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Abstract—Magnetic scaffolds have been investigated as 
promising tools for the interstitial hyperthermia treatment 
of bone cancers, to control local recurrence by enhancing 
radio- and chemotherapy effectiveness. The potential of 
magnetic scaffolds motivates the development of 
production strategies enabling tunability of the resulting 
magnetic properties. Within this framework, deposition 
and drop-casting of magnetic nanoparticles on suitable 
scaffolds offer advantages such as ease of production and 
high loading, although these approaches are often 
associated with a non-uniform final spatial distribution of 
nanoparticles in the biomaterial. The implications and the 
influences of nanoparticle distribution on the final 
therapeutic application have not yet been investigated 
thoroughly. In this work, poly-caprolactone scaffolds are 
magnetized by loading them with synthetic magnetic 
nanoparticles through a drop-casting deposition and 
tuned to obtain different distributions of magnetic 
nanoparticles in the biomaterial. The physicochemical 
properties of the magnetic scaffolds are analyzed. The 
microstructure and the morphological alterations due to 
the reworked drop-casting process are evaluated and 
correlated to static magnetic measurements. THz 
tomography is used as an innovative investigation 
technique to derive the spatial distribution of 
nanoparticles. Finally, multiphysics simulations are used 
to investigate the influence on the loading patterns on the 
interstitial bone tumor hyperthermia treatment. 

 
Index Terms—bone tumors, hyperthermia, magnetic 

nanoparticles, scaffolds, THz tomography  
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I. Introduction 

YPERTHERMIA is a powerful oncological thermal therapy 

[1]–[4]. Hyperthermia treatment (HT) aims to rise the 

temperature of a target tissue in the range 40-44°C, for at least 

30-60 min, to direct damage the DNA, hamper its repair and 

replication at the cellular level [4], free radicals formation, 

cellular protein denaturation, extracellular pH increase, and 

occurrence of hypoxic environment [3]. HT can enforce 

immunomodulation, by boosting the immune system response 

[2]. However, the full clinical potential of HT occurs when 

used in synergy with chemotherapy and radiotherapy [3], [5]. 

The temperature raise increments the blood perfusion at the 

tumor site, enhancing the cellular permeability to drugs [4]. 

Temperature elevations acts also as a powerful radiosensitizer, 

opening new therapeutic routes for several problematic 

neoplasms [3], [6].  

Primary and secondary bone cancers are a class of 

pathologies which can strongly benefit from HT [7]-[9]. 

Osteosarcomas (OS) are aggressive cancers, have high-

recurrence (40%) and metastatic (20%) rates, while being 

radio-resistant bone tumors [7]. Currently, surgical resection is 

the gold-standard approach [7], [8]. However, the surgery 

consists in amputation or limb-sparing tumor resection, 

resulting in disabling outcomes [8], [9]. Alternative strategies 

are studied, e.g., cryotherapy or embolization, but they are still 

at the experimental stage [7]. Recently, the clinical outcomes 

of HT as an adjuvant biophysical therapies are gaining the 

interest of scientific community [10]. Microwave 

hyperthermia treatment (MW-HT) as a standalone therapy 

showed insufficient clinical outcomes [11]-[14], while 

combined to other therapies, can lower the recurrence rate of 

more than 20%, but results in a postoperative 30% fracture 

rate, ascribed to bone weakening [11], [12]. Besides the 

specific limitations of surgery and MW-HT, both approaches 

require a graft or a biomaterial, i.e., a scaffold, for post-

operative management. 

By combining the strict anti-cancer therapeutics and the 

postoperative orthopedic requirements, the technological 

advancements in hyperthermia delivery lead to the innovative 

idea of manufacturing nanostructured magnetic biomaterials to 
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be used as implanted thermo-seeds to perform local, interstitial 

HT of bone cancers by applying an external radio-frequency 

(RF) field [15]-[24], as shown in Fig. 1. A so-called magnetic 

scaffold (MagS) can be obtained by chemical doping of 

bioceramic or physical loading of magnetic nanoparticles 

(MNPs) in a polymeric matrix to obtain a multifunctional and 

theranostic device [15]-[27]. When exposed to a time-varying 

magnetic field, the MNPs embedded in the implanted 

biomaterial dissipate magneto-energy into heat, which is 

transferred by conduction to the surrounding pathologic 

tissues [17], [21]. As shown in Fig. 1, after the elimination of 

the residual cancer cells upon control of local recurrence, 

MagS could be used to regulate and enhance the bone healing 

process [28]-[34], or by allowing magnetic resonance imaging 

(MRI) for tissue healing and implant monitoring [35], [36].  

To date, magnetic hydrogels were obtained by blending 

procedure to include ferrite (e.g., γ-Fe2O3, Fe3O4, CoFe2O4) 

MNPs within the scaffold [16], resulting in moderate 

saturation magnetization (Ms) values (ranging from 0.1 to 11 

emu/g). MagS with more pronounced magnetic properties (Ms 

= 1-20 emu/g) were obtained by sol-gel techniques, co-

precipitation, hydrothermal process or other chemical routes to 

obtain intrinsically magnetic hydroxyapatite [37], β-tricalcium 

phosphate [17], [38], modified hardystonite (Ca2ZnSi2O7) [24] 

or bredigite (Ca7Mg(SiO4)4) scaffolds [39]. For bioceramic 

MagS, the amount of magnetic crystalline phase, the final 

microstructure, and the particle’s interactions are key factors 

in determining the hyperthermia potential [17], [21]. The 

tuning and control of these parameters can be rather complex, 

and the process synthesis can be relatively expensive [21].  

In this context, the use of polymeric matrix for MagS was 

investigated. Electrospinning of chitosan, poly(lactic acid) 

(PLA), polyvinyl alcohol (PVA), and silk fibroin was 

performed to obtain magnetic, quasi-3D nanofibrous 

structures, with a Ms of about 2-8 emu/g, but limited 

hyperthermia and regenerative potential [40], [41]. A 3D 

printed magnetic nanocomposite scaffold made of poly-

caprolactone (PCL) filament loaded with Fe3O4 MNPs 

demonstrated a heating rate of 1°C/min when exposed to a 

field intensity of 15 mT and at a frequency of 293 kHz [42]. 

