 1 mL suspension of Ho/Fe-oxide NPs with different 

concentrations (0, 1, 2, 3, 4, 5 mg mL-1) was added to each dish. Two groups of cells were denoted 

as AMF(+) and AMF(-), corresponding to the cells subjected to an alternating magnetic field and 

those that were not (control), respectively. After 15 min, the liquid in each dish was aspirated and 

the cells were washed with PBS three times to remove all NPs and treated with Trypsin for 5 min. 

After this, the suspensions of cells from each group were transferred into a 96-well plate (100 µL 

well-1) and seeded cells were incubated at 37 ºC with 5% CO2 for 72 h. Then, CCK-8 (10 µL well-

1) was added to each well and incubated for another 4 h. The absorbance at 450 nm (OD450) of 

each well was measured using a microplate reader with background subtraction. The viability of 

each group was calculated based on the following equation (Eq 1). 
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Viability (%) = Average OD450(sample)/Average OD450(blank) × 100%    (1) 

MHT-RT experiment  

1 mL suspension of 166Ho:Ho/Fe-oxide NPs with the activity varied from 0 to 2 MBq were added 

to the dishes with U87 (2 mg mL-1) and U2OS cells (2.5 mg mL-1). After 15 min, the NPs were 

removed by washing with PBS three times and cells in each dish were treated with Trypsin for 5 

min. The cells were then seeded into a 96-well plate (100 µL well-1) and incubated for 5 days. 10 

µL CCK-8 was added to each well and their absorbance at 450 nm were measured using a 

microplate reader after 1 h incubation. The viability of each group was calculated using Eq. 1. The 

IC50 values were calculated using sigmoidal dose–response curve in Origin 2024.  

Results and Discussion 

The effect of 166Ho:Ho/Fe-oxide NPs designed for nano-brachytherapy combined with 

hyperthermia was investigated on two human tumor cell lines: U87 and U2OS. U87 is a brain 

tumor (glioblastoma) cell line that adopts an epithelial-like, adherent morphology when cultured 

in vitro, which is generally convenient for the studies.21 Moreover, U87 is known to exhibit both 

high radioresistance and high heat tolerance due to strong DNA repair/antioxidant mechanisms 

and overexpression of heat shock proteins (HSPs), respectively.22 On the contrary, U2OS, a bone 

tumor (osteosarcoma) cell line of mesenchymal origin, is less efficient in DNA repair and 

expresses less HSPs.23 Consequently, using these distinct cell lines allows to test the effect of 
166Ho:Ho/Fe-oxide NPs in both resistant and sensitive tumor cell types and to make an initial 

comparison of cell-specific differences that may influence the therapeutic outcome.  

Cytotoxicity of Ho/Fe-oxide NPs in U87 and U2OS cells 

Assessment of the cellular safety of the nanomaterials designed for therapeutic applications is the 

first step to ensure that engineered formulations will not induce undesired adverse effects.24 

Therefore, before testing the in vitro therapeutic efficiency, the cytotoxicity of Ho/Fe-oxide NPs 

was investigated on both U2OS and U87 cells. For this, cells were incubated with increasing 

concentrations of Ho/Fe-oxide NPs (0 - 5 mg mL-1) for 24 and 48 h. As shown in Figure 4.2, the 

viability in both cells after 24h of incubation remained >90%, even at the highest concentration 

of 5 mg mL-1, while increasing the incubation time to 48h resulted in a notable decrease by 20% 

in both cell types for the NPs concentrations >3 mg mL-1. These results indicate the subtoxic 

concentrations Ho/Fe-oxide NPs, suggesting that they could be used as a safe range to continue 

investigations of their therapeutic efficacy. 
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Figure 4.2. Viability of (A) U87 and (B) U2OS cells (n = 5) incubated with various concentrations of Ho/Fe-

oxide NPs for 24 and 48 h.  

 

In vitro MHT with Ho/Fe-oxide NPs  

Since temperatures generated by MNPs in an AMF are proportional to the amount of magnetic 

material, increasing concentrations of Ho/Fe-oxide NPs (0 - 5 mg mL-1) were applied and cell 

viability with (15 min) and without AMF exposure was studied to verify the efficacy of MHT on 

the cells. No clear decreases in viability were observed for the AMF(-) groups of both cell lines 

up to the highest concentration (5 mg mL-1) of NPs added (Figure 4.3). A noticeable decrease in 

viability by ±22% was detected for U87 cells exposed to AMF when the concentration of 2 mg 

mL-1 of NPs was applied (Figure 4.3A), which aligns with the lowest concentration required to 

produce heat sufficient for MHT, as defined in Chapter 3. A further increase in the NPs 

concentration to 3 mg mL-1 reduced cell viability to 15% and viability remained at this level at 

higher concentrations. A comparable response to MHT was observed for U2OS cells, although 

the concentration required to trigger a decline in viability was higher, i.e. 3 mg mL-1.  

Demonstrating the hyperthermic effects of Ho/Fe-oxide NPs to both cell lines, allowed for 

considerations on balance between efficacy and safety and identification of concentrations that 

caused measurable cell damage, while still leaving room for the detection of synergistic effects 

from RT. Taking into account that lower NPs concentrations are generally favored in 

nanomedicine to minimize adverse effects in the human body, such as retention, metabolism, and 

possibly long-term toxicity, two NPs concentrations 2 and 2.5 mg mL-1 were selected for U87 and 

U2OS, respectively, as the optimal concentrations for the combined MHT-RT treatment.  
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Figure 4.3. MHT effect of Ho/Fe-oxide NPs tested on U87 (A) and U2OS (B) cells (n = 5) at various 

concentrations with (+) and without (-) AMF for 15 min. ** p < 0.01, *** P < 0.001. 

166Ho:Ho/Fe-oxide NPs for in vitro synergistic MHT-RT  

The 166Ho:Ho/Fe-oxide NPs used in the investigations of efficiency of synergistic magnetic 

hyperthermia-radiotherapy (MHT-RT), were prepared following the procedure described in 

Chapter 3. The synthesis could be conveniently adapted for the radioactive analogues by replacing 

HoCl3 with 166HoCl3. Thereby, the desired activities from 0 to 2 MBq were achieved by mixing 

the radioactive and non-radioactive NPs at different ratios in the cell media, while maintaining the 

concentrations of 2 and 2.5 mg mL-1, which proved to be sufficient to perform MHT on U87 and 

U2OS cells, respectively.  

As mentioned above, U87 cells are known to be radioresistant, and therefore, were expected to 

display compensatory growth as a defensive response to cellular stress during the first few days 

after radiation exposure. Therefore, to accurately assess the therapeutic effect of 166Ho:Ho/Fe-

oxide NPs, it was necessary to allow sufficient time for these initial adaptive responses to occur. 

Consequently, evaluation of the therapeutic outcome was performed 5 days later, ensuring that 

the observed effects reflected the true impact of the treatment rather than a transient condition.  

When evaluating the exclusive effect of RT on U87 cells in the absence of AMF, a viability above 

75% was measured even at 2 MBq, which is the lowest activity applied for effective RT across all 

experimental groups. As can be seen in Figure 4.4A, a much lower activity (0.6 MBq) was 

necessary to achieve a similar decrease in viability when using AMF, while a further increase in 

activity allowed for a decrease to ±45% at 2 MBq. In the case of U2OS cells, the viability remained 

above 85% for the AFM(-) group and decreased to 75% with 2 MBq (Figure 4.4B). After 

introducing MHT by turning on AMF, a viability of less than 25% could be achieved already at 

0.6 MBq. Although the effective NPs concentrations and radiation doses for U87 and U2OS cells 

were different, the trend of lower viabilities in all AMF(+) groups suggests the synergistic 

therapeutic effect of MHT-RT. 
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Figure 4.4. Synergistic MHT-RT performance of 166Ho/Fe-oxide NPs on U87 (A) and U2OS (B) cells (n = 

5) at various activities with/without AMF. Concentration of NPs is 2 mg mL-1 (U87) and 2.5 mg mL-1 (U2OS). 

