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of tumors, arising from residual malig-
nant cells and cancer stem cells.[2] Also, 
significant amounts of healthy tissue 
may be lost as a consequence of tumor 
removal via surgery. The success of a 
cancer treatment may be measured by its 
ability to eliminate malignant cells whilst 
minimizing damage to healthy tissue 
and maintaining functionality. Also, the 
regeneration of healthy tissue depends on 
the survival of stem cells post-treatment. 
Accordingly, complementary clinical 
strategies are required to eradicate the 
resistance of malignant cells whilst main-
taining patient well-being and quality of 
life.

Hyperthermia (HT), a method of 
inducing cancer cell death by the applica-
tion of heat, uses non-ionizing radiation 

or convective methods to increase temperature (to ≈40–45  °C) 
in targeted regions of the body, whilst magnetic hyperthermia 
(MHT) uses heat generated by localized ferromagnetic particles 
exposed to an alternating magnetic field.[7–9] MHT has been 
explored in combination with radiotherapy and chemotherapy 
as a strategy for drug-delivery.[10] The main benefit of MHT 
relates to its ability to treat site-specific cancer whilst avoiding 
hazardous systemic effects.[11] Furthermore, MHT is minimally 
invasive (i.e., delivered intratumorally or intravenously by injec-
tion), with mild side effects compared to radiotherapy or chem-
otherapy,[10] and shows synergistic effects with many cancer 
treatments, e.g., brachytherapy,[12] drug-delivery,[13] immuno-
therapy,[14] and gene therapy.[15]

Highly porous, ferromagnetic glass-ceramic P40-Fe3O4 microspheres 
(125–212 µm) with enhanced cytocompatibility have been manufactured for 
the first time via a facile, rapid, single-stage flame spheroidization process. 
Dispersions of Fe3O4 and Ca2Fe2O5 domains (≈10 µm) embedded within P40 
(40P2O5-16CaO-24MgO-20Na2O in mol%) phosphate-based glass matrices 
show evidence for remanent magnetization (0.2 Am2 kg−1) and provide for 
controlled induction heating to a constant level of 41.9 °C, making these 
materials highly appropriate for localized magnetic hyperthermia applica-
tions. Complementary, cytocompatibility investigations confirm the suitability 
of P40-Fe3O4 porous microspheres for biomedical applications. It is sug-
gested that the flame-spheroidization process opens up new opportunities for 
the development of innovative synergistic biomaterials, toward bone-tissue 
regenerative applications.
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1. Introduction

Cancer treatment and therapy is one of the most challenging 
problems for modern medicine.[1] The main cancer treatments 
of radiotherapy, chemotherapy, and surgery, often used in com-
bination, have demonstrated effectiveness in the eradication of 
primary tumors in the clinical setting.[2] However, the benefits 
of these strategies are usually accompanied by harmful side 
effects: e.g., (i) conventional chemotherapy is not tumor-selec-
tive, equally damaging both healthy and cancerous cells;[3,4] (ii) 
radiotherapy delivered to tumors is dose-limited due to toxicity 
effects on surrounding tissue, resulting in decreased effective-
ness;[5,6] and (iii) cancer can reappear post-surgical removal 

Adv. Mater. Interfaces 2023, 2202089

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202202089&domain=pdf&date_stamp=2023-03-02


www.advancedsciencenews.com

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2202089 (2 of 11)

www.advmatinterfaces.de

Iron oxide nanoparticles (Fe3O4 magnetite and γ-Fe2O3 
maghemite) have been most investigated for MHT, due to 
their promising combination of non-toxicity and magnetic 
properties.[16] Indeed, the use of superparamagnetic iron oxide 
nanoparticles to deliver heat to various tumor types has been 
reported, including prostate[17] and glioblastoma.[18] Further, 
aminosilane-coated ferrofluid, combined with a alternating 
magnetic field system, has been used clinically to target glio-
blastoma tumors.[10] Magnetic bone cements,[19] glass-ceramic 
thermoseeds[20] and Fe-based nanoparticles[21] have also been 
developed for bone cancer therapy via MHT. Nevertheless, 
despite multiple ongoing trials, MHT has still not achieved reg-
ular use in clinical practice, mainly due to its inability to effec-
tively heat cancerous cells.[22] It is recognized that the action of 
a single nanoparticle is insufficient for local hyperthermia,[23] 
with agglomeration of a large number of superparamagnetic 
nanoparticles needed to generate sufficient heat to damage 
tumor cells.[24,25] However, agglomeration can affect the super-
paramagnetic expression of such nanoparticles, compromising 
heat performance.[24,26]

