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Abstract 
 
Implantable long-acting delivery systems able to minimize off-target side effects and locally 

provide non-invasive imaging reporting are of outmost importance to offer a precise treatment of 

internal diseases and accurate assessment of disease progression, such as in local infections and 

tumor relapse following surgery, among other diseases. Herein, a biocompatible xanthan gum 

(XG)/Fe3O4-based drug-loaded magnetic nanoparticle composite hydrogel with suitable 

rheological properties and theranostic performance was designed. The ultra-high efficacy of the 

chemically-modified polysaccharide matrix to simultaneously encapsulate hydrophilic drugs and 

magnetic iron oxide nanoparticles rendered the final hydrogel magnetically responsive to enable 

thermal-induced controlled drug delivery by magnetic hyperthermia (MH), as well as non-invasive 

monitoring by magnetic resonance imaging (MRI). In addition to an enhanced activity of the drug-

loaded hydrogel compared to the free drug, results showed that the application of an alternating 

magnetic field efficiently stimulated a 3-fold faster release of the encapsulated drug compared to 

passive conditions, whereas a concentration-dependent shortening of the water protons’ relaxation 

time at a clinical field of 3T confirmed this magnetic hydrogel as a T2-MRI contrast enhancer. 

Altogether, these properties open a novel dimension for the application of these versatile magnetic 

nanoparticle composite hydrogels, from traditional topical uses to more internal surgery 

interventions in dentistry, oncology or wound healing of critical skin damage and infections. 

 
Keywords: magnetic nanoparticles; hydrogels; drug delivery; magnetic hyperthermia; magnetic 

resonance imaging 

  
 
1. Introduction 
 
The localized delivery of therapeutics is a medical challenge expected to overcome the harmful 

side effects associated to a wide variety of systemic therapies. However, current drug delivery 

carriers show important limitations coming from the low disease-targeting efficiency in vivo 1,2. 

An alternative solution to these issues has been found in hydrogels. Hydrogels are promising drug 

delivery platforms that show high drug loading efficiencies and provide sustained release profiles 

locally, envisioning applications that include wound dressing, cosmetics, contact lenses, drug 

release and tissue engineering 3-5. Many of them have already been translated into commercial 
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products 6. Hydrogel-enabled drug delivery applications mostly include the treatment of skin 

diseases and also drug release following surgical interventions. In the latter, the local delivery of 

high doses of therapeutic compounds aids to mitigate post-surgery complications, such as 

inflammation, pain, infections, low rate tissue regeneration or disease recurrence 7-10. 

Hydrogels composed of natural biopolymers are highly demanded as biocompatible matrices for 

the encapsulation of bioactive agents of different nature and composition. Their tunable 

physicochemical properties, together with their distinguished water-rich nature, biocompatibility 

and biodegradability, allow hydrogels to modulate their network structure design and create 

versatile platforms to meet specific application requirements in medicine 11-13. Biodegradable 

implantable polymers for tissue engineering and drug release reduce the chances of chronic 

inflammation, immunological reactions and toxicity, and avoid removal surgery. In drug delivery, 

biodegradability is also a material property that can be specifically designed to control drug release 

by selecting the appropriate polymeric matrix. Although the biodegradability of a polymeric 

material depends on the site of implantation and the availability of enzymes and their mechanism 

of action, biodegradability of natural biopolymers in general (and XG in particular), have been 

widely studied under different conditions and using different hydrogel formulations 14-17. 

Moreover, their rheological properties can be tuned within a broad range of mechanical properties 

and consistencies, going from very low- to high-viscosity hydrogels. 

Polysaccharide-based biomaterials are promising candidates as matrices due to their excellent 

biocompatibility, biodegradability, stability, availability, and presence of several functional groups 

in their backbone susceptible of being further functionalized for tailored applications 18-21. Xanthan 

gum (XG) is a high molecular weight natural polymer produced by the bacterium Xanthomonas 

campestris.  Its backbone is composed by β-glucose rings and side chains consisting of substituted 

α-mannose, β-glucose and β-mannose rings 22. This high molecular weight polymer favors the 

build-up of physical and chemical networks, which have been used for drug delivery applications 

and scaffolds for cells 23. Recent polymer science advancements include XG-based 

polysaccharides derivatives that can be easily synthesized by taking advantage of their chemical 

versatility 24. With up to 15 potential hydroxyl and carboxyl reactive groups per monomer, the 

underlying polymer properties can be easily modified to improve the overall functionalities of the 

polymer. 
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Its use has been for a long time limited to environmental applications focused on the efficient 

aqueous removal and recovery of different water contaminants, such as Ni2+, Pb2+, Cu2+, malachite 

green, methyl violet, among others 25-29. It has been extensively used also in food, cosmetics and 

pharmaceutical industries 30,31. In the pharmaceutical area, xanthan-based hydrogels have been 

mainly used as drug delivery formulations for dermatological use, although there are also recent 

examples of XG being a key component of ocular 32 and orally-administered hydrogel formulations 
33,34. In most of them, XG is generally combined with other synthetic and natural polymers, such 

as galactomannan, lignin, chitosan and cellulose derivatives 35,36, konjac gum 37, polyacrylic acid 
38, among others. A wide variety of both hydrophilic and hydrophobic drugs have been 

incorporated in XG-based hydrogel matrices, such as curcumin, fluticasone propionate, 

cyclosporine, carbamazepine, fenoverine, caffeine, indomethacin, ibuprofen, diclofenac sodium, 

buspirone, theophylline, etc., targeting applications 32-34,39-48 that range from topical delivery, skin 

wound healing and local treatment of oral ulcerative lesions and ophthalmic diseases to 

gastroretention, epilepsy and neuropathic pain following oral administration, as well as healing of 

surgical interventions. 

Responsiveness has been also added to XG hydrogels in the context of controlled drug delivery. 

Thus, XG was grafted with acrylamide (PAAm-g-XG) through free radical polymerization for 

electroresponsive transdermal delivery of ketoprofen 49. In this system, an electrical stimulus 

applied to the hydrogel induced an enhanced drug permeation compared to passive diffusion, as 

consequence of the deswelling produced in the vicinity of the electrodes carrying the electric 

stimulus. Unfortunately, this approach is limited to dermal treatments and hardly translatable to 

the clinic due to the invasiveness of the stimuli and the high cost associated to technical 

requirements. In this framework, the incorporation of a magnetic component constitutes a step 

forward, since it allows a remote manipulation of the hydrogel using low-cost externally applied 

magnetic fields. XG hydrogels containing magnetic nanoparticles have been extensively applied 

as catalysts in chemical reactions of industrial interest and as super-adsorbents in environmental 

applications for removal of ions and toxic compounds in aqueous solutions, as well as to enhance 

oil recovery in solid/oil/liq interfaces 50-52. In the biomedical arena, magnetic XG hydrogels have 

been mainly used as scaffolds for cell adhesion, proliferation and differentiation 23. For example, 

xanthan hydrogels loaded with magnetic nanoparticles have been used for neuronal differentiation 

of embryonic stem cells, generating successful synapse formation 53. Likewise, magnetic xanthan 
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hydrogels have allowed enhanced fibroblasts proliferation in comparison to neat xanthan 

hydrogels, showing positive effect of external magnetic field on cell proliferation and Ca ions flux 
54. In the area of stimuli responsive drug carriers, just a few examples of drug-loaded magnetic XG 

hydrogels can be found in the literature where magnetic stimuli has been studied as a trigger of 

drug release. As a representative example, an externally applied magnetic field triggered the 

release of amoxicillin from drug-loaded XG/Fe3O4/albumin patches for antibacterial applications 
55. The applied electromagnetic field was particularly efficient inducing the diffusion of 

amoxicillin from the developed patches in agar medium containing Staphylococcus aureus and 

Escherichia coli and inhibiting their growth. In other work, a static external magnetic field of 0.4 

T stimulated the release of levodopa from a mixed alginate/XG hydrogel for cell proliferation and 

specific differentiation 56. Overall, biocompatible organic-inorganic hybrid hydrogels able to 

simultaneously incorporate inorganic nanoparticles and therapeutic agents can benefit from the 

excellent controlled drug delivery performance from the organic matrix and the physicochemical 

properties of the inorganic counterpart 57. However, all the aforementioned XG-based hydrogels 

involved the mixture of XG with other synthetic and natural polymers focusing only a therapeutic 

objective; the magnetic component of the magnetic XG hydrogels was not studied as an enabler 

of non-invasive MRI contrast enhancement applications. Moreover, in some cases, the intensity of 

the applied field was too high compared to standard magnetic hyperthermia applications using 

magnetic nanoparticles or nanoformulations, where the applied magnetic field is always below 

0.025 T. 

In this work, both thermal-induced control over the drug release and T2-MRI contrast enhancement 

were demonstrated in a developed XG/Fe3O4magnetic nanoparticle composite hydrogel with 

enhanced rheological properties and swelling capability, in which both superparamagnetic iron 

oxide nanoparticles and terbinafine - an antifungal drug - were encapsulated. As a proof-of-

concept, in this study we investigated the potential of a drug-loaded XG/Fe3O4 magnetic 

nanoparticle composite as an antifungal hydrogel to treat highly recurrent nail-based fungi 

infections (onychomycosis) caused by Candida albicans. Topical fungal infections generally 

require the topical administration of an antifungal formulation. Currently available treatments are 

far from ideal and need to be administered for extended periods of time (from months to years). 

