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ABSTRACT: This study investigated the physicochemical properties of 3D printed sodium alginate (SA)/poly(vinyl alcohol) 
(PVA)-magnetic nanoparticles (MNPs) hydrogels that were subsequently crosslinked using Ca2+ ions via post-spraying. The 
rheological properties of the precursor hydrogels were assessed because they play a crucial role in printability. The SA/PVA 
composition of 12/8 wt%, both in the absence and presence of MNPs at concentrations of 1.0 mg/mL, 2.5 mg/mL, or 5.0 
mg/mL, displayed good printability. Magnetic force microscopy (MFM) evidenced the random distribution of MNPs on the 
hydrogel surface, and the aggregation of magnetic clusters with increasing MNP content. Nanoindentation tests using a 
silica colloidal probe allowed estimating the elastic modulus values of swollen 3D printed scaffolds. These values ranged 
from 1.0 MPa (SA12/PVA8) to 7.2 MPa (SA/PVA-MNP5). Confocal microscopy confirmed the presence of cells within the 
interior of the 3D printed scaffolds. The cytocompatibility or cytotoxicity assays showed that all 3D printed scaffolds were 
cytocompatible with HT-22 cells. 

1. INTRODUCTION 

The advent of 3D printing has ushered in progressive 
fabrication, enabling the precise and customizable pro-
duction of complex three-dimensional structures. In 
the field of biomedicine, the ability to engineer com-
plex geometries and functional designs is of paramount 
importance for the development of advanced biomed-
ical devices, including tissue scaffolds,1,2 drug delivery 
systems,3 and implantable constructs.2 Hydrogels, 
which consist of three-dimensional networks of cross-
linked hydrophilic polymers, have emerged as promis-
ing bioink materials for 3D printing due to their high 
biocompatibility, 4,5 tunable mechanical properties,6 
and ability to conjugate bioactive molecules.7–9 The in-
tegration of magnetic nanoparticles (MNPs) into 3D 
printing for biomedical devices holds great promise 
and presents exciting prospects.10,11 By incorporating 

MNPs, printed constructs gain responsive behavior un-
der external magnetic field (EMF), enabling applica-
tions such as targeted drug delivery, 12,13 tissue engi-
neering,14–16 cancer therapy 17,18 and magnetic resonance 
imaging.19 

For tissue engineering, the incorporation of MNPs 
into scaffolds can provide significant advantages by 
bringing about favorable changes in the mechanical 
properties of the system.20 The development of poly-
mer-MNP composites has demonstrated improve-
ments in in vitro cell adhesion, proliferation and differ-
entiation.21  Hydrogels containing sodium alginate and 
MNP could guide and promote the growth of Schwann 
cells, indicating a potential application for peripheral 
nerve injury repair.22  Implants based on magnetic algi-
nate, hyaluronic acid and collagen hydrogels promoted 
the regeneration of axon densities similar to a rat sci-
atic nerve.23 Magnetic poly (lactic-co-glycolic acid) 
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nanofibers successfully differentiated mesenchymal 
stem cells into neurons. 24 Chitosan-MNP composites 
mediated the differentiation of neural stem cell (NSC) 
into neuron during nerve repair. 25 This enhancement 
is attributed to the inclusion of MNPs, which finely ad-
just the physicochemical properties of the material. 
This adjustment includes the modulation of pore size 
and interconnectivity, ultimately establishing an opti-
mal environment for cell development.26  In addition, 
the mechanical properties (stress/strain, elastic-
ity/stiffness) of the scaffolds affect the cell behaviors 
and signaling pathways.27,28  

In this context the inclusion of metallic material re-
sults in composites characterized by increased stiff-
ness, or even dynamic modifiability through the influ-
ence of an external magnetic field. This phenomenon 
was observed in MNPs embedded in gelatin nano-
fibers,24 where the application of an external magnetic 
field induces fiber alignment, thereby enhancing the 
material's stiffness. In the presence of these aligned fi-
bers, stem cells (ADSC cells) underwent differentiation 
into osteocytes, whereas in the absence of fiber align-
ment, the cells differentiated into adipocytes..29 