** p < 0.01, *** P < 0.001. 

To further illustrate the potential for exploiting the synergistic effects of MHT and RT to reduce 

both the concentration and activity of NPs, the 50% inhibitory concentrations (IC50) were 

calculated for U87 and U2OS cells using the viability data from the MHT, RT and MHT+RT 

experiments (Figure 4.5). Although the number of datapoints was insufficient for highly robust 

curve fitting, the resulting plots and IC50 and the obtained effective parameters (Table 4.1) depict 

the overall tendency of the NPs effect on cell viability, rather than providing definitive quantitative 

values.  

The results clearly show that U87 cells require a lower concentration of NPs to reach 50% cell 

death, whereas U2OS cells need higher activity to achieve the same effect. Regardless of the 

expected differences in heat and radiation resistance, both cell lines showed substantial reduction 

in the radiation dose required to reach 50% viability, decreasing from >2MBq to 1.6 in U87 cells 

and to 0.3 MBq in U2OS cells when treated with 2 and 2.5 mg mL-1, respectively. Since in this 

study the NPs concentrations were not varied while keeping the activity fixed, the effect of further 

reduction of the NPs concentration was not assessed. However, the observed trend in the combined 

treatment supports the possibility of achieving the same therapeutic effect at even lower NPs 

concentrations.  

Table 4.1. Effective parametersa and outcomes determined for the individual and synergistic treatments.  
 

MHT RT MHT+RT 
 

C (mg mL-1) A (MBq) C (mg mL-1) A (MBq) 

U87 2.18 >2 2 1.6 

U2OS 2.63 >2 2.5 0.3 

a C = concentration, V = viability, A = activity. 
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Figure 4.5. 50% inhibitory concentrations (IC50) of U87 and U2OS cells for (A) MHT and (B) MHT+RT. 

Line correspond to the fitted sigmoidal dose–response curve. 

Conclusions 

The possibility of using 166Ho/Fe-oxide NPs for cancer treatment combining radioactivity and 

magnetic hyperthermia was studied on U87 and U2OS cell lines. The individual therapeutic 

effects of both treatment modalities were compared by observing the viability of the cells 

incubated with nanoparticles with or without the application of AMF and 166Ho to study the impact 

of MHT and RT, respectively. Finally, the combined treatment was applied, and the results 

demonstrated a clear synergistic character of this approach. Compared to MHT and RT alone, the 

effective concentration of NPs could be reduced to 2 mg mL-1, and the radioactivity of NPs to 1.6 

MBq for U87 cells when performing synergistic MHT-RT. Similar results were observed on 

U2OS cells, where the concentration of NPs was reduced to 2.5 mg mL-1, and the radioactivity to 

0.3 MBq. These results suggest that the combined treatment may allow the use of reduced NPs 

concentrations while maintaining comparable cytotoxicity. However, the combination of these 

parameters needs further optimization, and additional experiments are required to validate their 

effects. Finally, sequential subjection of cells to MT and RT treatments will help elucidating the 

true contribution of each therapeutic modality to the designed combined treatment.   
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Introduction 

With cancer remaining a major threat to human health, recent technological advances are driving 

modern oncology research towards the development of high-precision tumor treatment strategies. 

Selective targeting of malignant tissues while sparing surrounding healthy structures represents a 

key challenge in these approaches. Although traditional cancer treatments such as radiation 

therapy, chemotherapy and surgery still constitute the current standard clinical practice, the 

emergence of nanotechnology plays a key role in enabling tumor-specific drug delivery at the 

cellular and molecular level. This, however, does not completely eliminate the problem of toxicity 

and invasiveness, so the search for new methodologies continues.1  

Magnetic hyperthermia therapy (MHT) represents an alternative method to treat cancer using 

magnetic nanoparticles (MNPs) that can generate heat to kill tumor cells (>46 ºC) or to sensitize 

them to other treatments (42 -46 ºC).2, 3 The method relies on delivering MNPs to the tumor and 

exposing them to an alternating magnetic field (AMF), which affects their magnetic moments, 

resulting in energy dissipation4, 5 through i) Néel relaxation –flipping of the magnetic dipole within 

the MNPs, ii) Brownian relaxation – physical rotation of the MNPs, and iii) hysteresis loss.6, 7 For 

superparamagnetic nanoparticles (NPs) such as iron oxide (Fe3O4, Fe2O3), hysteresis loss may be 

negligible or even non-existent, and the heat is generated primarily by Néel or Brownian 

relaxation.6, 8 

Most MHT studies in the literature focus on improving the specific loss power (SLP), a parameter 

that defines the heat capacity of MNPs and is strongly influenced by their morphology and 

physical properties.9 With rational design and appropriate adjustments of particle size, shape, 

composition, and magnetic anisotropy, the SLP of MNPs can be significantly increased.8, 10, 11 

MNPs smaller than 20 nm typically exist as single magnetic domains, characterized by a uniform 

magnetization,12 where heat generated under AFM is primarily governed by Néel relaxation. In 

this process, the magnetic moments align with the rapidly oscillating field, and the magnetic 

response leads to energy dissipation as heat. As particle size increases above 20 nm, Brownian 

relaxation starts to take over, provided that the MNPs can freely rotate. For MNPs beyond the 

single-domain size limit, heat dissipation becomes dominated by hysteresis losses rather than 

relaxation mechanisms.12 Therefore, the optimal MNP size for effective MHT typically ranges 

from 10 to 50 nm, depending on their morphology and composition.10 From this point of view, 

doping with magnetic elements is an interesting way to enhance SLP by modifying the MNPs’ 

magnetic anisotropy.11  

Although the effectiveness of MHT can be significantly improved by the abovementioned 

modifications, the non-selective nature of the AMF remains a major limitation. Unlike 

photothermal therapy which uses a laser to heat specific area, it is virtually impossible to apply 

AMF solely to the tumor region.13 Intratumoral administration of MNPs may offer a partial 

solution to this problem, but at the same time poses challenges, such as precise injection and 

excessively high local concentrations, both of which lead to the heating effect extending to 
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surrounding tissue.14 Therefore, ensuring the efficacy of MNPs restricted to tumor sites is essential 

to avoid unintended thermal effects in healthy tissues. 

Another way to alter the thermal properties of MNPs is to modulate their state of aggregation.8, 15 

Small single-domain iron oxide nanoparticles (Fe-oxide NPs) can, under certain conditions, form 

long chains, in which magnetic moments tend to align collectively under applied magnetic field 

leading to an increase in magnetization, and thus, to the generation of heat.16 On the other hand, 

if MNPs aggregate randomly, they enter multiple magnetic domain regime, which reduces the 

overall magnetization.17 Therefore, modulation of the aggregation state of the applied MNPs is an 

attractive tool for creating differentiated heating effects in response to biological conditions.  

The abnormal tumor cell growth often results in irregular features in the surrounding tumor 

microenvironment (TME).18 The typical characteristics include hypoxia, elevated concentrations 

of certain enzymes and endogenous H2O2 (50 - 100 M), overexpression of glutathione (GSH, 

~10 mM), and local acidity (pH = 5.5 - 6.5).19-23 Due to these specific properties, TME has been 

extensively investigated as a target for improving therapeutic selectivity. Examples include the 

use of the high levels of endogenous H2S in colorectal cancer as a target for in situ synthesis of 

photothermal agents24, 25 or H2O2 as a target to generate ·OH for chemodynamic therapy based on 

Fenton/Fenton-like reaction.26  

In this work, we exploit the pH differences between tumor and normal tissues to engineer 

nanosystems with pH-responsive hyperthermic behavior. Zeolite imidazole framework-8 (ZIF-8) 

is a biologically safe nanomaterial, known for its facile preparation and pH-sensitive properties.27 

Furthermore, its large specific surface area and good stability render it an attractive nanocarrier 

compared to other NPs.27, 28 Most importantly, ZIF-8 can degrade at lower pH, allowing for 

selective delivery of therapeutic and/or imaging agents.29-32 Ghosh et al. reported UCNP@MOF-

DOX/TCZnPc nanocomposite to deliver doxorubicin and upconversion NPs to tumor for both 

chemo- and photodynamic therapy.33 While in most of these studies ZIF-structures are used for 

pH-responsive drug delivery, their well-defined crystal structure can be utilized not only as a 

carrier, but also as a tool to promote the aggregation of MNPs.  