Similarly to bacterial infections this creates additional fungi resistance phenomena. Moreover, 

fungal infections very often present high relapse rates and eventually end up with oral 
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administration of medicines, which present more harmful secondary effects compared to topical 

treatments. The use of terbinafine in combination with thermal-induced drug delivery (coming 

from the interaction of MNPs with a remotely applied magnetic field) in a single hydrogel 

formulation constitutes then an alternative and versatile combinatorial treatment against topical 

fungal infections, such as onychomycosis. Therefore, this application and the use of terbinafine 

clearly respond to an unmet clinical need. Beyond, both imaging and therapy functionalities, 

altogether in a single platform, provide the material with theranostic properties and versatility to 

be applied in different conditions, from topical applications (such as that investigated in this work) 

to internal implants (i.e. following surgery), where imaging plays a key role for therapy and 

biodegradability monitoring.  

In order to optimize the functional properties of the final magnetic nanoparticle composite 

hydrogel, a systematic study was carried out varying the chemical substitution degree of MXG, 

the XG/MXG ratio of the final formulation and the concentration of magnetic nanoparticles 

encapsulated in the final hydrogel matrix. In-depth physicochemical and rheological 

characterizations were performed to select the most promising biomaterial, whose in vitro 

cytocompatibility and functional properties (i.e. controlled drug release, antifungal activity, MH, 

MRI) were investigated in detail. The final XG/Fe3O4- magnetic nanoparticle composite hydrogel 

showed high drug loading capability and outstanding antifungal performance in comparison to the 

free drug.  

Overall, these magnetic nanoparticle composite hydrogels hold great promise as topical, 

implantable and stimuli-responsive theranostic drug delivery scaffolds able to provide a more 

efficient, safe and localized treatment of disease. Aided by the non-invasive reporting capability 

of MRI, a broad range of medical applications are envisioned, from traditional topical uses to post-

surgery interventions in dentistry, cancer therapy or wound healing of critical skin damages and 

infections, thus moving the current paradigm of targeted delivery a step forward towards the design 

of a new generation of drug delivery systems able to approach the dual goal of precision and 

personalized medicine.  

 

 

2. Materials and Methods  
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2.1. Materials 

Xanthan gum (XG) with a molecular weight of 2.5 × 106 g/mol and 38% of acetylated group was 

purchased from Solvay. Sodium hydroxide (NaOH), (3-Chloro-2-hydroxypropyl) 

trimethylammonium chloride (CHPTAC) and terbinafine were purchased from Tokyo Chemical 

Industry. Hydrochloric acid (HCl) was obtained from Fisher Scientific. Iron (II) chloride 

tetrahydrate (FeCl2ꞏ4H2O) and iron (III) chloride hexahydrate (FeCl3ꞏ6H2O) were purchased from 

Alfa Aesar. Ammonium hydroxide (NH4OH) was purchased from Acros Organics. Poly(acrylic 

acid sodium salt) (PAANa), ethanol, phosphate buffered saline (PBS, pH 7.4), Dulbecco's 

modified eagle medium (DMEM), fetal bovine serum (FBS) and penicillin/streptomycin were 

purchased from Sigma-Aldrich. Trypsin/ethylenediaminetetraacetic acid (EDTA) solution was 

obtained from BioConcept. Human dermal fibroblasts (HDF) and human skin carcinoma (A431) 

cell lines were kindly provided by the Faculty of Dental Medicine of the University of Porto 

(FMDUP) and International Iberian Nanotechnology Laboratory (INL), respectively. 24-well 

culture plates, 96-well culture plates and dialysis bags (3500 Dalton MWCO) were purchased from 

Fisher Scientific. AquaBluer was obtained from MultiTarget Pharmaceuticals LLC. Milli-Q water 

was used in all experiments. 

 

2.2. Synthesis of modified xanthan gum 

The modified xanthan gum (MXG) was synthetized from a native xanthan gum (XG) precursor 

through a modification of a reported method 58 (Figure 1A). Three different reaction conditions 

sets were used to synthetize the MXG, and each condition set was based on the modification of 

three parameters (NaOH, CHPTAC amounts and temperature) as shown in Table 1. Briefly, a 2 

wt% concentration solution was prepared by dissolving the XG powder in milli-Q water. Then, 

NaOH at 50 wt% was added into the mixture (Table 1) and the reaction was kept at room 

temperature under continuous magnetic stirring for 2 h. Subsequently, the reactive reagent 

CHPTAC at 60% (Table 1) was added slowly under stirring and the temperature was raised up to 

predefined values (Table 1). It is important to clarify that under the basic conditions used for the 

modification of XG (where we have OH- in excess in the medium), CHPTAC undergoes oxidation 

to form the epoxide. The epoxide derivative is then the reactive species capable of attacking the 

activated alcoholic groups of the Xanthan Gum, to form the final cationic polysaccharide polymer 
59. After continuous stirring for 12 h, the reaction mixture was neutralized with aqueous 0.1 M HCl 
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until the desired pH was reached (pH 3-5). The reaction product was precipitated with ethanol and 

acetone, and then washed twice with ethanol at 75%. Finally, the product was purified by dialysis 

during 2 days and then freeze-dried. The obtained MXG powders were designated as MXG1, 

MXG2 and MXG3 according to their modification. Table 1 shows the composition and designation 

of the obtained MXG samples. 

 

Table 1 – Sample designation and reaction conditions for the different modifications of the XG 

polymer. 

Sample 

designation 

NaOH 

(mol) 

CHPTAC 

(mol) 

Temperature 

(ºC) 

Molar ratio 

CHPTAC:NaOH 

Condition 

description 

MXG1 0.25 0.12 50 0.48 mild 

MXG2 0.25 0.18 60 0.72 intermediate 

MXG3 0.5 0.39 70 0.78 harsh 

 

 

2.3. Synthesis of iron oxide nanoparticles 

Iron oxide magnetic nanoparticles (MNPs) of 10 nm size coated with a polyacrylic acid (PAA) 

organic shell were synthetized following a hydrothermal method. First, the iron salts FeCl2.4H2O 

and FeCl3.6H2O were dissolved in 10 mL of water. In a separate vial, 2 g of PAANa were dissolved 

in 5 mL of water. Then, both solutions were mixed together in a Teflon reactor and 15 mL of 

concentrated (28-30%) NH4OH solution was added into the reactor. The autoclave reactor was 

closed, the solution shaken (cocktail, 10×) and the reactor was placed in the oven at 150 ºC for 24 

h. Afterwards, the autoclave was allowed to cool down and, subsequently, the particles were 

diluted down with acetone (approximately 13 mL sample to 50 mL with acetone) and centrifuged 

at 8500 rpm for 5 min. The supernatant was discarded and the pellet resuspended in 15 mL of 

water. This aqueous sample was centrifuged at 3000 rpm for 3 min, the pellet discarded and the 

supernatant kept. In order to purify this supernatant, acetone was added again and centrifuged 

(8500 rpm for 5 min) to get a pellet. The supernatant was discarded and the pellet resuspended in 

water. This process was repeated twice and, finally, the pellet was resuspended in 15 mL of water. 

After 2 days, the sample was transferred to a falcon tube and centrifuged at 3000 rpm for 3 min to 

remove precipitated solids. 
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2.4. Preparation of hydrogels 

The synthesis of XG/MXG1, XG/MXG2 and XG/MXG3 hydrogels was performed by dissolving 

2% (w/w) of XG and 4% (w/w) of MXG powders in milli-Q water under mechanical stirring 

(Figure 1B). Subsequently, the solution turned into a highly viscous liquid that finally formed a 

gel. MNPs were incorporated into the polymeric matrices via physical encapsulation during 

hydrogel synthesis. Briefly, a mixture of 2% of native XG and 4% of MXG powders were 

dissolved under mechanical stirring in an iron oxide (magnetite, Fe3O4) MNPs aqueous dispersion, 

(see section 2.3), and sonicated in an ultrasonic bath at room temperature for 5 min to promote 

their dispersion. Fe3O4 MNPs loadings varied between 0% (w/w) and 10% (w/w) of the mass of 

polymer. Then, the sample turned into a highly viscous liquid that finally formed a solid gel. The 

obtained hydrogels were designated as XG/MXG-2.5, XG/MXG-5, XG/MXG-7.5 and XG/MXG-

10 according to their different Fe3O4 MNPs concentration. Non-magnetic XG (6%) and XG/MXG 

(2/4) % nanocomposite hydrogels were also prepared by mechanical stirring at room temperature, 

and used for comparison.  

 

2.5. Physicochemical characterization 
 

2.5.1. Fourier Transform Infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) was used to identify the functional chemical 

groups of the polymeric materials to confirm product formation and quantify the degree of 

substitution in the MXG series. FTIR spectra of freeze dried native XG and MXG samples were 

measured in a VERTEX 80v vacuum FTIR spectrometer in the frequency ranges of 400-4000 cm-

1.  

 

2.5.2. Nuclear Magnetic Resonance spectroscopy  

H+ nuclear magnetic resonance (NMR) spectroscopy was used to characterize the different 

modifications of XG polymer in D2O. NMR spectra of the native XG and MXG samples were 

recorded on a Bruker Advance 400 MHz (1H) NMR spectrometer at room temperature for 

solutions in D2O at the Chemistry Department of the University of Minho, Portugal. Chemical 

shifts are referred to the solvent signal and are in ppm.  
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2.5.3. Elemental analysis  

Elemental analysis of the native XG and MXG samples were recorded on a Perkin Elmer 2400 

Series II CHNS/O Elemental located in the Instrumental Analysis unit at the University of Santiago 

de Compostela, Spain. The amount of nitrogen derivatives depends exclusively on the amount of 

quaternary amine modifications (one nitrogen (N) per substitution) and, therefore, the N % content 

of the samples was used to measure the degree of polymer substitution. The relationship between 

the theoretical N % composition (percentage of monomers) and the rate of substitutions was then 

calculated. The degree of substitution was also calculated using the following equation (1) 

described in the literature 58: 

 

𝐷𝑆
𝑀𝑊 𝑥𝑎𝑛𝑡ℎ𝑎𝑛 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 % 𝑁

1401 𝑀𝑊 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑖𝑜𝑛 % 𝑁
 1  

 

where MW is the molar weight of the components involved and % N the percentage of nitrogen 

found in the sample by elemental analysis.  

