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Abstract. The research of smart biomaterials is one of the cornerstones in tissue engineering and regenerative medicine. Here, we report on the development of magnetic hydrogels combining high biocompatibility and remarkable activity in magnetic fields. The poly(2-ethyl-2-oxazoline) (POx)-based magnetic hydrogels were fabricated via living ring-opening cationic polymerization with in-situ embedding the carbonyl iron (CI) particles. The effects of the CI concentration on magnetic, viscoelastic/magnetorheological properties, equilibrium swelling degree, and cytotoxicity were investigated. The hydrogels exhibited open pore structure as proved by computed tomography (CT) imaging. The susceptibility measurements revealed the concentration-dependent field-induced particle re-structuration identifying the elongation/contraction of the material, which determines a potential for the magneto-mechanical stimulation of cells. The POx-based magnetic hydrogels possessed the amphiphilic character, and decreasing liquid-holding capability with increasing CI concentration. The viscoelastic measurements suggested the particle/matrix interaction, most likely through a coordination complex formation, based on the inconsistency of the experimental storage modulus with the Krieger–Dougherty theory. The synthesized materials exhibited excellent biocompatibility towards 3T3 fibroblast cell line in both, the extract toxicity and direct contact cytotoxicity tests (ISO standards). The unique combination of properties, represented by magneto-mechanical activity and biocompatibility, could be favorable in biomedicine, biomechanics and related fields. 

Keywords: magnetic gel; living cationic polymerization; composite; poly(2-oxazoline); cytotoxicity; magnetorheology; biomedical application

Graphical abstract
[image: ]


1. Introduction
Hydrogels are three-dimensional cross-linked polymer networks carrying large amounts of water in their structure. They have been, over the past decades, extensively applied in biomedical fields due to their functional properties such as water-binding capacity, high swelling degree, good biocompatibility, or synergistic features with other materials [1-3]. For instance, hybridization of hydrogels with specific mineral-based inorganic substances provides materials suitable for biomimetic mineralization [3]. Combining the hydrogels with magnetic nanoparticles or micro-particles creates the additional capabilities including magnetic field-controlled mechanical properties [1,2]. Besides that, magnetic gels are popular in thermal therapy triggered by the alternating magnetic fields to eradicate cancer cells. When loaded with specific drugs, they can be used for controlled drug release [1,4]. Magnetic hydrogels can also mimic some functions of soft body tissues such as contraction/elongation, electrocapacity etc.[5,6] 
Design of biomaterials including the hydrogels is generally a complex issue. For a successful fabrication of magnetic gels that resemble the human body tissue, the selection of the materials is a challenging task. To this day, various polymers have been used as a matrix of magnetic hydrogels, e.g. carrageenan [7], chitosan [4], polyvinyl alcohol [8], polyurethanes [9], polyacrylamide [1,5,10], agarose [2] or alginate [11]. Apart from these ‘conventional’ polymers, poly(2-oxazoline)s (POx) have been recognized as an upcoming platform to design different kinds of polymer-based biomaterials [12].
Poly(2-oxazoline)s are pseudo-polypeptides accessible via living cationic ring-opening polymerization of 2-oxazolines. In the context of in vivo applications, tertiary amide groups in the POx are not readily recognized and hydrolyzed by enzymes, thus they show an improved stability in biological environments [13]. Moreover, regardless the different alkyl chain lengths, the POx exhibit low cytotoxicity and do not stimulate, neither affect the functionality of the immune cells when tested in vitro [14]. In our preceding paper [15], a broad series of the POx-based hydrogels was prepared using different chain-length cross-linking agents, such as 1,4-butylene-2,2’-bis(2-oxazoline), 1,6-hexamethylene-2,2’-bis(2-oxazoline) or 1,8-octamethylene-2,2´-bis(2-oxazoline), and various monomer-to-cross-linker molar ratios. As will be discussed further, the obtained database of results allowed selecting the suitable matrix in terms of mechanical properties and cell viability, for subsequent embedding of magnetic particles.
In the research of magnetic hydrogels, different types of particles have been used as magnetically-active component. Recent candidates are represented by magnetite (Fe3O4) in a neat form [4,7,8] or acting as the core with SiO2 capping layer [1], close-to-maghemite particles (Fe2.04O2.96) with bimodal size distribution [5], or barium ferrites (BaFe12O19) either as nanoparticles [10] or their micron-sized analogues [7]. The biological fate, clearance time, and particle biodistribution after the incorporation into a living organism are strongly affected by the particle size [16]. Moreover, the particle size determines their response to magnetic forces, although the particle size is not the single relevant factor. Generally, the interactions among small (below 50 nm) particles are dominated by thermal motion, which limits the performance of their gels in magnetic fields. On the contrary, larger particles (micron-sized) such as the carbonyl iron (CI) particles, provide stronger magnetic response, but they are prone to sedimentation during the hydrogel preparation leading to possible heterogeneities in the material [2]. These drawbacks can be avoided by optimizing the fabrication process, and the preparation of magnetic hydrogels with the embedded CI micro-particles can be performed [9,17,18]. However, in none of these articles, the effect of the CI particles on the cytotoxicity of their hydrogels was presented.
In this study, we report on the synthesis, physical and biological testing of novel POx-based magnetic hydrogels with embedded CI particles. The POx-based matrix was designed considering the data by Zahoranova et al.[15] using the 1,8-octamethylene-2,2´-bis(2-oxazoline) as a cross-linking agent. The goal of this work was to determinate the physicochemical properties of the POx-based hydrogels upon the introduction of various amounts of the CI particles. The structure of the synthesized materials was evaluated using scanning electron microscopy and computer tomography, followed by swelling and magnetic and magnetorheological (MR) investigations. Finally, we analyzed the in vitro cytotoxicity of the POx-based magnetic hydrogels according to the ISO standards.

