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ABSTRACT  

Radical polymerization is widely employed for the preparation of advanced materials with 

controlled properties and responsiveness. Depending on the radical initiator, different stimuli can 

trigger the beginning of the reaction. This work presents an innovative approach that exploits the 
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heat released by magnetic nanoparticles when excited by an alternating current (AC) magnetic 

field to induce radical polymerizations. In particular, the use of cobalt ferrite (CoFe2O4) 

nanoparticles is explored for the preparation of polyacrylamide hydrogels, chosen as model 

material to demonstrate the effectiveness of the proposed technique. Magnetic and mechanical 

characterizations reveal that the obtained materials possess properties similar to those of samples 

prepared by classical thermal polymerization. Indeed, magnetic hyperthermia is a versatile tool for 

remote temperature control in a localized space that can find different applications. An example is 

represented by its use for the selective volume polymerization in a thermo-sensitive environment, 

overcoming classical problems of both bulk thermal polymerization (e.g. not applicable in delicate 

environments) and photopolymerization (e.g. poor light penetration). The obtained results pave 

the way also for production of non-magnetic materials, in which magnetic nanoparticles are first 

concentrated in a small solution volume (by a permanent magnet) and then exploited to activate 

the polymerization of the whole material (by an AC magnetic field). 

1.  Introduction 

Radical polymerizations allow to obtain a widespread variety of materials for applications that 

span from biology to technological and industrial production. [1] Despite the huge diversity of the 

materials obtained, all radical polymerization processes involve at least a monomer, with suitable 

functional groups (e.g. acrylate, vinyl), and a radical initiator. [2] The latter species produce free 

radicals by decomposition in selected conditions, eventually starting a cascade process to form the 

polymeric chain. In fact, the initial radical adds to a monomer unit, thus growing the polymer chain 

and forming new radical species that, in turn, can add to other monomers.   
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Initiation is a critical parameter to determine the final polymer properties: indeed, using the same 

monomer formulations, the material structure can be tuned by different reaction conditions. [3-5] 

The most common methods to induce radical polymerization employ initiators that produce 

radicals under heating (“thermal polymerization”) or light irradiation (“photopolymerization”). [6] 

The main advantage of both methodologies are summarized in Figure 1a. Other initiation systems 

can include electrolysis, [7] microwaves [8] or ultrasound application. [9-11] 

Classical thermal heating is the easiest way to achieve radical polymerization and to obtain bulk 

materials without requiring specialized instruments/reactors (e.g. it uses heating plates, ovens). [8] 

On scaling up the polymerization process, some issues arise because of the inevitable thermal 

gradient in the material volume during the polymerization process, which can lead to material 

inhomogeneity. On the other hand, photopolymerization is a very appealing strategy to confine the 

reaction in a specific volume (where light is shined), opening to be used from large area coatings 

to photolithographic techniques (with resolution up to the nanometer scale). [12-14] 

Photopolymerization can be directly employed to 3D shape polymeric materials [15-16] and in 

biological environments, by appropriate choice of the photoinitiator and activating wavelength. 

[17] In turn, this method suffers from poor light penetration inside the monomeric formulation and 

need of transparent environment, thus limiting the size and composition of monomers and the type 

of substrate/vessel where the process is triggered.  

Some limitations of both strategies find a solution in the so-called frontal polymerization, which 

is activated only by applying a local stimulus to the monomer solution (either heating or 

irradiation) and then, it is self-sustained through the whole volume by the heat released locally 

during the radical addition. [18-20] A wireless control on the reaction is not possible since a 
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physical contact between the monomer formulation and a radical activator source (light or any 

heaters) is needed to start the process.  

All these methods still lack versatility. More specifically, the possibility to obtain bulk material, 

spatial selectivity and in situ process in an opaque (even biological) environment, are features that 

are still difficult to combine with all the aforementioned techniques. 

To achieve these objectives, previous reports showed the application of indirect heating strategies 

like electromagnetic induction, [21,22] in which, for example, the polymerization is started by a 

pulsed magnetic field, thanks to the action of  susceptor and resistive heating elements inserted in 

the monomeric formulation, e.g. metallic additives, metal grids. [23] Another versatile system to 

realize wireless mode heating is based on the use of magnetic nanoparticles (MNPs), which can 

release heat mainly via hysteresis losses, when excited by alternating current (AC) magnetic fields. 