 

2.5.4. Rheology measurements  

Rheological measurements were performed using a strain-controlled rheometer (Anton Paar, 

Germany), equipped with a 25 mm diameter cone-plane geometry. All tests were conducted at a 

constant temperature of 25 ºC. The flow curves were measured in a shear stress range from ca. 

0.01 to 1000 s-1. The viscoelastic properties of the hydrogels were determined by measuring the 

storage (G’) and loss (G’’) moduli in a strain range of 0.01-1000% at a constant frequency of 1 

Hz. The evolution of G and G’’ was also monitored as a function of frequency at an applied 1% 

strain. 

 

2.5.5. Swelling studies 

The swelling capacity of the developed hydrogels was studied at room temperature by immersing 

the hydrogels in milli-Q water. At different time intervals the hydrogels were removed from the 

aqueous solution and gently dried with a filter paper to remove the excess of surface water. Then 

the swollen hydrogels were weighted. The swelling experiments were performed in triplicate using 
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three sample portions with similar weight (approximately 0.5 g) for each type of hydrogel. The 

swelling degree was determined by using the following equation (2): 

 

𝑆𝐷 %
𝑊𝑓 𝑊𝑖

𝑊𝑖
100 2  

where Wf and Wi are the final and initial weight of the hydrogel, respectively. 

 

2.5.6. Scanning electron microscopy 

Morphology of hydrogels was investigated by scanning electron microscopy (SEM). The analysis 

was performed on samples frozen with liquid nitrogen, freeze dried (Freeze Dryer Lyoquest -55ºC 

Plus Eco), mounted on an aluminum sample holder by means of a conductive and double-sided 

adhesive and then examined with a QUANTA 650FEG SEM, with an accelerating voltage of 3 

kV. In order to unequivocally confirm the presence of iron oxide nanoparticles in the hydrogel 

matrix a Back Scattered Electron Detector (BSE) (Voltage – 30 kV) was employed. Energy-

dispersive X-ray spectroscopy (EDS) analysis was also performed in a representative region of 

interest to provide further analytical evidence.  

 

2.5.7. Thermogravimetric analysis  

The hydrogels were freeze dried and cut into small pieces before thermogravimetric analysis 

(TGA) was performed. TGA of the hydrogels was performed using a Mettler Toledo TGA/DSC 

1/1100 SF STARe System under temperature raising from 25 to 900 °C. From an initial 

temperature of 25 ºC, the samples were heated up to 120 ºC at a heating rate of 5 °C/min and then 

heated up to 900 ºC at 10 °C/min, under an Ar flow rate of 30 mL/ min.  

 

2.5.8. Magnetic properties 

Magnetic properties were investigated using a SQUID-VSM magnetometer from Quantum 

Design. Lyophilized samples were weighed, fixed with cotton into a gelatin capsule and placed in 

a straw sample holder. Hysteresis loops of the magnetic hydrogels were recorded in the applied 

magnetic field range from -20 kOe to +20 kOe at room temperature. The temperature-dependent 

magnetization was recorded under a magnetic field of 100 Oe in the temperature range between 
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1.8 and 300 K, under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. The magnetic 

moment was normalized to the total mass of magnetic material. 

 

2.5.9. Hyperthermia performance 

The heating efficiency of the magnetic hydrogels containing different concentrations of iron oxide 

MNPs was evaluated in a hyperthermia equipment DM1 from nanoScale Biomagnetics that 

supplied an alternating magnetic field (AFM) with a frequency of 890 kHz and a magnitude of 20 

mT. The capacity of the iron oxide MNPs to generate heat upon magnetic excitation with an AMF 

in the magnetic hydrogels was also compared to that in water solution. The temperature increase 

was measured with an optical fiber and recorded as a function of the time for 15 min. The ΔT, 

defined as the difference between the maximum reached temperature and the initial temperature, 

was measured for each sample. The specific absorption rate (SAR) of the final MNPs dispersions 

and hydrogels was determined according to equation (3):  

 

𝑆𝐴𝑅 𝑊/𝑔
𝑐
𝑚

 
𝛥𝑇
𝛥𝑡

3  

where C is the specific heat capacity of water, mMNPS is the mass of MNPs and ΔT/Δt is the initial 

slope of temperature increase vs heating time. 

 

2.5.10. Magnetic resonance imaging studies 

The magnetic resonance imaging (MRI) contrast enhancement efficiency of magnetic hydrogels 

with different iron oxide MNPs concentrations was studied using a MR Solutions 3.0 Tesla 

benchtop MRI system at room temperature. T2-weighted images and T2 maps were acquired by 

means of multi-echo-multi-slice (MEMS) and fast spin echo (FSE) sequences, respectively. All 

MR images were acquired with an image matrix 256x252, field of view (FOV) 60x60 mm, 6 slices 

with a slice thickness of 1 mm and 0 mm slice gap. For FSE imaging the following parameters 

were used: TE = 14 ms, TR = 3000 ms, NA = 5, AT = 15m 52s. The following parameters were 

used for MEMS sequences: NE = 10 (TE = 0.015, 0.03, 0.045, 0.06, 0.075, 0.09, 0.105, 0.12, 0.135, 

0.15 s), TR = 1400 ms, NA = 10 and AT = 45m 06s. T2 maps were reconstructed using ImageJ 

software (http://imagej.nih.gov/ij) following the standard equation: Sn=S0(1-e-TEn/T2)). The 
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relaxivity values were obtained as the slope of the linear fitting obtained after plotting the 

relaxation rate T2
-1 (s-1) vs Fe concentration (mM).   

 

2.6. Cytocompatibility of (magnetic) hydrogels 

The in vitro cytocompatibility was studied on non-magnetic hydrogels and magnetic hydrogels 

with different iron oxide MNPs loadings. For cell culture, hydrogels sections with 10 mm diameter 

and 5 mm thickness (500 mg) were sterilized by immersion in 70% ethanol (v/v) for 30 min, 

followed by thorough rinsing with sterile PBS (pH 7.4) three times. Human dermal fibroblasts 

(HDF) and human skin carcinoma (A431) cell lines were cultured in DMEM supplemented with 

10% (v/v) FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin, in a humidified atmosphere 

of 95% air and 5% CO2 at 37 °C. At 70-80% confluence, the adherent cells were washed and 

detached with a trypsin/EDTA solution for 5 min at 37 °C. Then, direct and indirect cytotoxicity 

tests were performed in the hydrogels. Results from these cytotoxicity tests were compared to 

untreated cells (positive control) and cell viability was expressed as a percentage of that of the 

positive control. 

 

2.6.1. Direct test 

Cells were seeded on 24-well culture plates at a density of 5×104 cells/mL and incubated at 37ºC 

for 24 h. Afterwards, the culture medium was removed and discarded, and the hydrogels were 

carefully placed on the cell layer. Then fresh culture medium was added to each well and the plates 

were incubated at 37ºC. After 24 and 48 h, the cell metabolic activity was evaluated using the 

AquaBluer assay. Briefly, fresh complete medium containing 1% of AquaBluer was added to each 

condition and the plates were incubated for 4 h. The fluorescence intensity was then measured at 

540 nm excitation wavelength and 590 nm emission wavelength using a microplate reader 

(Synergy H1, BioTek).  

 
2.6.2. Test on extracts 

Cells were seeded on 96-well culture plates at a density of 3×104 cells/mL and incubated at 37ºC 

for 24 h. At the same time, hydrogels were placed on 24-well plates with fresh culture medium 

and incubated at 37 ºC for 24 h. Afterwards the culture medium of the 96-well culture plates was 

removed and discarded, and the extracts (media that was 24 h in contact with the hydrogels) were 
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added into each well on the cell layer. After 24, 48 and 72 h, the cell metabolic activity was 

evaluated using the AquaBluer assay.   

 

2.7. Antifungal performance of the hydrogels 

2.7.1. Fungal microorganisms and inoculum preparation 

Candida albicans ATCC 24433 was used for the determination of the in vitro antifungal activity 

of the hydrogels. C. albicans was preserved at -80 ºC in SDB containing 30% (v/v) glycerol. For 

the inoculum preparation, C. albicans was grown overnight in SDB at 37 ºC under continuous 

orbital agitation of 120 rpm. Then, the resulting C. albicans suspension was diluted in fresh SDB 

solution and adjusted to a cell density of approximately 106 cells/mL.  

 

2.7.2. Biofilm susceptibility assays 

For the biofilm susceptibility assays, the antifungal drug terbinafine was used. The effect of the 

drug, both free and encapsulated into the hydrogels, was investigated against C. albicans. 

 

2.7.2.1. Biofilm formation 

Biofilms were formed as previously described60 with some modifications. Briefly, 1 mL of C. 

albicans suspension, grown overnight as described above and adjusted to a cell density of  106 

cells/mL, was added into each well of a 24-wells flat bottom polystyrene microtiter plate and 

incubated at 37 ºC during 24 h. After biofilm development, the medium was removed, and the 

wells were washed twice with saline (8.5 g/L NaCl).  