1. Experimental section
2.1 Synthesis of 1,8-octamethylene-2,2´-bis(2-oxazoline) cross-linker. The synthesis of 1,8-octamethylene-2,2´-bis(2-oxazoline) (OctBisOx) cross-linking agent was inspired by a procedure reported by Nery et al.[19]. Briefly, sebacoyl chloride (4.46 mL, 20.9 mmol) dissolved in tetrachloromethane (60 mL) was drop-wise added into the mixture of potassium hydroxide (KOH, 7.1 g, 125.5 mmol) and 2-chloroethylamine hydrochloride (6.1 g, 52.3 mmol) in distilled water (50 mL) at the temperature of 0°C. The mixture was stirred overnight at laboratory temperature. The white precipitate was filtered off and dried under reduced pressure at 40°C (yield of 6.81 g, near to 100%). To perform the cyclization, N,N’-bis(2-chloroethyl)sebacamide (14 g, 43.2 mmol) was dissolved together with KOH (6.1 g, 108.1 mmol) in methanol (200 mL) and refluxed for 6 h. The salt (potassium chloride) was filtered off, and methanol was gently evaporated. The product was dissolved in chloroform, and washed with saturated aqueous NaCl solution (2×50 mL). Subsequently, chloroform was evaporated, and the product was dried at 40°C for two days under reduced pressure. The product was obtained as white powder (yield of 7.56 g, 69%). The chemical structure of the cross-linker was confirmed via 1H NMR analysis using Varian VXR-400 spectrometer (Varian, USA) in DMSO-d6 solutions using tetramethylsilane (TMS) as an internal standard at laboratory temperature. The 1H NMR spectrum showing the structure and the purity of the product is attached as Supporting Information (Fig. S1). 
	1H NMR (400 MHz, DMSO-d6, δ): 4.08 (t, 4H; CH2–O), 3.64 (t, 4H; CH2–N), 2.14 (t, 4H; CH2), 1.48 (m, 4H; CH2), 1.22 (m, 8H; CH2–CH2).

2.2 Synthesis of POx-based hydrogels and their magnetic analogues. The neat POx-based hydrogels and their magnetic analogues were prepared via copolymerization of 2-ethyl-2-oxazoline (EtOx) with synthesized OctBisOx (Fig. 1). All the gels were based on the EtOx:OctBisOx molar ratio of 98:2. As will be described further, this ratio was carefully chosen considering the final properties of the product. 
To prepare neat POx-based gels, OctBisOx (75.7 mg, 0.3 mmol), methyl 4-nitrobenzenesulfonate (MeONs, 32.6 mg, 0.15 mmol) were placed into a Schlenk flask and dried under vacuum for 45 min. Subsequently, EtOx (1.46 g, 14.7 mmol) and benzonitrile (2 mL) were added and the mixture was stirred for 4 h at 110°C in an oil bath. The reaction was performed under inert atmosphere (N2) using a glove box (LABstar glove box, MBraun, Germany). 
In the case of magnetic hydrogels, different amounts of the CI micro-particles (0.8, 1.6, and 2.4 g) were added into the reaction mixture together with MeONs and OctBisOx. After the addition of liquid compounds, the mixture was thoroughly stirred for 30 min at 110°C using mechanical stirrer. As this point, the viscosity of the reaction mixture was high enough to prevent the particle sedimentation, but below the gelation point (the stirrer was removed without causing a mechanical damage to the product). After the addition of the CI particles, the system was thoroughly mixed, and the reaction proceeded for additional 3.5 h to finalize the gelation process. As the last step, the products were immersed into an excess of methanol (48 h) and ethanol (48 h), while each purification agent was changed daily. The latter agent was also used as a storing medium to prevent corrosion of the CI particles. 
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Fig. 1: Reaction scheme for the synthesis of POx gels and their magnetic analogues via living cationic ring-opening polymerization.

The determination of polymerization kinetics was performed in a similar manner. The MeONs (32.6 mg, 0.15 mmol), either with dispersed CI particles (1.6 g) or without the particles, was pre-dried in the Schlenk flask, and transferred to the glove box. Subsequently, benzonitrile (2 mL) and EtOx (1.46 g, 14.7 mmol) were added into the reaction mixture. The assembly was heated to 110°C, and the reaction conversion, C, was analyzed in the pre-selected time intervals. During the polymerization, the both systems were thoroughly mixed using the mechanical stirrer. The C value was estimated via 1H NMR analysis performed on Varian VXR-400 spectrometer (Varian, USA) in CDCl3 solutions using TMS as an internal standard at laboratory temperature.