Based on this strategy, ZIF-8 was used to aggregate Fe-oxide NPs to form Fe-ZIF nanocomposites 

(NCs), where the effective number of incorporated Fe-oxide NPs and the size of the NCs were 

controlled by synthetic parameters such as applied concentrations and temperature. This 

aggregation resulted in a decrease in the collective magnetization, and consequently, in a reduced 

heating properties at physiological pH 7.4. Under mildly acidic conditions typical of tumors (pH 

6.5), ZIF-8 was degraded, the Fe-oxide NPs were released from the crystalline structure, and 

acting as single-domain MNPs, exhibited an increased heating effect approaching that of native 

Fe-oxide NPs. Potential of this nanosystem to create selective hyperthermia of tumors was further 

demonstrated in vitro with cancerous human glioma cell line (U87) vs healthy human kidney cell 

line (HEK-293-t). 
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Materials and Methods 

Chemicals 

Iron (II) chloride tetrahydrate (FeCl2·4H2O), iron (III) chloride hexahydrate (FeCl3·6H2O), 25% 

ammonia, polyvinylpyrrolidone (PVP), methanol, ethanol, phosphate buffered saline (PBS) were 

purchased from Sigma Aldrich. 2-methylimidazole (2-mIm) and zinc nitrate (Zn(NO3)2 were 

purchased from Thermo Fisher Scientific (Waltham, Massachusetts, United States). Dulbecco’s 

modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin, 

phosphate buffered saline (PBS), and 0.25% Trypsin-EDTA were purchased from Biowest 

(Avantor, Nuaillé, France). All chemicals were used without further purification. 

Synthesis  

PVP-modified iron oxide nanoparticles (PVP-Fe3O4 NPs): PVP-Fe3O4 NPs were prepared using 

the previously described protocols.34 In a typical procedure, FeCl2·4H2O (198.8 mg, 1 mmol) and 

PVP (250 mg) were dispersed in 10 mL of water under ultrasonication for 15 min. Then, 

FeCl3·6H2O (540.6 mg, 2 mmol) in 5 mL of water was added. After the mixture was heated to 

60 °C under vigorous stirring, 1.25 mL of ammonia was added dropwise. The reaction mixture 

was kept under these conditions for 60 min. The resulting NPs were collected with a magnet, 

washed several times with water and ethanol and dispersed in water at a concentration of 10 mg 

mL-1 for further use.  

Zeolitic imidazolate framework encapsulated iron oxide nanocomposites (Fe-ZIF NCs): 

Zeolitic imidazolate framework-8 (ZIF-8) encapsulation was performed based on the procedures 

described elsewhere.35 3 mL PVP-Fe3O4 NPs were collected with a magnet, redispersed in 10 mL 

of methanol, and ultrasonicated for 30 min. After this, 1.3136 g of 2-mIm was dissolved in 10 mL 

of methanol and added to the suspension. The mixture was ultrasonicated for another 20 min and 

stored in a fridge as well as a solution of 595 mg of Zn(NO3)2 in 10 mL of methanol. After both 

solutions reached the temperature of 4 °C, they were mixed and stirred at 4 °C at 1000 rpm for 

1.5 h. The obtained Fe-ZIF NCs were collected with a magnet, washed with methanol for three 

times and dried at room temperature. 

Characterization 

The size and morphology of PVP-Fe3O4 and Fe-ZIF NCs were determined by transmission 

electron microscopy (TEM), using a 120 kV Jeol-JEM1400 microscope. The samples were 

prepared by drop-casting a diluted NP suspension on a Quantifoil R1.2/1.3 Cu300 grid and 

evaporating the solvent at room temperature. The size distribution was counted and calculated 

from TEM images of ± 30 ZIF particles using Nano Measurer 1.2 software. Magnetic 

characterization by superconducting quantum interference device (SQUID), was carried out on an 
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MPMS XL magnetometer from Quantum Design, using about 1-2 mg of dry NPs. The hysteresis 

loops M(H) obtained under continuously increasing applied magnetic field from –50 to 50 kOe at 

5 and 300 K were used to obtain the saturation magnetization and coercivity values. Transmission 
57Fe Mössbauer spectra were collected at 4.2 K with a conventional constant-acceleration 

spectrometer using a 57Co(Rh) source. Velocity calibration was carried out using an α-Fe foil. The 

Mössbauer spectra were fitted using the Mosswinn 4.0 program. Powder X-ray diffraction (XRD) 

pattern was measured with a PANalytical X’Pert Pro PW3040/60 diffractometer from 10° to 90° 

at 45 kV and 40 mA (Cu Kα radiation, λ = 1. 54 Å). 

pH-responsive heating 

The heating measurement system consisted of the Magnetherm Digital device (Nanotherics, UK), 

equipped with a 60 mm coil to generate magnetic field/frequencies (vide infra) and two glass-

fiber optic thermometers (Osensa PRB-G40_2.0-STM-MRI) to measure the temperature in the 

center and at the bottom of the sample tubes. Equilibration of the temperature was allowed for 5 

min, while the insulated sample holder was used to reduce heat loss to the environment. Buffers 

with specific pH were used to simulate microenvironment in tumors (pH 6.5) and normal tissues 

(pH 7.4). A series of Fe-ZIF NCs dispersions were prepared with the concentrations varying as: 

10, 15, 17, 20, and 22 mg mL-1, of which 1 mL was used to study the heating effects. The cooling 

temperature during the measurements was set as 37 °C and allowed to equilibrate until it varied 

less than 0.5 °C/1 min before the start of the experiment. The specific loss power (SLP) expressed 

in W/gFe as a measure of heating capacity of the NPs, was calculated with Eq. 1: 

𝑆𝐿𝑃[𝑊/𝑔𝐹𝑒] =
𝐶

𝑚𝐹𝑒
∙
∆𝑇

∆𝑡
         (1) 

where C is the heat capacity of the sample, mFe is the mass of Fe obtained from the inductively 

coupled plasma-mass spectrometry (ICP-MS) analyses of the same samples after a microwave-

assisted digestion of the NPs dispersed in a 5% HNO3, and T/t is the measured time-dependent 

temperature increase. 

In vitro studies 

Cell cultures: Human glioblastoma astrocytoma cell line (U87) was provided by ATCC, human 

kidney cell line (HEK-293-t) was kindly donated by Daan Brinks lab, TU Delft, department of 

imaging physics. Cells were grown in DMEM supplemented with 10% FBS and 1% penicillin-

streptomycin at 37 ºC with 5% CO2. 

CCK-8 assay: U87 cells (100 µL well-1, 5×104 mL-1) were seeded into 96-well cell-culture plate 

and then cultured at 37 ºC with 5% CO2 for 24 h. Fe-ZIF NCs (10 µL well-1) with various 

concentrations (0-5 mg mL-1) were added to each well and the cells were maintained for 24 h. 

Then Cell Counting Kit-8 (CCK-8, 10 µL well-1) was added to the wells and incubated at 37 ºC 

for 4 h. The absorbance at 450 nm (OD450) in each well was measured using PowerWave XS 

microplate reader from BIO-TEK with background subtraction. 
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MHT treatments: U87 cells (2 mL, 5 × 104 mL-1) were seeded in 35 mm dishes and then cultured 

at 37 ºC with 5% CO2 for 36 h. 1 mL of Fe-ZIF NCs suspension with varying concentrations (0-

5 mg mL-1) were added to each dish. A subset of cells was conditioned at pH 7.4 by aspirating the 

culture medium after 36 h and replacing it with 1 mL PBS. A second group, subjected to MHT 

treatment, was exposed to an AMF for 45 min at 710 kHz and 10 mT. After the treatments, the 

liquid in each dish was removed and the cells were washed three times with PBS to remove 

residual NPs. To normalize the number of the cells in all experiments, the cells in the blank and 

experiential groups were counted and diluted to 5 × 104 mL-1 and seeded in the 96-well cell-culture 

plate (100 µL well-1). After culturing the cells for 24h at 37 ºC with 5% CO2, CCK-8 (10 µL well-

1) was added to the wells and incubated at 37 ºC for 4 h. The absorbance at 450 nm in each well 

was measured using a microplate reader with background subtraction. The viability of cells was 

calculated according to Eq. 2, using the average absorbance values of the MHT and blank cell 

groups.  