 

2.7.2.2. Assessment of the antifungal effect of free terbinafine  

Stocks solutions of 2000 µg/ml of drug were prepared in 100% DMSO and diluted immediately 

before use, with DMSO concentrations at 1% (v/v). Then, 24 h-old biofilms were treated by the 

addition of 1 mL solutions of terbinafine at various concentrations in the range 0.1-100 µg/mL. 

Fungal suspension with DMSO (1%, v/v)  in the absence of drug was used as positive control. 

Cells were incubated at 37 ºC during 24 h. The remaining C. albicans were determined by the 

colony forming units (CFU) assay.  

 

2.7.2.3. Colony forming units (CFU) 
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After 24 h of biofilm incubation with different terbinafine concentrations, the media was removed 

and discarded, and the wells were washed with saline (8.5 g/L NaCl). Subsequently, the wells were 

scrapped and diluted serially in saline (8.5 g/L NaCl). Diluted biofilm suspension (10 µL) were 

plated on SDA plates by the drop plate method. 61 After 24 h of incubation at 37 °C, the CFU were 

determined and final values were expressed as Log (CFU/mL). 

 

2.7.2.4. Assessment of the antifungal activity of hydrogels 

For the evaluation of the antifungal activity of blank magnetic hydrogels (without drug) and drug-

loaded magnetic hydrogels, hydrogels sections with 10 mm diameter and 5 mm thickness (500 

mg) were sterilized by UV radiation for 30 min on each side. Biofilms were formed for 24 h and 

washed as described above. After washing with saline (8.5 g/L NaCl), the hydrogels with different 

terbinafine concentrations in the range 0.01 – 2.5%, or blank (controls), were carefully placed on 

top of the fungal biofilms. Fresh culture medium (1 mL) was added to each well, and the plates  

were incubated at 37 °C during 24 h. Subsequently, the antifungal effect was analyzed by 

determining the colony forming units (CFU). 

 

2.8. Drug release from magnetic hydrogels 

2.8.1. Drug loading 

Terbinafine hydrochloride was the drug of choice for the loading and releasing experiments. 

Therefore, in order to incorporate the terbinafine into the magnetic hydrogels, an aqueous 

solution/dispersion of this drug was initially incorporated in the hydrogel synthesis reaction. A 

series of terbinafine-loaded XG/Fe3O4 magnetic nanoparticle composite hydrogels were prepared 

with drug concentrations ranging from 0.01 to 10% (w/w). Antifungal activity assays were 

performed with drug-loaded hydrogels containing terbinafine concentrations up to 2.5 % (w/w), 

whereas the hydrogel with the maximum terbinafine concentration (10% w/w) was used for the 

drug release experiments w/o magnetic hyperthermia. According to the water solubility of 

terbinafine in its hydrochloride form (3 mg/mL), it is important to highlight that the amount of 

drug needed to prepare hydrogels with 0.01 and 0.1% (w/w) of terbinafine involved a complete 

dissolution of the drug in water. However, above 0.1% (w/w) of terbinafine, the required amount 

of drug was not fully dissolved and rather formed a water dispersion. For the synthesis of the drug-

loaded hydrogels, terbinafine hydrochloride was first dispersed in milli-Q water and then mixed 
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with the iron oxide MNPs solution. Subsequently, the polymer powders were dissolved under 

mechanical stirring in the previously prepared solution. Then, the solution turned into a highly 

viscous liquid that finally formed a solid gel. 

 

2.8.2. Drug release behavior 

Drug release studies were performed to evaluate the capability of hydrogels to release their drug 

payload over time. The passive release and the release induced by magnetic hyperthermia (MH) 

were assessed. In both cases, drug release was investigated by a dialysis method. The magnetic 

hydrogel selected for these experiments contained, on one hand, a 10% MNPs in order to maximize 

its interaction with the applied magnetic field (once its rheological properties and biocompatibility 

are not compromised) and, on the other, a 10% of terbinafine to assure drug detection at short drug 

release times w/o magnetic hyperthermia. The hydrogels were placed in a pre-swollen dialysis bag 

(3500 Dalton MWCO) and immersed into 20 mL of Milli-Q water (the water amount was enough 

to dissolve three times all the amount of drug contained in the hydrogel sample fulfilling the sink 

conditions). For the induced drug release experiments, the release of the drug was studied under 

an AMF generated by a MagTherm applicator at a field of 23 mT and two different frequencies of 

174.5 and 262.1 kHz. Then, for both passive and induced release experiments, an aliquot of 1 ml 

of the releasing solution was collected at scheduled time points (30, 60, 90, 120, 180 and 240 min) 

and replaced with the same volume of fresh Milli-Q water in order to maintain a constant volume. 

The amount of drug released from the hydrogel was determined by UV-visible spectrophotometry 

(Shimadzu UV-2550) at 280 nm absorption wavelength against a previously calibrated standard 

curve.  

 

2.8.3. Kinetic analysis of drug release profile  

In order to model the drug release profile of terbinafine from the hydrogel, different mathematical 

models describing the kinetic behavior of drug release were investigated. Thus, the first 60% of 

the drug release data from the hydrogels were fitted into various kinetic mathematic models, 

particularly zero-order, first-order, Higuchi, Hixson-Crowell and Korsmeyer-Peppas models 62,63. 

The accuracy of the different kinetic models was compared by calculation of the determination 

coefficient (R2), in such a way that the model presenting the highest R2 value was considered as 

the best fit model of the drug release data. The Akaike Information Criterion (AIC) was also used 
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to examine the applicability of the different drug release models, where the kinetic model 

associated with the smallest value of AIC was regarded as giving the best fit out of the models 64.  

 

2.9. Statistical analysis 

All the experiments were carried out in triplicate. The results were expressed as the mean ± 

standard deviation (SD). The statistical analysis of the results was performed with either one-way 

analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test or two-way 

ANOVA followed by Sidak’s multiple comparisons test. The significance level was set to *p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. 

 

3. Results and Discussion 

3.1 Chemical modification of XG 

A XG derivative (MXG) with tailored physicochemical and mechanical properties was synthesized 

by chemical incorporation of quaternary amine groups to the original polymer backbone structure 
58. The reason for this chemical substitution was two-fold. On the one hand to increase the 

hydrophilicity of the natural polysaccharide matrix and the absorption of a higher amount of water, 

thus improving the swelling properties of the resulting hydrogel and eventually impacting the drug 

delivery profile of an encapsulated active compound. On the other, to strengthen the hydrogen 

bonding and the electrostatic interactions in the final hydrogel network, improving the rheological 

properties of the polymeric structure and its affinity optimization towards drug candidates.  The 

chemical modification of XG involved the activation of the carboxylic groups present in the 

xanthan biopolymer under strong basic conditions and its subsequent reaction with CHPTAC for 

different times, yielding a xanthan polysaccharide derivative in which part of the carboxylic groups 

were substituted by quaternary amines (Figure 1A). Following this protocol, three modified 

xanthan derivatives (MXG1, MXG2 and MXG3) were synthetized and purified. Each synthetic 

condition set was based on the adjustment of three different variables, namely NaOH and 

CHPTAC concentrations and temperature. The resulting XG derivatives were thoroughly 

characterized by FTIR, NMR and elemental analysis. Results revealed the presence of quaternary 

amine methyl functional groups, +N-CH3, in the XG backbone structure, which confirmed the 

successful chemical substitution of the XG biopolymer (see SI for chemical characterization 

details, including Figures S1, S2 and S3). Results from the chemical characterization point to a 
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direct correlation between the XG substitution degree and the harsher reaction conditions (namely 

highest temperature, basicity and reagent concentration), MXG1 < MXG2 < MXG3 (see Figure 

S4 in SI). Interestingly, the chemical modification protocol and the reaction conditions employed 

in this work produced higher chemical substitution degrees compared to those of other reported 

methods for XG 58 and similar polysaccharide-based polymers 65. 

 

 

Figure 1. Synthetic route followed for the preparation of the modified xanthan gum (A); scheme 

of  experimental protocol followed for the preparation of both non-magnetic XG- and  magnetic 

XG/Fe3O4-based magnetic nanoparticle composite hydrogels. 

 

3.2. Synthesis and characterization of non-magnetic hydrogels 

The final polysaccharide hydrogel matrix was composed of a mixture of the natural biopolymer 

XG and the chemically modified MXG (XG/MXG), and prepared by mechanical stirring as 
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illustrated in Figure 1B. Our study compared the structural features of three MXG-based hydrogels 

differing in the chemical substitution degree of the XG precursor – MXG1, MXG2 and MXG3. 

Images of a representative hydrogel of composition XG/MXG2 are shown in Figure S5, which 

highlights the original viscosity, texture and suitable rheological properties that make it useful for 

topical and injectable/implantable applications, also showing an excellent integrating interface 

when filling cavities in other tissue-mimicking substrates such as agar gel. Therefore, we 

characterized the rheological and swelling properties of all hydrogels since these properties dictate 

the interaction of the hydrogel with the host tissue and the drug payload delivery profile 66,67. For 

all hydrogels, the storage modulus (G′) was higher than the loss modulus (G′′) and both moduli 

showed almost no dependence with frequency, thus confirming the predominantly solid-like nature 

of the hydrogels (see SI, Figure S6A) 68. It was demonstrated that at a given frequency the higher 

the MXG substitution degree the higher G’, which could be explained by an increasing electrostatic 

and hydrogen bonding interactions among MXG molecules that lead to higher crosslinked net 

structures and strengthened hydrogel networks 58. Besides, all hydrogels showed a rapid decrease 

in both G’ and G’’ after reaching a critical strain (see Figure S6B, SI), indicating a stronger fluid-

like behavior of the hydrogels under high strain 69. It was also noticeable that the shear viscosity 

values decreased with increasing shear rate for all the hydrogels, suggesting a shear-thinning non-

Newtonian behavior, and meaning that their viscosity is dependent on shear rate (see Figure S6C, 

SI). Hydrogels displaying shear-thinning properties undergo a viscosity decrease under application of 

shear stress, which is recovered once the shear stress is removed 70. These rheological properties 

suggest that the developed hydrogels could be injected by applying high shear rate during injection, 

being capable of near-immediate recovery following shear-thinning, thus allowing optimal 

fixation of the hydrogel at the target site. 