2.3 Study of swelling. The swelling behavior was characterized via gravimetric analysis in four different solvents, i.e., distilled water, ethanol, dichloromethane, and phosphate buffered saline (PBS). Prior to the analysis, weight of the POx-based freeze-dried gels and their magnetic analogues was monitored. Subsequently, the samples were immersed into an excess on the corresponding liquid at laboratory temperature, and equilibrated for 24 h. After this time period, no additional swelling was observed. Finally, the samples were gently dried using a paper tissue to remove remaining traces of liquid from their surface and weighted. The equilibrium swelling degree (SD) was calculated according to the following equation (Eq. 1):
	
	
	(1)


where wsw is the weight of the swollen sample, and wd is the weight of its freeze-dried analogue. The SD values were expressed as mean value and standard deviation from the triplicates.

2.4 Scanning electron microscopy. As some analyzes could not be performed in the hydrated state, the POx-based hydrogels were equilibrated in water and freeze-dried. The elimination of water content was performed using CoolSafe 110-4 Pro (LaboGene, Denmark) at the temperature of -110°C, and a pressure of 0.140 hPa, overnight. Subsequently, the samples were metalized with a thin layer of gold using the Bio-Rad sputter coater (E 5000S, Polaron/Quorum, UK). Their internal structure was studied via scanning electron microscopy (SEM) with the help of TS 5136 MM microscope (Tescan, Czech Republic) operating at the accelerating voltage of 20 kV. The device was equipped with a secondary electron detector for SEM, and the INCA x-act detector (51-ADD0007, Oxford Instruments, UK) for the energy dispersive X-ray spectroscopy (EDX).

2.5 Computed tomography. The porosity of the representative water-equilibrated POx-based hydrogel, and its freeze-died analogue was analyzed using an X-ray computed micro-tomography (CT) with the help of SkyScan (Model 1174, Bruker, USA). The device was equipped with the X-ray source, (voltage of 20–50 kV, maximum power of 40W), and the X-ray detector. The CCD 1.3 Mpix was coupled to scintillator by lens with 1:6 zoom range. The projection images were recorded at angular increments of 0.3° using tube voltage, and tube current of 35–40 kV, and 585–730 µA, respectively. The exposure time was set to 15–30s without using any filter. The 3D reconstructions were performed via built-in CT image analysis software (version 1.16.4.1, Bruker, USA). The results, in terms of total porosity, are expressed as the average and standard deviation from three different cylindrical sections. The representative cross-sectional images of 2.27 mm in diameter, and 3 mm in height were exported from DataViewer software. The distribution of the pore areas was analyzed using ImageJ software (version 1.8, National Institutes of Health, USA) at five different horizontal sections.

2.6 Vibrating-sample magnetometry. The magnetic properties of the hydrogels with embedded CI particles were studied using a vibrating-sample magnetometry (VSM) (Model 7404, Lake Shore, USA) in the magnetic fields approaching to ±15 kOe at laboratory conditions. The samples in the form of thin films were equilibrated in water, wrapped and carefully accommodated into the VSM sample holder (730931 Kel-F, powder/bulk upper/bottom cup), thus their evaporation was prevented.

2.7 Viscoelasticity and magnetorheology. The viscoelastic measurements were carried out on a Physica rheometer (MCR502, Anton Paar, Austria) equipped with the magneto-cell (MRD 180/1T), and a titanium parallel-plate geometry (PP20/MRD/Ti) having 20 mm in a diameter. First, the strain sweeps were recorded at a constant frequency of 1 Hz, while the strain amplitude was varied from 10–2 to 2×101 % to determine the existence of the linear viscoelastic region (LVR). Afterwards, the frequency sweeps were performed in a range from 6×10–1 to 6×101 Hz at the strain amplitude of 10–1 % (LVR ensured). The performance of the magnetic hydrogels was analyzed in the absence of magnetic field (off-state), and under various magnetic fields (on-state) generated using the power source (PS/MRD/5A), in which the coil current was step-wise increased producing the magnetic fields up to 438 kA·m–1. To ensure a contact between the PP20 and the POx-based hydrogels, the compressive normal force of 0.1 N was applied and kept constant during the measurements. To minimize the evaporation of the samples, all the measurements were initiated immediately after taking water-equilibrated POx-based gels out of the medium. The constant temperature of 23±0.1°C was provided by the thermostatic device (Julabo FS18, Germany) with a circulating liquid medium.

2.8 Cell lines and growth media. The cytotoxicity and cultivation studies were performed using mice fibroblasts 3T3 (DSMZ, Braunschweig). The 3T3 cells were cultivated in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), L-glutamine (2 mmol), streptomycin (100 µg/mL), penicillin (100 IU/mL), further referred as full DMEM. All chemicals were purchased from Gibco (Life Technologies, USA). The cells were cultivated at 37°C, and 5% CO2. The cells were trypsinized and the medium was changed every 3 days.