𝐶𝑒𝑙𝑙⁡𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐴𝑏𝑠𝑎𝑣𝑒−𝑀𝐻𝑇

𝐴𝑏𝑠𝑎𝑣𝑒−𝐵𝑙𝑎𝑛𝑘
× 100%       (2) 

Results and Discussion 

Synthesis and characterization of Fe-ZIF NCs 

The synthesis of ZIF-based hybrid nanocomposites (NCs) in combination with different NPs 

typically involves the construction of core-shell structures, in which NPs act as seeds, while the 

ZIF-crystals grow around them.29-31 When the surfaces of NPs are charged, the opposite charges 

of the applied ZIF precursors can promote uniform coatings, as reported for anionic Fe-oxide NPs 

interacting with Zn2+ cations to form a ZIF-8 layer.36 However, in most cases, extra modification 

is necessary to create enough active sites on the surface of NPs, so that the core-shell structure 

can be achieved. Therefore, in this work, we used the PVP-modified Fe-oxide NPs described in 

Chapter 3 as seeds in the synthesis of Fe-ZIF NCs, which were subsequently used as a model to 

demonstrate pH-responsive MHT.  

In the first attempt, Fe-ZIF NCs were synthesized at room temperature with 15 mg of PVP-Fe-

oxide NPs. According to TEM, the size of the resulting NCs with an apparent hexagonal shape 

was about 230 nm (Figure 5.1). The small dark dots observed in association with these large NCs 

were identified as Fe-oxide NPs based on their higher electron density compared to the ZIF 

material. However, the number of Fe-oxide NPs observed per each large particle appears relatively 

small, which may indicate either inefficient incorporation during the synthesis or an excessive 

size of the final NC particles. Therefore, the next experiments focused on the formation of smaller 
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Figure 5.1. TEM images and size distribution of Fe-ZIF NCs synthesized at room temperature using 15 mg 

of PVP-Fe-oxide NPs.  

ZIF-NCs, which was also desirable from an application point of view. One way to achieve this 

was described by Beh et al., who reported on ZIF-8 with a size about 60 nm, synthesized in an ice 

bath.35 The lower reaction temperature reduced nuclear growth and thus improved the nucleation 

process, yielding smaller ZIF-8 particles with a better size distribution. Adopting this strategy, 

smaller Fe-ZIF NCs with an average size of ~120 nm could be obtained after stirring at 4 °C for 

10 min (Figure 5.2A). Despite this improvement, the shape and size distribution of this batch were 

still not optimal, as was the Fe-oxide content in each particle. Therefore, in the next experiment, 

the number of seeds used in the reaction was doubled and the reaction time were prolonged to 30 

min and 1.5 h (Figure 5.2B and C). This resulted in a more uniform shape of the obtained NCs 

while keeping the size small (119.5 ± 32.68 nm). Further extension of stirring time to 2 h showed 

the hexagon shape of ZIF-NCs was improved, but at the same time the particle size increased 

(Figure 5.3D). 

 

Figure 5.2. TEM images of Fe-ZIF NCs synthesized with 30 mg of PVP-Fe-oxide NPs at 4 ºC and stirring 

times of 10 min (A), 30 min (B), 1.5 h (C), and 2 h (D). Scale bars in all images represent 100 nm. 
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However, while stirring times of both 30 min and 1.5 h appeared optimal for producing smaller 

particle sizes, the shorter time, left some Fe-oxide NPs uncoated by ZIF probably due to its 

insufficient growth, which could compromise the expected pH-responsive heating effect. 

Therefore, a stirring time of 1.5 h was used to prepare Fe-ZIF NCs for further study, and their 

composition was subsequently confirmed by X-ray diffraction (XRD) analysis (Figure 5.3). 

Compared to Fe-oxide NPs, new peaks were found in 2θ < 40°, which correspond to the standard 

card of ZIF-8 (JCPDS no. 01-090-6826). The absence of extra peaks indicated the high purity of 

Fe-ZIF NCs. 

 

 

Figure 5.3. XRD patterns of Fe-oxide NPs and Fe-ZIF NCs prepared with 30 mg of PVP-Fe-oxide NPs under 

vigorous stirring at 4 ºC and for 1.5h.  

The static magnetic behavior of dry Fe-ZIF NCs was studied with SQUID magnetometry, 

measuring magnetization curves at 5 K and 300 K in the presence of magnetic field increasing 

from –50 to 50 kOe. As shown in Figure 5.4A and B, the saturation magnetization (MS) values 

decreased from 62.0 to 13.3 emu/g and from 54.1 to 11.1 emu/g at 5 and 300 K, respectively, as 

the result of ZIF-encapsulation. Since the MS values were initially calculated using the total 

material weight, accounting for the Fe/ZIF ratio, the observed decreases can be partially attributed 

to the encapsulation of Fe-oxide NPs by ZIF. Correction of the MS values using the weights of Fe 

obtained from ICP-MS resulted in increased MS values (shown as emu/gFe), with the MS of Fe-

ZIF becoming comparable to that of the uncoated Fe-oxide NPs (Table 5.1). The fact that this 

correction did not alter the MS values for Fe-oxide NPs confirms that the observed reduction in 

magnetization is consistent with the expected effect of ZIF-encapsulation. 
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Figure 5.4. SQUID magnetometry performed with dry powders of Fe-oxide NPs and Fe-ZIF NCs resulting 

in magnetizations (MS) and coercivities (Hc) in the insets: (A) M(H)T curves obtained at T = 5 K (the inset 

represents 150 magnification of the y-axis) and (B) T = 300 K (the inset represents 1500 magnification of 

the y-axis). The dash lines represent the results after correction for the Fe-concentration.  

 

Table 5.1. Magnetic characteristics of Fe-oxide NPs before and after their encapsulation in ZIF. 

Materials 
Size 

(nm) 

Saturation Magnetization (MS) (emu/g) 
Coercivity (Hc) 

(kOe) 

5 K 300 K 5 K 300 K 

Fe-oxide NPs 11.2 ± 2.6 
62.0a 

110.7b 
54.1a 
96.6b 

51.8a 11.5a 

Fe-ZIF NCs 119.5 ± 32.68 
13.3a 

121.1b 

11.1a 

100.6b 
230.6a 15.8a 

a Calculated using the total weight of materials. b Calculated using the concentration of Fe obtained with ICP-MS.  

 

pH-responsive properties 

To study pH-responsive behavior of Fe-oxide NPs after their encapsulation in ZIF, the as-

synthesized Fe-ZIF NCs were first dispersed in buffers with different pH. No morphological 

changes were observed by TEM upon dispersion of Fe-ZIF in PBS (pH 7.4), whereas at pH 6.5 

most NCs were partly destroyed (Figure 5.5A-C). Even though a small fraction of Fe-oxide still 

remained within the ZIF NCs, the majority of the NPs were released (Figure 5.5C). The TEM 

image of this sample, after centrifugation and re-dispersion in PBS, demonstrates that ZIF can 

regain its structure when brought back to pH 7.4, while the previously released Fe-oxide NPs were 

removed during centrifugation and are therefore absent (Figure 5D). These findings suggest that 

the assembly/disassembly behavior of Fe-oxide NPs can be controlled using the ZIF-structure 

relying on pH differences of the tumor microenvironment.  
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Figure 5.5. TEM images of Fe-ZIF NCs dispersed in (A) methanol, (B) PBS (pH 7.4), (C) acidic buffer (pH 

6.5), and (D) redispersed in PBS after treated with acidic buffer. Scale bars correspond to 200 nm. 

Next, the magnetic properties of the material accompanying the pH changes, the heating behavior 

of Fe-ZIF NCs was studied at both pH conditions (6.5 and 7.4), with the outcomes designated as 

Fe-ZIF-6.5 and Fe-ZIF-7.4. To enable a fair comparison of the temperature changes (ΔT) induced 

by the Fe-ZIF-samples under alternating magnetic field with those caused by Fe-oxide NPs, the 

weight of Fe-ZIF materials was adjusted to correspond to the exact weight of Fe-oxide NPs (3 mg) 

used in their preparation. The temperature increase achieved within 5 min at 338 kHz and 18 mT 

in the presence of Fe-ZIF at pH 6.5 and 7.4 is clearly less effective compared to Fe-oxide NPs 

(Figure 5.6A). However, the significance of this difference becomes clear when the corresponding 

SLP values are compared (Figure 5.6B).  