More complex, biomimetic scaffold geometries can be 

magnetized following dip-coating or ferrofluid impregnation 

procedures [40], [43]-[47]. The easy technique consists in the 

physisorbtion of a MNPs colloidal suspension in the 

biomaterial surface defects and inhomogeneities by capillarity. 

With these methods, a hybrid collagen-hydroxyapatite matrix 

can be loaded with 1-5 wt.% of MNPs and reach 15 emu/g if 

the procedure is repeated multiple times [45]. Similarly, silk 

fibroin scaffold can be magnetized successfully by ferrofluid, 

showing hyperthermic potential [47]. However, it is worth to 

highlight that the impregnation procedures do not guarantee a 

uniform dispersion of the MNPs in the scaffold matrix, as 

underlined by the static magnetic measurements of [43], which 

measured a 20% variation of the saturation magnetization in 

about 5 mm. Diphasic distribution of maghemite MNPs in 

polymers was studied [44], with poor reasoning on the design 

and implications. Overall, state-of-the-art analysis [43]-[47] 

highlight that the influence of how the loading pattern could 

affect the MagS performance was investigated only from a 

numerical point of view, without the support of experimental 

data [48]. As a matter of fact, the tuneability and 

controllability of the production process have never been 

investigated in relation to the functional properties and final 

applications. Since MagS can be interpreted as a novel, more 

bio-compatible version of steel thermo-seeds used for the 

treatment of deep-seated tumors [17], [21], [49], [50], they are 

constrained to the high-quality assurance criteria of interstitial 

hyperthermia [51]. It is therefore mandatory to investigate, 

from an engineering point of view, how and if different 

loading patterns could hamper the HT of bone tumors.  

In this work we aim to investigate if and how the 

magnetization degree and loading pattern of magnetic 

scaffolds can influence the outcome of the HT of bone tumors. 

To this aim, the design and production of magnetic scaffolds 

was achieved by controlled deposition of ferrite magnetic 

nanocrystals (MNCs) on commercial PCL scaffolds featuring 

a 90°-shifted highly porous mesh. The manufactured magnetic 

scaffolds are characterized in terms of static magnetic 

response. The amount of magnetic phase and thermal stability 

are assessed through differential scanning calorimetry and 

thermogravimetric analysis. The morphological investigation 

is carried out by electron microscopy and the spatial 

distribution of the MNCs in the scaffold volume is retrieved 

by THz tomography. By combining the magnetic properties 

and the loading patterns, we performed numerical nonlinear 

and multiphysics simulations to investigate the influence of 

the spatial distribution of MNPs in the scaffold on the quality 

of the hyperthermia treatment of bone tumors. 

 
Fig. 1. Magnetic Scaffolds as theranostic system: after the insurgence of a bone tumor, surgery is carried out and the bone gap can be filled with 
a magnetic prosthetic implant. Then hyperthermia treatment (HT) is performed by applying a radiofrequency (RF) magnetic field of clinical use. 
HT has direct toxic effects on the cells and has the potential of enhancing radiotherapy and chemotherapy effectiveness. After local recurrence is 
controlled, the magnetic scaffold can be used as a tool for accelerating bone repair and regeneration. 
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II. MAGNETIC SCAFFOLDS PREPARATION 

A. Magnetic Nanoparticles Synthesis and 
Characterization 

The preparation of iron oxide magnetic nanocrystals 

samples (MNC1 and MNC2) was performed through a 

modified partial oxidation route protocol [52]. Briefly, iron 

(II) sulfate (FeSO4•7H2O) was let react under N2 atmosphere 

at 90°C with potassium nitrate (KNO3) and potassium 

hydroxide (KOH, all from Sigma Aldrich) in water. MNCs 

were isolated from the reaction mixture by magnetic 

separation, washed and re-dispersed in water.  

Samples features were investigated by transmission electron 

microscopy and X-ray diffraction (XRD). XRD patterns were 

recorded using Cu-Kα radiation on a Panalytical Empyrean 

diffractometer equipped with a graphite monochromator on 

the diffracted beam and an X’Celerator linear detector. 

Transmission electron microscopy (TEM) images were 

recorded on a Hitachi H-7000 instrument running at 125 kV 

and on a Jeol JEM 1400 Plus operating at 120 kV. Samples for 

TEM observation were deposited on a C-coated copper grid. 

The XRD patterns (see Figure S1, in SM1 of the 

Supplementary Material) are quite similar for the two MNCs 

samples and are consistent with the formation of 

nanocrystalline iron oxide with a spinel structure which can be 

ascribed to the formation of magnetite (Fe3O4) and/or 

maghemite (γ-Fe2O3). The XRD peak broadening suggests that 

MNC1 features larger average crystalline domains as 

compared to MNC2.  

Fig. 2. a) Magnetic scaffolds fabrication: magnetic nanocrystals 

(MNCs), dispersed in water, are dripped onto the PCL scaffolds and 

the deposition is carried out under the driving force of the external 

magnet. b) i) Examples of arrangements of waterproof adhesive tape 

as masks for patterning the MNCs in the biomaterial ii) Example of the 

sample preparation during the drop-casting. c). Optical images of the 

PCL scaffolds loaded with magnetic nanocrystals as obtained by the 

proposed modified drop-casting process. The manufacturing method is 

controlled to result in a wide variety of magnetic nanoparticles 

distribution, and patterns in the biomaterial. 

In particular, the average size of crystalline domains 

(<d>XRD) as assessed through the Scherrer equation based on 

profile fitting by Panalytical Highscore software and corrected 

by instrumental broadening using a lab reference, turned out to 

be 58 nm and 32 nm for MNC1 and MNC2, respectively. 

TEM analysis supports the nanocrystalline nature of the two 

samples, indicating the occurrence of nanocrystals with cubic 

and cubo-octahedral morphology (see Figure S1), together 

with some elongated nanocrystals which appear in MNC1, 

likely associated with goethite. The average size of the 

nanocrystals is consistent with XRD data; in addition, TEM 

indicates that MNC1 shows a broader size distribution as 

compared to MNC2. 