It is suggested a dispersion of micrometer-scale, ferro- or fer-
rimagnetic material, in a suitable matrix, could be used instead 
of a large number of superparamagnetic nanoparticles.[27] 
Further, a micro-system combining bone-tissue regeneration, 
cancer thermotherapy and biomechanical support, such as the 
conjugation of an iron oxide ferromagnetic phase (e.g., mag-
netite) with a bioactive glass matrix, could provide a promising 
approach for cancer treatments mediated via MHT, e.g., tar-
geting bone oncology.[28]

Bioactive glasses are not only of interest to promote the 
regeneration of soft and hard tissue, but can also be made to 
exhibit angiogenic properties (i.e., to stimulate growth of new 
blood vessels).[29] Accordingly, glass-ceramics are considered 
to offer great potential in the healthcare sector for tissue engi-
neering and regenerative applications. Bioactive glass com-
positions have been developed to bond with soft (e.g., skin, 
nerve, ligament) and hard tissue (bone).[30–32] Further, osteo-
conductivity, osteoinductivity, angiogenic potential and anti-
bacterial properties are characteristic of many bioactive glass 
phases.[33]

Moreover, developing magnetic glass ceramics into porous 
morphologies could expedite complementary clinical strategies 
for tumor treatment and facilitate repeated MHT treatment to 
help safeguard against tumor regrowth. Porous microspheres 
possess large surface areas and can be manufactured with large 
external and internal (usually interconnected) pores, to enable 
delivery of drugs, cells or other biologics.[34–36] There are var-
ious strategies for the production of porous bioactive glasses 
and/or ceramics, including the incorporation of a removable 
space holder (via sintering),[37] sol–gel,[38] gel–cast forming,[39] 
polymer foam replication,[40] solid-free form (3D printing),[41] 
and more recently flame spheroidization.[42] The single-stage, 
flame-process is a rapid, cost-effective and highly promising 
technique for large-scale production of porous glass and glass-
ceramic microspheres.[43] Flame spheroidization may also 
be used for the manufacture of magnetic, porous and dense, 
ceramic microspheres.[44]

The overarching need is to balance magnetic properties and 
matrix cytocompatibility for the safe application and perfor-

mance of MHT. In this context, we report on the development 
of novel, ferromagnetic, cytocompatible, glass-ceramic micro-
spheres, with high levels of interconnected porosity, manufac-
tured via our single-stage flame spheroidization process, as an 
attractive candidate for MHT applications.

2. Experimental Section

2.1. Starting Materials

The starting materials were as-supplied feedstock powders 
of iron (II, III) oxide (Fe3O4; ≤45  µm, 98.1%; Inoxia, UK); 
calcium carbonate (CaCO3, 98%; Fisher Scientific UK Ltd); 
and chemical precursors used for glass production, i.e., cal-
cium hydrogen phosphate (CaHPO4), magnesium hydrogen 
phosphate trihydrate (MgHPO4⋅3H2O), sodium dihydrogen 
phosphate (NaH2PO4) and phosphorous pentoxide (P2O5) 
(Merck).

2.2. Glass Formulation

The quaternary phosphate-based glass 40-P2O5-16CaO-
24MgO-20Na2O (in mol%), denoted P40, was produced using 
the melt-quench technique. 21.8  g of CaHPO4, 41.8  g of 
MgHPO4.3H2O, 24  g of NaH2PO4, and 56.8  g of P2O5 were 
placed into a platinum-rhodium alloy crucible (Birmingham 
Metal Company, UK), mixed using a stainless-steel spatula, 
and dried at 350  °C for 30  min in a furnace. The mixture 
was then melted at 1150  °C for 90  min, poured onto a steel 
plate and left to cool to room temperature.[45] The glass was 
then ground to a fine microparticle powder using a milling 
machine (Retsch PM100 Planetary Ball Mill) for 5  min and 
sieved (stainless steel frame; 203  ×  50  mm2; ≥63  µm and 
≥125 µm mesh; VWR International) to collect particles in the 
size range of 63–125 µm.