Nevertheless, the determined values of mechanical 
properties can vary depending on the method used. For 
example, macroscopic compression tests yield the bulk 
mechanical properties of the material. On the other 
hand, nanoindentation is a valuable tool for assessing 
the mechanical properties of scaffolds at a scale closer 
to that perceived by cells.  Atomic force microscopy 
(AFM) and similar nano-indenter devices are ideally 
suited for micro-scale measurements because these in-
struments utilize a precisely defined indenting tip to 
deform the substrate and measure the requisite 
force.27,30 AFM nanoindentation is capable of investi-
gating a wide range of elastic moduli, ranging from rel-
atively low values of 1 kPa to as high as 100 GPa.31 In this 
context, AFM-based nanoindentation has provided ac-
curate insights into the mechanical properties of soft 
materials such as hydrogels,32 elastomers33, and biolog-
ical molecules.34 

Sodium alginate (SA), a natural polysaccharide de-
rived from brown algae, has gained significant atten-
tion and found wide applications in the field of 3D 
printing for biomedical devices.35 Its properties make it 
an ideal bioink material for fabricating complex struc-
tures with excellent printability and biocompatibility.36 
Moreover, after printing, the SA structure can be stabi-
lized by the addition of divalent cations such as Ca2+, 
because the hydrophilic L-guluronic acid (G) units in-
teract instantaneously with divalent cations.37 The vis-
cosity and gelation behavior of SA can be precisely con-
trolled by adjusting parameters such as alginate con-
centration and crosslinking agents.38–41 Mixtures of SA 
and methylcellulose (MC) were 3D printed into a CaCl2 
solution; among many factors, the authors observed 

that storing the samples in a CaCl2 solution led to in-
creased stiffness due to the diffusion of Ca2+ ions from 
the medium to the polymer matrix 42. Furthermore, the 
biodegradation allows a gradual integration and re-
modeling of the regenerated tissue, which eliminates 
the need for invasive removal procedures and reduces 
potential complications.43 Poly(vinyl alcohol) (PVA) is 
a water soluble polymer44,45 that could enhance the 
printability of scaffolds in 3D printing.46,47 SA and PVA 
are miscible over a broad range of composition,48 prob-
ably due to hydrogen bonding between hydroxyl 
groups belonging to SA and PVA. Magnetic hydrogels 
have demonstrated significant potential in the field of 
neural tissue engineering. These materials can respond 
to external magnetic field, which facilitates the favora-
ble growth of cells on the hydrogel matrix.49,50 In a re-
cent study, we reported that magnetic coatings of 
SA/PVA/MNPs containing aligned MNPs were 
rougher, decreasing the proliferation of HT-22 neural 
cells.51 Magnetic SA/PVA hydrogels were also success-
fully applied for Fenton degradation of organic dyes.52  

In this study, SA/PVA compositions both in the ab-
sence and presence of MNPs at concentrations of 1.0 
mg/mL, 2.5 mg/mL, and 5.0 mg/mL were subjected to 
3D printing and subsequently crosslinked using Ca2+ 
ions via post-spraying. The rheological properties of 
the precursor gels were assessed since they have an im-
pact on printability.53 The 3D printed scaffolds were 
characterized using standard techniques such as scan-
ning electron microscopy (SEM), gel content analysis, 
swelling degree determination. Additionally, the mag-
netic properties of the 3D printed scaffolds were evalu-
ated through vibrating-sample magnetometry (VSM) 
and magnetic force microscopy (MFM). The mechani-
cal properties of the 3D printed scaffolds were meas-
ured in their swollen state using nanoindentation with 
an atomic force microscope and colloidal probe.30 The 
size and shape of the colloidal probe can be accurately 
determined, minimizing the uncertainty in the deter-
mination of the elastic modulus. We consider this to be 
a significant contribution because there is limited in-
formation available in the existing literature regarding 
the nanomechanical properties of swollen 3D printed 
scaffolds and the changes in the stiffness of the scaf-
folds due to the addition of MNPs. Employing the HT-
22 cell lineage to assess the 3D printed scaffolds pro-
vides a relevant and accessible model to investigate the 
scaffolds’ compatibility, potential neuronal effects, and 
the influence of magnetic nanoparticles. 

2. RESULTS AND DISCUSSION 

Detailed information regarding the experimental 
procedure for the preparation, 3D printing, statistical 
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analysis, and characterization of magnetic nanoparti-
cles (MNPs), hydrogels, and 3D printed scaffolds can 
be found in the Supporting Information. 