2.9 Cytotoxicity study. Cell toxicity studies were conducted in accordance with the ISO 10993-5 and ISO 10993-12 on mice fibroblast cell line 3T3. All the experiments were performed in pentaplicates, with the non-treated cells as a negative control.
Toxicity of extracts. The dry gels were sterilized by UV light for 30 min, then immersed into full DMEM medium. The final volume of the extraction medium was 1 mL per 0.1 g of dry gel, plus additional volume absorbed by the gel (calculated from the equilibrium SD). The gels were extracted for 24 h at 37°C. Fibroblast cells were seeded on 96-well plate with the seeding density 5 000 cells/well and cultivated for 24 h. The medium was then replaced by the extracts from the POx-based hydrogels and their magnetic analogues. The cells were incubated for additional 24 h and their viability was evaluated by MTT cytotoxicity assay. MTT dissolved in full DMEM (0.5 mg/mL) was added into the wells for 2 h, and then removed. Formazan crystals were dissolved in 100 μL of DMSO and measured using a plate reader (Labsystems Multiskan MS, Thermo Labsystems, USA) operating at a wavelength of 595 nm. The cell viability was expressed as the percentage of control cells, mean values and standard deviation from quadruplicates.
Direct contact toxicity. For the direct contact toxicity, the cells were seeded into 24-well plate with the seeding density of 20 000 cells/well. The dry gels were sterilized by UV light for 30 min from each side, and then immersed into DMEM medium with 10% FBS serum and incubated for 24 h at 37°C to allow swelling. The cylindrical samples with a diameter of 6 mm were cut from the POx gels and gently placed on the top of the cell layer. The gels covered approx. 14% of the well surface. The cells were incubated with the gels for 24 h, then the medium was removed and MTT dye was added (0.5 g/L) for 2 h. After the incubation period, the morphology of treated cells was evaluated using the optical microscope (OPTIKA, Italy).

1. Results and discussion
3.1 Synthesis. The POx-based hydrogels, and their magnetic analogues were prepared via living cationic ring-opening copolymerization of EtOx and bi-functional OctBisOx acting as a cross-linker. As known, the POx gels can be cross-linked using a plethora of strategies, however short aliphatic chain bis(2-oxazoline) cross-linkers such as OctBisOx were found to possess low cytotoxicity towards fibroblast cells [15,20]. Moreover, the POx-based hydrogels cross-linked using the OctBisOx exhibited superior mechanical properties when compared to their variants cross-linked using 1,4-butylene-2,2’-bis(2-oxazoline) or 1,6-hexamethylene-2,2’-bis(2-oxazoline). Due to these conclusive facts, OctBisOx was selected as a suitable cross-linker for the preparation of magnetic hydrogels. The molar ratio of the monomer to cross-linker was carefully selected based on the results of our previous work [15]. In this work, EtOx:OctBisOx molar ratio was set to 98:2, since higher amounts of the cross-linker make the washing procedure more problematic, leading to increased cytotoxicity of the hydrogels. As the POx-based hydrogels were prepared using living cationic copolymerization, which is expected to proceed until the full monomer conversion, high yields (more than 90 %) were expected [15]. Herein, slightly lower yield (decreased by ca. 20 %), further expressed as the gel contents, was observed for neat hydrogel (Tab. 1). This decrease might be explained as a consequence of larger synthesis batches in comparison to the preceding ones. Previously, we experienced similar problems with scaling-up the polymerization reaction of triblock copoly(2-oxazoline)s, which led to higher dispersities and issues with the fractionation of the samples during their purification [21]. 
For the preparation of magnetic hydrogels, the CI particles were suspended in a liquid-state mixture of monomer and the cross-linker prior to the polymerization. Three different amounts of the CI particles were used (0.8, 1.6, and 2.4 g in 1.5 g of EtOx), which resulted in the concentrations of 5.5, 9, and 16 wt.% of the CI particles in the POx-based hydrogel. The calculation given in Tab. 1 is based on the assumption that all the CI particles were successfully incorporated into the POx-based matrix during the polymerization. The decrease of the gel content was observed after the addition of the CI particles; from 77 % for neat matrix to only 6 % for Gel 3. Based on this result, it can be assumed that the addition of the CI particles negatively affected the polymerization of 2-oxazolines, eventually leading to the uncontrolled process. To explore this assumption, we studied the effect of the CI particles on the polymerization kinetics of the EtOx in benzonitrile, but without employing the cross-linker (Fig. S2). Although the polymerization in the presence of the CI particles proceeded slower when compared to its neat matrix analogue, both polymerizations exhibited the first order kinetics, which proved that living character of the process was preserved. Moreover, the conversions after 1 h were almost identical (ca. 99.5 %) in both cases. In a view of these results, it can be suggested that lower gel contents (Tab. 1) were caused due to washing off the linear/branched polymer fractions from the POx matrix. On the contrary, the CI particles acted as a mechanical barrier preventing the creation of interconnected network, but without any significant effect on the reaction conversion.
During processing of the MR composites the CI particles represent under certain conditions a chemically-active compound, rather than an inert filler. It was found that they can actively-participate in the cross-linking process of the PDMS [22], and also during the thermo-mechanical degradation of the TPE [23]. Since the polymerization of 2-oxazolines possesses the cationic character, the mechanism of the CI particle interaction with the reactive species is expected to be different. Presumably, the growing POx chains can be potentially terminated on the surface of the CI particles that contains the hydroxyl groups [24], or the termination can be caused due to the presence of the impurities, such as moisture. This could explain a slightly slower polymerization of the EtOx in presence of the CI particles (Fig. S2). Additionally, the POx chains and the CI particles may also form complexes similarly as described in a recent work by Venturini et al.[25], where the authors developed one step synthesis of the iron oxide nanoparticles coated by the POx chains. Finally, let us mention that also other fillers were reported to affect the polymerization processes of the POx-based composites. Tasdelen’s group [26] reported the increased polymer dispersities in the POx-clay nanocomposites when compared to filler-free matrix, which was explained as a consequence of chain transfer reactions.