[24,25] This phenomenon, known as magnetic hyperthermia, is mainly studied in the biomedical 

field and, in particular, in cancer treatment, where it is used to selectively increase the tumor 

temperature up to 40-45 °C, in order to cause an increased sensitivity of cancer cells to other 

therapies, such as chemotherapy or radiotherapy. [26] This technique relies on the injection of 

MNPs in the tumor area, and in their activation with an AC magnetic field with frequency typically 

in the range from 50 kHz to 1 MHz. Depending on their physicochemical and dimensional 

properties (i.e. composition, surface coating, size, shape, and state of aggregation), MNPs 

demonstrate a different efficiency in heat generation, which is usually expressed by the specific 

loss power (SLP), i.e. the power dissipated per unit mass of magnetic material. [27,28] 

In the framework of polymeric material technologies, MNPs find also some interesting 

applications, being used to heat the system and control the shape of shape-memory composites, 
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[29,30] activate self-healing [31,32] or even induce crosslinking reactions in polyimides [33] or 

polydimethylsiloxanes. [34] Moreover, magnetic hyperthermia has been applied to trigger radical 

polymerization directly on the (hot) surface of MNPs, to functionalize them and thus obtain 

functional micro/nano systems. [35,36] Even if the use of MNP-based heating to control radical 

polymerization is still limited, other effects due to MNPs chemical structure have been recently 

exploited to obtain bulk materials via acrylate monomer polymerization. First, MNPs capped with 

carboxylic acid derivatives have been demonstrated able to work as one-component photoinitiator 

under UV irradiation, even if the efficiency of the system has to be improved with a co-initiator (a 

tertiary amine) to be competitive with other photoactivated radical generators. [37] Second, MNPs 

can spontaneously mimic the enzymatic activity of peroxidase, [38] and have been used to mediate 

radical polymerization at room temperature starting from an aqueous solution once mixed with 

hydrogen peroxide (as radical sources decomposed by the nanoenzyme). [39] 

At the end, the magnetic properties can be also directly used to selectively enhance the 

polymerization reaction yield in a specific region of a sample. In this case, MNPs have been 

functionalized with a copper-immobilized dendrimer able to induce the decomposition of tert-butyl 

peroxybenzoate which starts radical reactions. Thanks to the application of locally focused 

magnetic fields, the nano-co-initiator can be concentrated in a selected space to achieve the 

reaction only in a confined volume. [40] 

In this article, we combine the potential advantages of all the aforementioned technologies 

exploiting magnetic hyperthermia to trigger the radical polymerization of acrylamide based 

monomers. CoFe2O4 NPs have been added to an aqueous acrylamide formulation that is 

polymerized under the application of a 100 kHz magnetic field. Indeed,  magnetic hyperthermia 

has been used as an alternative non-contactless heating source with respect to classical thermal 
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polymerization, while the mechanism remains a standard free radical polymerization. The 

properties of the hydrogel obtained by this process have been compared with those of the hydrogel 

prepared by classical thermal polymerization. The heating-cooling transient during the 

polymerization process has been also numerically modeled, in order to further corroborate the 

combined action of AC magnetic fields and MNPs as precursors of the exothermic reaction at the 

basis of the radical polymerization. Moreover, the modeling approach has been used to explore the 

capability of different types of MNPs to promote the reaction, as a function of their heating 

properties. As a proof of concept of the versatility of our approach, we also demonstrate how the 

technology can be employedin delicate (thermo-sensitive) environments or extended to non-

magnetic materials, exploiting the diffusion of heat produced by the MNPs only in a localized part 

of the sample. 

 

Figure 1. Strategies to trigger radical polymerizations. A) General reaction of a free radical 

polymerization and main feature of thermal or photo-activated processes; B) Schematic of magnetic 

hyperthermia to activate a radical polymerization. 
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2. Experimental part 

2.1. Synthesis of magnetic nanoparticles. CoFe2O4 NPs were synthesized through the co-

precipitation method. [41] Briefly, cobalt(II) nitrate hexahydrate (2.8 g) and iron(III) chloride 

hexahydrate (5.4 g) were dissolved in deionized water (300 mL). Under vigorous stirring, an 

aqueous solution of sodium hydroxide (10 M) was added to reach a pH of 13. The reaction mixture 

was heated to 100 °C, under stirring and nitrogen flow, and iron(III) nitrate nonahydrate (3.9 g) 

was added to the solution after 30 min; the reaction was carried on for another 30 min. After 

cooling to room temperature, the precipitate obtained was magnetically decanted and washed 

several times using deionized water up to neutral pH. The methods  for nanoparticle 

characterization are reported in Supporting Information. 

2.2. Hydrogel preparation. Hydrogel monomer formulation was prepared by dissolving 200 mg 

of acrylamide, 10 mg of bis-acrylamide, and 10 mg of ammonium persulfate in deionized water 

(final volume of 2 mL). For the magnetic hydrogel, an aqueous suspension of CoFe2O4 NPs with 

a concentration of 14 mg/mL was used instead of deionized water. 

The hydrogel polymerization was induced in two different ways depending on the sample, as 

reported in Table 2. On the one hand, bulk heating was obtained by placing the sample in a water 

bath at 60 °C for 10 min, while on the other hand, the polymerization was induced by exposing the 

sample to an AC magnetic field with a peak amplitude of 40 kA/m and a frequency of 100 kHz for 

7 min, exploiting the heating efficiency of CoFe2O4 NPs. All the polymerization was performed 

in glass cylindrical vials (internal diameter of 12 mm) or plastic cylindrical ones (internal diameter 

of 17 mm).  