B. Scaffold Loading by Drop-Casting 

In this study, the polymeric scaffolds produced by 3D 

Biotek (3D Biotek LLC, NJ, USA) were purchased from 

Sigma-Aldrich (Merck KGaA, Darmstadt, Ge). These standard 

PCL disks have a 5 mm diameter and are 1.6 mm in height. 

The set of 3D-Insert is constituted by a 90°-interlaced fiber 

architecture, with a fiber diameter of 300 µm, spaced by 300 

µm, resulting in a nominal porosity of about 80%. A 

representative image of the bare, unloaded PCL scaffold is 

reported as M0 in Fig. 2. 

In order to produce the MagS, the water-based dispersion of 

the MNCs was first sonicated and then a drop was deposited 

on the PCL scaffolds, as depicted in Fig. 2.a. NdFeB 

permanent magnet (Webcraft GmbH, DEU, S-20-20-N, 

diameter 10 mm, height 20 mm, 20 mm, 4.5 kg of attraction 

force, ∼1T at the surface) was located at the bottom of the 

PCL scaffold in order to promote the MNCs uptake. Finally, 

the scaffold was dried in a furnace at 40°C, under static air. 

For the production of magnetic scaffolds M1 to M6, sample 

MNC1 was used, and ten magnet-guided depositions followed 

by drying was performed to achieve a different loading of 

nanoparticles. Polymer modification through the incorporation 

of MNCs is an easy manufacturing approach, which allow to 

obtain desired patterns, also homogeneous distributions. 

Scaffolds labeled as Strip, PCL FeOx 14-16 were prepared by 

deposition of sample MNC2. In this case, before the 

deposition process, a water-repellant tape with the desired 

pattern was applied to one side of the original PCL scaffold. 

The tape limits MNC deposition in the selected area, leading 

to non-homogeneous distribution of MNCs in the scaffolds, as 

shown in Fig. 2.b. Then, the tape was removed, and the 

scaffold was dried at 40°C. The resulting MagS samples are 

shown in Fig. 2.c. 

III. METHODS FOR MAGNETIC SCAFFOLD CHARACTERIZATION  

A. Static Magnetic Measurements 

Static magnetic characterizations were carried out using a 

super-conducting quantum interference device (SQUID) from 

Quantum Design (MPMS XL EverCool). Magnetic scaffolds 

have been loaded inside the instrumentation with a 

perpendicular orientation with respect to the applied magnetic 

field. All magnetization curves were acquired exploiting high 

sensitivity Reciprocating Sample Option (RSO), applying 

fields between – 7 and 7 Tesla at a constant temperature of 

310 K (37°C), in order to replicate the susceptibility of the 



M. B. Lodi et al.: Influence of Magnetic Scaffold Loading Patterns on their Hyperthermic Potential against Bone Tumors 4 

particles at physiological temperatures. 

The measured magnetization curves (M, in emu) were fitted 

to the following equation [53]: 

 

  (1) 

 

where  is the average amount of MNPs loaded in the 

biomaterial matrix, MS,MNC is the saturation magnetization of 

the single nanoparticle, µmnp is the nanoparticle longitudinal 

magnetic moment (J∙T-1) and B is the applied external, 

longitudinal magnetic flux density (in T), kB is the 

Boltzmann’s constant and T is the system temperature (in K). 

The nanoparticle longitudinal moment is defined as the 

product of the particle volume (Vm, in m3) and MS,MNC [43], 

[45], [53].  The fitting is performed using Matlab 2021a (The 

MathWorks Inc., MA, USA) considering as unknown the term 

.  

The response of the manufactured magnetic scaffolds was 

also evaluated measuring by visual inspection on a ruled paper 

(± 1 mm of grid spacing) the minimum distance of attraction 

in presence of a static magnetic field generated by the same 

permanent NdFeB magnet used during the drop-casting 

procedure, as done in [28] and [55]. The measurement was 

repeated three times per each MagS to compute the mean and 

standard deviation. 

B. Morphological Characterization and Microstructure 
Observation 

The presence, clustering, and distribution of the MNPs in 

the polymeric matrix, as well as the scaffold internal 

morphology were verified with Scanning Electron Microscopy 

(SEM) imaging. The JEOL JSM-7500FA (JEOL, Jap) 

microscope from Electron Microscopy Facility at IIT (Genoa, 

IT) was employed to assess the spatial distribution of the 

MNCs in the produced magnetic scaffolds samples. The SEM 

images were analyzed using the open-source software Image 

Processing and Analysis in Java (ImageJ, NIH Gov.). The 

distributions of the pore size, the radii of the magnetic 

nanoparticles and the presence of clusters in the scaffolds were 

assessed. 

C. Differential Scanning Calorimetry and 
Thermogravimetric Analysis 

The simultaneous Differential Scanning Calorimeter (DSC)-

Thermogravimetric (TGA) analyzer SDT Q600 (TA, New 

Castle, DE) was used to determine the MNCs loading in a 

selected scaffold [40], [54], [55] A 40 µl alumina pan was 

used as a sample holder. The initial temperature was 20°C. 

The protocol consists of a heating ramp with a slope of 

20°C∙min−1 up to the final temperature of 1000°C, under N2 

sample purge flow at a flow rate of 100 mL/min. 

The temperature values at different mass percentages 

(T10% T50% T90%) are considered. The first and second 

derivatives of the weight vs. Temperature were investigated. 

D. THz Tomography  

Nowadays, several approaches are considered for  

characterizing the pore size, distribution, and architecture of  

 
Fig. 3. Zomega FiCO System: Imaging module  

 
Fig. 4. Data Measured by the FiCO system. (a) Acquisition of THz data 
along a line a-a’. (b) Single point measurement. 

biomaterials [56], [57], as well as drug loading capabilities or 

functional properties [58], [59]. Among these, THz imaging is 

of interest because it allows for sample characterization 

without compromising its integrity. Furthermore, THz 

imaging is cheaper, faster than other imaging techniques, such 

as MRI, even though demands for specific post-processing 

procedures [56]-[59]. Herein, THz Time of flight (TOF) 

imaging technique [60] has been exploited to estimate the 

spatial distribution of MNPs in the PCL scaffolds. 