Regarding the swelling properties, it was observed a maximum swelling degree of 89% for XG 

hydrogel, whereas for the three MXG hydrogel derivatives maximum swelling degrees of 183%, 

202% and 199% were observed for XG/MXG1, XG/MXG2 and XG/MXG3, respectively (see 

Figure S6D, SI). The water swelling of XG hydrogels occurred rapidly, reaching water uptake 

equilibrium in the first 4 h, which might be disadvantageous for a sustained drug release system, 

since fast swelling is often correlated with a quick release of drugs 71,72. However, the developed 

XG/MXG1 hydrogel reached the water uptake equilibrium after ca. 24 h, while the XG/MXG2 

and XG/MXG3 hydrogels reached it after ca. 48 h. The water uptake profile as well as the 
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maximum swelling degree was similar for both XG/MXG2 and XG/MXG3 hydrogels. These 

results clearly point to MXG-based hydrogels as more suitable carriers for controlled drug 

delivery. Accordingly, the developed XG/MXG2 hydrogel was the selection of choice for further 

development stages involving the incorporation of MNPs, since it showed similar rheological and 

swelling properties when compared to the XG/MXG3 hydrogel, requiring however milder 

preparation conditions (i.e. lowest amount of CHPTAC, temperature and basicity).  

 

3.3. Synthesis and physicochemical characterization of magnetic hydrogels 

Magnetic hydrogels were prepared by incorporation of different amounts of iron oxide MNPs 

(PAA-coated Fe3O4; see Figure S7 in SI for main characterization results) into the XG/MXG2 

hydrogel matrix, according to the fabrication protocol displayed in Figure 1B. An aqueous 

dispersion of PAA-coated Fe3O4 nanoparticles was initially added to the reaction mixture 

composed of XG and MXG2 polymers before mechanical stirring. Unlike the selection of XG as 

a biodegradable natural polymer able to intrinsically control drug delivery, the use of the non-

biodegradable PAA has been intended to provide a protective effect towards iron oxide 

nanoparticles degradation. PAA molecules present multiple anchoring functional groups and 

tightly bind the nanoparticles’ surface, thus staying in place longer time (compared to other coating 

agents with single chelating function, such as citric acid, phosphonoacetic acid, caffeic acid, etc.) 

and delaying nanoparticle biodegradation more efficiently. Compositional integrity of the iron 

oxide nanoparticles is essential to preserve their magnetic properties and enable MR imaging 

capability over extended periods of time. One of the challenges in regenerative medicine and drug 

delivery is actually to develop long-lasting imaging agents for diagnosis and monitoring purposes 

that can be integrated in theranostic systems. The impact of magnetic nanoparticle surface coating 

with PAA on their long-term intracellular biodegradation has been recently reported in comparison 

with other coatings of different chelating nature. 73 

Two magnetic hydrogels were synthesized containing different Fe3O4 MNPs concentrations, 

namely 5 and 10%, labeled as XG/MXG2-5 and XG/MXG2-10, respectively (see images of 

magnetic hydrogels in Figure S8 in SI). The effect of MNPs on the rheological and swelling 

properties of the resulting hydrogels was evaluated. XG/MXG2-5 and XG/MXG2-10 presented a 

typical gel behavior, in which G’ was higher than G’’ for all the frequencies tested and G’ was 

predominantly frequency-independent (Figure 2A). Moreover, G’ corresponding to the hydrogel 
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containing 10% of Fe3O4 MNPs was higher than that of the non-magnetic hydrogel and that of the 

hydrogel containing 5% of Fe3O4 MNPs. Therefore, the incorporation of Fe3O4 MNPs in the 

hydrogel reinforces the mechanical structure of the polymeric matrix as described for other 

polymeric matrixes containing MNPs 74,75. When shear strain increased, a similar behavior for G’ 

and G’’ to that observed in non-magnetic XG/MXG2 hydrogels was found for magnetic 

XG/MXG2 hydrogels as shown in Figure 2B, where the G’’ profile crossed over G’, indicating a 

solid (gel) to liquid (viscous fluid) phase transition. Similar to XG/MXG2 hydrogel, XG/MXG2-

5 and XG/MXG2-10 also displayed shear-thinning features (Figure 2C). 

The effect of drug incorporation on the rheological of the magnetic XG hydrogel matrix was also 

evaluated. Figure S9 in the SI shows the rheological and swelling properties of the magnetic 

hydrogel containing 10% of MNPs (XG/MXG2-10) and loaded with 10% of terbinafine, in 

comparison to a blank magnetic hydrogel without drug. The choice of the highest magnetic content 

hydrogel (10% w/w of MNPs) was based on its biocompatible character and its later use in the 

functional validation experiments, since it allows to maximize the effect of its interaction with an 

external magnetic field. A drug incorporation of 10% of terbinafine, corresponding to the 

maximum drug concentration incorporated in the whole series of magnetic XG/Fe3O4 magnetic 

nanoparticle composite hydrogels prepared, was tested. It is important to highlight that, at this drug 

concentration, the amount of terbinafine hydrochloride needed to be dissolved in water for the 

preparation of the hydrogel was well above the water solubility of terbinafine (3 mg / mL in its 

hydrochloride form), thus rather resulting in a drug water dispersion. This fact makes that the 

characterization of the rheological and swelling properties of a hydrogel, likely containing 

terbinafine crystals in its polysaccharide matrix, is even more relevant. Similarly to the 

incorporation of MNPs, the incorporation of 10% of terbinafine in a magnetic hydrogel provokes 

a reinforcement of the mechanical structure of the hydrogel matrix, as deduced from the higher G’ 

of the drug-loaded hydrogel compared to that of the control (Figure S9A). Likewise, the typical 

gel behavior of the magnetic hydrogel is maintained after drug incorporation in the whole range 

of frequencies tested, where G’ was higher than G’’ and both predominantly frequency-

independent. Moreover, a similar behavior was observed for G’ and G’’ in both drug loaded and 

non-loaded hydrogels as shear strain increased and the solid (gel) to liquid (viscous fluid) phase 

transition, indicated by the G’ - G’’ crossover at 100 % strain, was not affected (Figure S9B). 

The incorporation of a 10% of terbinafine in the magnetic hydrogel did not induce differences in 
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the viscosity behavior as a function of the shear rate between loaded and non-loaded magnetic 

hydrogels (Figure S9C). Therefore, we can conclude that the incorporation of terbinafine in a 

concentration above the water solubility limit, induced a moderate reinforcement of the magnetic 

hydrogel structure but did not significantly alter gel behavior, solid (gel) to liquid (viscous fluid) 

phase transition and shear thinning properties. 

 

Figure 2. Storage modulus (G′ - solid symbols) and loss modulus (G′′ - open symbols) as a function 

of frequency at 1% strain (A) and shear strain (B) for XG/MXG2 hydrogel and XG/MXG2 

hydrogels containing 5% (XG/MXG2-5) and 10% (XG/MXG2-10) of Fe3O4 MNPs; viscosity as 

a function of the shear rate for XG/MXG2, XG/MXG2-5 and XG/MXG2-10 hydrogels (C); and 

swelling properties of XG/MXG2,  XG/MXG2-5 and XG/MXG2-10 (D). 
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The swelling properties of the hydrogels containing 5% and 10% of Fe3O4 MNPs were also 

assessed as shown in Figure 2D. While the XG/MXG2 hydrogel presented a maximum swelling 

degree of 202%, XG/MXG2-5 and XG/MXG2-10 magnetic nanoparticle composite hydrogels 

showed maximum swelling degree values of 240% and 220%, respectively. The higher swelling 

degree observed for the XG/MXG2-5 hydrogel could be attributed to the hydrophilic nature of the 

MNPs, which are coated with a PAA shell, thus favoring water penetration into the hydrogel. 

Interestingly, an increase in the MNPs concentration up to 10% induces a decrease in the swelling 

degree. This could be ascribed to a reduction of the free space inside the polymer matrix , which 

would prevail over the hydrophilic nature effect of the PAA-coated MNPs 76. Overall, the 

maximum swelling degree of the magnetic nanoparticle composite hydrogels resulted to be higher 

than that of equivalent non-magnetic hydrogels. This highlights XG/MXG hydrogels as suitable 

platforms to efficiently incorporate an inorganic counterpart, where the particular presence of 

MNPs plays an essential role, not only tuning the rheological and swelling properties of the final 

magnetic matrices, but also rendering them responsive to external magnetic fields. This magnetic 

responsiveness opens a new field of application for magnetic hydrogels in the biomedical field, 

since it enables the integration of both monitoring and therapy capabilities, i.e. MRI and MH, in a 

single platform.  

The effect of drug incorporation on the swelling properties of the magnetic XG hydrogel matrix 

was also evaluated. Unlike the null effect observed on the rheological properties, the incorporation 

of terbinafine significantly modified the swelling properties of the magnetic hydrogel (Figure 

S9D). First, the swelling degree rate was clearly slowed down for the drug-loaded hydrogel until 

a plateau was reached at 225 % of swelling degree. Thus, despite the swelling degree at saturation 

is similar for both drug-loaded and non-loaded magnetic hydrogels, the drug-free hydrogel reaches 

swelling saturation 25 h earlier than the drug-free hydrogel (t= 25h vs. t=50 h). swelling degree 

saturation for the drug-loaded hydrogel at 225 % swelling degree at t=20 h. This remarkable 

reduction in the swelling degree rate after drug incorporation can be attributed, at least in part, to 

the less free space available inside the polymer matrix and to a higher affinity difference between 

the water and the polymer matrix, as consequence of the presence of a relevant amount of drug as 

highly hydrophobic aggregates. 