2.3. Microsphere Preparation via Flame Spheroidization

3 g of Fe3O4 (≤ 45 µm) and 3 g of P40 (63–125 µm) (1:1 mass 
ratio) were combined using a vortex mixer. The P40-Fe3O4 
powders were then mixed with 18  g of CaCO3 (as porogen, 
≤ 63  µm) (1:3 mass ratio). The prepared powders were then 
processed into porous microspheres using a thermal spray 
gun (MK74, Metallisation Ltd, UK) coupled with oxygen-acet-
ylene (O2/C2H2: 1:1 gas flow ratio).[44] The flame spheroidized 
products were washed using acetic acid (5  m) for 2  min and 
deionized water for 1  min, and then dried at 37  °C for 24  h. 
The resultant microspheres were then sieved to a size range  
125–212  µm (stainless steel frame; 203  ×  50  mm2; ≥ 125  µm 
and ≥212  µm mesh; VWR International) and stored in glass 
vials for characterization. The Fe3O4 and P40 powders alone 
were also flame-processed individually (without porogen, 
unsieved), to serve as controls.

Sieved P40-Fe3O4 microspheres products were embedded 
in cold epoxy resin and sectioned by sequential mechanical 
grinding (400, 800, and 1200 SiC papers) and polishing (6 and 
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1 µm diamond paste). The polished samples were then cleaned 
using deionized water and industrial methylated spirit (IMS), 
and dried before carbon coating.

2.4. Materials Characterization

2.4.1. Scanning Electron Microscopy

Topographic imaging of the sieved, flame-processed products 
was performed via scanning electron microscopy (SEM; FEI 
XL30; 10 kV; spot size 5; 25.3 mm working distance; secondary 
electron (SE) imaging mode). Measurement of microsphere 
size distributions and surface pores diameters were performed 
using ImageJ 1.51  h software (National Institutes of Health, 
USA).

2.4.2. X-Ray Diffractometry

Structural characterization of the microsphere products was 
performed by X-ray diffractometry (XRD; Bruker D8 Advance, 
Da Vinci design with LYNXEYE XE-T detector in 1D mode; 
Cu Kα radiation (λ = 0.15406 nm); 40 kV and 40 mA; step size 
0.02°; total time/step 29.8 s per datapoint; 21 °C).

2.4.3. Mineral Liberation Analysis

Chemical investigation of the sectioned microspheres was per-
formed via backscattered electron (BSE) imaging and SEM-
based mineral liberation analysis (MLA; FEI Quanta600 MLA, 
20  kV; spot size 7), equipped with energy-dispersive X-ray 
spectroscopy (EDS; Bruker software, 12.9  mm working dis-
tance) and data acquisition software for automated mineralogy 
(Bruker/JKTech/FEI). For EDS quantification, Bruker software 
assumed oxides were utilized, with compositional measure-
ments averaged across 15 different point locations.

2.4.4. SQUID Magnetometry

Complementary magnetic characterization was performed 
using superconducting quantum interference device mag-
netometry (SQUID; Quantum Design MPMS-3 system; VSM 
mode; vibration amplitude 1.5 mm; 26.9 °C). The powders were 
encapsulated within gelatin capsules before being mounted on 
the sample holder.

2.4.5. High Frequency Induction

The heating of microsphere products was performed via high 
frequency induction (Cheltenham Induction Heating Ltd; 100–
250  V; 120–350  W; 1.2–1.4  A; 204  kHz). Glass vials containing 
the microspheres were placed at the center of a water-cooled 
copper coil generating an alternating magnetic field, whilst 
temperature was measured using a fiber optic sensor (Neoptix 
Reflex Signal Conditioner). Control samples of processed Fe3O4 

and P40 microspheres were also investigated. All measure-
ments were recorded in triplicate (n = 3).

2.5. Cytocompatibility

2.5.1. Cell Culturing

The microsphere products were sterilized by washing in eth-
anol (100%) followed by complete evaporation overnight in a 
sterile environment at room temperature. The human osteo-
blast-derived cell line MG-63 (European collection of authenti-
cated cell cultures—ECACC) was seeded onto the microspheres 
at a density of 10 000 cells cm−2 in 300 µL of standard cell cul-
ture medium; comprising Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% fetal calf serum, 1% penicillin 
and streptomycin, 1% L-Glutamine, 1% of non-essential amino 
acids and 1.5% ascorbic acid. Cells were seeded on 10  mg of 
sterile microspheres in low-adherent 48-well plates previously 
coated with 1% (w/v) solution of poly(2-hydroxyethyl meth-
acrylate) (poly-HEMA, Merck) and Ethanol 95% in standard 
cell culture medium. Cells were incubated at 37  °C and 5% 
CO2, with media refreshed every 48 h. Two independent experi-
ments were performed, with 3 experimental replicates for each 
condition.