Tab. 1: Characteristics of prepared samples. The gel content was calculated as 
, where  and SD are defined as above, while  and  denote weight of the CI particles, and weight of monomers in the feed, respectively. The amount of the CI particles in swollen gel was calculated as ×100, where  and  are defined as above.
	Sample ID
	Weight of the CI in the feed (g)
	CI concentration in the swollen state
	Gel content (%)

	
	
	(wt.%)
	(vol.%)
	

	Matrix
	0.0
	0.0
	0.0
	77

	Gel 1
	0.8
	5.5
	0.8
	50

	Gel 2
	1.6
	9.0
	1.3
	16

	Gel 3
	2.4
	16.0
	2.4
	6



3.2 Swelling. Swelling can be considered as a fundamental property of the hydrogels. In this study, swelling of the POx-based gels was investigated in different solvents, and their equilibrium SD (after 24 h in an excess of selected solvent) was compared. First, we note that neat matrix exhibited slightly higher SD in water when compared to our previous study [15] (17±0.5 vs. 12.5±0.9). This result correlates with the already-mentioned decrease of the gel content, which can be connected to less efficient polymerization reaction. The prepared gels swell comparably in all tested solvents with different polarity (Fig. 2), thus they can be referred as the amphigels. The SD obtained in PBS was slightly lower than that in distilled water, even though the POx-based hydrogels belong to the non-ionic group of materials, and they should not be sensitive to ionic strength of the solution. Nevertheless, similar results were already reported and may be explained as a consequence of unreacted POx rings [15,27]. After the addition of the CI particles, the SD of the gels noticeably decreased, which is in accordance with a recent study on alginate ferrogels [11].
[image: ]
Fig. 2: Equilibrium SD of the POx-based hydrogel, and its magnetic analogues (Gel 1–3) determined by the gravimetric analysis in different liquids.

3.3 Microstructure analysis. The microstructure of the fabricated POx-based magnetic gels was studied using the SEM in a combination with CT. Figure 3 shows the SEM micrograph of neat POx matrix and representative freeze-dried sample (Gel 2). As can be seen, the sample was characterized by the open-porosity with quite complex pore geometry, while the CI particles were well-distributed inside the POx-based matrix. In more details, the particles formed locally-percolated networks consisted of relatively thin (below 10 µm) particle structures with distinguishable primary particles. Such structures were developed during the hydrogel preparation and their position was fixed upon the cross-linking process. The same characteristics were observed for all magnetic gels (Gel 1–3) regardless the CI concentration (Fig. S3), which indicates a successful fabrication process of these composites.
[image: ]
Fig. 3: SEM micrographs and magnified-view regions of neat POx-based matrix, and its magnetic analogue (Gel 2).

The EDX spectra were recorded to verify the presence of the CI particles inside the gels. As seen in Fig. 4, the elemental analysis confirmed the existence of the expected elements represented by C, N, O inside neat POx-based matrix. In the case of magnetic gel, strong signal for Fe indicated the enrichment of the matrix by the CI particles, which provided enough evidence for their successful incorporation. In both cases, the presence of Au signal comes from the sputtered conductive layer.
[image: ]
Fig. 4: EDX spectra of neat POx-based matrix, and its magnetic analogue (Gel 2). Spectra were taken from the areas magnified as a part of Fig. 3.