The thermo-responsive hydrogel was prepared by dissolving 1% w/w of ultra-low gelling point 

agarose in water at 80 °C and then cooled down at room temperature to obtain gelation. 



8 

 

The methods  for hydrogel characterization are reported in Supporting Information. 

2.3. Heat transfer numerical modeling. The heating-cooling transient occuring in the magnetic gel 

was simulated by means of an in-house 3D finite element solver. This solves the heat transfer 

equation under negligible convection phenomena within a system that comprises the magnetic gel, 

where MNPs are uniformly dispersed, the vial walls and the portion of air above the gel. [42] In 

particular, the following equation was implemented: 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
= 𝛻 ∙ 𝑘𝛻𝑇 + 𝛤1𝑄𝑀𝑁𝑃𝑠 + 𝛤2𝑄𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛     (1) 

where T is the temperature, ρ is the density of the medium (magnetic gel, plastic vial or air), Cp is 

the medium heat capacity, k is the medium thermal conductivity, QMNPs is the specific heating 

power released by MNPs under the action of an AC magnetic field, and Qreaction is the specific 

heating power released by the exothermic reaction during the polymerization process. Specifically, 

QMNPs is defined as the product of the SLP (from thermometric measurements) and the MNP 

concentration within the sample, while Qreaction  is derived from the measured reaction enthalpy. 𝛤1 

and 𝛤2 are piecewise functions equal to 1 in the magnetic gel and zero elsewhere, in particular  𝛤1 

≠  0 when the magnetic field is switched on and the MNPs result activated, while  𝛤2 ≠  0 during 

the exothermic reaction.  

Equation (1) is completed by the following boundary condition on the external surface of the vial:  

𝑞 = −𝑘
𝜕𝑇

𝜕𝑛
= −ℎ(𝑇𝑒𝑥𝑡 − 𝑇),       (2) 

where q is the outward heat flux, h is the heat transfer coefficient, and Text is the external 

temperature, i.e. the room temperature.  
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The finite element solution of (1) was obtained by discretizing the domain of analysis into a 

tetrahedral mesh and employing linear shape functions; the time integration was performed by 

applying the Crank-Nicolson method. 

Table 1 summarizes the material properties employed in the thermal simulations for the magnetic 

gel, the vial (made of polyethylene), and the air. The initial temperature of the system was assumed  

to be uniform in space and equal to the external temperature, set at 26.4 °C. The heat transfer 

coefficient is fixed to 25 W m−2 K−1, [43] as a limit condition for free convection in air.  

Table 1. Summary of the material properties used in the thermal simulations. 

 Material ρ 

 [kg/m3] 

Cp 

[J/(kg K)] 

k 

[W/(m K)] 

Hydrogel [44] 1024 6350 0.83 

Polyethylene 950 1900 0.5 

Air 1.16 1007 0.026 

 

3. Results and Discussion 

3.1. Assessment of radical polymerization via magnetic hyperthermia   

The concept pursued in this article to obtain a radical polymerization by magnetic hyperthermia is 

depicted in Figure 1b. The formulation was composed of a standard mixture of monomers (in our 

study acrylamide based molecules) dissolved in a solvent with a thermal initiator. A specific 
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amount of MNPs was added to this composition, in order to locally release heat after the 

application of an AC magnetic field, and thus start the polymerization under controlled conditions. 

The first critical step is the selection of the type of MNPs. In fact, by changing material 

composition, size and shape it is possible to modulate the MNP heating efficiency, and obtain 

optimal SLP values for specific frequencies and peak amplitudes of the exciting magnetic field. In 

particular, many studies have demonstrated that it is possible to achieve a high heating efficiency 

of the MNPs by finely tuning their magnetocrystalline anisotropy [45-48] and/or shape anisotropy, 

[45-47,49,50] even if the synthesis of MNPs with well-controlled geometry requires thermal 

decomposition at high temperature and/or high pressure. [50] On the other hand, in our study we 

focused on MNPs that can be synthesized easily in the gram scale. Recently, we optimized a recipe 

for the production of Fe3O4 NPs by co-precipitation method, demonstrating that both the synthesis 

parameter (e.g. temperature) and possible surface coating can be exploited to improve colloidal 

stability and hyperthermia properties. [28] Here, a similar protocol was adapted for CoFe2O4 NPs, 

reaching satisfactory heating properties. Briefly, the MNPs were prepared with a co-precipitation 

method, by adding a basic NaOH solution to a solution containing cobalt(II) and iron(III) salts. 

The synthesis was scaled up to 2.5 g of MNPs, which were then characterized in terms of 

dimensional, magnetic and heating properties, as reported in Figure 2. 

A representative TEM image of the CoFe2O4 NPs is shown in Figure 2A. The MNPs have a 

spherical shape and a quite uniform size distribution, as demonstrated by the histogram reported 

in Figure 2B, obtained from a statistical analysis of the TEM image. The MNPs have a mean 

diameter of 13.7 nm and a standard deviation of 1.2 nm. Figure 2C displays the magnetization 

curve M-H of the MNPs, measured at room temperature. The M-H curve was normalized to the 

mass of the magnetic material, and the saturation magnetization value results to be  approximately 
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52 Am2/kg, a typical value for CoFe2O4 NPs. [51] Additionally, the M-H curve is characterized by 

a hysteretic behavior (as evidenced in Figure S1) with a coercivity of about 22 kA/m and a 

remanence magnetization of about 8.5 Am2/kg.   