 

 

Figure 5.6. pH-responsive magnetic heating of Fe-ZIF NCs compared to Fe-oxide NPs (3 mgFe-oxide mL-1): 

(A) heating curves generated during 5 min at 338 kHz and 18 mT, (B) comparison of the heating performance 

considering the temperature change (T) and the SLP values corrected with mFe determined by ICP-MS. 
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Besides the ability of the ZIF-coating to attenuate the magnetic heating of Fe-oxide NPs, another 

important insight is the comparison of the hyperthermic performance of Fe-ZIF NCs in the tumor 

vs normal regions, which can be described by a parameter Δ(ΔT) where average value of ΔT6.5 

and ΔT7.4 were used and calculated as (ΔT6.5 – ΔT7.4) Initial measurements of the temperature rise 

generated with Fe-ZIF NCs at 338 kHz and 18 mT yielded a Δ(ΔT) of 0.26 °C (Figure 5.6A), 

which is clearly insufficient to achieve the desired tumor specificity. Therefore, the efforts to 

improve this performance focused on optimalization of the AFM exposure parameters and the 

applied Fe-concentration. Based on the reported clinical limitation of AFM, imposed by patient 

safety and expressed as the product of magnetic field strength and frequency,37 earlier we 

calculated the equivalent limit value for our experimental setup (6.3 103 T s−1).38 Table 5.2 lists 

the field-frequency products for all experimental conditions, several of which approach the 

abovementioned limit value. However, the 10-min temperature plots obtained at different 

conditions identified the frequencies of 338 and 710 kHz as producing the strongest Fe-ZIF and a 

more pronounced difference between pH 6.5 and 7.4, confirming the assumption experimentally 

(Figure 5.7).  

Table 5.2 AMF exposure parameters/results generated by the MagneTherm Digital for pH-responsive heat 

detection. 

Frequency (kHz) 244 289 338 382 437 546 710 

Magnetic field (mT) 19 15 18 17 8 5 10 

Field-Freq product (T s-1) 4636 4335 6084 6876 3496 2730 7100 

Δ(ΔT) (°C) 0.18 0.24 0.26 0.24 0.02 0.22 0.41 

 

 

 

Figure 5.7. Temperature increase generated with Fe-ZIF NCs (10 mg ml-1) measured at pH 6.5 (solid lines) 

and pH 7.4 (dashed lines) for 10 min at different frequencies with the corresponding magnetic fields as 

specified in Table 5.2. 
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The temperature differences calculated for each frequency after 10 min of AFM exposure revealed 

negligible Δ(ΔT) of 0.22±0.04 ºC between pH 6.5 and 7.4 for most frequencies, with two 

exceptions of the lowest (0.02 ºC) and highest (0.41 ºC) differences observed at 437 kHz/8 mT 

and 710 kHz/10 mT, respectively (Table 5.2). The latter AFM parameter set was then used to 

optimize the applied Fe-concentration, aiming to maximize Δ(ΔT) for improved pH-responsive 

heating, and thus, more efficient selective heating in the tumor region.  

 

 

Figure 5.8. Linear fits of the maximum temperatures (Tmax) obtained after 45 min heating (710 kHz/10 mT) 

with different concentrations of Fe-ZIF NCs under pH 6.5 (solid line) and pH 7.4 (dashed line). The error 

bars represent the average of 3 measurements. 

The samples with concentrations ranging from 10 to 22 mg mL-1 were exposed to AMF during 45 

min, and the highest temperatures (Tmax) were collected from the heating curves (Figure 5.8). The 

choice of a longer heating time of 45 min was based on the earlier observation of a heating curve 

at 710 kHz/10 mT that did not reach a plateau after 10 min. The resulting Tmax values at both pH 

6.5 and 7.4 were highly concentration dependent, with a similar slope of 0.61 and 0.58, 

respectively. According to the corresponding linear fitting results, the lowest temperature required 

for generation of a therapeutic effect (42 ºC) can be reached at pH 6.5 with the concentration of 

Fe-ZIF higher than 14 mg mL-1, while at pH 7.4 this minimum concentration is 18 mg mL-1. This 

concentration range will increase when a higher temperature is required, but there is always a 

concentration/Tmax difference between Fe-ZIF-6.5 and Fe-ZIF-7.4 that makes selective MHT 

feasible.  

Tumor-selective magnetic hyperthermia in vitro 

The differences in heating temperatures achieved with Fe-ZIF NCs at different pHs were further 

translated into in vitro experiments. Two cell lines were used to evaluate the temperature effects 
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in tumor (human glioblastoma astrocytoma, U87) and normal (human kidney, HEK-293-t) cells. 

The viability of both cell lines was determined using a CCK-8 assay, with the absorbance of cells 

without any treatment being considered as 100% viability. First, the optimal conditions for cell 

heating had to be determined, taking into account the specific dimensions of the experimental 

setup, and in particular, the shape and volume of the containers, which can influence the overall 

temperature. Furthermore, the fact that the cells are attached to the bottom of the wells could mean 

that lower concentrations of Fe-ZIF are already sufficient to generate an effect similar to the one 

previously estimated for the concentration range of 14 - 18 mg mL-1. Therefore, initial heating of 

U87 cells was performed with Fe-ZIF NCs ranging from 0 to 5 mg mL-1, to determine the lowest 

heating effective concentration. As shown in Figure 5.9A, the absence of AFM resulted in 85% 

viability up to 5 mg mL-1 of Fe-ZIF NCs. In contrast, the groups exposed to AFM showed a 

significant decrease in viability down to 7.4% starting from 3.3 mg mL-1. A negligible change in 

viability at 1.7 mg mL-1 of Fe-ZIF NCs suggested that the lowest effective concentration for MHT 

for U87 cells is between 1.7 and 3.3 mg mL-1. A closer look at a smaller concentration range (2.3 

to 3.3 mg mL-1) was performed for both U87 and HEK-293-t cell lines, again demonstrating the 

viability >80% in the absence of AFM (Figure 5.9B).  

 

Figure 5.9. In vitro investigation of the tumor selective MHT treatment (710 kHz/10 mT, 45 min) using the 

CCK-8 method. (A) Viability of U87 cells treated with Fe-ZIF NCs (0 - 5 mg mL-1) with/without AMF. (B) 

Comparison of the viability of U87 and HEK-293-t cells treated with Fe-ZIF NCs (0 - 3.3 mg mL-1) 

with/without AMF.  

Important observations were made when the same range of Fe-ZIF concentrations was applied to 

both cell lines exposed to AMF for 45 min. While HEK-293-t cells maintained a viability above 

90% up to 3 mg mL-1, it was dropped to 23±3.3% in the case of U87 due to the heating effect 

generated by released Fe-oxide NPs at lower concentration of 2.3 mg mL-1, further decreasing to 

15±0.2% at 2.7 mg mL-1, and only slightly lower (down to 12±0.5%) at higher concentrations. 

Interestingly, further increasing the concentration of Fe-ZIF NCs in HEK-293-t cells resulted in a 

decrease in viability down to 18%, indicating that at 3.3 mg mL-1 the upper concentration limit to 

achieve selective MHT, where only tumor is heated above 42 - 45 °C, is exceeded.  
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Cytotoxicity of Fe-ZIF NCs 

Finally, the cytotoxicity of Fe-ZIF NCs was assessed as a key factor, along with heating efficiency, 

in designing materials for MHT. Both U87 and HEK-293-t cells were incubated with different 

concentrations of Fe-ZIF NCs (0 - 5 mg mL-1) for extended periods of 24 and 48h and their 

viability was determined. Comparing the results of HEK-293-t and U87 cells after 24h of 

incubation with 1 mg mL-1 of Fe-ZIF NCs showed that the viability of the former cells remained 

above 80% (Figure 5.10A), whereas that of the latter dropped to 20% (Figure 5.10B). The minor 

increase in the viability observed for the higher concentrations of Fe-ZIF NCs added to both cell 

types could be explained by the interference with the absorbance of iron oxide with OD450 used 

for calculations in the CCK-8 method. On the other hand, the increase in viability at 48h observed 

in both cell lines, could be explained by the increased metabolism of cells undergoing recovery 

from the initial exposure to NCs. This phenomenon becomes particularly relevant when using the 

CCK-8 assay, which measures the metabolic activity of the cells, as opposed to other methods 

simply count dead cells. This means that the addition of Fe-ZIF NCs may not directly lead to cell 

death but inhibit their metabolism for a short period of time.  

