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a b s t r a c t 

The combination of hydrogels and magnetic nanoparticles, scarcely explored to date, offers a wide range 

of possibilities for innovative therapies. Herein, we have designed hybrid 3D matrices integrating natural 

polymers, such as collagen, chitosan (CHI) and hyaluronic acid (HA), to provide soft and flexible 3D net- 

works mimicking the extracellular matrix of natural tissues, and iron oxide nanoparticles (IONPs) that de- 

liver localized heat when exposed to an alternating magnetic field (AMF). First, colloidally stable nanopar- 

ticles with a hydrodynamic radius of ∼20 nm were synthesized and coated with either CHI (NPCHI) or 

HA (NPHA). Then, collagen hydrogels were homogeneously loaded with these coated-IONPs resulting in 

soft (E0 ∼ 2.6 kPa), biodegradable and magnetically responsive matrices. Polymer-coated IONPs in sus- 

pension preserved primary neural cell viability and neural differentiation even at the highest dose (0.1 

mg Fe/mL), regardless of the coating, even boosting neuronal interconnectivity at lower doses. Magnetic 

hydrogels maintained high neural cell viability and sustained the formation of highly interconnected and 

differentiated neuronal networks. Interestingly, those hydrogels loaded with the highest dose of NPHA 

(0.25 mgFe/mg polymer) significantly impaired non-neuronal differentiation with respect to those with 

NPCHI. When evaluated under AMF, cell viability slightly diminished in comparison with control hydro- 

gels magnetically stimulated, but not compared to their counterparts without stimulation. Neuronal dif- 

ferentiation under AMF was only affected on collagen hydrogels with the highest dose of NPHA, while 

non-neuronal differentiation regained control values. Taken together, NPCHI-loaded hydrogels displayed a 

superior performance, maybe benefited from their higher nanomechanical fluidity. 

Statement of significance 

Hydrogels and magnetic nanoparticles are undoubtedly useful biomaterials for biomedical applications. 

Nonetheless, the combination of both has been scarcely explored to date. In this study, we have de- 

signed hybrid 3D matrices integrating both components as promising magnetically responsive platforms 

for neural therapeutics. The resulting collagen scaffolds were soft (E0 ∼ 2.6 kPa) and biodegradable hydro- 

gels with capacity to respond to external magnetic stimuli. Primary neural cells proved to grow on these 

substrates, preserving high viability and neuronal differentiation percentages even under the application 

of a high-frequency alternating magnetic field. Importantly, those hydrogels loaded with chitosan-coated 

iron oxide nanoparticles displayed a superior performance, likely related to their higher nanomechanical 

fluidity. 

© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Nanomedicine applied to neural tissue regeneration is a rela- 

ively new field rapidly expanding in which nanosystems are be- 

ng used to administer therapeutic medicines to specific neural 

argets while monitoring/promoting local regenerative processes. 
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owever, nanomedicines are speedily uptaken and degraded by 

mmune cells, shortening their lifetime and hampering their con- 

entration in target tissues, further hindered by the blood-brain 

nd blood-spinal cord barriers. One of the most attractive strate- 

ies to counteract these difficulties is their complexation into hy- 

rid materials based on hydrogels, which are soft polymeric ma- 

erials finely mimicking the extracellular matrix of native tissues 

hrough which cellular containment and guidance is provided [1] . 

s highly hydrated 3D structures widely explored in biomedicine 

2–4] , they show a notable capability for entrapping large quanti- 

ies of solutes including drugs, signaling molecules and nanoparti- 

les [5–7] . Within natural polymers, collagen is one of the most ex- 

ensively explored to date [8–11] , including neural targets such as 

he brain and the spinal cord [12] . As a main structural protein of

he extracellular matrix, collagen possesses innate pro-regenerative 

roperties [8] and is broadly available in nature, biocompatible, 

iodegradable, and easily recognized by cells [ 13 , 14 ]. 

An extensive variety of nanoparticles have been explored to 

ate as nanocarriers for neural tissue engineering [15] , includ- 

ng polymeric nanoparticles, quantum dots, and inorganic nanopar- 

icles, among many others. For instance, multicomponent silica 

anoparticles with an iron oxide core responding to low-power 

adiofrequency fields have been already explored for drug de- 

ivery applications in brain tumours [16] . Within biocompatible 

nd biodegradable nanosystems, the incorporation of iron oxide 

anoparticles (IONPs) into hydrogels is particularly attractive as it 

onfers magnetic responsiveness for controlled movement in re- 

ponse to magnetic gradients and generates localized heat through 

agnetic hyperthermia. Additionally, if being superparamagnetic, 

ONPs are able to magnetically respond to an external magnetic 

eld but lose their magnetization when the stimulus is removed 

17] . Moreover, IONPs offer a scalable and inexpensive produc- 

ion in comparison to other nanomaterials [ 18 , 19 ]. Regarding their 

pplication, IONPs have been mostly used as contrast agents for 

agnetic resonance imaging (MRI) and drug delivery systems for 

ancer treatment [ 20 , 21 ], having attained FDA approval ( e.g., Fer-

moxytol [22] and NanoTherm® [23] ) and reached clinical trials 

contrast agents: NCT0 0920 023, NCT01927887, NCT04803331, and 

CT05359783; cancer: NCT04682847 and NCT04316091). Impor- 

antly, their theranostic application enormously depends on their 

hysico-chemical characteristics, such as particle size, shape, sur- 

ace area and charge, colloidal stability, and magnetic properties 

24] . 

Most magnetically responsive hydrogels have been applied in 

rug delivery, magnetic hyperthermia, artificial muscles, and cell 

ctivation [ 25 , 26 ], but being rarely explored to date for neural re-

eneration even being those electrically active tissues prompt to 

espond to magnetic and electrical stimuli. Some examples of their 

se in drug delivery include the release of sunitinib [27] , levodopa 

28] and doxorubicin [29] , with a significant improvement in ther- 

peutic efficacy in tumour-bearing mice. In the context of neural 

egeneration, they have been mainly explored for driving neuronal 

rientation [30–32] and controlling topographical and biochemi- 

al cues [ 33 , 34 ]. When embedded in hydrogels, IONPs serve the

reparation of ordered and gradient scaffolds with superior inter- 

al complexity and versatility able to govern cell behaviour includ- 

ng migration, direction and differentiation, and thereby guiding 

issue regeneration [35] . Moreover, the confinement of the heat 

enerated under magnetic stimulation in the IONP close vicinity 

s expected to help controlling both scaffold degradation and drug 

elivery by remote actuation. 

From a therapeutical point of view, the possibility to remotely 

ontrol intracellular pathways using magnetic fields offers the op- 

ion to manipulate biological processes with spatial and tempo- 

al resolution, although there are still many obstacles to overcome 

rior to make this a real clinical alternative [36] . In this work, we
157
ave designed novel magnetically responsive hydrogels by embed- 

ing IONPs prepared by co-precipitation in highly porous collagen 

atrices fabricated by freeze-casting. In order to augment IONP 

olloidal stability and interaction within the collagen matrix, two 

iocompatible polymers with attractive properties for tissue regen- 

ration, chitosan and hyaluronic acid, were selected to coat IONPs 

nd their impact in the response of primary neural cells care- 

ully investigated and compared. The alkaline polysaccharide chi- 

osan (CHI) is universally available at low cost, fully bioresorbable, 

ree of toxic metabolites eventually interfering regeneration and 

europrotector [37–39] . CHI-coated IONPs have been mainly used 

s nanocarriers for antitumoral drugs [40–42] and cell tracking 

y MRI based on their superior cell internalization [ 43 , 44 ], being

lready tested for labelling embryonic mouse neural stem cells, 

mong others. Alternatively, hyaluronic acid (HA) is a linear, non- 

ranched, negatively charged heteropolysaccharide [45–47] . HA can 

ind up to 1,0 0 0 times more water molecules than the weight of 

he macromolecule itself, adopting an enlarged conformation and 

orming gels even at very low concentrations [ 46 , 47 ]. HA molecules 

licit receptor-mediated signalling pathways in cells depending on 

heir concentration and molecular weight (Mw). As for CHI, HA 

as been used for cancer drug delivery and MRI. As known to be 

referentially internalized by CD44+ cells [ 4 8 , 4 9 ], HA-coated IONPs 

ave been already explored for cisplatin and paclitaxel delivery in 

ancer cells [ 50 , 51 ]. In the context of neural regeneration, HA hy-

rogels have been explored for brain repair after stroke [52] . 