THz TOF Imaging, also known as THz pulsed imaging 

(TPI), has the unique property of providing a 3D “map” of the 

object by exploiting data collected in reflection mode [60]. In 

brief, the object is probed by a pulse signal and the reflected 

waveform is collected as a time-dependent function in a 

certain observation time window. The reflected pulses and 

their temporal delay reveal the internal structure of the sample 

(if the object is nonmetallic). The time of flight (TOF) t that 

the waveform employs to propagate from the emitter to an 

electromagnetic discontinuity and to go back to the receiver, is 

related to the distance d between the THz probes and the 

detected discontinuities as 

 

           (2) 

 

v being the electromagnetic wave propagation velocity into the 

object.   

THz data have been collected by means of the Zomega THz 

FiCO system [61]-[63] available at the Institute for 

Electromagnetic Sensing of the Environment - National 

Research Council of Italy (IREA-CNR). The system is 

equipped with an ad hoc designed imaging module (see Fig. 3) 

and collects data in normal reflection mode in 40 GHz up to 3 

THz frequency range. Fig. 4 describes the measurement 

process of the FiCO system. The system provides 3D data (2D 

in space + 1D in time) collected using an automatic planar 
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Fig. 5. Multi Steps procedure used to extract 2D magnetic 

nanoparticles (MNPs) distribution map. 

 
 

Fig. 6. Example of the developed THz data processing applied to the 
sample PCL15: a) raw THz data in false color. b) THz data after band 
pass and singular value decomposition filters. c) 2D map of the 
propagation time distribution (in picoseconds) in a magnetic scaffold 
(PCL-FeOx15). d) propagation time for the reference blank scaffold. e) 
time delay difference. f) sample loaded homogeneously with MNCs. g) 

threshold mask. h) 2D magnetization map. 

scan, moving along x and y directions (see Fig. 4.a), within a 

100 ps observation time window. At each measurement point, 

the air–object interface as well as all the electromagnetic 

discontinuities inside the object generate reflections, which are 

recorded as a time-dependent waveform. Fig. 4.b shows an 

example of a single-point measurement. THz data have been 

gathered on a 10 mm x 10 mm wide scan area, which is 

discretized by square pixels whose side is 0.12 mm, for all the 

samples analyzed (see Fig. 2.c). The samples have been placed 

on a support to have a unique spatial reference.  

THz data have been processed by means of a multi-step 

procedure described in Fig. 5 and 6. The ad-hoc procedure 

developed to process THz data is articulated in two main 

processing steps: i) Signal Filtering and ii) MNCs Distribution 

Estimate, see Fig. 5. In Fig. 6 output of each step along with 

the optical image of the sample PCL-FeOx15 are given. 

The Signal Filtering step consists in the application of a 

band pass filter followed by a singular value decomposition 

(SVD) procedure (Fig. 5). The band pass filter is designed to 

select the effective spectrum of the signal [60] and is applied 

to the raw data. Then the SVD of the data matrix is computed 

and exploited as further filtering [61]. The aim is to reduce  

 

Fig. 7. Average A-scan. The time t that the waveform employs to 
propagate inside the object is given by t = t2 -  t1 where t1 corresponds 
to the beginning of the scaffold (air/object interface) and t2 corresponds 
to the temporal position of the last peak due to object/support interface. 

 

 

Fig. 8. Average THz signal collected for a single pixel: t0 corresponds 
to the temporal position of the first peak due to the air/object interface,  
tf corresponds to the temporal position of the last peak due to the 
object/support interface. THz signal propagation time in the sample 
analyzed at the single-pixel discretizing the scan area is evaluated as 
the difference between tf and t0. 

low and high-frequency noise affecting collected data. The 

false-color images in Fig. 6.a and Fig. 6.b show, at each 

investigated pixel, the maximum amplitude of the raw 

collected data and the filtered ones, respectively. 

The MNCs Distribution Estimate aims at providing a 2D 

image representing a map of the MNCs distribution and  

consists of four steps as described in the flow chart shown in 

Fig. 5: 1) Refractive Index Estimation; 2) Propagation time 

delay map; 3) Threshold Estimate; 4) MNCs Distribution. 

The Refractive Index Estimation aims to characterize the 

object under test from an electromagnetic point of view. In 

particular, v is derived from the TOF. The t has been estimated 

from an A-Scan obtained by averaging the collected 

waveforms of the scanned area intercepting the sample as t = 

t2 – t1 (see Fig. 7), where t1 corresponds to the beginning of 

the scaffold (air/object interface) and t2 corresponds to the 

temporal position of the last peak due to object/support 

interface. On the other hand, the thickness of the samples is a 

known value and is shown in Tab. I for all samples. The 

refractive index is given by   being c the propagation velocity 

in vacuum. The results obtained for all the samples analyzed 

are shown in Tab. I. 

The propagation time delay map is evaluated through the 

following procedure. First, the propagation time of the THz 

signal within the sample under test is compared with the one 

that would be measured in the reference conditions (that is 

without MNCs). For the sample under test, the propagation 

time has been evaluated, for each pixel of the scanned area 
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intercepting the sample, as the values ranging from t0 = 0 

corresponding to the time location of the first peak (due to the 

air/scaffold interface) and tf corresponding to the position of 

the last peak (due to the object/support interface, see Fig. 8). 

This propagation time depends on the material wherein the 

signal propagation occurs and it is therefore affected by the 

presence and the amount of the MNCs. For reference, the 

propagation time has been computed by considering a 

homogeneous object having the same thickness of the scaffold 

under test and the refractive index estimated for the sample 

M0, i.e. the scaffold without MNCs (n = 1.73 as shown in 

Tab. I). Finally, by subtracting (pixel by pixel) the reference 

propagation time from the propagation time appraised in the 

sample under test, a 2D differential map was obtained. This 

map is referred to as a propagation time delay map. For 

example, Fig. 6.c shows the 2D map of the propagation time 

distribution (in ps) of the measured signal of PCL FeOx 15 

sample, while Figure 6.d shows the propagation time for the 

reference and Fig. 6.e the time delay difference. 