2.1 Rheological behavior and printability of the hy-
drogels. Viscosity is a key parameter for a successful 
3D printing.53 Particularly, the extrusion process ena-
bles printing inks or hydrogels with a wide range of vis-
cosity; however, very low viscosity systems might gen-
erate structures that lose their shape after printing, and 
high viscosity systems might be difficult to print.54 The 
viscosity of the hydrogels can be tuned by changing the 
polymer concentration or molecular weight or by com-
bining two polymers or polymer and nanoparticles. 
Furthermore, non-Newtonian fluids with shear-thin-
ning behavior have shown to be more adequate for bi-
oprinting.53 

The SA20 (SA 20wt%), SA16/PVA4 (SA/PVA 
16/4 wt%), and SA12/PVA8 (SA/PVA 12/8 wt%) solu-
tions presented shear-thinning behavior in the shear 
rate (γ ̇) range from 0.2 s-1 to 20 s-1 (Figure 1a). The vis-
cosity curves were fitted to the Carreau model (Table 
S1), yielding viscosity values at zero shear rate (η0) for 
SA20, SA16/PVA4, and SA12/PVA8 of 790 Pa.s, 584 Pa.s, 
and 270 Pa.s, respectively. SA20, SA16/PVA4, and 
SA12/PVA8 solutions seem to have the required flow 
properties to be successfully applied in the 3D printing, 
but preliminary tests indicated that SA12/PVA8 had the 
best printability because it had the lowest (η0) values, 
requiring less pressure to print. Consequently, the 
magnetic SA/PVA-MNP1 (MNP 1.0 mg mL-1), SA/PVA-
MNP2.5 (2.5 mg mL-1), and SA/PVA-MNP5 (MNP 5.0 
mg mL-1) hydrogels were prepared at the SA12/PVA8 
composition. The SA/PVA-MNP1, SA/PVA-MNP2.5 
and SA/PVA-MNP5 dispersions also presented shear-
thinning behavior at moderate shear rates (0.2 s-1 to 20 
s-1) (Figure 1b). The η0 values determined from the Car-
reau model fittings (Table  S1) decreased from 270 Pa.s 
(SA12/PVA8) to 226 Pa.s (SA/PVA-MNP1), 165 Pa.s 
(SA/PVA-MNP2.5), and 103 Pa.s (SA/PVA-MNP5). 

 

 

Figure 1. Viscosity (η) as a function of shear rate (γ )̇ for 
aqueous (a) solutions of SA20, SA16/PVA4, and 
SA12/PVA8, and (b) SA12/PVA8 solution, and SA/PVA-
MNP1.0, SA/PVA-MNP2.5, and SA/PVA-MNP5.0 disper-
sions at 23 °C. 

The miscibility between SA and PVA is mainly 
driven by hydrogen bonding between SA and PVA hy-
droxyl groups and ion-dipole interaction between the 
SA carboxylate groups and PVA hydroxyl groups 
(Scheme 1a). MNPs are physically entrapped in the 
three-dimensional network by hydrogen bonds49 
among the hydroxyl groups present on their surface 
(Fe-OH groups) and those belonging to PVA and SA 
(Scheme 1b).  Thus, the number of available hydroxyl 
groups to keep the intermolecular interactions be-
tween SA and PVA decreases, decreasing the intermo-
lecular friction. Also, the increase of MNP content can 
cause the increase of clusters size of magnetic particles 
due to magnetic attraction,55,56  resulting in fewer junc-
tion points. These factors provide a potential explana-
tion for the observed decrease in viscosity of the poly-
mer-MNP solutions. 

Figure 2a shows sweep frequency oscillatory 
curves determined at 23 oC in the strain range of 0.001 
and 10 and frequency of 1 Hz for SA12/PVA8 solution, 
and SA/PVA-MNP1.0, SA/PVA-MNP2.5, and SA/PVA-
MNP5.0 dispersions before crosslinking with Ca2+ ions. 
All systems presented G” > G’, indicating liquid-like be-
havior, and the G” plateau values followed the same 
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trend observed for the η0 values, namely, SA12/PVA8 ≈ 
SA/PVA-MNP1.0 > SA/PVA-MNP2.5 > SA/PVA-
MNP5.0. After crosslinkings with Ca2+ ions, all systems 
presented G’ > G” (Figures 2b-2e), indicating solid-like 
behavior, for strain values less than 0.05 and evidenc-
ing the crosslinking process. Ca2+ ions can interact not 
only with SA carboxylate groups but also with PVA hy-
droxyl groups through ion-dipole interactions, as de-
picted in Scheme 1c. The disruption of intermolecular 
interactions and ionic bonds at strain range > 0.05 led 
to a decrease in the storage modulus, diminishing the 
solid-like behavior of the matrices. The flow points 
(τflow) extracted from G’/G” crossover (Figure 2f) de-
creased with the increase of MNP content, indicating 
that the MNPs compete for the carboxylic acid groups 
belonging to SA, remaining less coordination points for 
the Ca2+ ions (Schemes 1c and 1d). 