2.5.2. Cell Metabolic Activity

MG-63 cell metabolic activity was evaluated using an Alamar 
Blue assay at days 2 and 7. Following removal of standard cell 
culture medium and washing with phosphate-buffered saline, 
300  µL of Alamar Blue solution (1:9 Alamar blue:Hanks Bal-
anced Salt Solution) was added to each well plate and incu-
bated for 90 min at 37 °C and 5% CO2, followed by a further 
10 min on a shaker at 150 rpm. Three aliquots of 100 µL were 
transferred to a 96-well plate. An FLx800 fluorescence micro-
plate reader (BioTek Instruments Inc.) was used to measure 
fluorescence at 530-nm excitation and 590-nm emission 
wavelengths.

2.5.3. Statistical Analysis for Cell Culture Investigations

Two independent cell culture experiments were performed with 
results shown as “mean ±  standard error of mean” (unless oth-
erwise stated). Statistical analysis was performed using Prism 
software (version 9.2.0, GraphPad Software, San Diego, CA). 
Two-way analysis of variance was calculated followed by a Tuk-
ey’s multiple comparison test. Mean difference was considered 
to be significant at p = 0.05 corresponding to a 95% confidence 
level.

2.5.4. Environmental Scanning Electron Microscopy

At day 7, cells were fixed using 4% paraformaldehyde. Fixed 
cells decorating the microspheres were imaged using an envi-
ronmental scanning electron microscope (ESEM; FEI Quanta 
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650 ESEM; 10  kV; spot size 5; 6.7  mm working distance; 
4.76 torr; 2.0 °C; humidity 89.5%).

3. Results

3.1. Microsphere Morphologies

Figure 1a presents a representative, low-magnification SE 
image of the flame spheroidized P40-Fe3O4 microsphere prod-
ucts (125–212 µm). To the best of our knowledge, this is the first 
demonstration of magnetic-cytocompatible glass ceramic micro-
spheres showing exceptionally high levels of porosity. Figure 1b 
shows a P40-Fe3O4 porous microsphere in detail, while 
Figure 1c highlights the interconnected nature of the porosity. 
For comparison, Figure  1d,e present SE images of flame pro-
cessed Fe3O4 and P40 dense microspheres, respectively, as used 
for magnetometry, induction heating and cytocompatibility 
control investigations. Both samples were manufactured under 
the same processing conditions as for P40-Fe3O4.

The P40-Fe3O4 products showed the largest number of 
highly porous microspheres within the 141–180 µm size range 
(Figure S1a, Supporting Information), while dense Fe3O4 and 
P40 controls exhibited smaller microspheres in the range ≈20–
100 µm and ≈30–150 µm, respectively. It was noted that smaller 

P40-Fe3O4 products in the 63–125 µm size range tended to be 
formed irregular shaped particles exhibiting lower levels of 
porosity (see Figure S2, Supporting Information). For the case 
of well-defined P40-Fe3O4 porous microspheres (125 – 212 µm), 
the surface pore diameters exhibited values in the range 0.9 to 
56.2  µm (Figure S1b, Supporting Information; mean 2.8  µm; 
median 1.9  µm; SD 3.79; n  =  490 pores measured from three 
different microspheres).

3.2. Structural Characterization

Figure 2 presents XRD patterns for the flame spheroidized P40-
Fe3O4 porous microspheres, as compared to the dense Fe3O4 
and P40 microspheres (as control). The diffractogram for P40 
processed in isolation exhibited a characteristic glass curve 
consistent with its amorphous nature; while that for processed 
Fe3O4 confirmed retention of crystalline Fe3O4 (ICDD PDF 
no. 01-087-0246) along with the presence of a small amount 
of Fe2O3 (ICDD PDF no. 00-033-0664). Interestingly, the dif-
fractogram for processed P40-Fe3O4 revealed the presence of 
crystalline Ca2Fe2O5 (ICDD PDF no. 00-047-1744), along with 
(unreacted) Fe3O4 and CaCO3 (ICDD PDF no. 01-071-3699), 
with slight curvature of the baseline consistent with the pres-
ence of amorphous P40.