To study the possible use of magnetic hyperthermia to induce radical polymerizations, we chose a 

model formulation composed of an aqueous solution of acrylamide, the N,N'-metilen-bis-

acrylamide (called later only bis-acrylamide) as cross-linker, and the ammonium persulfate (APS) 

as thermal initiator. The composition was selected to be stable at room temperature for several 

hours (without observing spontaneous polymerization). The material was chosen for its 

widespread application, from biological studies (e.g. as support for electrophoresis or cell scaffold) 

[52,53] to water remediation. [54] The versatility of this formulation allows to achieve different 

mechanical properties (by modulating the monomer concentration) and to use different 

polymerization conditions (changing APS concentration or adding some co-initiators). [53] 

The solution was subjected to different treatments to achieve the polymerization as shown in 

Figure 2D. In particular, the formulation was placed within a heating bath (at 60 °C) or exposed 

to an AC magnetic field with a frequency of 100 kHz. In Figure S2, a schematic of the 

experimental setup for magnetic field application is shown. In each case, if a successful 

polymerization was obtained, this was qualitatively detected by a simple vial inversion test, since 

the radical reaction led to a (solid) gel-like material. First, the formulation was exposed to 100 kHz 

magnetic fields with different peak amplitudes up to the application of a 40 kA/m field for 30 min. 

No polymerization was observed since the solution remained liquid in all the tests. As expected, 

we demonstrated that the use of AC magnetic fields without appropriate susceptors is not a useful 

way to control radical polymerization, due to the negligible eddy current effects. On the other 

hand, using a standard heating bath, a gel material was obtained. The concentration of APS was 
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modulated to obtain a complete polymerization in 10 min of reaction at 60 °C, and all the 

hydrogels, indicated later as prepared by bulk heating, were obtained with this protocol.   

The same experiment was repeated by adding the MNPs to the formulation. In this case, magnetic 

hyperthermia was successful in preparing a hydrogel. In this example, 14 mg/mL of MNPs were 

added to achieve a complete polymerization in 7 min of application of a 40 kA/m field, as 

demonstrated by the vial inversion test (Figure 2E). The temperature profile was monitored during 

the polymerization and an exemplificative trace is reported in Figure 2F. After switching on the 

field, the temperature increased almost linearly until 60 °C (reached in about 5.8 min), then around 

6.8 min a sharper increase was detected, likely due to the heat released by the polymerization 

exothermic process [55], reaching a maximum of 75 °C. The field was switched off after 7.2 min, 

when the solid hydrogel was already formed. 

Beside the vial inversion test, a successful polymerization was also demonstrated by the 

Attenuated Total Reflectance (ATR) FTIR spectroscopy (examples are reported in Figure S3). In 

this analysis, the disappearance of the typical band of the acrylamide group, such as the C=C 

bending at 816 cm-1,  was considered as a proof for complete polymerization. 
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Figure 2. Proof-of-concept for the use of magnetic hyperthermia to trigger radical polymerization. 

A) A representative TEM image of the MNPs used; B) MNP size distribution histogram derived from 

statistical analysis of TEM image; C) Static hysteresis loop at room temperature of MNPs; the 

magnetization value is normalized to the mass of the magnetic material; D) Pictures of the initial hydrogel 

formulation (left), and the same after AC magnetic field application (center) or immersion in a heating bath 

at 60 °C (right). The picture in the center shows a liquid material during the vial inversion, revealing no 

polymerization. The picture on the right demonstrates the formation of a solid hydrogel after standard 

heating; E) Pictures of the initial hydrogel formulation doped with MNPs (left) and the same after AC 

magnetic field application (right). In this case, the pictures demonstrate the formation of a solid material 

during the vial inversion; F) Time evolution of the temperature in a formulation containing the MNPs, 

during the AC magnetic field exposure and after its switching off. 
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3.2. Modeling of thermal process and comparison of heating performance of different 

magnetic nanoparticles 

To provide an interpretation of the experimental results, the heating-cooling transient during the 

magnetic hyperthermia induced polymerization was numerically simulated with the heat transfer 

model described in the Experimental Part. We used as inputs the SLP of the CoFe2O4 NPs, derived 

from thermometric measurements, and the enthalpy change associated with the polymerization 

reaction obtained with Differential Scanning Calorimetry. [56,57] The heating efficiency of the 

CoFe2O4 NPs was estimated by fitting the initial slope of the heating curve (Figure 2F), to calculate 

the SLP, which is approximately 60 W/g.   