Calcium ions (Ca2+) were used to crosslink the 
printed hydrogels. The crosslinking occurs due to the 
electrostatic interaction between the carboxylate 
groups (COO-) present in the SA G-blocks and the pos-
itively charged calcium ions, forming the “egg box 
junctions” 57. PVA chains are entrapped in the SA net-
work and stabilized by hydrogen bonds between hy-
droxyl groups stemming from PVA and SA 58.   

 

 

 

 

 

 Scheme1. Representation of SA and PVA chains, carboxylate (red sphere) and hydroxyl (blue spheres) groups, MNPs 
(brown spheres), and Ca2+ ions (gray spheres). (a) SA12/PVA8 solution, (b) SA/PVA-MNP5.0 dispersion, (c) SA12/PVA8 
solution in the presence of Ca2+ ions, and (d) SA/PVA-MNP5.0 dispersion in the presence of Ca2+ ions. The dot lines repre-
sent possible H bonding or ion-dipole interactions.  

_________________________________________________________________________________________________________ 
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Figure 2. Strain sweep curves obtained at 1 Hz for (a) SA12/PVA8, SA/PVA-MNP1, SA/PVA-MNP2.5, and SA/PVA-MNP5 before 
cross-linking and (b) SA12/PVA8, (c) SA/PVA-MNP1.0, (d) SA/PVA-MNP2.5, and (e) SA/PVA-MNP.05 after cross-linking with Ca2+ 
ions. (f) Flow points (τflow) extracted from G’/G” crossover of each system after crosslinking. The different letters mean that the 
values are statistically different (p < 0.05). 

The solution expansion after ink extrusion and the fil-
ament fusion with the previous extruded layers are fac-
tors that can cause the loss of resolution after print-
ing.48 SA12/PVA8, SA/PVA-MNP1.0, SA/PVA-MNP2.5, 
and SA/PVA-MNP5.0 presented good printability and 
the resolution was adequate due to the fast crosslink-
ing of the SA chains mediated by the Ca2+ ions. The 
crosslinking with Ca2+ ions was performed by spraying 
the Ca2+ ions solution (3 wt%) either after each layer 

deposition (Figure 3a, picture I) or only after finishing 
the whole printing process (Figure 3a, picture II). The 
former process led to more uniform mesh resolution 
(angular intersection = 90°), for this reason it was kept 
for the crosslinking of the printed magnetic hydrogels. 
In the case of the magnetic hydrogels, the printing 
pressure and speed and flow rate were reduced to im-
prove the filaments formation (Table S2) and mini-
mize needle clogging by magnetic cluster. 59,60 
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Figure 3. (a) Printed SA/PVA hydrogels (40 mm diameter, 3 mm of distance between the filaments). The crosslinking with Ca2+ 
ions was performed by spraying the Ca2+ ions solution (3 wt%) either after each layer deposition (I) or only after finishing the 
whole printing process (II).  In both cases, additionally, the samples were immersed into a calcium ions solution (3 wt%) for 30 
min. (b) Printed SA12/PVA8 and SA/PVA- MNP1.0, SA/PVA-MNP2.5, and SA/PVA-MNP5.0 hydrogels (40 mm diameter, 3 mm of 
distance between the filaments) obtained by process (I), the scale bar corresponds to 10 mm. Approximately 7 mL of each disper-
sion was extruded uninterruptedly.  

_________________________________________________________________________________________________________ 

2.2 Characterization of the freeze-dried 
crosslinked printed scaffolds. Figure 4 shows the 
SEM images obtained for the SA12/PVA8, SA/PVA- 
MNP1.0, SA/PVA-MNP2.5, and SA/PVA-MNP5.0 scaf-
folds. All surfaces presented macropores and fine 
crosslinked fibers. Their formation was probably in-
duced by the extrusion process because no fine fibers 
were observed for SA12/PVA8 films prepared by cast-
ing, crosslinking by spraying the Ca2+ ions solution (3 
wt%) and freeze-drying (Figure S1). As the concentra-

tion of MNPs increased, the fibrils became less fre-
quent and the macropores appeared larger. This effect 
might be attributed to a decrease in the available cross-
linking sites, specifically carboxyl groups, which are es-
sential for the formation of a dense and well-structured 
fibrous network. The MNPs might compete for the 
binding sites (Scheme 1d), resulting in less fibrils. 
Therefore, the incorporation of MNPs in the printing 
solution can have a significant impact on the morphol-
ogy, mechanical and functional properties of the 
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printed scaffolds. The contribution of the gold sput-
tered layer was disregarded due to the formation of 
gold islands typically measuring 20 nm.61 These islands 
are significantly larger than the observed structures. 