After a careful characterization of the physico-chemical proper- 

ies of the materials developed, the biological responses of primary 

eural cells isolated from E17 rat cerebral cortices exposed to both, 

olymer-coated IONPs and magnetic hydrogels, were tested in vitro 

ith and without magnetic stimulation, separately and in combi- 

ation. For all conditions, major parameters under investigation in- 

luded viability, morphology, scaffold colonization, and neural dif- 

erentiation. 

. Experimental section 

.1. Material 

All reagents were commercially purchased and used as re- 

eived, unless otherwise indicated. FeCl2 ·4H2 O ( ≥ 99.0%, Sigma- 

ldrich), FeCl3 aq. (27 % wt, Sigma-Aldrich), NH4 OH (25 %, Sigma- 

ldrich), HNO3 ( < 65 %, Sigma-Aldrich), and Fe(NO3 )3 ·9H2 O ( > 

8.0%, Sigma-Aldrich) were used. Lyophilized CHI powder from 

hrimp shells ( > 75% deacetylated, reference C3646), HA powder 

low viscosity, low endotoxin, reference 924474) and collagen so- 

ution from bovine skin (3 mg/mL, reference C4243) were acquired 

rom Merck. Antibodies were bought from Sigma-Aldrich and In- 

itrogen. NeurobasalTM media, B-27 supplement and GlutaMAX®

ere purchased from ThermoFisher. All materials and biological 

amples in this study were handled according to standard regu- 

ations to prevent safety concerns. 

.2. IONP fabrication 

Magnetic IONPs were synthesized by Massart’s co-precipitation 

rotocol [53] . Briefly, 75 mL of NH4 OH (25 %) were quickly added 

o a mixture of 445 mL of FeCl3 ·6H2 O (0.09 mol) and FeCl2 ·4H2 O 

0.054 mol). The resulting sample was washed three times by mag- 

etic decantation with distilled water. To improve the colloidal 

roperties and stability of the sample [54] , the precipitate was 

reated with 300 mL of HNO3 (2M) under stirring for 15 min. 

NO3 was then removed, by magnetic decantation, and 75 mL of 

e(NO3 )3 (1M) with 130 mL of distilled water were added. The 

ixture was brought to 90 ºC for 30 min and cooled down to room 

emperature. As before, the supernatant was exchanged with 300 
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L of HNO3 (2M) under stirring for 15 min. Finally, IONPs were 

ashed three times with distilled water. 

.3. IONPs surface coating and characterization 

For IONP coating with CHI, a polymer solution was prepared by 

issolving CHI powder (1 mg/mL) in acetic acid (10 mM) overnight. 

fter mixing IONPs and CHI during 15 min in sonication, sodium 

ripolyphosphate (TPP; Sigma-Aldrich), acting as a crosslinker, was 

dded to the suspension drop by drop. The suspension was left for 

nother 30 min in sonication. Several IONPs:polymer weight ra- 

ios were tested (1:2, 2:1, 5:1, 10:1, 20:1, 30:1, and 50:1). For ra- 

ios smaller than 10:1, the hydrodynamic radius of the nanopar- 

icles obtained ranged from 10 0-50 0 nm, too large for the pur- 

oses pursued in this work. On the contrary, a 30:1 ratio gener- 

ted nanoparticles under 100 nm in size and was used through- 

ut this work. The amount of TPP selected in this work (18:1 ra- 

io, IONPs:TPP) was reduced in comparison to that reported in 

revious work [55] to preserve the hydrodynamic size below 100 

m. The resulting coated-IONP suspension (NPCHI) was washed 

wo times with distilled water and stored at 4 °C until use. The 

eacetylation degree (DA) of CHI was determined as previously de- 

cribed by Muzzarelli and Rochetti [56] and its Mw 

and averaged 

olecular weight ( Mn ) was measured using a size exclusion-high- 

erformance liquid chromatography operated in a Waters 625 LC 

ystem pump with an Ultrahydrogel column at 35 ºC and a Waters 

414 differential refractometer (Milford, MA, USA). Ammonium ac- 

tate/acetic acid buffer (pH = 4.5) was used as eluent (flow rate 

f 0.6 mL/min). Specifically, the chitosan used in this study pre- 

ented a Mw 

of 17,373 kDa, a Mn of 127 kDa (PDI = 13.7), and a

A degree of 81.4 %. These data indicate that our polymer solution 

ontained a broad Mw 

distribution, with a clear majority of chains 

eing deacetylated and having high Mw 

. It has been reported that 

igher DA values decrease CHI biodegradation rate, while high Mw 

educes polymer fluidity, both aspects being pivotal when control- 

ing tissue interactions [37] . The CHI used in this study presented 

igh Mw 

and DA degree, selected because of its anti-apoptotic ef- 

ects and better adhesion and growth of neural cells associated 

57–59] . 

For IONPs coating with HA, the same procedure as for CHI was 

ollowed to reach the optimum IONPs-polymer ratio, corroborating 

hat a 30:1 ratio yielded the smallest hydrodynamic sizes. HA was 

issolved (1 mg/mL) in distilled water by mild magnetic stirring 

t room temperature for 15 min. Then, IONPs were added and left 

or 15 min under sonication. The resulting polymer-coated IONPs 

uspension (NPHA) was stored at 4 °C until use. 

Particle size of non-functionalized IONPs was determined using 

 200 keV JOL-2000FXII transmission electron microscope (TEM). 

 diluted drop of the aqueous IONP suspension was placed on 

 carbon-coated copper grid. More than 150 nanoparticles were 

easured from TEM images by using the software ImageJ and 

djusting the obtained data to a lognormal distribution. Colloidal 

roperties for all samples were characterized by dynamic light 

cattering (DLS) using a Zetasizer instrument (Malvern). Z-average 

alues in number at pH = 5 were used as the mean hydrodynamic 

ize and the Z potential was measured in a KNO3 solution (0.01 M) 

t the same pH. Either HNO3 or KOH was added to the solution 

o vary the pH value. The Fe concentration in IONP colloids and 

ell suspensions (5 ×105 cells) was determined by inductively cou- 

led plasma optical emission spectroscopy (ICP-OES) in a PERKIN 

LMER OPTIMA 2100 DV apparatus after digestion with aqua regia 

t 90 ºC (total volume of 10 mL). In the case of cell suspensions, 

oncentrations selected for both NPCHI and NPHA were the high- 

st (0.1 mg Fe/mL) and the lowest (0.001 mg Fe/mL) ones at 2 h 

nd 24 h. 
158
For powder-based physico-chemical characterization, IONPs sus- 

ensions were lyophilized at -70 °C and 0.2 mbar for 2 days. X-ray 

iffraction (XRD) patterns were collected on powder samples us- 

ng a D8 Advance A25 instrument (Bruker) with CuK α1 radiation 

 λ = 1.5406 Å) and a PSD-XE detector (DAVINCI). XRD patterns 

ere obtained from 2 θ = 20 ° - 70 ° in steps of 0.03 ° and time 

teps of 2 s. For Fourier transform infrared (FTIR) studies, IONPs 

ere diluted in KBr at 2 % and pressed in pellets. FTIR spectra 

ere acquired between 40 0 0 and 250 cm−1 by using a Vertex 70V 

TIR (Bruker) to confirm the ferrite phase and the presence and 

ature of the coating. Thermogravimetry analysis (TGA) was per- 

ormed in a Seiko, TG/DTA EXSTAR 60 0 0 thermobalance by heat- 

ng the samples under 100 mL/min air flow from 25 ° to 900 ° at 

 ° min−1 . Magnetic characterization was performed using a vibrat- 

ng sample magnetometer (VSM), operating in the 5-300 K tem- 

erature range (maximum applied field 50 kOe) in dried powder 

amples. The magnetic heating capacity of the IONP aqueous sus- 

ensions was measured by a Five Celes AC magnetic field inductor 

quipped with a water cooled 50 mm diameter coil of 6 turns. The 

emperature was registered with an optic fibre thermal probe (OS- 

NSA). The specific absorption rate (SAR) was then calculated for 

ach sample as previously reported [60] . 