Figure 3A shows the time evolution of the temperature, calculated at different points within the 

magnetic gel (see Figure 3B for their positions). The modeling results are in very good agreement 

with the experimental ones, with an accurate reproduction of the main phenomena occurring in the 

solution. During the first part of the transient there was a temperature increase governed by the 

activation of the MNPs, consequent to the application of the AC magnetic field. After 6 min, when 

the temperature in the solution reached 60 °C, the exothermic reaction started, leading to a further 

rise in the temperature curve slope, followed by a decrease at about 7.2 min, when the AC magnetic 

field is switched off and the heat release from MNPs stops. The temperature continues to increase 

up to 7.7 min, when the peak of the polymerization enthalpy was reached, then the cooling transient 

started, with a temperature decrease of about 25 °C in 6 min. 

Figure 3B illustrates the temperature map calculated within the magnetic gel in correspondence of 

the temperature peak, when the heat released by the exothermic reaction is maximal. A small 
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temperature gradient is observed, with a variation in the order of 1.2 °C in a 3.5 mm sized volume, 

centered with the sample barycenter. 

Thanks to the heat transfer model, we can investigate how the polymerization process can be 

optimized, by varying the type of MNPs, their concentration in the solution and the AC magnetic 

field parameters (peak amplitude 𝐻̂a and frequency f). As a first result, Figure 3C shows the time 

interval required to reach the temperature of 60 °C as a function of QMNPs, i.e. the specific heating 

power released by MNPs under the action of an AC magnetic field. The value marked with the red 

circle corresponds to the data used to reproduce the experimental results; in particular, in this case 

around 6 min of magnetic hyperthermia application are sufficient to trigger the polymerization. 

This time interval can be properly reduced, by increasing the factors that concur to QMNPs, namely 

the MNP SLP (depending on the MNP type and/or on the excitation parameters) and their 

concentration. As an example, Figures 3D-G compare, in terms of time interval required to reach 

60 °C in the same setup previously considered, two types of commercial iron oxide NPs. These 

are core-shell NPs with citrate shell from NanoMaterials Technology Pte Ltd (known as JHU NPs), 

and matrix-based NPs constituted by superparamagnetic iron oxide NPs dispersed in a dextran 

matrix, from micromod Partikeltechnologie GmbH (known as nanomag®-D-spio). [58] Their 

heating properties, also tested through in silico simulations of magnetic hyperthermia applied to 

murine models, [59]  are available from the literature in terms of SLP versus 𝐻̂a and f. [35] In 

particular, for JHU NPs, when f = 150 kHz, the SLP varies between 150 and 480 W/g in the range 

of 𝐻̂a 10−40 kA/m, while, when f = 300 kHz, the SLP varies between 50 W/g and 780 W/g 

in the range of 𝐻̂a 5−20 kA/m. For nanomag®-D-spio NPs, when f = 150 kHz, the 

SLP varies between 15 W/g and 45 W/g in the range of 𝐻̂a 10−40 kA/m, while, when f = 

300 kHz, the SLP varies between 15 and 70 W/g in the range of 𝐻̂a 5−20 kA/m. As a result 
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of the different heating properties, MNP concentrations in the order 

of 5 mg/mL are potentially sufficient for reaching 60 °C and activating 

the polymerization in 2 min when using JHU NPs and AC magnetic fields 

with f = 150 kHz and 𝐻̂a = 40 kA/m (Figure 3D). Even lower concentrations (around 3 mg/mL) 

and magnetic field peak amplitudes (20 kA/m) are enough when f = 300 kHz (Figure 3E). On the 

contrary, when using nanomag®-D-spio NPs larger concentrations are needed. In this case, to 

trigger the polymerization at 60 °C in 2 min, when f = 150 kHz and 𝐻̂a = 40 kA/m, values around 

40 mg/mL have to be considered (Figure 3F), while when f = 300 kHz and 𝐻̂a = 20 kA/m, the 

concentration should be at least 30 mg/mL.  

To summarize, this model furnishes a roadmap to optimize the polymerization process, providing 

indication on how to reduce the polymerization time (thanks to a faster heating) by properly 

selecting the MNP type and their concentration, and the AC magnetic field parameters for the 

MNP activation.   
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Figure 3. Magnetic nanoparticles used to induce the radical polymerization. A) Simulated heating-

cooling transients at different points within the sample, whose positions are marked in the map of Figure 

B. The time instants corresponding to the polymerization reaction start and the AC magnetic field switching 

off are indicated with dashed lines. B) Spatial distribution of the temperature calculated on the longitudinal 

section of the vial at the temperature peak, associated with the maximal enthalpy change during the 
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polymerization reaction. C) Time interval required to reach 60 °C, as a function of the specific heating 

power released by MNPs (the experimental data is indicated with a red circle as a reference). Diagrams of 

the time interval required to reach 60 °C, as a function of MNP concentration and magnetic field peak 

amplitude, when using commercial MNPs, namely JHU NPs (panel D for f = 150 kHz and panel E for 

f = 300 kHz) and nanomag®-D-spio NPs (panel F for f = 150 kHz and panel G for f = 300 kHz).  