The CT was performed on water-equilibrated POx-based hydrogels and their freeze-dried analogues in order to investigate the pore distribution thorough the volume. Before analyzing the images, it should be mentioned that the individual CI particles were not apparent in the CT scans (resolution of 1 voxel = 10×10×10 µm) as their diameter was below the resolution limit of the device. Despite that, the pore structure was clearly observable. Figure 5 shows the 2D cross-sectional images together with the corresponding 3D models of Gel 2. As indicated above, the hydrogel was generally characterized by open-porosity. It should be emphasized that the porous structure was revealed also for the original hydrated gel (without freeze-drying), which proves that pores were formed during the gel synthesis. This is contrary to the other types of the POx gels, e.g., formed by thiol-ene reaction, which exhibited the non-porous structure [28], and the pores had to be introduced via freeze-drying [29]. Further, the data was quantified in detail using digital image processing (Tab. 2). The total porosity roughly decreased after freeze-drying, which proves high water-holding capability of the gels. Moreover, the vast majority of pores had the open structure, while the amount of closed pores was negligible (less than 1% of the volume). To conclude, based on the SEM/EDX and CT observations, it can be asserted that POx-based magnetic gels were successfully fabricated despite possible difficulties accompanying the production of micron-sized high-density particulate gel systems [1]. Such high-porosity materials with the interconnected pores can found the utilization in biomedical applications, as constructs which can be seeded by the cells to promote their migration and proliferation [29]. 

[image: ]
Fig. 5: The reconstructed CT images of Gel 2: in the freeze-dried (a, c), and in the swollen state (b, d), respectively. Dimensions of the presented cross sections is 2.27 mm in a diameter, and 3 mm in height.

Tab. 2: Numerical results from 3D image analysis of Gel 2.
	Parameter
	Unit
	Freeze-dried gel
	Hydrogel

	Analyzed volume
	mm3
	11.8
	11.8

	Pore volume
	mm3
	2.6 ± 0.1
	7.9 ± 0.1

	Porosity
	%
	22.5 ± 0.3
	67.0 ± 1.0

	Open pores
	%
	21.7 ± 0.4
	66.8 ± 1.2




3.4 Magnetic properties. The magnetization spectra of water-equilibrated POx-based gels containing the CI particles are presented in Fig. 6. As can be seen, the saturation magnetization was proportional to the CI particle content inside the body of the hydrogels having values close to 10, 17, and 26 emu·g–1 for Gel 1–3, respectively. These values seem to be reasonable taking into the account the saturation magnetization of powder-state CI particles (ca. 200 emu·g–1) of the same grade [30] and the content of absorbed water (Tab. 2), which obviously has a significant effect on mass magnetization values [31]. When compared to the hydrogels containing hard magnetic fillers, such as barium ferrites, the presented POx-based analogues exhibited relatively narrow magnetic hysteresis, and higher magnetization values at the same particle content [32]. Indeed, even higher magnetization can be obtained by increasing the particle content, but this may provoke the fragility of the composite [11].
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Fig. 6: VSM spectra of the POx-based magnetic hydrogels (Gel 1–3).

A next question arises when dealing with the field-induced motion (displacement and rotation) of the CI particles inside the POx-based matrix. As demonstrated on the magnetorheological suspensions [33], and elastomers [34], the field-induced motion of the embedded particles can significantly influence the magnetic response of such composites. This phenomenon is associated with re-structuring of the material, when particles aggregate along the field direction due to dipole-dipole interactions, which was, apart from the magnetic measurements, demonstrated by direct microscopy and computer simulations [34]. The manifestation of this phenomenon correlates with the matrix properties, while being negligible in rather stiff systems (shear modulus of hundreds kPa) [35], and more pronounced in the softer ones (shear modulus of tens kPa) [34]. Apart from that, it is also linked to other external conditions, such as temperature, due to temperature-dependence of mechanical properties of the polymers [36]. The evaluation of this phenomenon is preferentially realized via susceptibility representation, which can magnify the artefacts in the low-field region. 
As demonstrated in Fig. 3, the CI particles were trapped within the POx-based polymer network, thus considering the elasticity of hydrogels, magnetorestrictive elongation can be expected. Figure 7 displays the susceptibility for all the magnetic gels. A careful examination revealed, that low-field susceptibility values increased by ca. 3-fold across the samples, while being the highest for Gel 3. Despite the fact, that modulus of magnetic gels theoretically depends on the particle volume fraction following the Krieger–Dougherty equation [17], the softest magnetic hydrogel, i.e. Gel 1, exhibited the lowest susceptibility values. Thus, the results clearly show that particle content plays a greater role in grouping the particles then the corresponding increase in matrix stiffness. 
Further, the width of the pattern can be also linked to the matrix stiffness (tested for samples with stiffness differing by a magnitude) as observed by Stepanov et al.[34]. In our case, the width of the susceptibility pattern was comparable (Fig. 7), and we assume that the sample re-structuration was completed under magnetic field strength slightly above ±500 kA·m–1. Finally, let us notice that the local maxima in the susceptibility functions can be associated to the internal particle movement [36], which is the most intense during the low-field magnetization. In this sense, the intensity of this artefact indicates that Gel 3 experienced the largest field-induced changes on the particle level. Considering such remarkable capability, it can be suggested that the POx-based magnetic hydrogels may found utilization as a platform for the magneto-mechanical stimulation of cells [37].
[image: ]
Fig. 7: Differential susceptibility curves of the POx-based magnetic hydrogels (Gel 1–3). The closed/open symbols denote data for decreasing/increasing magnetic field. 