.4. Fabrication and characterization of magnetic hydrogels 

For collagen hydrogels loaded with NPCHI (HG/NPCHI), the 

ass NPCHI/polymer ratios ranged between ∼0.1 (low) and 

.1 (high). In the case of collagen hydrogels containing NPHA 

HG/NPHA), the mass NPHA/polymer ratios ranged between ∼0.05 

low) and 0.5 (high). The different concentration ranges employed 

n both cases were due to previous toxicity results of the coated 

ONPs in primary neural cells. For the preparation of each hydro- 

el, 100 μL of the solution of collagen with IONPs were pipetted 

nto the cap of 0.5 mL eppendorf tubes, immediately frozen at - 

0 °C for 5-6 h and later lyophilized for 48 h to obtain randomly 

orous 3D scaffolds. The resulting scaffolds were then crosslinked 

y exposure to 4 % paraformaldehyde (PFA) vapors for 2 h under 

tirring. 

For morphological characterization of the resulting hydrogels, a 

itachi S–30 0 0 N, a last generation ultrahigh resolution FEI VE- 

IOS 460 and a JEM1400 Flash (Jeol) electron microscopes were 

mployed. Fiber diameter and pore size were measured from these 

icrographs by using the ImageJ software. FTIR spectra were ac- 

uired as described for IONPs to confirm the nature of the polymer 

nd its specific chemical interactions with IONPs. For these studies, 

ydrogel samples were diluted in KBr at 2 % and pressed in pellets. 

GA studies were performed as for IONP characterization. To ana- 

yze swelling capacity, hydrogels were weighted before and after 

mmersion in distilled water for 24 h of hydration to measure the 

ass change. Swelling rates at different times were calculated as 

 Ws - Wd )/ Wd , where Ws is the weight of hydrogels in the swollen 

tate and Wd is their initial weight in the dry state. In vitro degra- 

ation of the hydrogels was studied for up to 3 months in distilled 

ater at room temperature. The gross morphology of the hydrogels 

as monitored weekly by using a magnifying glass (Leica). AFM 

anoindentation experiments were performed with a borosilicate 

lass probe (10 μm of diameter). The cantilever constant was 0.08 

/m (nominal value). The force-distance curves were acquired at a 

onstant velocity of 10 μm/s. The probe indented the hydrogel until 

 peak force of 10 nN was measured. The curves were measured on 

0 different locations of the surface (10 curves on each point). The 

easurements were performed in phosphate buffered saline (PBS). 

FM nanoindentation data were analyzed in terms of the power- 

aw rheology model as previously described [61] . Finally, the mag- 

etic properties of the resulting hydrogels were studied by using a 
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SM, operating with the same parameters as for IONPs magnetic 

haracterization. 

.5. Primary neural cell isolation, culture and IONP exposure 

Embryonic neural progenitor cells (ENPCs) were isolated from 

erebral cortices of E17 rat embryos as previously established in 

ur laboratory [ 62 , 63 ]. All the experimental protocols for cell col-

ection adhered to the regulations of the European Commission 

directives 2010/63/EU and 86/609/EEC) and the Spanish Govern- 

ent (RD53/2013 and ECC/566/2015) for the protection of animals 

sed for scientific purposes. Adult female Wistar rats were pro- 

ided by the animal facilities of the National Hospital for Para- 

legics (Toledo) and sacrificed by CO2 inhalation when gestation 

eached 17 days. Six independent cell cultures were carried out 

N ≥ 3 for each parameter under investigation and duplicates 

er culture condition), with cell viability above 80 % in all cases. 

rior to cell culture, polymer-coated IONP suspensions were fil- 

ered through 0.4 μm filters and crosslinked hydrogels were ster- 

lized under UV radiation for 30 min in a safety cabinet. Both 

lass coverslips (12 mm in diameter) and magnetic hydrogels were 

oated with poly(L -lysine) (PLL) (45 μg mL−1 in borate buffer 0.1 

, pH = 8.4) for 1 h at room temperature, carefully washed with 

orate buffer and then conditioned for 2 h in complete culture 

edium in a sterile incubator at 37 °C under a CO2 atmosphere 

5%). 

For IONP biocompatibility assays, cell seeding density 

as 25 ×103 cells/cm2 . Cells were maintained in complete 

eurobasalTM medium containing B-27 supplement (2 %), strep- 

omycin (100 UI/mL), penicillin (100 UI/mL), and GlutaMAX®

1 %), in a sterile incubator at 37 °C under a CO2 atmosphere 

5%). Culture media were half-replaced every 3-4 days. After 7 

ays in vitro (DIV), cells were exposed to five different doses of 

olymer-coated IONPs (0.0 01, 0.0 05, 0.01, 0.05, and 0.1 mg Fe/mL) 

or 24 h. After IONP exposure, cultures were gently washed with 

arm sterile PBS and culture media was replaced, leaving the cells 

or another 24 h of recovery before examination. 

For magnetic hydrogel biocompatibility assays, ENPCs were di- 

ectly seeded on PLL-coated hydrogels at a density of 50 0 0 0 0 

ells/hydrogel and cultures were maintained for 14 DIV in com- 

lete NeurobasalTM medium, being also half replaced every 3–4 

ays. ENPC culture evolution was monitored during culture at the 

eriphery of the hydrogels by using an Axiovert CFL-40 optical mi- 

roscope with a coupled Axiocam ICC-1 digital camera (Zeiss), con- 

rming that neither the components/leachables of these magnetic 

ydrogels nor PFA exposure were toxic for these primary neural 

ells. 

.6. Cell culture morphology and IONP internalization assays 

ENPC cultures exposed to either IONPs or corresponding mag- 

etic hydrogels were fixed with glutaraldehyde (2.5 % in distilled 

ater) for 45 min at room temperature and dehydrated in series 

f ethanol with increasing concentrations (30, 50, 70, 90 and 100 

) for 15 min each (twice). Once completely dried, samples were 

ounted on metal stubs using carbon tape. Finally, samples were 

oated with a thin chromium layer and visualized by using a FEI 

ERIOS 460 scanning electron microscope (SEM). To further in- 

estigate the eventual internalization of polymer-coated IONPs by 

eural cells, ENPCs were incubated with IONPs at 0.1 mg Fe/mL for 

4 h and fixed with glutaraldehyde and osmium tetroxide. Then, 

amples were dehydrated, embedded in epoxy resin for ultrathin 

ectioning and finally observed by using a 200 keV JEOL-2000FXII 

ransmission electron microscope (TEM). 
159
.7. Viability assays 

Cell viability was evaluated by using a Live/Dead® kit according 

o the manufacturer’s instructions (Invitrogen). This kit is based on 

alcein (live cells emitting intense green fluorescence) and ethid- 

um homodimer-1 (EthD-1; dead cells emitting intense red fluores- 

ence). After incubation with the probes for 5 min at 37 ºC, sam- 

les were visualized with a Leica SP5 confocal laser scanning mi- 

roscope (CLSM). The fluorescence of both probes was excited by 

n argon laser tuned to 488 nm. After excitation, emitted fluores- 

ence was separated using a triple dichroic filter 488/561/633 and 

easured in the range of 505-570 nm for green fluorescence (cal- 

ein) and 630-750 nm for red fluorescence (EthD-1). ImageJ soft- 

are was employed to quantify cell viability by measuring both 

he area covered by green and red labelled cells as well as their 

umbers, which were expressed as a percentage of the total image 

rea. 

.8. Neural differentiation assays 

Cultured samples were fixed with paraformaldehyde (4% in PBS) 

or 15 min at room temperature, permeabilized with saponin and 

ncubated with primary antibodies as follows: anti-MAP-2 and 

nti- β-III tubulin for labelling neurons, anti-vimentin for tagging 

on-neuronal cells including glial cells, and anti-synaptophysin for 

isualizing synapses in neurons. The secondary antibodies used 

ere Alexa Fluor® 488 anti-mouse in goat IgG (H + L) and Alexa 

luor® 594 anti-rabbit in goat IgG (H + L). Cell nuclei were stained 

n blue with Hoechst. After staining, samples were visualized under 

 SP5 CLSM. Fluorochromes were excited and measured as follows: 

lexa Fluor® 488 excitation at 488 nm with an argon laser and de- 

ection at 507-576 nm, Alexa Fluor® 594 excitation at 594 nm with 

 helium-neon laser and detection at 625-689 nm and Hoechst ex- 

itation at 405 nm with a diode UV laser and detection at 423-476 

m. To quantify cell differentiation, the green and red positive ar- 

as were measured by using the ImageJ software and normalized 

y their corresponding blue area. 