 

3.3. Hydrogel characterization and possible application of the magnetic hyperthermia 

induced polymerization  

To assess how the presence of the MNPs or the polymerization conditions influence the final 

hydrogel properties, a characterization was performed by gravimetric methods and rheological 

tests on 3 hydrogels: two materials containing the CoFe2O4 NPs and prepared respectively by 

magnetic hyperthermia or standard bulk heating, and the hydrogel without MNPs (prepared by 

bulk heating). The magnetic properties of the two magnetic hydrogels were also characterized by 

means of vibrating sample magnetometry (VSM).  

Starting from the gravimetric analysis, the value of gel fraction and swelling degree are 

summarized in Table 2. The first parameter represents the percentage of the monomer mixture that 

has successfully undergone polymerization, while the second estimates the maximum amount of 

water that can be contained in the final materials. In all cases, a gel fraction above 96% was 

measured, thus demonstrating an almost quantitative polymerization and no inhibition of the 

radical process by the presence of the MNPs. Considering the hydrogels prepared by bulk heating, 

we can observe how the introduction of the MNPs led to a slight decrease in the gel fraction (from 

98 to 96%) which also corresponds to a small increase in the swelling degree. On the other hand, 
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comparing the magnetic hydrogels, even if the gel fraction was the same, the swelling degree was 

reduced by about 5% in the sample prepared by magnetic hyperthermia. This data suggested that 

a different hydrogel structure was formed during the different polymerization processes leading 

also to different mechanical properties, as reported in Figure 4A-B. With respect to similar 

hydrogel previously investigated by some of us, [53] we observed that a higher amount of APS 

leads to an increase in gel fraction and a consequent reduction of the swelling capabilities.  

 

Table 2. Parameters obtained by gravimetric characterization of the hydrogels. 

 Hydrogel MNPs Type of 

polymerization 

Gel fraction  

(%) 

Swelling degree 

(%) 

1 Yes Magnetic 

hyperthermia  

96.1 84.4 

2 Yes Bulk heating 96.3 89.6 

3 No Bulk heating 98 86.3 

 

Oscillatory shear measurements also provided evidence of robust gel formation (Figure 4A). 

Irrespective of the polymerization conditions, indeed, all the samples exhibited a typical gel-like 

behavior, which is characterized by almost frequency-independent viscoelastic shear moduli, with 

the elastic modulus, G’, being much higher than the viscous one, G’’. More information on the 

effect of the different polymerization conditions can be sought by focusing on the elastic modulus, 

as it is related to the chemical nature of the polymeric network and to the crosslinking density. [60] 
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On the one hand, no significant differences can be appreciated for the samples obtained by bulk 

heating, even in the presence of MNPs, suggesting that the latter did not play any significant role 

in the thermal-triggered polymerization process. On the other hand, an increase in the elastic 

contribution can be appreciated in the case of magnetic hyperthermia polymerization. Since the 

gel fraction is the same as for the sample obtained by bulk heating (see Table 2), the effect of a 

higher crosslinking density can be ruled out. Hence, the higher G’ can be likely ascribed to the 

formation of a more homogenous crosslinked mesh (no effect of temperature gradients as for bulk 

heating), in which the MNPs are better integrated in the polymeric matrix. This is in line with the 

lower swelling degree of the gel obtained by magnetic hyperthermia polymerization, which also 

suggests the formation of a stiffer network.  

Unconfined compression tests further support this picture. Figure 4B shows that magnetic 

hyperthermia induced polymerization leads to the most mechanically robust gel, which is 

characterized by a higher elastic modulus, Ec, and higher strength at larger deformation. 

Interestingly, with respect to the neat gel, both the gels with MNPs possess a higher Ec in spite of 

a lower gel fraction (see inset), suggesting that the presence of the MNPs plays a role in improving 

the mechanical resistance under compression. Overall, the measured mechanical properties of the 

gels are summarized in Table 3. 
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Figure 4. Hydrogel characterization. Rheological and mechanical tests on hydrogels with or 

withoutMNPs inside: A) frequency dependence of the viscoelastic shear moduli; B) stress-strain curves for 

unconfined compression. C) Static hysteresis loops at room temperature of magnetic hydrogels prepared 

by magnetic hyperthermia induced  heating or standard bulk heating.    
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Table 3. Summary of the mechanical properties of the hydrogels 

 Hydrogel MNPs Type of 

polymerization 

G’ @ 1 rad/s 

[kPa] 

Ec [kPa] 

1 Yes Magnetic 

hyperthermia  

4.95±0.75 37.4 ± 0.6 

2 Yes Bulk heating 3.71 ± 0.38 35.1 ± 0.8 

3 No Bulk heating 3.64 ± 0.31 23.7 ± 0.4 

 

Comparing the magnetic properties of the hydrogels containing the MNPs, they appeared to be 

almost identical despite the different initiation of polymerization. This featurewas confirmed by 

Figure 4C, where the M-H curves obtained with VSM at room temperature perfectly overlap.  