3.5 Viscoelasticity and MR activity. Next, we investigated the viscoelastic and the MR response of the POx-based hydrogels. Figure 8a shows the dependences of the storage, G’, and the loss, G’’, moduli on the applied strain amplitude. As seen, at low strain amplitudes, the G’ values exceeded the G’’ by more than a decade for all the tested hydrogels, which is a typical feature for the cross-linked polymeric systems [11]. In this region, the both moduli were almost constant defining the LVR. After exceeded a critical strain amplitude, the G’ values were strongly decreasing, while the G’’ followed the opposite trend, which finally resulted in the crossover of these quantities. Such behavior can be explained due to the existence of the non-linear viscoelasticity region in which, the irreversible deformation of the composite structure occurs [10]. The friction between the particles and possible rupture of polymer segments are considered as the main factors responsible for the G’’ increase [38]. In neat POx matrix, the former mechanism is not applied, therefore a weaker non-linearity was observed when compared to its particle-based analogues. It is also worth mentioning that the G’’ exhibited a peak value, known as the yielding point, at which the dissipation of the energy is maximal [39]. As recently observed on alginate hydrogels [11], the relevance of the G’’ peak generally decreases with the concentration of magnetic particles and it virtually disappears for the volume fraction over 0.30. In other words, the destruction of the polymer structure corresponding to the G’’ peak becomes relatively less pronounced in highly-filled systems. In our case, this type of behavior was not observed, and the G’’ peak was clearly distinguishable, most probably due to low particle loadings (only up to 2.4 vol.%) in the POx-based magnetic hydrogels. 
The effect of the CI particle concentration on the viscoelastic parameters was further analyzed. We prefer to interpret this effect using the viscoelastic data in the frequency dependence as displayed in Fig. 8b. As clearly obvious, the gradual increase in the CI particle concentration was accompanied by an appreciable increase of the G’ as well as G’’ moduli. The increase of the former quantity can be explained based on the fact, that the CI micro-particles represent a rigid inorganic filler with much higher stiffness when compared to the POx matrix [40]. Likewise, the G’’ increase was associated to enhanced energy dissipation due to more relevant particle/matrix friction in the concentrated gels [22].
Assuming the certain hypotheses [11], the G’ value of the magnetic hydrogel can be estimated theoretically for different particle loadings using the Krieger–Dougherty (K–D) equation. In the case of composites, the K–D formula is analogous to that originally proposed for the viscosity estimation of the suspensions upon the introduction of various amounts of the particles [41]. Here, we use the following expression (Eq. 2):
	
	
	(2)


where the  is the storage modulus of neat matrix, Ф and Фm represent the volume fraction of the CI particles and its maximum value, respectively, while [η] is the parameter associated with the particle shape having the value of 2.5 for rigid spheres. For the CI particles, the Фm value is usually set to 0.64, which corresponds to random close-packed arrangement even though they are not perfectly-monodisperse [42]. At this point, we note that besides the particle size, shape, and their volume fraction, also other important factors (not included in the K–D model), such as the particle/matrix interfacial adhesion, affect the final mechanical properties of the particulate composites [40]. Despite that, the K–D prediction was numerously applied in the particle-filled hydrogels with various degree of success. While some authors reported a good agreement between the experimental data and the K–D prediction [17], for some materials, the K–D theory considerably underestimated their G’ values [11,43]. The literature suggests that this discrepancy arises due to particle/matrix interactions, which can manifest either as a cohesion force [11] or the cross-linking mechanism [43] depending on the physicochemical properties of the components in the particular system. In the case of the POx-based magnetic hydrogels, the G’ values significantly exceeded those predicted by the K–D model, which is in accordance to the latter group of the studies. The underlying mechanism behind this phenomenon can be explained as already-mentioned consequence of possible complexation between the iron and the ligand (Section 3.1), which deactivated cations during the POx polymerization [25]. Nevertheless, the exact mechanism of the particle/matrix interaction is still unclear. At the same time, the increased G’ values were attributed to the development of the 3D polymer network with the embedded CI particles interacting with the matrix.
The field dependence of the POx-based magnetic composite was further addressed. Figure 8c shows the example of the MR behavior for the representative Gel 2. As seen, the G’ of the material noticeably increased in the presence of magnetic field, which is a typical behavior of the ferrogels [2], and magnetic elastomer systems in general [4,10,11,22], termed as the MR effect. Although the CI particles were expected to be “locked” in their positions upon the polymerization process, their magnetic-induced re-organization was possible due to matrix elasticity (Fig. 7). The on-state G’’ values were also enhanced, however they remained lower than the G’ for all the applied magnetic fields. 
To analyze the effect of the CI particle concentration on the MR performance, the on-state G’ was plotted as a function of magnetic field strength for all tested POx-based magnetic gels (Fig. 8d). As expected, the G’ values dominated for the hydrogels with a higher CI particle content embedded inside the POx-based matrix. Besides that, the increasing CI content led to the formation of locally-percolated networks (Fig. 3), thus the enhancement of their MR response occurred as a consequence of collective magnetism caused by the magnetic inter-particle interactions [44]. 
Finally, the efforts were made to predict the MR effect of the POx-based hydrogels. Their response could not be determined using the magnetic dipolar interaction model known from the MR suspensions [45], as for magnetic hydrogels, the on-state G’ is usually predicted using a simple power-law dependence [11]. In the non-cross-linked analogous systems, i.e. MR suspensions, the field-stiffening usually follows  at low magnetic fields [46]. As seen in Fig. 8d, the G’ of the POx-based hydrogels followed  due to the structural differences between both systems. In the magnetic hydrogels, the particles are not well-organized into the straight particle-chains, moreover, their re-organization leading to the local saturation is hindered due to the competition between the magnetic forces and the elastic ones originated in the matrix elasticity. From this perspective, it is reasonable to expect a weaker sensitivity to the external magnetic field. This result is in accordance with that reported by Mitsumata et al.[17] who even observed that a critical particle concentration is necessary to produce any macroscopic stress transfer leading to the G’ increase. The authors [17] however used the carrageenan gel as a matrix possessing relatively-high initial stiffness (over 3 kPa). Most probably, due to lower G’ of the POx-based matrix, the magnetic hydrogels exhibited a certain MR activity thorough the whole concentration range.
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Fig. 8: The storage, G’ (solid symbols), and the loss, G’’ (open symbols), moduli of the POx-based matrix (squares) and magnetic hydrogels represented by Gel 1 (up-triangles), Gel 2 (circles), and Gel 3 (down-triangles) as a function of strain amplitude (a), and frequency (b). The MR activity of the representative Gel 2 as a function of frequency (c) at the off-state (up-triangles), and under 87 (diamonds), 171 (left-triangles), 438 (stars) kA·m–1 magnetic field strengths. The G’ of the magnetic hydrogels (denoted as above) as a function of the applied magnetic field strength, where solid line represents slope of 1.5 (d).