.9. Magnetic stimulation assays 

For magnetic stimulation studies, ENPCs cultured on petri 

ishes of 3.5 cm in diameter (glass bottom for posterior visual- 

zation) were first treated with IONPs for 24 h. Cultures were then 

xposed to an AMF (H = 21.2 mT, f = 281 kHz, 1 h) applied by

sing a Five Celes 12118M01 apparatus. This device results from 

he combination of a frequency generator 10 0-40 0 kHz CELES MP 

 kW and a chilled coil 71 mm i.d. DT25901A. The system is capa- 

le of producing alternating magnetic fields up to 65 mT at 90 kHz. 

igher frequencies could be obtained at the cost of decreasing the 

agnetic field intensity. ENPCs seeded on magnetic hydrogels for 

4 DIV were exposed to similar AMF conditions. The temperature 

f the samples was maintained at 37 ºC throughout the experi- 

ents by using a thermostat and controlled by a sensitive (0.01 

C) fiber optic infrared thermometer. After AMF stimulation, via- 

ility and neural differentiation were analysed in these samples as 

reviously described in 2.7 and 2.8 sections. 

.10. Statistical analyses 

Values are expressed as the mean ± standard error of at least 

 independent experiments (N ≥ 3). In each experiment, sam- 

les were typically analysed in duplicate, with at least 3 images 

er replicate. Statistical analysis was performed by using the Sta- 

istical Package for the Social Sciences (SPSS, version 27.0, IBM). 

omparisons among groups were done by one-way analysis of 
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Table 1 

Uptake of polymer-coated IONPs by ENPCs measured by ICP-OES. 

IONP Dose (mg 

Fe/mL) 

2 h (pg Fe/cell) 24 h (pg 

Fe/cell) 

NPCHI 0.001 9 33 

0.1 512 482 

NPHA 0.001 0.0 0.2 

0.1 175 490 
ariance (ANOVA) followed by either post-hoc Scheffé or Games- 

owell tests (homogeneous vs. heterogeneous variances, respec- 

ively, as dictated by Levene’s test). In all cases, the significance 

evel was defined as p < 0.05. 

. Results and discussion 

.1. Characterization of polymer-coated IONPs 

The nanoparticles used in this work consisted of uniform sin- 

le core iron oxide further coated with either CHI or HA, resulting 

n two distinct types of nanoparticles: NPCHI and NPHA, respec- 

ively. Fig. 1 summarizes the main physicochemical characteristics 

f IONPs before and after coating. First, TEM micrographs showed 

hat the spherical morphology and size of the iron oxide core were 

aintained after coating ( Figs. 1 A and S1A, B). This was also con-

rmed in XRD spectra ( Fig. 1 B), which revealed diffraction peaks 

n all cases, assigned to a spinel crystal structure (S.G. Fd3m ) corre- 

ponding to either magnetite or maghemite. Its crystallite size was 

ound around 9 nm, in agreement with the IONP core size obtained 

y TEM. Infrared spectra ( Fig. 1 C) exhibited common bands around 

0 0, 60 0 and 340 0 cm−1 that correspond, respectively, to the vi- 

ration of Fe-O bonds of the iron oxide core and to OH groups, 

resent in the coatings and water molecules absorbed. The absorp- 

ion band around 2890 cm−1 , clearly observed for polymer samples 

sed as reference, is attributed to C-H bonds, typical of polysaccha- 

ides ( e.g., glucans, xylan) [ 6 4 , 65 ]. Bands at 1653, 156 4 and 1325

m−1 correspond to amide groups and those around 1150 - 1070 

m−1 are assigned to C-C and C-O-C bonds, present in both poly- 

ers. Whereas some of these bands appear overlapped by nitrate 

esidues in coated IONPs, bands around 1150 - 1070 cm−1 served 

o confirm the presence of the polymer coatings on the IONPs [65] . 

ig. 1 D shows TGA and ATD results for both types of coated-IONPs 

there is an important decrease in weight due to the physically 

dsorbed water ( < 100 ºC), slightly superior for HA as expected 

rom its higher water adsorption capacity, followed by the burning 

f the polymer coating at around 138 ºC for CHI (103 - 329 ºC) 

nd around 166 ºC for HA (91 - 304 ºC). The weight loss of the 

econd process is used to estimate the presence of 8 wt% of CHI 

nd 7 wt% of HA coating. 

Fig. 1 E presents the hydrodynamic size distribution in number 

or bare and coated IONPs. Hydrodynamic sizes at pH = 5 were 

3 and 38 nm for NPCHI and NPHA, respectively, slightly larger 

han the size of bare nanoparticles (15 nm). Nanoparticle size dis- 

ribution in intensity revealed the existence of some NPHA with 

arger sizes (Fig. S1C; ca. 150 and 300 nm), not visualized in the 

ize distribution by number due to their almost negligible repre- 

entation in the sample. Regarding superficial charge, the isoelec- 

ric point of both types of IONPs showed a comparable behaviour 

t different pH values (Fig. S1D), being positively charged at pH 

elow 6 and negatively charged above 8. However, around neu- 

ral pH values, although both IONPs displayed a negative surface 

harge, it was markedly more negative for NPCHI than NPHA and 

are nanoparticles ( Fig. 1 F). This effect might be due to the con-

ribution of TPP during coating, as revealed by the positive surface 

harge of NPCHI at this pH in the absence of TPP (Fig. S1D). This

egative charge was more dramatically neutralized for NPCHI than 

PHA after immersion in culture media, maybe due to a larger ad- 

orption of proteins or nanoparticle aggregation. The fact that the 

A coating results in a larger hydrodynamic size and more col- 

oidally stable IONPs is related to a superior capacity of this poly- 

er to form hydrophobic interactions and inter-molecular H-bonds 

mong chains [47] , providing steric stabilization. 

Regarding magnetic properties, both types of IONPs exhibited 

imilar Ms values ( ∼60 emu/g) and superparamagnetic behaviour 

t room temperature (zero remanence magnetization and coerciv- 
160
ty) ( Fig. 1 G), attributed to their single iron oxide core. The poly- 

er coating did not seem to have any relevant impact on these 

roperties, which showed typical S-shaped cycles without hystere- 

is. However, their heating capacity decreased in both samples, 

robably due to the shielding effect of the coating also responsible 

or the increase in the hydrodynamic size with respect to uncoated 

bare) IONPs in distilled water (Fig. S1E). The fact that NPCHI dis- 

layed higher SAR values than NPHA in spite of the similar amount 

f polymer coating might be related to the different nature of both 

olymers, being the more rigid CHI more capable of transporting 

he heat than the soft HA chains. When characterized in complete 

eurobasalTM medium instead of distilled water, both samples pre- 

ented higher hydrodynamic sizes ( > 500 nm) and smaller SAR 

alues as a consequence of certain degree of nanoparticle aggre- 

ation and the increase of the shielding effect. These changes due 

o the formation of the protein corona, likely modulate the physic- 

chemical properties of the IONPs affecting their stability [66] . For 

nstance, Rampino et al . showed that loading different proteins into 

hitosan nanoparticles influenced changes in their size and surface 

harge, leading to their precipitation [67] . It is important to note 

hat cell culture media did not heat under the AMF, meaning all 

egistered heat came from the IONPs. 