These results suggest that the apparent toxicity of the NCs may be related to the presence of ZIF. 

A decrease in viability down to 20% previously shown for HEK-293-t cells, was attributed to the 

slow release of Zn2+ from the framework structure at ZIF concentrations above 550 μg mL-1.39, 40 

Another explanation for the unexpected toxicity is the slight change in pH of the culture medium 

upon addition of Fe-ZIF NCs. In the acidic TME, this effect could be amplified in the presence of 

pH-responsive NCs, thereby enhancing the therapeutic effect.41, 42 This may also explain why U87 

cells with inherently lower pH are more affected than HEK-293-t, where the NCs remain stable 

and do not undergo degradation. However, whether Fe-ZIF NCs can sensitize tumors to MHT 

through direct modulation of pH remains to be investigated. 

 

 

Figure 5.10. Cytotoxicity assessed by determining the viability of: (A) HEK-293-t cells, and (B) U87 cells 

incubated with 0 - 5 mg mL-1 Fe-ZIF NCs for 24 and 48 h. 
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Conclusion 

In this work, we demonstrated a concept of tumor-selective MHT based on pH differences 

between normal and tumor tissue. Fe-oxide NPs were synthesized and coated with ZIF-8, which 

promoted their aggregation, modulation of magnetic properties, and decreased the overall heating 

performance at physiological pH 7.4. A careful fine-tuning of the synthetic conditions allowed to 

reduce the size of the obtained Fe-ZIF NCs and fine-tune their pH-responsive magnetic properties. 

Further optimization concerned the differences in the maximum temperatures arising in the 

presence of Fe-ZIF NCs at pHs 6.5, typically found in tumor tissues. The best results were 

obtained using an AFM at 710 kHz and 10 mT, while the optimal concentration of Fe-ZIF NCs 

required to achieve a tumor-selective temperature rise to 42 - 45 ºC was found to be within the 

ranges of 14 - 18 and 2.3 to 3 mg mL-1 in Eppendorf tubes and cell culture dishes, respectively, 

reflecting differences in sample geometry and the associated heat dissipation. The results 

presented here demonstrate the potential of the ZIF-modulated MHT, although improvements in 

the magnitude of the temperature difference in the tumor tissue are necessary before it can achieve 

full effectiveness. Finally, the study creates the awareness that the experimental setup itself is a 

determining factor, which should be taken into consideration, particularly with regard to heat 

dissipation processes, which in reality will be even more challenging due to complex tissue 

dimensions and other physiological factors.  
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Concluding the thesis, this final chapter provides an overview of the key outcomes, discusses their 

implications within the broader landscape of magnetic hyperthermia (MHT) research, highlights 

the limitation of the designed approaches, and outlines directions for future research. First of all, 

examining research developments in the field hyperthermia (HT) as an adjunctive method for 

localized cancer treatment, provides important context for the relevance of the work presented in 

this thesis. The graph in Figure 6.1 clearly shows that, although cancer-related HT-research as 

whole remains consistently high in number, the MHT-specific subset, and thus the role of 

nanomaterials, shows a strong increase 

over the observation period, reflecting 

growing attention to this research direction. 

It is evident that advances in 

nanotechnology create new opportunities 

for the design of highly efficient MHT 

systems for oncological treatments. 

However, rather than focusing exclusively 

on performance optimization, the main 

objective of this dissertation was to explore 

the immense advantages of 

nanotechnology to address the safety issues 

of MHT without compromising therapeutic 

efficacy of MNPs. To achieve this, several 

strategies were applied to magnetic iron 

oxide nanoparticles (Fe-oxide NPs), each 

with its own strengths and weaknesses.  

The first approach involved boosting the magnetic properties of NPs, which resulted in higher 

specific loss power (SLP) values, meaning more efficient heat generation under alternating 

magnetic field (AMF). This reasoning is common in MHT research, and can be translated directly 

into improved safety, as a higher SLP basically means that the same amount of heat can be 

achieved with fewer MNPs. The advantage of combining iron with other metals both 

(para)magnetic and diamagnetic to achieve better heating properties, has been widely explored in 

the literature.1 However, the two doping strategies investigated in this thesis offered the 

opportunity to introduce an additional functionality to MNPs, thus further increasing their 

therapeutic index. The incorporation of metal ions, such as Mn2+ and Ho3+, a lanthanide with one 

of the highest magnetic moments, into the Fe-oxide lattice can increase the magnetic anisotropy 

of the hybrid NPs, thereby increasing their SLPs. Besides this improvement, the nature of the 

doping elements allows for other interesting applications. For example, adding paramagnetic Mn2+ 

into Fe-oxide, enables T1-weighted MR imaging, provided that the doping is located at the NPs 

surface. In this case, image contrast arises from the exchange between water molecules 

coordinated to the surface-bound Mn on the surface and the surrounding bulk water. This 

Figure 6.1. Annual number of PubMed-indexed 

publications from 2005 to 2025 related to general HT 

and the specific use of MNPs (MHT) in oncology, 

obtained using queries: (“hyperthermia”) and 

("magnetic hyperthermia") or ("nanoparticle 

hyperthermia") and (“cancer”) and ("2005" [Date-

Publication]: "2025"[Date-Publication]). Data were 

retrieved in 12/ 2025.  
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additional feature represents an attractive option for clinical applications for two main reasons. 

First, positive (bright) T1 contrast is generally preferred in clinical MRI due to better 

interpretability. Second, the intrinsically available T2-weighted contrast of MNPs is often 

inconvenient as an accompanying imaging modality, as the particle concentrations required for 

effective heating typically leads to signal oversaturation.2 The use of T1-contrast instead of T2 

therefore offers a promising strategy to overcome this limitation, as brighter signals are not only 

more informative but also less prone to imaging artifacts compared to the dark signals. On the 

other hand, doping with Ho3+, which next to its superior magnetic properties and thus improved 

heating, is also known having an attractive radioisotope (166Ho), enables -radiotherapy as an 

adjunctive therapeutic modality to MHT. Such a combined approach can further enhance the 

overall therapeutic efficacy due to the synergistic effects, while reducing the effective 

concentration of the administered MNPs.  

The design of MNPs aimed at maximizing the performance of the above-mentioned functionalities 

requires the development of suitable synthetic protocols. Cation exchange is the most commonly 

used method when the morphology of Fe-oxide NPs needs to remain unchanged. However, it 

requires an extra step during the synthesis and the doping ratio in such a substitution can be 

difficult to control. Thermal decomposition on the other hand, is a one-step method that offers 

better control over uniform substitution and results in good morphology, but typically shows low 

yields while the reaction times are also long. These features can be highly inconvenient, especially 

for the preparation of MNPs doped with radioisotopes. The co-precipitation method used for Ho3+ 

doping is a more facile and less time-consuming alternative that leads to higher yields, although 

the particle size and crystallinity are less uniform, and again, hard to control. The application of 

all three synthetic protocols throughout this thesis not only showed the effect of each method on 

the final properties of the NPs, but most importantly, provided insight into the trade-offs that can 

be made during synthesis to balance all these properties, taking into account each element and its 

associated applications, while ensuring the maximum SLP increase. 

While effective MHT requires delivering sufficient number of MNPs to tumor sites, treatment 

safety implies development of the mechanisms that restricts heating inside the tumor. In terms of 

efficacy, intratumoral injection is considered a more effective delivery method of MNPs compared 

to intravenous administration. In this way, the deeply penetrating AMF can work specifically on 

NPs and the damage to surrounding healthy tissues can be significantly reduced. However, a key 

concern with intratumoral injection during MHT is the unintentional deposition of MNPs outside 

the tumor, which can lead to off-site thermotoxicity. Furthermore, the concentration and 

distribution of MNPs after injection are unknown, making heating control and overall injection 

accuracy a major challenge in MHT, although the engineering aspects of injection technology 

itself are beyond the scope of the thesis.  

Tumor-selective MNPs for MHT may offer a solution to the problem of injection precision. 