Figure 1. SE images of flame spheroidized a) P40-Fe3O4 porous microspheres (125–212 µm); with b) details of a porous microsphere; and c) highlight 
of microsphere interconnected porosity. Flame spheroidized, unsieved d) Fe3O4 dense microspheres (≈20–100 µm), and e) P40 dense microspheres 
(≈30–150 µm), used as controls.
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3.3. Chemical Analysis

Figure 3a represents a BSE image of resin embedded and sec-
tioned P40-Fe3O4 microspheres, evidencing very high levels 
of interconnected porosity. Mineral mapping (Figure  3b) 
revealed a variety of products dominated by Ca-P40-Fe, P40-Fe 
and Ca2Fe2O5, along with unreacted P40, CaCO3 and Fe3O4 
(Figure 3c). A total of 24637 particles were quantified via MLA 
software using a standard 70% matching threshold (see Figure 
S3, Supporting Information; including key for the composi-
tional assignments).

Further, Figure 4 presents a detailed EDS elemental map of 
sectioned P40-Fe3O4 porous microspheres, highlighting a distri-
bution of FeO-rich domains (≈10  µm sized) embedded within 
the microspheres (125–212  µm). A summary of the composi-

tions of FeO-rich and FeO-poor regions of the microspheres is 
presented in Table 1. Notably, elevated levels of CaO were asso-
ciated with FeO-rich regions.

3.4. Magnetic Properties of Microspheres

Figure 5 presents magnetization curves for flame-processed 
P40-Fe3O4 porous microspheres, Fe3O4 dense microspheres, 
and P40 dense microspheres, respectively. Importantly, the 
P40-Fe3O4 porous microspheres and Fe3O4 dense microspheres 
both revealed typical hysteresis loops indicative of ferromag-
netic behavior. As summarized in Table 2, the Fe3O4 micro-
spheres showed the highest levels of magnetic saturation, while 
the P40 dense microspheres showed no magnetic saturation, 

Figure 2. X-ray diffractograms for flame spheroidized, highly porous, P40-Fe3O4 microspheres, as compared to Fe3O4 and P40 dense microsphere 
control samples. Miller indices tabulated in Table S1 (Supporting Information).

Figure 3. Sectioned, flame-processed, P4O-Fe3O4 microspheres: a) BSE image highlighting microsphere porosity; b) MLA compositional map and 
c) summary chart of mineral proportions (wt%) demonstrating a mixed phase product comprising primarily iron oxide decorated P40. (Color code, 
mineral references, modal minerology, and full mineral mapping included in Figure S3, Supporting Information.)
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as  anticipated. Notably, highly porous P40-Fe3O4 microspheres 
exhibited magnetic saturation at 4  Am2  kg−1 and a lower but 
significant value of remanent magnetization, at 0.2  Am2  kg−1, 
as compared to dense Fe3O4 microspheres.

3.5. Induction Heating

Figure 6 illustrates the evolution of temperature of induction 
heated highly porous P40-Fe3O4 microspheres, as compared 
to reference dense Fe3O4 and P40 microspheres. Experimental 
parameters for the induction heating experiments are summa-
rized in Table 3. The Fe3O4 microspheres exhibited the highest 
levels of induction heating, reaching up to ≈140  °C, but with 
complete lack of heating control. Conversely, the P40 micro-
spheres showed no induction heating at all, as anticipated. 
Notably, the P40-Fe3O4 porous microspheres exhibited highly 
controlled heating profiles, to a constant level of 41.9 °C, which 
remained stable upon voltage decrease (from 250 down to 100 V 
after 40 s; Table 3); making them highly appropriate for MHT 
applications. It is noted that the application of lower voltages 
of 50 and 150  V, respectively, to the P40-Fe3O4 microspheres 
resulted in slower heating rates (see Figure S5, Supporting 
Information). For the case of the Fe3O4 samples, a voltage 

decrease was applied at 10  s and stopped at ≈80  s due to the 
uncontrolled temperature rise (Figure 6).