.2. Biological responses of primary neural cells to polymer-coated 

ONPs 

Primary neural cells extracted from E17 rat embryonic cerebral 

ortices were first isolated and characterized by flow cytometry to 

efine their phenotype at the moment of seeding (Fig. S2). At this 

oint, most of the cells were positive for βIII-tubulin (96.7 %), a 

igh percentage was positive for vimentin (77.6 %), some others 

or MAP-2 (30.1 %), and a smaller amount for GFAP (7.5 %). These 

esults were highly reproducible and have been confirmed to vary 

s a function of the age of the embryos used. Next, the so isolated 

ells were cultured in the presence of NPCHI and NPHA at differ- 

nt doses. ENPC cultures exposed to polymer-coated IONPs were 

rst analysed by SEM for morphological characterization ( Figs. 2 A 

nd S3A), displaying akin morphologies to those of control cells. 

he presence of NPCHI and NPHA tightly interacting with cell so- 

as and neurites was clearly evident in both cases. By using TEM, 

e next investigated if NPCHI and NPHA were being internalized 

y ENPCs ( Fig. 2 A). We found both NPCHI and NPHA being en- 

ulfed by cells and inside intracellular vesicles, as confirmed by 

ark field acquisition, which illustrated IONPs as much brighter 

lements (Fig. S3B). Further ICP-OES measurements corroborated 

ONP uptake, being dependent on nanoparticle concentration, coat- 

ng and cell exposure time. Specifically, we observed a superior cell 

ptake for NPCHI than NPHA ( Table 1 ) in almost all the conditions

ested (2 and 24 h of exposure; 0.001 and 0.1 mg Fe/mL), except 

or the highest IONP concentration at the longest time (0.1 mg 

e/mL after 24 h) in which NPCHI and NPHA seemed alike, maybe 

elated to an uptake saturation for both IONPs already reached by 

PCHI at 0.1 mg Fe/mL after 2 h. The superior cell internaliza- 

ion for NPCHI might be favoured by the presence of local positive 

harges provided by CHI, as suggested by others [ 44 , 68 ], which it-

elf mediates a different interaction with proteins in culture me- 
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Fig. 1. Physicochemical characterization of polymer-coated IONPs. Representative TEM micrographs (A), XRD spectra (B), FTIR spectra (C), TGA (D), hydrodynamic size dis- 

tribution in number at pH = 5 (E), superficial charge in distilled water (W) and neurobasal culture media (NB) (F) at pH = 8, and magnetic response (G) of bare IONPs 

(uncoated; gray-black), CHI-coated IONPs (NPCHI; orange) and HA-coated IONPs (NPHA; blue). Scale bars for TEM images: 20 nm. 
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Fig. 2. Biological responses of ENPC cultures exposed to polymer-coated IONPs. (A) Representative SEM (top) and TEM (middle) images of cultures exposed to NPCHI and 

NPHA at 0.01 mg Fe/mL. In TEM micrographs, IONPs (yellow arrowheads), nucleus (N), plasma membrane (PM) and mitochondria (M) are indicated. Representative CLSM 

images (bottom) and respective quantitative data for cell viability measured as the positive area labelled with calcein (green fluorescence, live cells; B) and the number of 

cells stained by EthD-1 (red fluorescence, dead cells; C) for the different conditions tested. Scale bars: 400 nm (SEM), 200 nm (TEM) and 100 μm (CLSM). Statistics: one-way 

ANOVA followed by Scheffé post hoc test; N ≥ 3 experiments with duplicates per condition, n ≥ 3 images per replicate. 
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ia, first, and cell membranes later. In agreement with these find- 

ngs, we have recently found a strong correlation between surface 

harge and cell uptake, even for IONPs with the same type of coat- 

ng [69] . 

We then examined neural cell viability ( Fig. 2 A–C). There were 

ot statistically significant differences in the area covered by live 

ells (ANOVA, p > 0.05 in all cases), even for the highest concen- 

ration tested (0.1 mg Fe/mL), thus revealing high viability with in- 

ependence of the polymer coating. Nonetheless, this high concen- 

ration showed a detectable trend of decrease in viability for both 

ONPs, being larger for NPHA. In line with these results, there were 

ot significant differences in cell death (expressed as the number 

f EthD-1-labelled cells normalized by the total number of cells 

n percentage) at any condition tested. Preliminary studies includ- 

ng bare IONPs showed higher cell mortality at all concentrations 

ested, even at 0.001 mg Fe/mL (Fig. S4), hence IONP coating was 

andatory prior to any biological use of these IONPs. 

Next, we investigated the effect of these polymer-coated IONPs 

n neural cell differentiation ( Figs. 3 , S5 and S6). Neurons were 

rst identified by MAP-2 labelling and non-neuronal cells includ- 

ng glial cells by vimentin ( Fig. 3 A, top). No significant differences 

ere found for any of the conditions tested ( Fig. 3 B, C), being

ll the cultures formed by both neurons, markedly more abun- 

ant, and non-neuronal cells including glial cells. The highest con- 
ig. 3. Impact of polymer-coated IONPs on neural differentiation. Representative CLSM 

arkers as indicated (A). Cell nuclei appear in blue in all images (Hoechst). Scale bars: 

B), vimentin (C), βIII-tubulin (D), and synaptophysin (E). Number of intersections for β

taining). Statistics: one-way ANOVA followed by Scheffé post hoc test (as dictated by Le

eplicate. Significance: p < 0.05; comparisons with respect to control (a) and NPHA 0.001

163
entration of NPCHI showed a trend of decrease in non-neuronal 

ells. However, it is important to note that the amount of non- 

euronal cells was more heterogeneous among experiments than 

hat of neuronal cells, as evidenced by larger error bars, which 

ade difficult to evidence significant differences among treat- 

ents. For a further examination of the differentiation process, 

eurons were identified by βIII-tubulin labelling and synaptic vesi- 

les by synaptophysin ( Fig. 3 A, bottom). In agreement with MAP- 

 results, neuronal differentiation was maintained in all groups 

 Fig. 3 D). Regarding synapses ( Fig. 3 E), the amount of synapto-

hysin labelling was found very alike among conditions. The de- 

ree of architectural connectivity of the cultures was then evalu- 

ted by measuring the percentage of intersections of βIII-tubulin- 

abelled neurites ( Fig. 3 F). Interestingly, both NPCHI and NPHA 

eached and even surpassed values of control cultures. The en- 

ancement in interconnectivity found for the lowest concentra- 

ions of NPHA (ANOVA followed by Scheffé post hoc test; 0.001 

g Fe/mL vs control: p = 0.012∗) and intermediate concentrations 

f NPCHI (ANOVA followed by Scheffé post hoc test; 0.005 mg 

e/mL vs control: p = 0.039∗) was especially relevant. Again, the 

ighest concentrations of NPHA reversed such favourable finding 

ANOVA followed by Scheffé post hoc test; 0.1 mg Fe/mL vs 0.001 

g Fe/mL: p = 0.015∗). Taken together, both kinds of nanoparti- 

les not only maintained but even favoured the development of 
images of cultures exposed to NPCHI and NPHA at 0.01 mg Fe/mL for different 

100 μm in all images. Respective quantitative data of the positive area for MAP-2 

III-tubulin+ neurites (F). All values have been normalized by cell density (Hoechst 

vene’s test); N ≥ 3 experiments with duplicates per condition, n ≥ 3 images per 

 mg Fe/mL (c). 
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Fig. 4. Biological impact of magnetic stimulation in combination with the exposure to polymer-coated IONPs. Representative CLSM images of cell cultures exposed to an 

AMF (21 mT, 281kHz, 1 h) in the presence of IONPs (0.1 mg Fe/mL) for cell viability (A, top) and neural differentiation (A, bottom). Cell nuclei appear in blue in all images 

(Hoechst). Scale bars: 100 μm. Respective quantitative data for the positive area (B) and number (C) of live cells and the positive area of dead cells (D) and MAP-2 (E), 

the number of positive MAP-2+ intersections (F) and the positive area of vimentin (G). Statistics: one-way ANOVA followed by Games-Howell post hoc test (as dictated by 

Levene’s test); N ≥ 3 experiments with duplicates per condition, n = 10 images per replicate. Significance: p < 0.05, comparisons with respect to control (a), control + AMF 

(b), NPCHI (c), NPCHI + AMF (d), and NPHA (e). 
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iable and highly interconnected neural networks over standard 

lass substrates. The slightly less favourable findings obtained at 

he highest concentration of NPHA could be related to some poly- 

er excess in the culture, as supported by the larger hydrodynamic 

izes found for NPHA but not for NPCHI. It has been shown that 

A of high Mw 

, or even fragments of HA, can influence neural de- 

elopment by emitting quiescent signals in neurons and glial cells 

70] . Moreover, Wilson et al. have demonstrated that the excess of 

A in the neural environment can restrict excitatory synapse for- 

ation [71] . 