3.6 Cytotoxicity. Finally, we tested the cytotoxicity of prepared materials towards mice fibroblast 3T3 after 24 h of incubation. The toxicity of the material can be caused by unwashed traces of monomers or solvent used for the polymerization. The toxicity increases with increasing density of the network (i.e. percentage of cross-linker), as well as the use of less polar cross-linker as we showed in our previous study [15]. In this case, we improved the washing procedure by increasing the number of washing steps and volume of washing liquid, which led to improved biocompatibility of prepared samples. In addition, the gels containing the CI particles exhibited very good biocompatibility towards used cell line, in both the direct contact toxicity and the extract toxicity studies (Fig. 9). The fibroblasts cultivated in a proximity of the hydrogel were well-spread on the surface and they retained normal morphology as displayed in Fig. 10. To conclude, we showed that the fabricated POx-based hydrogels can be considered as non-cytotoxic under the studied conditions, which determines their potential in biomedical and related applications. 
[image: ][image: ]
Fig. 9: The cell viability in toxicity of extracts (left), and the direct contact toxicity (right) testing of the POx-based hydrogel, and its magnetic analogues (Gel 1–3) immersed in full DMEM medium and evaluated via MTT assay after 24 h of incubation with 3T3 fibroblasts.
[image: ]
Fig. 10: Representative figures of 3T3 fibroblast cells cultivated for 24 h in the presence of POx-based matrix serving as a reference (a), and its magnetic analogue (Gel 2) (b).

1. Conclusions
The POx-based magnetic hydrogels were carefully-designed considering a wide library of matrices fabricated previously. Their synthesis was performed via living ring-opening cationic polymerization of 2-ethyl-2-oxazoline with 1,8-octamethylene-2,2´-bis(2-oxazoline) in a 98:2 molar ratio. The magnetic activity was introduced by in-situ embedding the CI particles into the pre-polymerized matrix. The efficiency of the synthesis expressed as the gel content was decreasing with the increasing content of the CI particles, most probably due to complexation between the cations and the hydroxyl groups on the CI surface. The CT analysis revealed a significant water-holding capability of the hydrogel, its open pore structure, and negligible percentage of closed pores (less than 1%). The POx-based hydrogels exhibited a reasonable mass magnetization, up to 26 emu·g–1 in the swollen state, and remarkable field-induced internal re-organization determining their potential for the magneto-mechanical stimulation of cells. The G’ of the hydrogels significantly exceeded the prediction of the K–D model, which supported the theory of the particle/matrix interaction. In magnetic fields, the hydrogels exhibited remarkable MR stiffening proportional to their CI concentration. All hydrogels exhibited excellent cell viability towards the mice fibroblast 3T3 cell line in direct contact cytotoxicity, and the extract toxicity assay (ISO standards) without any significant change in cell morphology. Due to unique combination of properties manifested as high biocompatibility and sensitivity to magnetic fields, the fabricated POx-based hydrogels may found utilization as a smart composite platform in tissue engineering, pharmaceutical or biomedical fields.
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