3.6. Cytocompatibility

For cytocompatibility assessment, the MG-63 cell line in 
direct contact response to P40-Fe3O4 porous microspheres was 
evaluated at day 2 and day 7, via measurement of cell meta-
bolic activity (Figure 7a) and compared with the response to 
dense Fe3O4 and P40 microspheres. Analysis at day 2 revealed 
the metabolic response to be significantly higher for cells 
exposed to P40-Fe3O4 microspheres, compared to the controls 
(p  <<  0.0007). Notably, no significant difference was returned 
for cells exposed to P40-Fe3O4 microspheres and TCP (control) 
on day 2.

On day 7, P40-Fe3O4 porous microspheres presented no 
significant difference in cell response compared to day 2. 
Conversely, Fe3O4 dense microspheres showed lower cellular 
response, whilst P40 dense microspheres presented higher 
levels of metabolic activity. Evidently, P40-Fe3O4 porous micro-
spheres showed higher levels of metabolic activity on day 7, as 
compared to Fe3O4 and P40 controls in isolation. Additionally, 
P40-Fe3O4 porous microspheres and TCP presented significant 
difference as a consequence of a TCP cell response increment.

Figure  7b,c presents high-magnification ESEM images of 
MG-63 cell/P40-Fe3O4 porous microsphere interactions, at day 
7, demonstrating that the cells adhere strongly to the surface 
whilst being guided by surface texture.

4. Discussion

This first report on the manufacture and characterization 
of cytocompatible, highly porous P40-Fe3O4 ferromagnetic 
microspheres has demonstrated the ability of these materials 
to deliver heat in a controllable way via induction heating (to 
between 40–45 °C), thereby addressing one of the main require-
ments for MHT.[46] It is also notable that the rapid, flame 
spheroidization process has enabled the novel combination of 
phosphate-based glass and magnetite, with the resulting glass-
ceramic products retaining ferromagnetic expression.

The P40-Fe3O4 microsphere products showed good levels 
of homogeneity, in terms of size and porosity levels. Compre-
hensive mineral analysis data showed that P40-Fe3O4 porous 
microspheres comprised a mixture of pure P40 and modified 
Ca-P40-Fe matrices embedded with Fe minerals (primarily 
Fe3O4 and Ca2Fe2O5). The findings of MLA investigations were 
reinforced by EDS mapping, highlighting FeO-rich regions 
(≈10  µm) distributed within P40 microsphere matrices (125–
212  µm). Further, an association of (unreacted) Fe3O4 and 
(reacted) Ca2Fe2O5 with FeO-rich areas dispersed within the 
glass matrices was confirmed, with these regions considered 
responsible for ferromagnetic expression and the induction 
heating profiles of the P40-Fe3O4 porous microspheres.

The highly porous P40-Fe3O4 ferromagnetic microspheres 
were produced by feeding prepared powders into a high-temper-
ature oxygen-acetylene flame (≈3100 °C) where they melted and 
coalesced, and acquired spherical form due to surface tension 

Figure 4. EDS elemental mapping of sectioned, flame-processed, P4O-
Fe3O4 microspheres. Red circles denote FeO-rich regions. Yellow circles 
denote FeO-poor regions. White arrow highlights an unreacted CaCO3 
particle. (Complementary BSE image and individual EDS elemental maps 
are included in Figure S4, Supporting Information.)

Table 1. Molar constituents of highlighted regions of flame-processed 
P40-Fe3O4 microspheres (Figure 4).