Encouraged by these positive findings from most of the con- 

itions tested, we then analysed the impact of the exposure to 

n AMF (281 kHz, 21 mT, 1 h) in ENPC cultures incubated with 

he highest concentration of IONPs (0.1 mg Fe/mL) to maximize 

ny eventual effect. The magnetic field selected in this work (16.8 

A/m, 281 kHz, being H x f = 4.7 ×109 A m−1 s−1 ) is below 

he limit approved for localized magnetic hyperthermia therapies, 

sing moderate field amplitude and frequency [23] . The former 

imit was established for the maximum field-frequency product as 

 × f = 4.85 × 108 A m−1 s−1 , called Atkinson–Brezovich limit, 

ased on the feeling of discomfort in an irradiated patient, in- 

reased later on up to more than ten times for local treatments. 

avourably, AMF application did not negatively impact either the 

rea (one-way ANOVA, p = 0.212) or the number of live cells (one- 

ay ANOVA, p = 0.556), which were maintained through all the 

onditions ( Fig. 4 A, top, and 4 B,C). However, it significantly in- 

reased the quantity of dead cells in control and NPHA-exposed 

ells (one-way ANOVA followed by Games-Howell post hoc test, p 

0.001∗∗∗) ( Fig. 4 D). In this case, NPCHI seemed to display a clear

nd statistically significant protective effect against cell death after 
ig. 5. Morphological characterization of collagen magnetic hydrogels doped with poly

olymer for collagen hydrogels loaded with NPCHI (HG/NPCHIL and HG/NPCHIH , respective

HG/NPHAL and HG/NPHAH , respectively). Macroscopic photographs were taken with a m

agnifications (bottom). Location of IONPs observable on top and inside of collagen fiber

165
agnetic stimulation (one-way ANOVA followed by Games-Howell 

ost hoc test, p = 0.005∗∗∗ vs control + AMF and p = 0.002∗∗∗ vs 

PHA + AMF), in spite of its larger cell uptake. This finding is not 

urprising as CHI has been described as neuroprotective in neu- 

ons, especially against oxidative stress [ 37 , 72 , 73 ]. 

The biological effects of magnetic fields have not been unam- 

iguously resolved yet. It is clear that cell responses depend on 

he field frequency and amplitude, as well as the presence or not 

f magnetic particles. Thus, while static or low frequency (in the 

z range) magnetic fields induced stimulation with no cytotoxic 

ffects and enabled the development of neural networks [74] , high 

requency magnetic fields (in the kHz range) as those used in this 

ork, may induce eddy currents, thermal heating or cell mem- 

rane deformation, even in absence of magnetic nanoparticles [75] , 

nd be responsible for the results presented here. 

The impact of AMF stimulation on neural differentiation was 

lso investigated. As previously found without magnetic stimula- 

ion, neuronal differentiation (MAP-2 labelling, one-way ANOVA, 

 = 0.662) and architectural connectivity (intersections of MAP- 

-labelled neurites, one-way ANOVA, p > 0.061 in all cases) were 

aintained in all conditions, avoiding interferences with other fea- 

ures of neuronal maturation when applying the magnetic field in 

omparison to control samples ( Fig. 4 A, bottom, and 4E-F). Indeed, 

otherham et al . have already confirmed that neuronal differenti- 

tion in SH-SY5Y cells can be mechano-stimulated by the appli- 

ation of low frequency magnetic fields ( ≥ 25 mT, 1 Hz, 1–3 h), 

nvolving the activation of the Wnt signalling pathway [76] . Re- 

arding vimentin+ cells ( Fig. 4 A, bottom, and 4 G), magnetic stim- 

lation showed again a negligible impact on the area covered 

y non-neuronal cells except for a slight increase in the case of 
mer-coated IONPs (NPCHI and NPHA). IONP doses were 0.04 and 0.5 mg Fe/mg 

ly) and 0.02 and 0.25 mg Fe/mg polymer for collagen hydrogels loaded with NPHA 

agnifying glass (top) and microscopic images were acquired by SEM at different 

s are indicated with yellow arrows. 
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Table 2 

Average fiber diameter and pore size of the different magnetic hydrogels fabricated. 

Quantitative values expressed as the mean ± SEM obtained from SEM micrographs. 

Not statistically significant differences were found among conditions. 

Hydrogel type Average fiber diameter 

(μm) 

Average pore size (μm) 

Control 1.96 ± 1.23 3.26 ± 7.19 

HG/NPCHIL 2.58 ± 1.40 6.41 ± 4.41 

HG/NPCHIH 2.27 ± 2.30 7.77 ± 5.96 

HG/NPHAL 2.18 ± 1.58 5.96 ± 4.29 

HG/NPHAH 1.45 ± 2.16 3.99 ± 5.59 

r

p

p
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t
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ells exposed to NPHA, which was only statistically significant in 

omparison to the insignificantly decreased control samples ex- 

osed to AMF (one-way ANOVA followed by Scheffé post hoc test, 

 = 0.006∗∗). Again, due to the noticeable variation in glial content 

btained among cultures, this finding must be taken with care and 

e further investigated. 

.3. Characterization of magnetic hydrogels 

Magnetic hydrogels were then fabricated by dispersing the 

olymer-coated IONPs developed within a collagen matrix 

HG/NPX, being X either CHI or HA). The concentration range 

or each type of hydrogel was adjusted based on findings reported 

bove for polymer-coated IONPs (0.04 and 0.5 mg Fe/mg polymer 

or HG/NPCHIL and HG/NPCHIH , respectively; and 0.02 and 0.25 

g Fe/mg polymer for HG/NPHAL and HG/NPHAH , respectively), 

ith a lower range for NPHA due to the slight but noticeable 

ecrease in cell viability and connectivity observed at higher 

oses. The selected IONP loading was sufficient to impact matrix 

ensity as, at a gross inspection, more compact hydrogels were 

btained at higher doses of IONPs, regardless of the type ( Fig. 5 ,

op). As characterized by SEM, the resulting hybrid hydrogels 

howed a soft appearance and were constituted by a randomly 

orous and fibrous interconnected architecture ( Fig. 5 , middle and 

ottom), a consequence of the freeze-casting methodology used 

or their fabrication. Interestingly, pore size and fiber diameter 

ere very alike among hydrogels with different IONP coating and 

oncentration ( Table 2 and Fig. S7), without statistically signif- 

cant differences. By using TEM, we confirmed that both types 

f polymer-coated IONPs were found homogenously distributed 

hroughout the totality of the hydrogel structure, becoming more 

bundant as IONP concentration increased ( Figs. 6 and S8). This 
Fig. 6. Morphological characterization of hybrid magnetic hydrogels doped with polym

166
esult confirms their complete colloidal stability in the collagen 

olymeric solution prior to freeze-casting for hydrogel formation, 

reliminary questioned by the slight evidences of IONP aggre- 

ation found under certain conditions ( e.g., a limited fraction of 

PHA revealing much higher hydrodynamic sizes, certain IONP 

ggregates at the hydrogel surface visualized by SEM). 

Chemical characterization by FTIR analysis revealed the char- 

cteristic bands of collagen at 1660, 1079 and 1035 cm−1 in all 

ydrogels, corresponding to amides I, C-O and C-O-C groups, re- 

pectively ( Fig. 7 A) [77] . The other observed bands were assigned 

o the vibrations of functional groups of the polymers decorating 

he IONPs (CHI and HA), as previously indicated for those bands 

round 1150 - 1070 cm−1 ( Fig. 1 C). As expected, hydrogels pre- 

ared with a higher concentration of IONPs showed a higher in- 

ensity of the band near 560 cm−1 , which is related to the vibra- 

ion of the Fe-O bond. As mentioned before, the band close to 1385 

m−1 corresponds to the presence of nitrate groups, only visible in 

hose hydrogels with higher IONP concentration regardless of the 

olymer coating. 
er-coated IONPs (NPCHI and NPHA) by TEM. Black dots in the images are IONPs. 
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Fig. 7. Physicochemical characterization of magnetic hydrogels loaded with polymer-coated IONPs. FTIR spectra (A), swelling rate at different time points in distilled water at 

room temperature (B), magnetization curves at room temperature by VSM (C), compressive modulus ( E0 , D), and fluidity coefficient ( γ , E) obtained by AFM nanoindentation. 