The third step of the MNPs Distribution Estimate deals with 

the identification of a threshold value that allows the detection 

of the areas of the samples characterized by the presence of 

MNPs. To set this threshold value, another reference image is 

generated by computing the t that would be measured in a 

sample homogeneously loaded with MNC (Fig. 6.f). This 

value is derived using the TOF formula (2) where d is the 

thickness of the sample under test and v is the electromagnetic 

wave velocity in an object having the refractive index 

estimated for the scaffold under test (see Tab. I). Then, a 

threshold mask is obtained by taking the difference between 

the two references propagation times, i.e., the times of flight 

for the reference sample with and without MNPs (see Fig. 

6.g). This mask is used to threshold the propagation time delay 

map (Fig. 6.e) and to obtain a binary magnetization map (Fig. 

6.h). In this image, the pixels where the propagation time is 

larger than the threshold are set to one being the pixel where 

the presence of the MNCs most significantly affects the THz 

signal during its propagation through the sample. The binary 

magnetization map is the output of the Threshold Estimate 

step and allows also the estimate of a Magnetization Index 

(Im), synthetically encoding the amount of MNCs present in 

the sample under test (for a homogeneous reference). The Im 

value has been calculated as the ratio between the number of 

pixels containing MNPs (yellow pixels marked with “1” in 

Fig. 6.h) and the total number of pixels discretizing the 

scanning area and intercepting the sample. Table I shows the 

values of Im for all the scaffolds analyzed. Finally, in the 

MNCs Distribution Step, a 2D MNCs distribution map (Fig. 

6.i) is obtained by multiplying pixel by pixel the binary 

magnetization map times (Fig. 6.h) and the map of the filtered 

THz signal amplitude (Fig. 6.b). Fig. 6.i shows the parts of the 

sample under test where MNPs are mostly concentrated and 

are used to evaluate the potential of the manufactured 

magnetic scaffolds for the hyperthermia treatment of bone 

tumors.  

 

Fig. 9. Geometry for the in silico study of hyperthermia treatment of 

bone tumors with magnetic scaffolds (MagS). The system geometry is 

a layered model of a physiological arm with a surgically reduced 

osteosarcoma tumor, having radius rt = 5 mm. A MagS, with radius rsc 

= 5 mm, is assumed to be implanted for bone repair. The geometry is 

symmetric with respect to the x-axis. 

E. In Silico Tests of Hyperthermia Treatment with 
Magnetic Scaffolds 

The aim of this work is to investigate if and how the loading 

patterns of magnetic scaffolds could affect the hyperthermia 

treatment of residual bone tumor cells, shown in Fig. 1. We 

characterized the physiochemical properties of MagS 

implemented through the drop-casting and derived essential 

information for performing extensive and accurate in silico 

experiments of the hyperthermia treatment of bone tumors.  

As depicted in Fig. 9, a MagS, with a radius of 5 mm, is 

assumed to be implanted after the surgical resection of an 

osteosarcoma tumor, which leaves a margin of residual cells 

0.5 mm thick, grown between the marrow and the cortical 

region of a human upper limb. The system geometry, shown in 

Fig. 6, is a layered surface phantom consisting of a skin layer 

with thickness ts of 1.5 mm, a fat and a muscle layer having 

thicknesses tf  = 10 mm and tm = 36 mm, respectively. The 

bone humerus, with radius rbm + tb = 20 mm and the bone 

marrow (BM), having radius rbm = 10 mm, are taken as the 

center of the coordinates system. The brachial artery and vein 

were considered in the geometry to account for the heat 

transfer. The system is assumed to be exposed to the magnetic 

field generated from a solenoid working at frequency f. The 

electromagnetic properties of the tissues are taken from [48] 

and reported in the Supplementary Material. 

In this framework, the spatiotemporal dynamics of the 

temperature of the biological tissues during the HT can be 

studied by solving the Pennes’ Bio-Heat equation (PBHE)  

 

  (3) 

 

where ρ is the tissue density in kg∙m−3, Cp is the specific heat 

capacity in Jkg-1K-1, k is the thermal conductivity in Wm-2K-1. 

The terms ρb, Cp,b and ωb indicates the blood thermal 

properties and blood perfusion (in s-1), respectively. The 

thermal properties are reported in sect. SM2 of the 

Supplementary Material. The PBHE is solved assuming as 

initial distribution the steady-state temperature distribution 

resulting in the equilibrium of a 37°C for all tissues and an air 

temperature of 25°C. Heat exchange by convection is assumed 

at the skin-air interface, given a convection heat transfer 

coefficient of 7.7 Wm-2K-1. At the muscle-vessel boundaries 

an effective convection mechanism is assumed [48]. 

The total electromagnetic (EM) power per volume unit 

dissipated during the HT in the system (QEM), which is the 

sum of the power dissipated by the induced RF currents (Pe = 
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σ|E|2, where σ is the electrical conductivity, in Sm-1, and E is 

the electric field in Vm-1) and the magnetic losses due to the 

implanted MagS, i.e. [48] 

 

       (4) 

 

where f is the working frequency, in Hz, µ0 is the vacuum 

magnetic permeability equal to 4π∙10−7 Hm-1, H is the 

magnetic field in Am-1, whilst χ'' is the imaginary, out-of-

phase part of the magnetic susceptibility of the thermo-seed. 

The external magnetic field is turned on at t = 1 min and off at 

t = 80 min. The term ϕm, i.e., the amount of nanoparticles 

inside the scaffold is assumed to be an unknown function of 

space 

 

        (5) 

 

The loading pattern ϕ(x,y), which depends on the processing 

conditions, is obtained from THz tomography, as shown in 

Fig. 6 and Fig. 7. We used the post-processed THz images to 

derive a closed-form equation for each of the ten scaffolds 

shown in Fig. 3.c. To this aim, the MNCs distributions were 

translated and fitted to a finite series of radial basis functions 

using Matlab “lsqcurvefit” function (see section SM3 in the 

Supplementary Material). 

Previous literature works [48], [53], [64], considered , 

i.e., the volume-averaged amount of MNPs in the biomaterial, 

which can be derived from the static magnetic measurements 

or DSC-TGA analysis. However, this assumption leads to a 

misleading estimation of the hyperthermia treatment 

parameters. 