In this work, the developed XG-based hydrogels were then loaded with both MNPs and 

terbinafine. Therefore, encapsulation efficiency and loading capacity concepts apply to both of 
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them. On the one hand, encapsulation efficiency was virtually 100% for both components. Both 

iron oxide nanoparticles and terbinafine hydrochloride were firstly solubilized / dispersed in water 

solution and added as precursors to the initial reaction mixture containing the XG polymers 

(natural and modified) in the optimized proportion. After 2 h of mechanical stirring the resulting 

hydrogel homogeneously integrates the total amount of MNPs and drug added to the one-pot 

reaction. Accordingly, loading capacity has been calculated for both components regarding the 

total weight of the hydrogel formulation. As several magnetic hydrogels were synthesized 

containing different amounts of MNPs and terbinafine for different purposes, Table S1 in the 

Supporting Information shows the encapsulation efficacy and loading capacity for each one of 

them. Magnetic loading was further confirmed by ICP analysis of Fe.  

The morphology of lyophilized magnetic and non-magnetic XG/MXG2 hydrogels was examined 

by SEM and representative images of these samples are shown in Figure 3A-D. Both hydrogels 

presented an interconnected three-dimensional porous structure where the pore size in the 

XG/MXG2 hydrogel was not significantly affected by the incorporation of Fe3O4 MNPs. This 

porous structure allows hydrogels to swell, enables water diffusion and improves the rate of 

entrapment of a loaded drug 77. The presence of iron oxide nanoparticles aggregates and their 

distribution over the surface of the porous magnetic hydrogel architecture has been unequivocally 

determined by employing imaging with a Back Scattered Electron Detector (BSE) (Voltage – 30 

kV) – Figure 3D. The use of the BSE detector enables z-contrast (bright contrast in the images) 

and hence the iron oxide nanoparticles can be easily seen in the images as brighter signals. EDS 

spectra is also shown as inset in Figure 3D where Fe is clearly identified in the sample, providing 

further evidence about the presence of iron oxide nanoparticles in the XG/Fe3O4 magnetic 

nanoparticles composite hydrogel. However, the presence of the nanoparticles embedded in the 

polysaccharide matrix cannot be discarded from these images. 
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Figure 3. SEM micrographs of freeze dried (A, B) non-magnetic and (C, D) magnetic XG/MXG2 

hydrogel containing 10% of Fe3O4 MNPs Image (D) was acquired using a BSE detector and inset 

shows an EDS spectra acquired over the whole surface area shown in D.   

 

The thermogravimetric behavior of non-magnetic and magnetic XG/MXG2 hydrogels with Fe3O4 

MNPs concentrations of 5% and 10% was also analyzed (see Figure S10, SI). All the hydrogels 

presented an initial weight loss below 100 °C, which was due to the loss of adsorbed water. As the 

temperature increased, a second weight loss was observed above 200 °C, which was mainly 

attributed to the degradation of the XG polymer chains. The thermogravimetric curves of iron 

oxide-containing hydrogels showed a third weight loss at around 700 ºC, which could be related 

to iron oxide phase transitions under inert atmosphere 78,79. These results indicate that the 

incorporation of MNPs does not induce a different thermal-induced degradation profile in the 

resulting magnetic hydrogels.  
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In order to study the magnetic properties of the magnetic nanoparticle composite hydrogels and 

their suitability to interact with external magnetic fields, magnetization measurements as a function 

of applied magnetic field and temperature were carried out. Figure 4A shows the hysteresis loops 

(M vs H) at room temperature for XG/MXG2 magnetic nanocomposites containing 5 and 10% of 

MNPs (with respect to the mass of the polymer), as well as that of MNPs alone as reference. No 

hysteresis is observed, confirming that the superparamagnetic behavior of the MNPs is preserved 

after their incorporation into the hydrogel organic matrix 80,81. The higher the magnetic loading, 

the higher the saturation magnetization (Ms), which in the 10% MNPs nanocomposite reaches 

values as high as 2.6 emu/g. This value is remarkably lower compared to that of MNPs alone (60 

emu/g) due to the organic matter contribution to the total mass of the magnetic hydrogel 82. 

However, this magnetization value is still high enough for successful performance as magnetic 

effector in magnetic field-assisted medical technologies, such as MRI and MH. Magnetic 

performance parameters are shown in Table 1. Figure 4B shows the magnetization curves as a 

function of temperature measured under zero-field-cooling (ZFC) and field-cooling (FC) 

conditions. Results confirm the superparamagnetic behavior at room temperature and a blocked 

magnetic state below the blocking temperature, Tb, defined as the maximum of the ZFC curve, 

which indicates the temperature from which the thermal fluctuation of the magnetization is 

destabilized or unblocked 83. Below Tb, a particle will commonly be thermally stable or blocked 

and, above this temperature, a particle will be assigned as superparamagnetic 84. For envisioned 

biomedical applications, Tb has to be below room temperature in order to guarantee that the 

remanence disappears when the magnetic field is switched off 85. A remarkable shift to lower 

temperatures is observed when we compare the Tb of MNPs alone (193K) and that of magnetic 

nanoparticle composite hydrogel (97K). This has been attributed to proximity effects between 

nanoparticles in the hydrogel, including clustering and aggregation phenomena, that enhance the 

dipolar magnetic interactions and modify the anisotropy energy barrier, thus changing the 

magnetic relaxation times of the MNPs 86. Interestingly, no significant differences in Tb were found 

for the magnetic nanocomposites containing MNPs in the concentration range up to 10%, as shown 

in Table 2. 
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Figure 4. Hysteresis loops of Fe3O4 MNPs and magnetic hydrogels with different Fe3O4 MNPs 

loadings at T = 300 K (A); and temperature dependence of the ZFC and FC magnetizations in the 

temperature range from 1.8 to 300 K for Fe3O4 MNPs and hydrogels with different Fe3O4 MNPs 

loadings (B). The magnetic moment was normalized for the total hydrogel mass.  

 

Table 2. Saturation magnetization (Ms), remanence magnetization (Mr) and coercivity (Hc) values, 

calculated from the M-H curves, and blocking temperature (Tb), obtained from the M-T curves, of 

Fe3O4 MNPs and hydrogels with different Fe3O4 MNPs loadings. 

 

Sample Ms (emu/g) Mr (emu/g) Hc (kOe) Tb (K) 

Fe3O4 MNPs 61.0 1.85 0.03 193 

XG/MXG2-5 1.2 0.07 0.04 96 

XG/MXG2-10 2.6 0.12 0.04 98 

 

3.4. Functional performance of magnetic hydrogels 

The incorporation of MNPs in the polysaccharide matrix opens the door to the use of these 

magnetic nanocomposite hydrogels in a series of medical technologies that are based on the 

interaction of a magnetic effector and an external magnetic field. In order to investigate the 

potential of the developed magnetic nanoparticle composite hydrogels in magnetically-assisted 

diagnosis and therapy applications, their capability to act as heat mediators in MH and as contrast 

agents in MRI was studied through designed functional studies. Concerning MH, the heating 
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profile of XG/MXG magnetic nanoparticle composite hydrogels was measured under an 

alternating magnetic field and compared to that of magnetic suspensions (see Figure S11, SI). In 

both hydrogel and water solution dispersing media, the higher the Fe3O4 MNPs concentration, the 

higher the temperature increase recorded. However, the temperature increase observed in the 

magnetic nanoparticle composite hydrogels was significantly lower compared to that induced by 

the MNPs in water solution at the same concentration. Heat generation in superparamagnetic Fe3O4 

MNPs under application of an alternating magnetic field is governed by two different physical 

mechanisms - Brownian relaxation, which takes place due to the rotation of entire particles along 

with the magnetic moment, and Neel relaxation, which occurs due to the flipping of magnetic 

moments inside each particle 87. MH studies showed that the incorporation of Fe3O4 MNPs into 

hydrogels caused a substantial reduction of their efficacy as heat generators when compared with 

the MNPs in water. The capacity of the Fe3O4 MNPs in water and incorporated into hydrogels to 

transduce electromagnetic power (H=20 mT, f=869 kHz) into heat was evaluated by assessing the 

SAR, which was calculated by the initial slope method from the T vs. t curves according to equation 

3. As shown in Figure 5A, MNPs in water displayed SAR values around 400 W/g, whereas after 

their incorporation into the XG/MXG2 hydrogels the SAR dropped down to 100 W/g. The 

magnetic moments of the particles in aqueous solution are all free to rotate enabling both Brownian 

and Néel relaxation mechanisms. In the hydrogels, however, the Fe3O4 MNPs interact with their 

network and are physically constrained, resulting in a drastic reduction of the Brownian relaxation 

contribution to the overall relaxation mechanism. Therefore, when the MNPs are incorporated into 

the hydrogel, the Néel relaxation becomes the dominating (or the only) heat generating mechanism 
88. However, the magnetic loadings explored in XG/MXG hydrogels were enough to induce a 

temperature increases in the range of 10 to 30 ºC.  
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Figure 5. SAR values for XG/MXG2 hydrogels and water with different Fe3O4 MNPs loadings 

(A); and T2-weighted color map of XG/MXG2 hydrogels with different Fe3O4 MNPs loadings (B). 