The overall picture of the characterizations demonstrated that the polymerization induced by 

magnetic hyperthermia has an impact on the material properties, but its effect is greatly lower than 

those possibly obtained by modulating the formulation (e.g. concentration of monomers or 

initiator). [61] Indeed, we have to consider that the application of magnetic hyperthermia resulted 

in a more complex/more specialized protocol for hydrogel preparation. However, taking advantage 

of the peculiar characteristic of MNPs, the use of AC magnetic fields to control polymerization 

reactions could open the way to different opportunities than classical polymerization strategies. 

Some examples are reported in Figure 5 and Figure 6. 
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In the first case, the possibility of confining heating preferentially in a selected volume (where a 

certain amount of MNPs was localized) was exploited to obtain the polymerization in 

environments that, for example, cannot be heated above a certain temperature (i.e., standard 

thermal heating is forbidden) or in opaque media (i.e., photopolymerization is not possible). A 

practical example should be the injection of a polymerizable mixture inside a biological organism 

and the following in situ reaction [11b] induced with a contactless magnetic field application.  

In this proof-of-concept, we employed an ultra-low gelling point agarose hydrogel as a thermo-

sensitive environment. This material is a physical hydrogel where a 1% w/w solution of agarose 

was homogenized by heating and became gel at room temperature. The selected agarose allowed 

for the hydrogel melting around 50 °C, thus employing this material in combination with the bulk 

thermal heating polymerization previously shown is not possible. 

Pictures of the different steps to achieve selective volume polymerization by magnetic 

hyperthermia are shown in Figure 5. First, a vial was filled with the hot agarose solution and then 

gelled at room temperature around a (conical) mold. Once removed, we obtained an agarose 

hydrogel shell (Figure 5A) and the empty (conical) space was filled with the magnetic acrylamide 

formulation (Figure 5B). Then, different heating treatments were applied. Using a thermal bath at 

60 °C, the agarose shell was melted causing the mixing of both the hydrogel formulations before 

the acrylamide polymerization. Once the system was cooled at room temperature, we observed 

only the formation of a homogeneous hydrogel with MNPs on the vial bottom or dispersed 

randomly in the hydrogel (Figure 5C). This experiment confirmed how classical heating cannot be 

used to achieve a spatial selectivity for the polymerization. 
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On the other hand, different magnetic hyperthermia treatments were tested until reaching only the 

polymerization of the acrylamide mixture. In Figure 5D, different examples of successful 

polymerization of the magnetic formulation without melting the agarose are shown. In this way, 

the hydrogel maintained the shape adopted by the monomer mixture before the AC magnetic field 

application and the two materials were not mixed at the end. 

 

Figure 5. Possible application to induce polymerization in thermo-sensitive environments. An ultra-

low gelling temperature agarose hydrogel shell (A) was filled with the acrylamide formulation (B). The 

samples were subjected to: C) heating in a thermal bath (obtaining agarose melting and mixing of the 

materials); D) magnetic hyperthermia (to achieve selective acrylamide polymerization). The vial inversion 

showed the formation of a solid hydrogel. 

 

 It is interesting to note that the agarose environment strongly modified the heat dissipation of the 

systems with respect to the hydrogels presented in Figure 2 and, to achieve the polymerization, a 
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stronger magnetic field application was necessary (56 kA/m for 20 min). An example of the 

temperature profile measured in the center of the acrylamide solution during the field application 

is reported in Figure S4. The result demonstrated the influence of the environment on the MNP 

heating performance, since a maximum temperature of 65 °C was obtained only after 20 min of 

field application.  

As can be observed, all the examples reported up to now where magnetic hyperthermia is exploited 

lead always to magnetic hydrogels. Indeed, this class of materials can be used for several 

applications, from biological (e.g. drug delivery, hyperthermia agents in biological systems) 

[62,63] to environmental one (e.g. oil-water separation, adsorption of water pollutants). [64,65] 

If the presence of magnetic nanoparticles in the final material is not desired, they can be removed 

by selective dissolution, for example by using strong acids (a representative proof-of-concept is 

given in Figure S5). However, other smarter strategies can be pursued to further enlarge the 

applicability of magnetic hyperthermia, also for the preparation of materials that do not incorporate 

MNPs. The concept followed is depicted in Figure 6A: the heating locally released by MNPs that 

are concentrated in a small volume of the monomeric formulation is exploited to polymerize the 

whole volume. This case can be seen as a complementary condition to the ones reported in Figure 

5, in which by playing on MNP concentration and field application we demonstrated spatially 

selective heating.  

In this example (Figure 6B), the monomer formulation was first  doped with a small amount of 

MNPs (1.4 mg). The new mixture was not able to polymerize during field application under the 

conditions previously cited (as an effect of the low MNP concentration). Then, the MNPs were 

collected (with the use of a permanent magnet) only on one side of the formulation and the AC 
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magnetic field was then  applied. After the application for 20 min of a 56 kA/m field, the complete 

polymerization of the liquid volume was observed. Very interestingly, the heat  produced only on 

one side of the vial can be enough (using appropriate exposure time) to polymerize different 

material volumes. In our examples, 1.4 mg of MNPs were able to polymerize from 2 to 6 mL of 

acrylamide solution in 20 min. Indeed, even if the use of a larger amount of well dispersed MNPs 

(e.g. as in Figure 2) allowed to decrease the necessary field amplitude and the reaction time, the 

last experiments demonstrated the possibility of obtaining non-magnetic materials by indirect 

heating, produced by MNPs concentrated in a restricted space.  