Na2O 
[wt%] ± SD

MgO 
[wt%] ± SD

CaO 
[wt%] ± SD

P2O5 
[wt%] ± SD

FeO 
[wt%] ± SD

FeO-rich 9.3 ± 4.8 8.4 ± 3.2 32.2 ± 9.2 44.8 ± 7.4 5.4 ± 5.8

FeO-poor 14.7 ± 0.2 11.6 ± 0.2 11.7 ± 0.2 61.9 ± 0.3 0.1 ± 0.1
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and rapid cooling upon ejection from the flame (Figure 8). It 
is considered that the high levels of porosity arose from a com-
bination of physical and chemical parameters, i.e., precursor 
melting point, viscosity and porogen concentration.[45,47] In the 
present study, the melting points for P40 glass (≈765 °C)[45] and 
magnetite (≈1600  °C) were sufficiently low for molten droplet 
formation within the flame, while levels of melt viscosity were 
appropriate for CO2 entrapment and release. CaCO3 porogen 
decomposition (Reaction 1) was considered responsible for CO2 
production and release prior to particle cooling and solidifica-
tion, leading to development of the microsphere interconnected 
porosity observed.[44] Further, XRD data revealed the presence 
of Fe2O3, attributed to Fe3O4 oxidation (Reaction 2). It is noted 
that Ca2Fe2O5 emerges as a consequence of reaction of CaO 
with Fe2O3 (Reaction 3).[44] Moreover, correlation of FeO-rich 
areas with high levels of CaO was consistent with the chemical 
affinity of Fe3O4 and CaCO3 to develop Ca2Fe2O5. Hence, it is 
suggested that FeO-rich regions here comprise a ferromagnetic 
Ca2Fe2O5 perovskite type structure,[48] and within Ca2Fe2O5 
there is evidence (Table  1) also on the incorporation of other 
constituents upon solidification, i.e., P2O5, Na2O, and MgO. In 
the case of flame-processed Fe3O4 and P40 control samples, in 
the absence of CaCO3, topographical evidence confirmed the 
development of dense microspheres, thereby emphasizing the 
importance of CO2 on porosity formation.

CaCO CaO CO3 2→ +  (1)

4Fe O O 6Fe O3 4 2 2 3+ →  (2)

2CaO Fe O Ca Fe O2 3 2 2 5+ →  (3)

It is considered that the mechanism of heat generation within 
P40-Fe3O4 porous microspheres was via hysteresis loss, as the 
associated magnetization curves revealed remanent (i.e., residual) 
magnetization. This mechanism is typical for multi-domain, 
ferro- and ferrimagnetic materials,[10,33] and distinct from single-
domain particles (i.e., superparamagnetic nanoparticles) that 
produce heat via Néel and Brownian relaxation.[33] For MHT 
applications, mediated by an internal heat source near to or 
inside a tumor (for example), microscale ferromagnetic bioactive 
glasses become an attractive option because the agglomeration 
of magnetic species (embedded in a solid matrix) is no longer 
an issue.[49] Additionally, it is noted that the experimental fre-
quency used (204 kHz) was within the clinical accepted range for 
MHT.[11,46,50–54] Further, it has been reported that magnetic parti-
cles used in MHT should heat rapidly in order to prevent patient 
discomfort.[53] Notably, the target temperature (via induction coil 
heating) in this case was achieved in only 40 s. With regards to 
the relatively low magnetic fields established here, it is recognized 
that MHT effects can be readily achieved through the application 

Figure 5. SQUID magnetometry measurements for flame-processed P40-Fe3O4 porous microspheres, compared to reference Fe3O4 and P40 dense 
microspheres, at 26.85 °C. Enlarged figure provides evidence for Fe3O4 and P40-Fe3O4 remanent magnetization.

Table 2. Magnetic measurements for flame-processed reaction products.

Sample Saturation magnetization 
[Am2 kg−1 (or emu g−1)

Remanent magnetization/ 
Mr [Am2 kg−1 (or emu g−1)]

Coercive field/Hc

[kA m−1] [Oe]

Fe3O4 93.7 0.8 0.5 6.7

P40-Fe3O4 4.0 0.2 5.8 72.6

P40 0 0 0 0
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of weak magnetic fields (<7.95 kA m−1).[53] Hence, it is evident that 
induction heating profiles for highly porous P40-Fe3O4 ferromag-
netic microspheres are highly promising for MHT applications, 
whilst noting for validation this would need formal investigation 
in a clinical alternating magnetic field environment in the future.

The cytocompatibility studies indicated the general suitability 
of P40-Fe3O4 porous microspheres for healthcare applications. 
The MG-63 cells evaluated on days 2 and 7 showed P40-Fe3O4 
porous microspheres exhibited sustained, higher levels of 
metabolic activity as compared to control Fe3O4 and P40 dense 
microsphere samples. Complementary ESEM investigations 
for day 7 samples revealed evidence for good conformation of 
MG-63 cells on P40-Fe3O4 microspheres, guided by surface tex-
ture, suggesting that these cells would colonize porous glass-
ceramics preferentially.[55] Indeed, P40 porous microspheres 
have been shown previously to be cytocompatible and biocom-
patible via in vivo studies.[42,56] It is evident here that the P40 
matrix increases considerably the cytocompatibility of P40-Fe3O4 
microsphere products compared to the dense controls. The ini-
tial low metabolic activity of P40 dense microspheres, on day 
2, was attributed to the presentation of a low surface area com-
pared to the porous microspheres. Hence, the enhanced cyto-
compatibility associated with magnetite incorporated within 

Figure 6. Induction heating curves for P40-Fe3O4 porous microspheres, 
compared with reference Fe3O4 and P40 dense microspheres (MS). (All 
curves display averages of triplicate measurements. Std. errors in Table 
S2, Supporting Information).