Specific features of the tumor microenvironment (TME), such as elevated glutathione (GSH) 

levels or decreased pH, can be used as triggers for MNPs that are modified to respond by 
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generating heat. An example using the first parameter is a strategy to temporarily limit heating by 

aggregating Fe-oxide NPs through the formation of disulfide bonds (-S-S-).3 These can be 

degraded by GSH, which is overexpressed in TME, resulting in tumor-specific MHT. Similarly, 

lower pH values in tumors can be exploited by encapsulation of Fe-oxide NPs in nanosystems that 

initially force their aggregation and reduce heating outside the tumor, where the pH is close to 7.4. 

Upon intratumoral injection, the ZIF-8 nanocomposites become exposed to the lower pH of the 

tumor, with the subsequent release of Fe-oxide NPs and the generation of heat. Despite the 

positive results showing tumor-responsive heating in cancerous vs non-cancerous cells, the small 

temperature difference and limited control over aggregation remain a bottleneck. Acidic 

conditions are expected to be sufficient to decompose the ZIF-crystals and unleash the heating 

capacity of the released NPs. However, the fact that the heat generated was only a small fraction 

of what was expected for these NPs suggests that the ZIF may not have been completely destroyed. 

Besides, the aggregation of NPs caused by ZIF encapsulation is difficult to control, which 

complicates the synthesis of Fe-ZIF with a controlled number of evenly distributed Fe-oxide NPs.  

An important aspect that is often overlooked in the research focused on the development of 

nanomaterials for MHT, is the evaluation of heat distribution. A precise understanding of how 

heat spreads within biological tissues is crucial to ensure that therapeutic temperatures are reached 

in the target region but also that the off-target healthy structures are not damaged. This means that 

next to the particles’ characteristics, the variations in tissue composition and local blood flow can 

also influence the spatial heating pattern, making it essential to assess these effects both 

experimentally and through modelling. When MNPs are injected intratumorally, their tendency to 

cluster can lead to the formation of localized ‘hot-spots’, which may cause uneven thermal dosing 

and unpredictable therapeutic responses. This is not unique to MHT as it also applies to other 

therapeutic modalities involving intratumoral injections, such locally administered chemo- or 

immunotherapies, whose effectiveness also depends heavily on uniform distribution. This 

illustrates the critical importance of careful treatment planning, which must account for multiple 

factors, including local conditions, such as tumor type, location, size, density etc., as well as the 

calculation of the target temperature and NPs concentrations necessary to achieve a therapeutic 

effect based on the SLP of the MNPs.  

Finally, one of the key elements in the development of MNPs for MHT is the in vitro assessment 

of heating performance, which is commonly performed in 2D tumor cell cultures and/or 3D 

spheroids. While 2D studies provide a first indication of the efficacy of the MNPs, 3D experiments 

are able to simulate the heating effects under conditions that more closely resemble the in vivo 

tumor environment. Considering the above-mentioned heat distribution when cells are incubated 

in petri dishes, they are exposed to evenly distributed MNPs that produce virtually the same heat 

throughout the water volume, whereas in reality, the heat dissipation will be strongly influenced 

by the heat generated around the injection points and its distance from it.4  
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In general, although MHT has demonstrated considerable potential, further research should 

include comprehensive safety assessment and improvement. This is as critical as optimizing the 

therapeutic performance of the materials designed to implement the treatment.  
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Summary 

Multifunctional, biocompatible magnetic materials, such as iron oxide nanoparticles (Fe-oxide 

NPs), hold great potential for biomedical applications, including diagnostics (e.g., MRI) and 

cancer therapy. In particular, they can play a crucial role in advancing cancer thermotherapy by 

generating heat when administered intratumorally and exposed to an alternating magnetic field. 

This heat application is often combined with radio(chemo)therapy and/or imaging. Designing 

materials for such a multimodal approach requires hybrid nanoparticles that retain their magnetic 

properties while integrating additional functionalities. However, while pursuing additional 

properties, the safety of treatment should also be considered. For instance, reducing the amount 

of Fe-oxide NPs used for the treatment may minimize safety concerns related to dose-related 

toxicity, while focusing on tumor treatment selectivity may help avoid unpredictable damage to 

adjacent healthy tissues caused by intratumoral injection. The mechanisms of thermotherapy by 

means of magnetic NPs and the associated safety considerations are described in Chapter 1. 

In Chapter 2, the synthesis and investigation of magnetically enhanced nanoparticles with a 

palladium core (envisioned for future radiolabeling with therapeutic 103Pd) and a magnetic iron 

oxide shell containing paramagnetic manganese (Pd/Fe|(nMn)-oxide, n = 0.25 and 0.5) were 

introduced. Doping the iron oxide lattice with Mn significantly increases magnetic saturation (MS), 

boosting specific loss power (SLP) up to 1.7 times compared to undoped analogues. Interestingly, 

higher Mn content in Pd/Fe|(0.5Mn)-oxide leads to a pronounced Mn outer rim, enhancing the 

heating efficiency at 346 kHz and 23 mT and contributing to the water exchange on the surface 

of the paramagnetically doped nanoparticles, resulting in additional T1-weighted MRI contrast. 

The enhanced magnetic properties of the hybrid Pd/Fe|Mn-oxide NPs enable effective therapeutic 

outcomes with injection of only small quantities of the material, offering great potential for 

effective cancer treatment strategies that combine hyperthermia/thermal ablation with 

radiotherapy, while allowing for real-time monitoring via MRI. 

In Chapter 3, holmium (envisioned for future radiolabeling with therapeutic 166Ho) was doped 

into iron oxide nanoparticles (xHo/Fe-oxide NPs, x = 0.1 - 5%) via modified co-precipitation 

method and investigated their influence on MS and SLP. It was shown that the Ho-doping ratio up 

to 0.5% was not sufficient to increase MS and SLP values, which mainly depend on the size of the 

resulting nanoparticles. Starting at 0.5% Ho-doping, both MS and SLP values increased as the Ho-

doping ratio rose, reaching their maximum at 2.5%. Further increases in the doping ratio caused 

MS and SLP to decrease due to larger particle size and insufficient lattice substitution. This 

explanation was supported by another batch synthesized at room temperature, which also showed 

poor Ho lattice distribution along with reduced MS and SLP. These findings indicated the 

possibility of improving magnetic and heating properties by tuning Ho-doping, which provided 

the basis for developing ¹⁶⁶Ho-labeled Fe-oxide NPs for combined magnetic hyperthermia and 

radiotherapy (MHT-RT). 
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Subsequently, in Chapter 4, Ho3+ in 2.5%Ho/Fe-oxide NPs was replaced by therapeutic 166Ho to 

investigate their potential for synergistic MHT-RT. In vitro experiments using both single and 

combined treatments were performed on U87 and U2OS cell lines by evaluating their viability 

after incubation with 165/166Ho/Fe-oxide NPs with/without AMF. For both cell lines, the lower 

viability of treated with MHT+RT was observed compared to cells treated with either treatment 

alone, clearly demonstrating the synergistic potential of 166Ho/Fe-oxide NPs. When applying both 

MHR and RT, the effective concentration could be reduced to 2 mg mL⁻¹ and 2.5 mg mL⁻¹, and 

the radioactivity to 1.6 MBq and 0.3 MBq for U87 and U2OS cells, respectively. This shows that 

the synergistic effect allows for a reduction in the required concentration and activity of NPs to 

avoid the dose-related toxicity on healthy tissues. 

Chapter 5 presents the concept of pH-responsive Fe-oxide nanocomposites (Fe-ZIF NCs) to 

improve the tumor selectivity of MHT. ZIF-8 was coated onto Fe-oxide NPs to induce their 

aggregation, and therefore, reduce the overall heating performance at physiological pH 7.4. In the 

tumor microenvironment, known to be more acidic, the heating performance was recovered, and 

a temperature difference was observed. By optimizing the AMF frequency, synthesis condition, 

NPs concentration and particle size, the maximum heating temperatures were tuned to the 

therapeutic ranges of 42 - 45 ºC reached only at acidic pH. In vitro experiments with U87 and 

HEK-293t cells further demonstrated the tumor-selective MHT effect. Using AFM at 710 kHz 

and 10 mT for 45 min, Fe-ZIF NCs showed selective cytotoxicity for U87 cells within the 

concentration range of 2.3–3 mg mL-1. This work demonstrates a promising approach for 

improving MHT selectivity through modulation of the aggregation state of Fe-oxide NPs. 