The power dissipated by the MagS [Eq. (4)] depends 

linearly on the particle volume and quadratically from the 

saturation magnetization of the MNCs, but it also depends 

linearly on the volume fraction. It is worth noting that the 

wavelength of the RF field applied for performing the 

interstitial HT is much higher than the size of the implant and 

the average spatial variation of the MNPs profile (i.e., 

 - few meters compared to sub-mm 

features). Despite the sub-wavelength variation, the EM 

problem can be approximated to a quasi-static regime and, 

from the thermal point of view, a variability in the loading 

patter can lead to significant differences in terms of final 

tumor temperature and treatment quality. 

The HT of bone tumors with MagS is a non-linear and 

multiphysics problem [48], [64]. Indeed, dissipated power 

from tissues and scaffolds is not constant during the treatment, 

but changes as the system temperature modify. The dielectric 

permittivity and electrical conductivity of tissues, σ, is 

assumed to vary with temperature (see SM2) [48]. 

Furthermore, the thermal properties cannot be considered as 

constant, especially the blood perfusion of healthy and tumor 

tissues [48]. Therefore, the coupled electromagnetic-thermal 

problem was solved using a frequency-transient solver with 

Comsol Multiphysics v5.5 (Comsol Inc., Burlinghton, MA 

USA) [48]. 

IV. RESULTS 

A. Characterization  

The static magnetic response of the magnetic scaffolds 

manufactured with the proposed drop-casting technique was 

investigated. The saturation magnetization values for the used 

MNCs, at room temperature, are expected to be 

superparamagnetic and in the range from 70-80 Am2kg−1, 

based on investigation of similar samples [53]. The static 

magnetic response of the MagS manufactured by the drop-

casting procedure is presented in Fig. 10.a. All the scaffolds 

present a superparamagnetic behavior, with negligible 

coercive forces. The MagS with the higher saturation 

magnetization are the sample M6 and PCLFeOx16 (Fig. 2.c), 

as can be observed by Fig. 10.a (~8.8 and 7 emu/g). This 

strong magnetic characteristic is due to the 12.1% of MNCs 

loaded in it. From Tab. I, despite these two exceptions, it is 

possible to notice that samples loaded with similar MNCs 

populations present a coherent distribution of saturation 

magnetization and loading values (i.e., M1-M5 scaffolds, 

loaded with MNC1 particles, present very similar saturation 

magnetization and loading values). From the findings reported 

in Fig. 10.a and Tab. I, it is possible to notice that the drop-

casted method for manufacturing MagS results in average 

saturation magnetization of about 3.062 ± 2.664 emu/g, for an 

average loading of about 2.420%. The static magnetic 

magnetic measurements are confirmed by the attraction  

 

Fig. 10. a) Scaffold magnetization as a function of an external static 
magnetic field for the ten scaffolds (M1-M6, PCL FeOX 14 - PCL FeOx 
16) and the reference, unloaded PCL disk (M0). b) Minimum attraction 
distance (cm) from the NdFeB magnet. The standard deviation for 
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three repated measurements is reported. 

TABLE I 
MAGNETIC MEASUREMENT FITTING AND PROCESSING OF THz 

SCANS  
Sample Ms 

(emu∙g-1) 
 (%) R2 d 

(mm) 

n Im 

M0 0.0001 0 - 1.30 1.73 0 

M1 1.4672 1.9987 0.9867 1.28 1.80 0.46 

M2 1.0103 1.3610 0.9991 1.27 1.75 0.30 

M3 2.6723 3.6629 0.9894 1.4 1.76 0.50 

M4 1.9269 2.6322 0.9654 1.5 1.74 0.14 

M5 1.400 1.9059 0.9904 1.36 1.81 0.46 

M6 8.8664 12.1011 0.9231 1.20 1.84 0.66 

PCL FeOx 14 2.6118 2.0142 0.9663 1.26 1.82 0.80 

PCL FeOx 15 1.9609 2.387 0.9815 1.21 1.81 0.49 

PCL FeOx 16 7.0472 8.466 0.9270 1.24 1.80 0.34 

STRIP 1.6642 2.026 0.9670 1.30 1.79 0.45 

 

 

Fig. 11. Example of the relative weight (W%), and its first derivative, 
versus temperature for the sample M5. The temperatures at 90%, 50% 
and 10% of the initial weight are highlighted. The residual magnetite 
mass is evaluated at 600°C. 

distances shown in Fig. 10.b. Indeed, for the M6 and 

PCLFeOx16, the measured minimum attraction distance of 

2.5-3.0 cm ± 0.2 cm.  

The results of TGA characterization for the bare (M0) and 

MNCs-loaded scaffold (M5) are reported in Fig. 11. The TGA 

curve of the bare PCL scaffold (M0) shows a single relevant 

weight loss which takes place at around 400°C. The thermal 

behavior of the polymeric matrix is coherent to the analysis 

from [54], [55].  

This main mechanism of weight loss is also observed in 

the MNCs-loaded (M5) scaffold. On the other hand, as no 

mass variations due to the PCL substrate are expected above 

this temperature, the weight at 600°C was used to assess the 

MNCs overall loading in the substrate ( ), which in the 

case of the M5 scaffold turned out to be ~1.89 wt.%, for an 

approximate weight of 0.036 mg of magnetite.  

The value of MNCs loaded in the scaffold found by DSC-

TGA is very similar to the values obtained by the fitting 

procedure, resulting in a difference below 1% (Tab. I). 

The MNCs distributions for the ten MagS are reported in 

Fig. 12. From the processing of the high-THz signals and  

 
Fig. 12. The 2D MNCs distribution maps for the eight magnetic 
scaffolds manufactured with drop-casting method. The aggregated 
results in terms of Magnetization indexes (Im) are reported in Tab. I. 

 

Fig. 13. Refractive index (n) and magnetization index (Im) as a function 

of the loaded volume fraction of magnetic nanocrystals (MNCs), , 
and of the saturation magnetization of the magnetic scaffolds (in 
emu/g). The unloaded PCL, reference scaffold M0 and the sample M6 
are shown. 

scans (Sect. III.B), the refractive index (n) and the 

magnetization index (Im) were derived and reported in Tab. I.  