 

Figure 6. Possible application to prepare non-magnetic hydrogels. A) Scheme of polymerization due to 

magnetic hyperthermia obtained with MNPs concentrated on the bottom of the vial. B) Sequence of pictures 

showing the protocol followed to obtain non-magnetic hydrogels polymerized by the action of the MNPs 

concentrated on one side of the sample. 
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To investigate the effect of this process on the features of the obtained hydrogel, the 6 mL sample 

of Figure 6 (i.e., the one having the larger volume) was selected for further analyses. Specifically, 

after removing the bottom part in which the MNPs wereconfined, the remaining hydrogel was 

sliced into two equally sized disk-shaped samples that were subsequently characterized by 

rheological tests. The results are shown in Figure 7, in which the measured properties of the 

hydrogel obtained by simple bulk heating are also reported for the sake of comparison. It can be 

noticed from  rheological and mechanical tests that the properties of the two hydrogel slices are 

comparable, suggesting that the polymerization triggered by the confined MNPs proceeds 

uniformly throughout the sample, at least for the investigated volumes. Moreover, both the elastic 

shear modulus G’ and elastic compression modulus Ec are comparable to those of the hydrogel 

obtained by simple bulk heating, indicating the reliability and applicability of the proposed 

approach.  

 

Figure 7. Rheological and mechanical tests on non-magnetic hydrogels obtained by magnetic 

hyperthermia induced polymerization with confined MNPs. A) Frequency dependence of the 
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viscoelastic shear moduli; B) stress-strain curves for unconfined compression (the computed 

elastic modulus is reported in the inset). “Gel slice#1” refers to the top slice, while “Gel slice#2” 

refers to the slice more in proximity to the MNPs. Data for the reference hydrogel obtained by 

simple bulk heating are the same as in Figure 4.  

 

Further mechanistic insights were studied and reported in Figure S6. First of all, we demonstrated 

that in all our experimental procedures, MNPs are essential to obtain the acrylamide reaction. 

Figure S4A showed two vials containing 2 mL of monomer mixture after the same field application 

(56 kA/m for 20 min). Only if MNPs were present in the formulation, the polymerization occurred 

and a solid material was formed. If MNPs were not present, the formulation was still liquid as 

detected by vial inversion. Second, if the heat was mainly generated around the MNPs, a selected 

polymerized volume around them should be observed for short field application. Indeed, in Figure 

S5B we demonstrated how playing on the field application time, only a partial polymerization 

around the MNP aggregates was obtained with the formation of a solid hydrogel. To be noted that 

at this stage a more precise control on the volume partially polymerized and its shape was not 

possible, but this observation support show the polymerization started around the MNPs. 

 

4. Conclusion 

The addition of MNPs in an acrylamide formulation was demonstrated to start the radical 

polymerization reaction by magnetic hyperthermia under an AC magnetic field. This preparation 

method led to a small variation of the hydrogel properties with respect to those of the hydrogel 

produced by standard bulk thermal polymerization, while other parameters are best to be 
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considered to modulate the material characteristics (e.g. using different cross-linker amounts). 

Indeed, we demonstrated a good versatility of the polymerization that can be applied, for example, 

also in thermo-sensitive environments. The test was performed in a simple agarose hydrogel that 

cannot be heated more than 50 °C but it paves the way for application in more complex 

environments like the biological one. Towards this objective, a careful investigation should be 

performed to reduce the amplitude  of the applied fields or the MNP content inside the final 

materials. Very interestingly, the heat released by the MNPs can be exploited also to polymerize 

non-magnetic hydrogels, if a low amount of MNPs is concentrated in a small volume and exposed 

to a prolonged field exposure. The heat generated locally is dissipated inside the whole formulation 

leading to the radical reaction. Also in this case, improvement of the SLP of the MNPs and 

modulation of the monomer concentration (to obtain higher heat released during the 

polymerization) should be exploited to achieve a frontal polymerization initiated by an AC 

magnetic field. 

The protocol described here for a specific mixture should be easily applied to any other water 

based solutions thanks to the possible (good) dispersion of the MNPs in this solvent. In addition, 

future studies should be conducted to understand how the use of magnetic hyperthermia could  be 

exploited for the preparation of linear polymers. Also organic monomers and solvents should be 

employed once the MNPs are functionalized (e.g. by oleic acid) to guarantee good dispersion in 

non-aqueous matrices. At the end, another fundamental aspect might be the substitution of the 

CoFe2O3 NPs with other more biocompatible MNPs, towards application in biological systems or 

environmental remediation.  
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