Samples included: control collagen hydrogels (black), collagen hydrogels loaded with NPCHI at low (light orange) and high (dark orange) concentrations, and collagen 

hydrogels loaded with NPHA at low (light blue) and high (dark blue) concentrations. 
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The swelling capacity of the different magnetic hydrogels was 

hen investigated ( Fig. 7 B). All hydrogels rapidly increased their 

olume and mass when submerged in distilled water until a 

lateau was rapidly reached after 10 min. Interestingly, low doses 

f IONPs, regardless of their polymer coating, augmented the hy- 

rogel hydration degree. Contrarily, higher doses of IONPs re- 

uced the swelling ratio of the hydrogels in comparison to con- 

rol gels, as expected from the more compact structure found in 

he former ones. This is consistent with previous work in which 

igher concentrations of silica nanoparticles led to more rigid col- 

agen/CHI/HA hydrogels [78–80] . Highly dependent on swelling, all 

agnetic hydrogels experienced a rapid degradation starting as 

arly as 1-2 days in distilled water, demonstrating a clear impact 

f IONP loading in collagen hydrogel degradation. Specifically, hy- 

rogel degradation proved to be dependent on IONP concentration, 

eing those magnetic hydrogels with the lowest IONP dose the 

nes with smaller remaining weights after 30 days (Fig. S9). This 

esult is in consonance with the swelling trend described above. 

urthermore, hydrogels loaded with HA-coated IONPs were more 

apidly degraded, in agreement with the superior capability of HA 

olecules to be hydrated. At 3 months, degradation features were 

learly observable in all hydrogels, such as a higher porosity and 

bundant thin collagen fibers being torn from the remaining ma- 

rix, if any (Fig. S10). Focusing on the magnetic behavior of the 

ybrid hydrogels developed ( Fig. 7 C), we observed that the higher 

he IONPs concentration, the higher the magnetic signal found in 

he resulting hydrogel. Magnetization values as high as 24 emu/gFe 

ere obtained for those hydrogels with the highest IONPs con- 

entration (HG/NPCHIH ). Importantly, this magnetic response was 

ound proportional to the IONP loading concentration ( i.e., a dou- 
167
le concentration of IONPs duplicated the magnetic response, both 

or HG/NPCHIH and HG/NPHAH ). The magnetic response of the hy- 

rogels was in all cases sufficient to ensure controlled movement 

f the gel through magnetic manipulation ( > 1 emu/gFe). Thus, by 

pplying a moderate external magnetic field, the hydrogel could be 

irected, deformed or repositioned as desired. 

In line with gross inspection and degradation findings, AFM 

anoindentation measurements demonstrated that all hydrogels 

ere very soft matrices. The addition of IONPs caused a three- 

old increase of the compressive modulus of the original colla- 

en hydrogels ( Fig. 7 D), which ranged from 0.8 kPa to about 2.6 

Pa, regardless of either the polymer coating or the dose of the 

ONPs. This result agreed with the initial gross appreciation of a 

lear stiffening of the collagen hydrogels when loaded with IONPs. 

nexpectedly, we noted that the modulus hardly changed in the 

oncentration range explored, so the stiffening associated with the 

ddition of IONPs should be taking place at lower concentrations 

han those herein tested ( < 0.02 mgFe/mg polymer). Additionally, 

he fluidity coefficient ( γ ) measured the fluid character of the gel 

 Fig. 7 E), ranging from 0 for an elastic solid to 1 for a perfect liq-

id [61] . The incorporation of NPCHI, loaded in the matrix at a 

igher concentration than NPHA, was found to markedly fluidize 

he collagen hydrogel ( γ = 0.12 in control collagen hydrogels and 

= 0.27-0.29 in HG/NPCHI). However, this fluidization effect was 

ot observed in any of the HG/NPHA hydrogels tested. As HA has a 

uperior water adsorption capacity than CHI (anticipated to even- 

ually assisting a more fluidic nature of the resulting hybrid hydro- 

els), we hypothesize this effect to be driven by weaker chemical 

nteractions of NPCHI than NPHA with collagen molecules in the 

atrix. 
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Fig. 8. Biological responses of ENPCs to magnetic collagen hydrogels loaded with polymer-coated IONPs (HG/NPCHI and HG/NPHA). Viability studies: Representative CLSM 

images (A) and corresponding quantification (B-C). Alive cells appear in green (calcein labelling) and dead cells in red (EthD-1 labelling). Reflection mode images are included 

for proper visualization of the respective hydrogel surface. Neural differentiation studies: Representative CLSM images (D) and corresponding quantification for MAP-2 (E; 

neuronal cells, green) and vimentin (F; non-neuronal cells including glial cells, red). In all images, cell nuclei appeared in blue (Hoechst). Statistics: one-way ANOVA followed 

by Games-Howell post hoc test (as dictated by Levene’s test); N ≥ 3 experiments with duplicates per condition, n ≥ 3 images per replicate. Significance: p < 0.05∗ between 

groups connected by lines. 
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.4. Biological responses of primary neural cells to magnetic hydrogels 

The response of ENPCs to the magnetic hydrogels fabricated 

as then investigated. Morphological studies by SEM first revealed 

hat these primary neural cells fully colonized and distributed ho- 

ogeneously both on the surface and inside the pores of the hy- 

rogels, with tight cell-cell and cell-collagen interactions (Fig. S11). 

he porous fibrillary structure of these scaffolds acted as the nat- 

ral extracellular matrix supporting cell adhesion and growth. In 

he context of neural regeneration, this feature could be highly in- 

eresting for implantation, as cells from neighboring neural tissues 

ould attach, grow and expand through the hydrogel to facilitate 

ridging. 

Viability studies were then performed ( Fig. 8 A, B). No signif- 

cant differences were found for calcein staining among hydro- 

els, regardless IONPs type or dose, except for HG/NPHAL hydro- 

els, which caused a significant decrease in the area of live cells 

ust with respect to control ones (one-way ANOVA followed by 

ames-Howell post hoc test, p = 0.037∗). As the aspect of the col- 

nized cells was found very alike among hydrogels, this decrease 

ight be evidencing some other factors contributing to an over- 

ll poorer cell colonization of HG/NPHAL such as the faster degra- 

ation identified ( Fig. 7 D). The high bio-tolerance of these hybrid 
168
ystems with primary neural cells was further corroborated when 

ollagen hydrogels were doped with 8-fold higher doses of these 

ONPs than those described above. Specifically, ENPC viability was 

till preserved (Fig. S12A–C). Based on these findings, higher doses 

f IONPs could be loaded into these hydrogels if therapeutically 

eeded without anticipating major toxicity issues. As for IONPs 

lone, neural differentiation of ENPCs was also evaluated in these 

agnetic hydrogels ( Fig. 8 C–E). First, the area covered by MAP- 
+ processes (mature neurons) was found similar among hydro- 

els, independently of IONP type and dose and in agreement with 

he results obtained with polymer-coated IONPs in suspension. In 

he case of non-neuronal cells, the area occupied by vimentin+ 

rocesses was found again similar among conditions, except for 

G/NPHAH , in which neural cells decreased their differentiation to 

on-neuronal cells ( e.g., glial cells) with respect to both types of 

ollagen hydrogels containing NPCHI (one-way ANOVA followed by 

cheffé post hoc test, p = 0.037∗ vs HG/NPCHIL and p = 0.042∗

s HG/NPCHIH ). This decrease was not correlated with results ob- 

ained with IONPs in suspension, in which no statistically signif- 

cant differences were found among conditions, just a trend of 

ecrease for NPCHI at the highest concentrations tested ( Fig. 3 ). 

herefore, the impact of this hybrid system on non-neuronal dif- 

erentiation must be related to a synergistic effect of HA with col- 
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Fig. 9. Biological impact of magnetic stimulation on ENPCs cultured on magnetic hydrogels loaded with polymer-coated IONPs under AMF stimulation (21 mT, 281 kHz, 

1 h). Viability studies: Representative CLSM images (A) and corresponding quantification (B). Alive cells appear in green (calcein labelling) and dead cells in red (EthD-1 

labelling). Reflection mode images are also included for proper visualization of the respective hydrogel surface. Neural differentiation studies: Representative CLSM images 

(C) and corresponding quantification for MAP-2 (D; neuronal cells, green) and vimentin (E; non-neuronal cells including glial cells, red). In all images, cell nuclei appeared 

in blue (Hoechst). Statistics: one-way ANOVA followed by Games-Howell test (as dictated by Levene’s test); N ≥ 3 experiments with duplicates per condition, n ≥ 3 images 

per replicate. Significance: p < 0.05∗ between groups connected by lines. 
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agen, not induced by any of the components alone. Further stud- 

es are necessary to deepen on the impact of these IONPs when 

mbedded in collagen hydrogels on neural phenotype maturation. 

nterestingly, it has been shown that modulating HA concentra- 

ion can influence the elasticity of the developed hydrogels, thus 

mpacting the development of the resulting neural networks [70] . 

oncretely, higher concentrations of HA lead to more elastic hydro- 

els that resulted in less migration, differentiation and branching 

f neural cells. In our case, the highest concentration of NPHA used 

o load the hydrogel (0.25 mg Fe/mg polymer) seemed sufficient to 

mpact neural culture development regarding non-neuronal pheno- 

ypes. 