These physical quantities were investigated as a function of 

and correlated to the average volume fraction of MNCs in 

the scaffolds and the saturation magnetization, as shown in 

Fig. 13. From Fig. 13, it is possible to notice that both 

indexes increase in a non-linear, sigmoid-like fashion for 

increasing content of MNCs and saturation magnetization 

values. The average refractive index is about 1.785 ± 0.35, 

with a maximum difference of 3.5% between the highly 

magnetized M6 sample and the reference, unloaded PCL 

matrix. In this framework, the proposed magnetization index  
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(Im) allows coping with smaller differences between the 

different MagS (Tab. I, Fig. 13). 

B. Simulations Results  

The samples manufactured by the drop-casting procedure, 

shown in Fig. 3, were characterized by SQUID 

magnetometry to obtain the scaffold saturation 

magnetization (Ms), the maximum amount of MNPs in the 

sample ( ) and the loading pattern of the biomaterial 

(ϕ(x,y)). These information were used to simulate the 

hyperthermia treatment of bone tumors using the different 

MagS samples. By using the profiles derived from THz 

scans, shown in Fig. 12, the hyperthermia treatment of MagS 

was investigated in silico. 

Given the fitting parameters from Tab. I, the magnetic 

power losses (Pm, Eq. (4)) for MagS were estimated (see Fig. 

S7 in the Supplementary Material). In the simulations of the 

hyperthermia treatment of bone tumors we set the magnetic 

field to an amplitude of 30 mT and a working  frequency of 

300 kHz [37], [42], [48], [64]. MagS loaded with MNC2 

exhibit a higher hyperthermia potential. Indeed, Pm is about 

one order of magnitude higher than those of MNC1-loaded 

scaffolds (Fig. S7, Supp. Mat., due to the smaller size of the 

MNC2 nanoparticles (32 nm vs. 58 nm) [68]. 
Multiphysics, non-linear simulations were used to 

investigate how the spatial distribution could also influence 
the power deposited power, and are shown in Fig. 14. The 
Specific Absorption Rate (SAR) distribution was assessed to 
evaluate if the deposited power could harm any non-target 
tissue (Fig. 14.a). For all MagS samples, the simulated SAR 

levels are elevated in the muscle and in the scaffold volume. 
By investigating the 2D temperature pattern, at t = 80 min, for 
the sample PCL FeOx 16 (Fig. 14.b), a hot region can be 
identified in the implanted thermoseed volume and in the 
tumor region, whilst in non-target tissues temperature a more 
in-depth analysis is required. Therefore, the maximum 
temperature in the skin, fat, muscle, bone and bone marrow 
tissues was considered and the average ± standard deviation, 
computed across all MagS samples, was reported in Fig. 14.c.  
From the analysis of the time evolution of the average 
temperature in the osteosarcoma tumor region (Fig. 14.d), the 
scaffolds M3, M5 and M6, but also PCLFeOx14-16 can reach 
and withstand the therapeutic temperature range, whilst the 
features of M1, M2 do not enable effective treatment. Under 
the simulated treatment conditions, the samples M4 and 
STRIP are very close to the threshold value and a slight 
adjustment to the extrinsic field parameters would result in an 
enhanced dissipation. The very different therapeutic outcome 
could be understood by observing that temperature patterns, at 
the final time of 80 min, along the x- and y-directions varies 
for all the magnetic scaffolds differs, depending on the loading 
pattern, in terms of peak height symmetry and broadness, as 
shown in Fig. 14.e and Fig. 14.f. 

V. DISCUSSION 

The results presented in Tab. I and Figs. 10-14 elucidate that 

the loading patterns of magnetic scaffolds can affect the 

potential therapeutic capability of these multifunctional 

devices against bone cancers, regardless the features of the 

MNCs. 

 

 
Fig. 14. a) Simulated bi-dimensional distribution of the Specific Absorption Rate (SAR), in W/kg, at t=80 min for the PCL FeOX 16 magnetic 
scaffold. b) Simulated 2D distribution of the temperature, in °C, at t = 80 min for the sample PCL FeOX 16. c) Maximum temperature, in °C, in 
the healthy tissues (skin, fat, muscle, bone and bone marrow) during the hyperthermia treatment. The temperature is presented as the average 
± standard deviation computed for all samples. d) T50 vs. time for the drop-casted magnetic scaffolds. The shaded area represents the 
therapeutic range. e) Temperature profile along the x-coordinate (y = 0), at t = 80 min, for all the magnetic scaffolds. e) Temperature profile 
along the y-coordinate, passing through the scaffold, at t = 80 min, for all the magnetic scaffolds.   
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A first explanation can be ascribed to the fact that the 

different spatial loading can impact the static magnetic 

properties of the sample, as shown in Fig. 10 and Tab. I. The 

drop-casting method developed for obtaining different loading 

pattern of magnetic scaffolds, can result in rather different 

distributions of the MNCs in the samples and, therefore, 

clusters can form, which may influence negatively the final 

magnetic properties after the loading procedure. In this 

framework, the possibility of non-linear magnetic effects due 

to the loading may arise [40], [43], [45], [66]. From the SEM 

images reported in Fig. S5 (Sect. SM4, Supplementary 

Material) it can be noticed that the MNCs are mostly 

distributed on the surface of PCL fibers, but the iron presence 

can be tracked also within the low magnetization samples M2 

and M4. As confirmed by Fig. S6, the magnetization 

procedure causes some regions where the MNCs are 

concentrated and presenting large (~23 μm), irregular 

aggregates, which determines an increase in the particle-

particle interaction level. The manufactured MagS presents 

appealing magnetic features, concerning the available 

literature counterparts. Indeed, the attraction distances shown 

in Fig. 10.b are comparable to those reported in [28] for 

cylindrical PGA scaffolds of 0.9-1.5 cm in diameter, with 2-

8% loading of commercial 20 nm magnetite particles (Ms 

ranging from 2.5 to 8 emu/g). The magnetization of our drop-

casted MagS results in larger attraction distances, higher than 

the values of 0.4-0.8 cm reported in [55] for PCL scaffolds 

embedding 5% and 10% of 10 nm magnetite nanoparticles. 