Finally, Chapter 6 provides a brief overview of the relevance of hyperthermia in oncology and 

the role of nanomaterials in its advancement. The objectives of this thesis are then contextualized 

in relation to developments in the field, and the main limitations are discussed. Ultimately, this 

critical perspective crystallizes into recommendations regarding the main findings.  
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Samenvatting  

Multifunctionele, biocompatibele magnetische materialen, zoals ijzeroxide-nanodeeltjes (Fe-

oxide NPs), zijn veelbelovend voor biomedische toepassingen, waaronder diagnostiek (e.g. MRI) 

en kankertherapie. Ze kunnen met name een cruciale rol spelen in de ontwikkeling van 

thermotherapie bij kanker door warmte te genereren wanneer ze intratumoraal worden toegediend 

en worden blootgesteld aan een wisselend magnetisch veld. Deze warmtetoepassing wordt vaak 

gecombineerd met radio(chemo)therapie en/of beeldvorming. Het ontwerpen van materialen voor 

een dergelijke multimodale aanpak vereist hybride NPs die hun magnetische eigenschappen 

behouden en tegelijkertijd extra functionaliteiten integreren. Bij het streven naar extra 

eigenschappen, moet echter ook rekening worden gehouden met de veiligheid van de behandeling. 

Zo kan het verminderen van de hoeveelheid Fe-oxide-NP’s die voor de behandeling wordt 

gebruikt, de dosisafhankelijke toxiciteitsrisico’s minimaliseren, terwijl een grotere focus op 

selectiviteit bij tumorbehandeling kan helpen om onvoorspelbare schade aan omliggende gezonde 

weefsels, veroorzaakt door intratumorale injectie, te voorkomen. De mechanismen van 

thermotherapie met behulp van magnetische NPs en de bijbehorende veiligheidsaspecten worden 

beschreven in Hoofdstuk 1. 

Hoofdstuk 2 introduceert de synthese en karakterisering van magnetisch versterkte NPs met een 

palladiumkern (bedoeld voor toekomstige radiolabeling met therapeutische 103Pd) en een 

magnetische ijzeroxideschil met paramagnetisch mangaan (Pd/Fe|(nMn)-oxide, n = 0,25 en 0,5). 

Dotering van het ijzeroxiderooster met Mn verhoogt de magnetische saturatie (MS) aanzienlijk, 

wat leidt tot een toename van het specifieke verliesvermogen (SLP) tot wel 1.7 keer in vergelijking 

met ongedoteerde analogen. Interessant is dat het hogere Mn-gehalte in Pd/Fe|(0,5Mn)-oxide leidt 

tot een explicite buitenste Mn-rand, wat de verwarmingsefficiëntie verhoogt bij frequenties van 

346 kHz en 23 mT en de wateruitwisseling op het oppervlak van paramagnetisch versterkte 

nanodeeltjes bevordert, wat resulteert in een toename van het T1-gewogen MRI-contrast. De 

verbeterde magnetische eigenschappen van Pd/Fe|Mn hybride oxide NPs maken het effectieve 

therapeutische resultaten mogelijk met slechts kleine hoeveelheden van het materiaal. Dit biedt 

grote mogelijkheden voor de ontwikkeling van effectieve strategieën voor de behandeling van 

kanker, waarbij hyperthermie/thermische ablatie gecombineerd wordt gecombineerd met 

radiotherapie, terwijl realtime monitoring met MRI mogelijk is. 

In Hoofdstuk 3 werd holmium (beoogd voor toekomstige radiolabeling met therapeutisch 166Ho) 

gedoteerd in ijzeroxide-nanodeeltjes (xHo/Fe-oxide NPs, x = 0.1 - 5%) via een gemodificeerde 

coprecipitatiemethode en werd de invloed ervan op MS en SLP onderzocht. Er werd aangetoond 

dat een Ho-dopingverhouding tot 0.5% niet voldoende was om de MS- en SLP-waarden te 

verhogen, die voornamelijk afhangen van de grootte van de resulterende NPs. Vanaf 0.5% Ho-

doping namen zowel de MS- als SLP-waarden toe naarmate de Ho-dopingverhouding toenam, tot 

een maximum van 2.5%. Verdere verhogingen van de dopingverhouding zorgden ervoor dat MS 
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en SLP afnamen als gevolg van een grotere deeltjesgrootte en onvoldoende roostersubstitutie. 

Deze verklaring werd ondersteund door een andere batch, gesynthetiseerd bij kamertemperatuur, 

die eveneens een slechte Ho-roosterverdeling vertoonde, samen met een verminderde MS en SLP. 

Deze bevindingen duidden op de mogelijkheid om de magnetische en verwarmingseigenschappen 

te verbeteren door Ho-doping af te stemmen, wat de basis vormde voor de ontwikkeling van ¹⁶⁶Ho-

gelabelde Fe-oxide NPs voor gecombineerde magnetische hyperthermie en radiotherapie (MHT-

RT). 

Vervolgens werd in Hoofdstuk 4 Ho3+ in 2.5% Ho/Fe-oxide NPs vervangen door 

radiotherapeutische 166Ho om hun potentieel voor synergetische MHT-RT te onderzoeken. In 

vitro-experimenten met zowel afzonderlijke als gecombineerde behandelingen werden uitgevoerd 

op U87- en U2OS-cellijnen door hun levensvatbaarheid te evalueren na incubatie met 165/166Ho/Fe-

oxide NPs met/zonder AMF. Voor beide cellijnen werd een lagere levensvatbaarheid 

waargenomen van cellen behandeld met MHT+RT in vergelijking met cellen behandeld met 

alleen een van beide behandelingen, wat duidelijk het synergetische potentieel van 166Ho/Fe-oxide 

NP's aantoont. Bij toepassing van zowel MHR als RT kon de effectieve concentratie worden 

verlaagd tot 2 mg ml⁻¹ en 2.5 mg ml⁻¹, en de radioactiviteit tot 1.6 MBq en 0.3 MBq voor 

respectievelijk U87- en U2OS-cellen. Hieruit blijkt dat het synergetische effect een verlaging van 

de benodigde concentratie en activiteit van NPs mogelijk maakt, om zo de dosisgerelateerde 

toxiciteit voor gezond weefsel te voorkomen. 

Hoofdstuk 5 beschrijft het concept van pH-responsieve Fe-oxide nanocomposieten (Fe-ZIF NCs) 

om de tumorselectiviteit van MHT te verbeteren. ZIF-8 werd op Fe-oxide NPs gecoat om hun 

aggregatie te induceren en daarmee de algehele verwarmingsefficiëntie bij fysiologische pH 7.4 

te verminderen. In de tumormicro-omgeving, waarvan bekend is dat deze zuurder is, werd de 

verwarmingsefficiëntie hersteld en werd een temperatuurverschil waargenomen. Door de AMF-

frequentie, synthesecondities, NP-concentratie en deeltjesgrootte te optimaliseren, werden de 

maximale verwarmingstemperaturen afgestemd om therapeutische bereiken van 42 - 45 ºC te 

bereiken, uitsluitend bij een zure pH. In vitro-experimenten met U87- en HEK-293t-cellen 

toonden het tumorspecifieke effect van MHT verder aan. Met behulp van AFM bij 710 kHz en 10 

mT gedurende 45 min toonden Fe-ZIF NC's selectieve cytotoxiciteit aan voor U87-cellen in het 

concentratiebereik van 2.3 - 3 mg ml-1. Deze studie laat een veelbelovende aanpak zien om de 

MHT-selectiviteit te verbeteren door de aggregatiestatus van ijzeroxide-nanodeeltjes te moduleren. 

Tot slot geeft Hoofdstuk 6 een kort overzicht van de relevantie van hyperthermie in de oncologie 

en de rol van nanomaterialen in de ontwikkeling ervan. Vervolgens worden de doelstellingen van 

dit proefschrift in context geplaatst ten opzichte van de ontwikkelingen binnen het vakgebied en 

worden de belangrijkste beperkingen besproken. Uiteindelijk mondt dit kritische perspectief uit 

in aanbevelingen met betrekking tot de voornaamste bevindingen.
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