Finally, we explored the impact that the application of an AMF 

ould have on ENPCs cultured on magnetic hydrogels to approach 

heir future use in magnetically triggered drug delivery strategies. 

hose hydrogels with the higher IONP concentration were selected 

o maximize responses. Regarding viability ( Fig. 9 A, B), the area 

ositively labelled for live cells (calcein+ ) significantly decreased 

n IONP-loaded hydrogels after AMF application, regardless of the 

ONP type, with respect to control hydrogels exposed to the same 

agnetic stimulation (one-way ANOVA followed by Games-Howell 
169
ost hoc test, p = 0.015∗ for HG/NPCHIH + AMF and p = 0.035∗

or HG/NPHAH + AMF vs HG + AMF). However, values did not signif- 

cantly differ from respective hydrogels without AMF, thus reveal- 

ng a certain effect on the viability of these neural cells driven by 

he synergistic action of the IONPs and their actuation under an 

MF. In the case of hydrogels doped with 8-fold higher doses of 

ONPs, viability was still preserved with respect to control behav- 

or except for alive cells in HG/NPHA with and without magnetic 

timulation (one-way ANOVA followed by Games-Howell post hoc 

est, p = 0.008∗∗) (Fig. S12D, E). In respect to neural differenti- 

tion ( Fig. 9 C–E), the area covered by neuronal cells was found 

gain similar among hydrogels except for the amount of MAP-2+ 

rocesses on HG/NPHAH under AMF, which were significantly re- 

uced with respect to control hydrogels (one-way ANOVA followed 

y Scheffé post hoc test, p = 0.023∗). This slight decrease in MAP- 

 was accompanied by a recovery of non-neuronal cells in these 

ydrogels (vimentin+ ; one-way ANOVA followed by Games-Howell 

ost hoc test, p = 0.013∗), being similar to control hydrogels for 

ll the rest of conditions. Interestingly, this significant increase in 

imentin+ cells in HG/NPHAH under AMF agrees with results ob- 

ained with NPHA alone under AMF described above ( Fig. 4 ), thus 
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ointing out a specific effect driven by magnetically actuated HA- 

oated IONPs on non-neuronal differentiation that requires further 

xploration in the future. 

Taken together, hydrogels loaded with NPCHI seemed to provide 

 superior and more consistent response than those loaded with 

PHA. Specifically, neural cell viability and neural differentiation 

 i.e., MAP-2 and vimentin) showed higher values in HG/NPCHI for 

oth low and high IONP doses in the absence of magnetic stim- 

lation, reaching statistical significance with respect to HG/NPHA 

n several conditions such as viability for the low IONP concen- 

ration used and vimentin area. Under magnetic stimulation, the 

ame trend was found, with the exception of vimentin area at 

he high IONP dose in HG/NPHA, similar to values obtained for 

G/NPCHI. Moreover, certain degree of architectural instability and 

aster degradability of HG/NPHA at low IONP dose made them 

ess favorable to work with. From a chemical point of view, the 

eacetylation degree of the CHI molecules used could be facili- 

ating the interaction with neural cells, as previously described 

or Schwann cells [ 37 , 81 ]. In addition, its free protonated amino

roups endow CHI the ability to bind to a wide range of natu- 

al and synthetic materials for functionalization and coating, likely 

enefiting cell adhesion and conferring a growth factors storage 

unctionality. Regarding HA, it is known as a modulator of water- 

inding, ionic exchange, molecule size-dependent diffusion, and 

ermeability of large molecules and cells [45–47] . However, its 

arger water uptake capabilities and lower availability of chemical 

roups might be responsible for this slightly inferior performance. 

hese advantageous outcomes for HG/NPCHI over HG/NPHA can be 

lso partially related to the higher fluidity of these hydrogels, as 

roved by the diffusion coefficient ( γ ), which can drive to a su- 

erior mechanical compliance with soft neural cells and tissues. 

lso, AMF application seemed to have a more noticeable impact 

n ENPC viability and differentiation when IONPs were loaded 

nto the collagen matrices instead of in suspension. These find- 

ngs might be indicating a facilitator role played by collagen on 

he mediation of biological interactions of polymer-coated IONPs 

ith cell membrane receptors and molecules. Indeed, the confine- 

ent effect provided by the hydrogel could be exerting a role by 

ropagating the impact of AMF application into a 3D environment. 

o this regard, it is important to investigate the kind of interac- 

ions that could be taking place inside the hydrogels when ex- 

osed to magnetic fields, both in the presence and absence of 

ONPs. For instance, IONPs could be aggregating [81] , thus result- 

ng in a less biocompatible environment for the establishment of 

ell-formed neural networks. Importantly, this methodology was 

roved to be useful for the fabrication of other types of magnetic 

ydrogels, as those prepared by embedding NPCHI on CHI matrices 

Fig. S13), which equally proved to acquire magnetic properties and 

ustain viable ENPC cultures. It is worth to mention that magneto- 

hermal stimulation can be used to control stem cell fate and to ac- 

ivate neuronal functions [82] , typically occurring through the ac- 

ivation of temperature-sensitive transmembrane proteins [ 83 , 84 ]. 

owever, magnetic nanoparticles under magnetic fields might also 

timulate apoptotic pathways, which are not desired for tissue re- 

eneration. Future work in our laboratory will intend to contribute 

o the elucidation of the impact of static and alternating magnetic 

timulation on neural cells and tissues. 

. Conclusions 

The natural polymers used to coat IONPs improved the response 

f primary neural cells by modulating the physico-chemical prop- 

rties of the nanoparticles, for example, augmenting their hydro- 

ynamic size and negative surface charge and tuning their mag- 

etic responses depending on their respective hydration capac- 

ty. Those coated with chitosan (NPCHI) provided a superior neu- 
170
al cell response than those with hyaluronic acid (NPHA), includ- 

ng larger IONP uptake and a wider concentration-ranged viabil- 

ty and neural differentiation. Furthermore, the application of an 

MF did not seem to impact negatively ENPC growth and de- 

elopment in the presence of IONPs in suspension, making these 

olymer-coated IONPs potentially useful nanocarriers. Additionally, 

hey were proved to be homogenously distributed in collagen hy- 

rogels, tuning their physico-chemical properties through the vari- 

tion of IONP dose, such as compactness, degradation rate, re- 

ponsiveness to magnetic stimuli, and nanomechanical properties. 

y incorporating these polymer-coated IONPs, we have fabricated 

agnetic hydrogels which can be controlled by using an AMF. 

hese hydrogels were fully colonized by primary neural cells and 

roved to be biocompatible. Also, slight but significant differences 

n neural cell responses suggested a differential im pact of the poly- 

er coating of IONPs on the interactions with the collagen matrix, 

hus providing a wider set of controllable parameters to reach de- 

ire outcomes. As for IOPNs alone, NPCHI-loaded hydrogels demon- 

trated a superior cell response for which their higher fluidity 

ight be contributing. This methodology was further proved suc- 

essful for the fabrication of alternative magnetic hydrogels com- 

osed of NPCHI embedded into a chitosan matrix. Overall, the pos- 

tive findings presented herein encourage the optimization of these 

ybrid materials as potent carrier platforms for neural repair. The 

ncorporation of therapeutic agents into these soft and highly bio- 

ompatible magnetic hydrogels could enable the spatial and tem- 

oral control of the release of drugs by the application of an ex- 

ernal magnetic field, being magnetic stimulation itself already in- 

orporated in the clinical practice for therapeutic purposes. These 

ystems could open a new avenue for the development of person- 

lized therapies in patients with the need of neural repair such as 

hose affected by spinal cord injury, traumatic brain injury and tu- 

ors to be resected at the central nervous tissue, among others. 

he promising but still early stage of this research encourages fur- 

her investigation to bring these useful nanotechnology-based tools 

loser to their clinical application. 
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