These magnetic features make our drop-casted MagS 

appealing for bone tissue engineering [23]-[47], but especially 

for bone tumor hyperthermia [48].  

Given the promising comparison with other magnetic 

scaffolds synthesized and characterized for bone tumor 

hyperthermia [17], [26], [37], [38], [42], we evaluated the 

hyperthermic potential of the drop-casted magnetic scaffolds 

in silico, for the geometry in Fig. 9 [48]. The extrinsic, 

treatment parameters of 30 mT and 300 kHz are a reasonable 

trade-off between heat administration, healthy tissue safety 

[3], [67], while being in accordance with other literature 

studies [38], [42], [48]. The fact the MNCs in the scaffold are 

not homogenously distributed, as shown in Fig. 12, can affect 

the final heating performances against the residual 

osteosarcoma cells, as shown in the 2D SAR and temperature 

patterns in Fig. 14.a and 14.b. The average and peak (12 and 

30 W/g, respectively) SAR values in the MagS are comparable 

to that reported in the literature [21], [38]. As additional 

figures of merit, we consider the spatial variation of the 

temperature along the x- and y-axis and the T50, defined as the 

iso-temperature that cover at least 50% of the tumor volume, 

and allows to predict standard hyperthermia treatment quality 

[51], [69]-[71]. From Fig. 14.d, it is possible to notice that M1, 

M2 and STRIP samples would not be capable of reaching the 

therapeutic range, despite their saturation magnetization and 

average loading fraction (Tab. I) were promising and 

comparable to the other samples. However, by considering the 

MNCs distributions retrieved from THz scans (Fig. 12), part 

of the scaffold volume is not occupied by the MNCs, as 

supported by the computed magnetization index. By 

investigating the spatial distribution of the temperature inside 

the MagS, shown in Fig. 14.e and 14.f, we can support this 

assumption by underlining that the temperature gradients for 

these samples are too narrow and, in an anisotropic fashion, 

the heat diffusion to the surrounding target residual cancerous 

cells is not homogeneous. Therefore, during the HT with M1, 

M2 and STRIP sample, the healthy tissues does not experience 

overheating (Fig. 11.c). These findings support. Furthermore, 

by observing Fig. 11.d, it is possible to infer that the set of 

MagS drop-casted with MNC1 particles in a relatively more 

homogenous way (Fig. 12), i.e., M3, M5 and M6 are 

promising candidates for performing the hyperthermia 

treatment of bone tumors. Indeed, after 80 min of treatment, 

these thermo-seeds could reach T50 values of 42±11.8°C, 

40.9±1.5°C and 43±1.75°C, respectively. This is a noticeable 

result, since a reduced hyperthermia potential was expected. 

However, taking into account the spatial influence of the 

MNCs distribution, shown in Fig. 14.e and 14.f, the broader 

spatial arrangement can ensure a significant therapeutic 

hyperthermia treatment. On the other hand, the samples PCL 

FeOx 15 and 16, which presented an annular distribution of 

magnetic particles with high power losses, are also a valuable 

solution for administering the heat to the residual 

osteosarcoma cells. Indeed, together with the huge void 

volume in the biomaterial and the observed low magnetization 

index (Tab. I) the differences in MNCs with different features 

and the temperature gradients which are kept steep lowering 

the distance from the target should be taken into account (Fig. 

14.e, Fig. 14.f). It must be noticed that bone and bone marrow 

can experience a maximum temperature increase of about 

37.5±1.3 °C, for about 30 min, on average. Bone and bone 

marrow are in safe conditions, since these tissue damages if 

exposed to higher thermal doses, i.e. 47°C for 1 min [72], 

[73]. Furthermore, the heat stimulus delivered to healthy bone 

cells in the range of Fig. 14.c is known to be a positive 

stimulus for accelerating osteogenesis [74], [75]. Therefore, 

from our numerical simulations, the HT with MagS could be 

effective in enhancing the effectiveness of radio- and/or 

chemotherapy while initiating new bone formation, thus 

opening new clinical scenarios for using magnetic scaffolds in 

orthopaedic oncology.      

VI. CONCLUSIONS 

This work dealt with the investigation of the effects of the 

MNCs loading patterns on the hyperthermia potential of MagS 

against bone tumors. We developed a drop-casting method 

that allowed us to provide a set of different spatial 

arrangements of MNCs in a PCL matrix. Then, static 

magnetic, TGA and THz tomography characterization was 

carried out, combining the information in a unique 

multiphysics, non-linear model to investigate, in silico, the 

influence of the loading pattern on the quality of the 

hyperthermia treatment. From our analysis, we found that 

together with the intrinsic properties of the magnetic particles, 

their spatial arrangement in the biomaterial could be sought to 

perform an effective treatment. However, the heating of the 

target volume can present a large deviation of the temperature 

distribution, i.e. an average standard deviation of ±1.5°C 

around the therapeutic threshold values (Fig. S8, Supp. Mat).  

Overall, our investigation can provide valuable feedback 

and state that the manufacturing of homogenously loaded 
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MagS is advisable, although, the strategy of loading the outer 

edges of the scaffold can perform effectively. From our 

numerical study, to plan HT with MagS, the loading and 

spatial distribution of MCNs must be controlled and 

reconstructed [76]-[78]. In this work, we have demonstrated 

that this crucial information can be extracted using THz 

tomography. However, despite the numerical investigation, the 

variability of deposited power and resulting temperature 

patterns, due to the inhomogeneous distribution of nano-

heaters inside the biomaterial, demands for an experimental 

extensive, rigorous and specific investigation of the magnetic 

scaffolds SAR, aimed at providing a standardized framework 

for quantifying the therapeutic potential of these innovative 

devices [79].  The proposed approaches and our findings could 

be relevant to material scientists, bioengineers and clinicians 

who aim to manufacture, characterize, and use magnetic 

scaffolds as multi-functional tools against, but not limited to, 

bone tumors. 
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