Table 3. Experimental parameters for induction heating experiments.

Voltage  
[V]

Power  
[W]

Current  
[A]

Magnetic field  
[kA m−1 (Oe)]

Frequency  
[kHz]

250 350 1.4 0.17 (2.2) 204

100 120 1.2 0.15 (1.9) 204

Figure 7. Evaluation of cell growth and ESEM imaging, in direct culture, of human osteoblast derived MG-63 adhered to P40-Fe3O4 microspheres. 
a) Cell metabolic activity on days 2 and 7 for P40-Fe3O4 porous microspheres, compared to Fe3O4 and P40 dense microspheres (ns = no significance; 
*p < 0.05; ***p < 0.0007; and ****p < 0.0001). b,c) High magnification ESEM images of cell seeded P40-Fe3O4 porous microspheres on day 7. Blue 
dashed lines illustrate cell peripheries. (Arbitrary fluorescence units (a.f.u.); Tissue culture plastic (TCP)).
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larger, porous P40 microspheres suggests larger surface area 
provides a significant advantage for cell proliferation.

Depending on the target tissue, it is noted that porous micro-
spheres may be delivered via oral, inhalation, implantation or 
intratumoral approaches. For example, injectable bone cements 
in conjunction with microspheres have been investigated for 
osteogenic applications[57] and drug-delivery.[58] Similarly, hydro-
gels embedded with bioactive glasses have been reportedly 
delivered via minimally invasive injection (cannulated needle or 
catheter).[59] For the case of osteosarcoma, locally delivered strat-
egies combining therapeutic approaches have been reported, 
e.g., hydrogels embedded with porous microspheres for drug 
delivery via patch implantation;[60] thermosensitive hydrogels in 
combination with chemotherapeutics delivered by intratumoral 
injection;[61] or Fe3O4 and CaO2 nanoparticles loaded into a 3D 
printed akermanite scaffolds for synergistic MHT with catalytic 
suppression therapy, delivered via implantation.[62]

In this context, there is high potential for the development of 
P40-Fe3O4 porous ferromagnetic microspheres, in combination 
with hydrogels or bone cements, for MHT applications. In par-
ticular, high porosity levels could provide an opportunity for the 
incorporation and delivery of various payloads (drugs, biologics, 
cells, etc.) to specific tissue and/or location. Additionally, the 
rapid, single-stage, flame spheroidization process could provide 
for other unique glass-ceramic combinations, with enhanced 
cytocompatibility combined with porosity.

5. Conclusions
Highly porous, cytocompatible, glass-ceramic ferromagnetic 
microspheres have been manufactured for the first time via a 
facile, rapid, single-stage flame spheroidization process, using 
ground powder mixtures of P40, Fe3O4, and CaCO3. Comple-

mentary SEM, XRD, EDS, and MLA investigations confirmed 
a distribution of ≈10  µm sized Fe3O4 and Ca2Fe2O5 phases 
embedded within 125–212  µm sized P40-based microsphere 
glass-matrices, with evolution of CO2 from the porogen consid-
ered responsible to the development of interconnected porosity 
upon solidification. SQUID magnetometry provided evidence 
for remanent magnetization (0.2  Am2  kg−1) of the P40-Fe3O4 
porous microspheres, while the dispersion of embedded ferro-
magnetic Fe3O4 and Ca2Fe2O5 phases was attributed to the effec-
tive application of inductive heat, to a constant level of 41.9 °C, 
making these products highly appropriate for MHT applica-
tions. Further, human osteoblast-derived cell-culture investiga-
tions confirmed cytocompatibility and hence general suitability 
of these P40-Fe3O4 porous microspheres for healthcare appli-
cations, with complementary ESEM evidence showing good 
conformation of MG-63 cells on the microsphere surfaces. It is 
suggested that the demonstration of highly porous, cytocompat-
ible, glass-ceramic microspheres, incorporating ferromagnetic 
expression, opens up new opportunities for the development 
of synergistic biomaterials, e.g. for localized magnetic hyper-
thermia treatments, combined with the potential to deliver 
therapeutics incorporated within the pore structures.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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