 

In addition to magnetic hyperthermia and its effect on the drug delivery, magnetic nanoparticles 

of this size can act as negative contrast agents in MRI. In order to study the suitability of the 

magnetic nanoparticle composite hydrogels as T2-MRI contrast agents, T2 parametric maps were 

acquired of phantoms consisting of magnetic hydrogels containing different MNPs concentrations 

in a preclinical MRI scanner working at a clinical field of 3.0 T. Results showed a significant 

decrease of the relaxation time as the concentration of the MNPs increases in the hydrogel when 

compared to a water control (Figure 5B), as expected from the superparamagnetic behavior of the 

10 nm iron oxide MNPs incorporated in the polysaccharide matrix. This confirms the capability 

of the magnetic nanoparticle composite hydrogels to behave as a local T2-MRI contrast agent in 

MRI. In order to quantify this T2-MRI contrast enhancement capability, the transversal relaxivity, 

r2, was calculated from the T2-map as the slope of the straight line obtained after fitting the inverse 

of the relaxation times (s-1) vs. Fe concentration (mM) in the magnetic hydrogels (Figure S12, SI). 

In general terms, the higher the relaxivity of a given formulation, the higher its efficiency as a MRI 

contrast agent 89. The r2 obtained was 31.5 mM-1 s-1, lower than the relaxivity value of commercially 

available iron oxide-based contrast agents, such as Feridex® (r2 = 93 mM-1 s-1, 3.0 T) and Resovist® 

(r2 = 143 mM-1 s-1, 3.0 T), respectively 90. The physical confinement of the MNPs and the limited 

diffusion of water molecules inside the hydrogel accounts for this r2 reduction in magnetic 

hydrogels compared to those values observed in MNPs aqueous suspensions 91. However, as 

shown in Figure 5, the relaxivity of magnetic nanoparticle composite hydrogels is enough to 
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produce clear signal changes in MR images. This, together with the highly local nature of 

hydrogels (where the magnetic content will not be immediately diluted upon administration as is 

the case of commercial contrast agents) guaranty the efficient performance of these magnetic 

hydrogels for imaging purposes via MRI. Furthermore, the simultaneous incorporation of MNPs 

in a platform together with a therapeutic drug enables potential theranostic applications where non-

invasive imaging and monitoring is advantageous. Envisioned applications include implants for 

regenerative medicine where monitoring scaffold biodegradability and tissue regeneration over a 

long period of time are still a challenge, or following surgical removal of solid tumors, where 

monitoring local release of a chemotherapeutic drug and tumor relapse would be a plus. Therefore, 

the in-depth functional characterization and the validation of the developed XG/Fe3O4 magnetic 

nanoparticle composite hydrogel as an antifungal formulation that we have addressed in this work, 

open the door to applications in different diseases and conditions, from topical applications in skin 

damages and infections to implantable internal applications following surgery, such as cancer 

therapy and regenerative medicine. 

 

3.5. Cytocompatibility of magnetic hydrogels  

Considering the application of magnetic nanoparticle composite hydrogels as theranostic drug 

delivery platforms, a key cytocompatibility study was performed to provide preliminary data that 

can support their use for drug delivery purposes. Thus, the formulated magnetic XG/MXG2 

hydrogels containing different loadings of iron oxide MNPs were tested in vitro against human 

dermal fibroblasts (HDF). The cytocompatibility of magnetic nanoparticle composite hydrogels 

was investigated through two different methods, direct contact and test on extracts, according to 

ISO 10993-5:2009 standard. Figure 6A shows around 100% cell viability of HDF after 24 and 48 

h of incubation with non-magnetic hydrogels and hydrogels containing different loadings of Fe3O4 

MNPs. Regarding the cell viability method based on extracts, Figure 6B shows that hydrogels 

extracts resulted to be cytocompatible toward HDF after incubation for 24, 48 and 72 h, showing 

that no harmful leachable substances were released from the hydrogel formulations. Furthermore, 

results from the cytocompatibility assays showed a null MNPs dose-dependent cell cytotoxicity 

effect in the magnetic concentration range investigated. Indeed, iron oxide MNPs are known to be 

highly biocompatible and non-toxic, and commercial applications of them have received the 

approval by the main regulatory bodies such as the Food Drug Administration (FDA) and 
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European Medicines Agency (EMA). Previous works have also reported the incorporation of iron 

oxide MNPs in different organic matrices to form magnetic nanocomposites that showed similar 

MNPs-dose independent cell cytotoxicity results 92,93. In addition, cell images obtained by optical 

microscopy (see Figure S13, SI) showed the presence of phenotypically healthy HDF at different 

MNPs loadings, displaying an extended cell morphology that can be associated with viable cells. 

These cytocompatibility results, in combination with the observed functional performance in MH 

and MRI, point to XG/MXG2-10 magnetic composite hydrogel as the best suitable candidate to 

move forward towards the development of a theranostic XG-based nanocomposite hydrogel able 

to offer combined thermal-induced drug delivery and imaging by MRI.  

 

 

Figure 6. Cell viability percentage after 24 and 48 h exposure to non-magnetic and magnetic 

hydrogels with different Fe3O4 MNPs loadings (A); cell viability percentage after 24, 48 and 72 h 

exposure to extracts of non-magnetic and magnetic hydrogels (B) against human dermal 

fibroblasts.  Values represent mean ± SD. 

 
3.6. Antifungal performance of magnetic hydrogels 

The killing effect of terbinafine incorporated into XG/Fe3O4 magnetic nanoparticle composite 

hydrogels against C. albicans biofilms was investigated, as shown in Figure 7A. The drug-loaded 

magnetic hydrogels resulted in a significantly reduction in fungal viability, measured as Log 

(CFU/mL), comparatively to blank magnetic hydrogels, which showed null fungicidal effect on 

control C. albicans biofilms (data not shown). The higher the concentration of drug incorporated 
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in the hydrogel, the higher the antifungal activity. The Log (CFU/mL) reduction induced by 500 

mg of terbinafine-loaded magnetic composite hydrogels was 2.54, 3.13, 3.01, and 3.86 for 

terbinafine concentrations of 0.01, 0.1, 1 and 2.5% (w/w), respectively. Interestingly, a dose-

independent antifungal activity region is observed for terbinafine-loaded hydrogels containing 

drug concentrations between 0.1 and 1% (w/w). This can be ascribed to the low water solubility 

of terbinafine (3 mg/mL in its hydrochloride form). As mentioned in the experimental section, the 

amount of drug needed to prepare the hydrogels with the lowest amount of incorporated drug, 

namely 0.01 and 0.1% (w/w) of terbinafine, involved a complete dissolution of the drug in water. 

However, above 0.1% (w/w) of terbinafine, the required amount of drug was not fully dissolved 

and rather formed a water dispersion. The presence of solid drug particles in the hydrogel is 

expected to influence drug release and hence drug availability for fungal cells over time. This is in 

agreement with Figure 7A, where an increasing fungal activity is observed up to 0.1% (w/w) (drug 

fully dissolved), whereas a dose-independent region is observed above 0.1% (w/w) (drug not fully 

dissolved). In addition, we should also consider that fungal activity was assessed after 24 h of 

incubation between the drug-loaded hydrogels and the fungal cells. According to the prolonged 

and sustained drug release observed in the Figure 8A, this means that at the time of fungal activity 

quantification not all the incorporated drug has been released from the hydrogel. 

It is important to highlight that at the highest concentration tested, terbinafine incorporated into 

the hydrogels demonstrated >3 Log (CFU/mL) fungi reduction, meeting the 3 Log reduction 

(99.9% killing) threshold that describes an efficient antimicrobial efficacy 94. In addition to their 

physicochemical stability, drug-loaded hydrogel formulations are required to show antifungal 

activity over long periods of time. Thus, terbinafine-loaded magnetic nanoparticle composite 

hydrogels were tested regularly for their in vitro killing efficacy after storage at 4 ºC for a period 

of at least 2 months. Thus far, there was neither indication of any deterioration of the antifungal 

activity nor apparent change on the physicochemical properties of the product. Finally, and in order 

to study the effect of the hydrogel matrix on the fungal cells, bright-field optical images were 

acquired of C. albicans after exposure to blank and magnetic hydrogel (10% MNPs). Results are 

shown in Figure S14 in the Supporting Information and indicate that cell the morphology is not 

affected and remains identical in both tested conditions.  
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Figure 7. Antifungal activity of magnetic nanoparticle composite hydrogels (500 mg) 

incorporating terbinafine in the concentration range 0.01 – 2.5% against C. albicans (A); 

improvement of terbinafine efficacy (50 µg) incorporated into the hydrogel compared to free 

terbinafine (B). Values represent mean ± SD. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 

Data were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple 

comparisons test. 

 

In order to compare the antifungal activity of the terbinafine-loaded XG/Fe3O4 magnetic 

nanoparticle composite hydrogel and that of free terbinafine, the antifungal activity of free 

terbinafine on C. albicans was initially analyzed as a function of drug concentration in a range 

from 0.01 to 100 mg/mL (Figure S15). Results indicate a moderate dose-dependent antifungal 

activity where the fungal cell death increases with increasing terbinafine concentration. The 

maximum cell viability reduction in terms of CFUs was 1 Log at the maximum terbinafine 

concentration of 100 mg / mL. Figure 7B compares the antifungal activity of the terbinafine-loaded 

magnetic hydrogel containing 0.01% w/w of terbinafine (100 times less concentration than 

commercial terbinafine formulations) with that from an equivalent amount of free terbinafine. 

Results demonstrate that terbinafine was significantly more effective against C. albicans when 

being incorporated into the magnetic nanoparticle composite hydrogel, compared to the antifungal 

efficacy of the same amount of free drug. Thus, 50 µg of drug incorporated in the tested hydrogel 

induced a 30-fold higher cell death compared to the same amount of free drug (1.03 Log viability 
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reduction for the free drug vs. 2.54 Log viability reduction for the drug when it is incorporated in 

the hydrogel, both compared to their respective controls, DMSO (1%, v/v) and drug-free magnetic 

hydrogel, respectively). The markedly higher antifungal activity of drug-loaded hydrogels might 

be explained by the inherent bioadhesive features of xanthan, which has been widely reported 95-

97. Nevertheless, it has also been suggested that other physical properties of the polymeric 

formulation, such as hydration and rheological properties, are likely to have a major impact on 

bioadhesion and, consequently, eventual duration of the formulation retention 95. In fact, this 

correlates well with the promising swelling and rheological results obtained in this work. These 

properties of the hydrogel allowed them to initiate the contact with the fungal layer on the substrate 

surface and respective culture medium, expand their network by entrapment of the aqueous 

solution, and then acquire the plate shape and cover the whole area over the fungal biofilm. In 

addition to the capacity of the hydrogel to establish this intimate contact with the biofilm, a 

sustained drug release from the polymeric matrix will also have a great impact on the observed 

antifungal activity. Although further research would be needed to confirm this hypothesis, a higher 

therapeutic efficacy has been also observed for encapsulated drugs compared to the free drugs 

using nanostructured drug delivery systems, both in vitro and in vivo 98-100. Thus, the terbinafine 

release profile was studied in-depth under different passive and triggered conditions. Both factors 

together could make hydrogel-mediated delivery platforms promising as antifungal agents for 

topical and internal applications where a localized and controlled release of the drug is needed to 

overcome drawbacks related to systemic toxicity and drug resistance. 

 

3.7 Drug release  

The cumulative release profile of terbinafine from magnetic nanoparticle composite hydrogels is 

shown in Figure 8A. Terbinafine was continuously released in a sustained manner from the 

XG/MXG2-10 hydrogel over a period of 168 hours. The hydrogels released less than 50% of the 

drug after 24 h and around 80% after 48 h. The prolonged drug release (170 h) demonstrates the 

unique regulating capacities of this magnetic nanoparticle composite hydrogel network to act as a 

controlled drug delivery platform. The observed sustained-release properties of these hydrogels 

could be attributed, at least in part, to their structural network, from which it controls drug release 

by regulating water penetration, swelling of the hydrogel matrix and, consequently, drug diffusion 

through this swollen hydrogel 64. 
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Figure 8. Cumulative passive release profile of terbinafine from the magnetic nanoparticle 

composite hydrogel XG/MXG2-10 containing 10% of MNPs and 10% of terbinafine 

hydrochloride as a function of time (A); and effect of magnetic hyperthermia in the cumulative 

release profile of terbinafine from the same hydrogel during 4 h (B).Values represent mean ± SD. 

*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Data were analyzed by two-way ANOVA 

followed by Sidak’s multiple comparisons test.  

 

The mathematical modeling of drug release data from hydrogels is a crucial approach to understand 

the release mechanism. Accordingly, the drug release data was analyzed following the zero-order, 

first-order, Higuchi, Hixson-Crowell and Korsmeyer-Peppas models. The results from the fitting 

into these mathematical models are given in Table S2. According to the determination coefficient 

(R2) the best fit of the drug release data was obtained by using a first-order model. Apart from R2 

values, the AIC parameter was also used to select the kinetic model that better fits the drug release 

data. Accordingly, the first-order model was confirmed as the most suitable mathematical model 

that matches the release kinetics of terbinafine from the magnetic nanoparticle composite 

hydrogels. The smallest the AIC, the better the model reproduces the drug release kinetics 

(AIC=35.8). The first-order model is normally used to describe pharmaceutical dosage forms 

containing water-soluble drugs in porous matrices, releasing the drug in a manner that is 

proportional to the amount of drug remaining in its interior, meaning that the drug release rate 

decreases with time 62.  
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The incorporation of iron oxide MNPs into hydrogel matrices and their capability to trigger heat 

generation under an alternating magnetic field can enable an extra level of control over the drug 

release. The maximum temperature reached in the release medium during a drug release under 

magnetic hyperthermia was 31 ºC (T=10 ºC), achieving thermal equilibrium after 90 min from 

the beginning of the experiment (Figure S16). In addition to the possibility of exerting a local 

therapeutic effect in itself 101, the temperature increase around the MNPs achieved by MH can be 

used as a remote external trigger that will destabilize the polysaccharide matrix, will increase drug 

solubility and hence drug diffusion from the matrix, thus deliberately leading to an overall 

accelerated and enhanced drug release. Thus, in the particular application of this magnetic and 

antifungal hydrogel for the treatment of onychomycosis, magnetic hyperthermia is envisioned to 

play a several role. On one hand, it will allow a temporal upturn of drug release, thus increasing 

the local concentration of the drug in the infection site. On the other, it can offer a synergistic 

therapeutic effect coming from the combination of drug delivery and direct thermoablation of the 

fungi cells. Finally, the local temperature increase generated as consequence of the external 

application of an alternating magnetic field will also promote diffusion of the therapeutic agent 

into the fungi biofilm favoring its destruction 102,103. Therefore, the release profile of terbinafine in 

response to an external and continuously applied magnetic field (H=23 mT; f=262.1 kHz) was 

investigated. The application of an external magnetic field significantly accelerated terbinafine 

release from the magnetic nanoparticle composite hydrogel, as shown in the Figure 8B. MH 

induced a 3-fold increase of the cumulative drug release % relative to the passive release in the 

time window 2-4 h. The effect of MH on the drug delivery profile of terbinafine is attributed to 

the local temperature increase around the MNPs generated by the alternating magnetic field, which 

forces the relaxation capacity of the polymeric chains, expanding their network and encouraging 

the drug diffusion process. The effect of temperature (magnetic hyperthermia) on drug diffusion 

has been well reported in several polymeric matrices 104-106 and nanoformulations 100,107-110. To 

further demonstrate the capability to control the drug release using different frequencies of the 

alternating magnetic field, a second study was carried out under a lower frequency, but keeping 

the same magnetic field intensity (H=23 mT; f=174.5 kHz). The data of drug release under the 

effect of MH at two different frequencies were normalized to passive release and are shown in 

Figure S17, SI. Results clearly suggest a frequency-dependent drug release effect, since a 

significantly higher cumulative drug release was observed for the higher frequency of the 
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alternating magnetic field. Accordingly, this system offers the possibility of combining the 

functionality of magnetic NPs with the hydrogel matrix structure to allow an extra level of control 

over the drug release through the use of non-invasive alternating magnetic fields, in which the drug 

release can be additionally modulated by altering the frequency of the magnetic field applied. 

Therefore, these drug-loaded XG/Fe3O4 magnetic nanoparticle composite hydrogels can become 

suitable topical and implantable theranostic platforms able to offer passive and MH-responsive 

drug release in combination with non-invasive imaging by MRI, suggesting new applications in 

fields that range from oncology to bacterial infections, among others. Further studies are in 

progress to demonstrate the clinical applications of these materials. 

 

4. Conclusions 

XG was chemically modified and formulated together with iron oxide magnetic nanoparticles to 

obtain injectable magnetic hydrogels as smart theranostic platforms. The XG/Fe3O4 magnetic 

nanoparticle composite hydrogels developed in this work displayed rheological shear-thinning and 

enhanced swelling properties, which combined with an interconnected porous structure allowed 

the simultaneous encapsulation of both iron oxide MNPs and terbinafine, showing maximum 

encapsulation efficiency and high loading capacity, as well a prolonged sustained release and 

enhanced antifungal activity compared to the free drug. The incorporation of MNPs provided the 

magnetic hydrogels with superparamagnetic properties, enabling their functional performance as 

magnetic effectors in magnetic field-activated hyperthermia and non-invasive imaging by MRI. 

Heating curves under an alternating magnetic field showed temperature increases up to 60ºC for 

the magnetic hydrogel containing a 10% of MNPs, whereas the T2-map indicated a Fe 

concentration-dependent relaxation time reduction. These results confirmed the magnetic 

nanoparticle composite hydrogels as suitable heating sources in magnetic hyperthermia and T2-

contrast enhancers in MRI. Remarkably, our results also underline the important role of MH on 

providing a second level of control over the sustained drug release of terbinafine, which was 

enhanced in average 3-fold compared to that under passive conditions, thus rendering these 

magnetic hydrogels highly efficient responsive drug delivery systems. Such magnetic hydrogels 

were demonstrated to be cytocompatible against normal human dermal fibroblasts in the whole 

range of MNPs concentration, opening new perspectives for their biomedical applications. 

Therefore, the integration of remotely controlled drug delivery together with non-invasive imaging 
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capability makes XG/Fe3O4 magnetic nanoparticle composite hydrogels a new generation of 

versatile theranostic platforms for injection and implantation in several clinical scenarios, such as 

following surgery in oncological applications, wound healing in dermatological applications or 

dentistry, among others.  
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Experimental section (Figures S1-S17, Tables S1-S2): chemical characterization of modified XG 

polymers; physicochemical characterization of iron oxide nanoparticles; physicochemical 

characterization of final non-magnetic and magnetic XG nanoparticle composites hydrogels; 

optical images of human fibroblasts and fungal cells after exposure to the hydrogels; 

characterization of the effect of the applied magnetic field on temperature profile and drug release; 

antifungal activity assessment of free terbinafine on C. albicans. 
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