 

Figure 4. SEM images obtained for the SA12/PVA8, 
SA/PVA-MNP1.0, SA/PVA-MNP2.5, and SA/PVA-MNP5.0 
3D printed scaffolds.  

The FTIR-ATR spectra of PVA and SA pre-
sented some characteristic bands at similar wave-
numbers because they have common functional groups 
(Figure S2). The bands were attributed to the vibra-
tional modes of the corresponding chemical bond: 62,63 
3400–3100 cm−1 (νO-H), 1590 cm−1 (νCOOasym), 1415 cm−1 
(νCOOsym),1080 cm-1 (νC-O), 1025 cm-1 (νC-O-C) and 
945 cm−1 attributed C-O vibrations of SA glycosidic 
bonds, respectively. The spectrum of PVA (powder) 
presented bands at 2912 cm−1 (νasCH2), 2834 cm−1, 
(νsCH2), 1426 cm−1 , (δsCH2), and 1715 cm-1 (ν C=O) from 
the non-hydrolyzed acetate groups. In comparison to 
pure SA and PVA no significant shift of bands could be 
observed in the FTIR-ATR spectra of SA12/PVA8, 
SA/PVA- MNP1.0, SA/PVA-MNP2.5, and SA/PVA-
MNP5.0 3D printed scaffolds (Figure S2).  

Figure 5a shows the swelling degree (SD) values deter-
mined for the SA12/PVA8, SA/PVA-MNP1, SA/PVA-
MNP2.5, and SA/PVA-MNP5 scaffolds in MilliQ® water 
at 23 °C, for 24 h, 36 h, 60 h, and 120 h. The SD values 
of SA12/PVA8 and SA/PVA-MNP1.0 were similar (p > 
0.05); they increased from ~ 230 ± 20% (24 h) to 280 ± 
20% (120 h), indicating that the low MNP content did 
not affect the SD values. The SD values determined for 
SA/PVA-MNP2.5 showed no significant variation (p > 
0.05), measuring 291 ± 21% at 24 h and 316 ± 22% 120 h. 
These samples kept their integrity over the 120 h. On 
the other hand (p > 0.05), the SA/PVA-MNP5.0 sam-
ples presented the lowest SD values and became fragile 

after 36 h, respectively. As previously discussed, the in-
creased concentration of MNPs led to diminished in-
termolecular interactions between SA and PVA. 

In DMEM, the scaffolds displayed significantly 
higher SD values compared to those in water (p < 0.05), 
as shown in Figure 5b and evidenced by photographs 
in Figure S3. Moreover, these SD values exhibited a no-
table increase over time. DMEM (CaCl2 at 200 mg/L, 
NaCl at 6.4 g/L many amino acids, vitamins, other in-
organic salts, bicarbonate, glucose, and phenol red) 
was not changed over time. The most remarkable 
swelling was observed for SA/PVA-MNP2.5, which pre-
sented SD value of 1958 ± 137% after 120 h. One plausi-
ble explanation for this phenomenon is a partial ex-
change of Ca2+ ions from the matrix with Na+ ions from 
the medium. This exchange could lead to a reduction 
in crosslinking, consequently increasing the water up-
take of the scaffold. Czichy et al.42 observed that when 
maintain methyl cellulose (MC)/SA/MNP scaffolds for 
2 weeks at room temperature in a 0.9 wt% CaCl2 solu-
tion, the scaffolds exhibited increased stiffness attrib-
ute to the diffusion of Ca2+ ions to the matrix. However, 
over the subsequent three weeks, the scaffolds transi-
tioned to a more fragile state due to the release of MC 
(methyl cellulose) into the medium. Nevertheless, 
when immersed in a 0.9 wt% NaCl the MC/SA/MNPs 
scaffolds swelled so much that some of the samples de-
composed.42 It is worth noting that, despite an overall 
increase in difficulty in handling, the measurement of 
SD values for SA/PVA-MNP5.0 in DMEM proved im-
possible due to a loss of integrity in the samples. This 
observation aligns with rheological behavior, indicat-
ing diminished intermolecular interactions among 
PVA and SA chains, attributed to the elevated content 
of MNPs. 

The gel content (%) values (Figure 5c) deter-
mined for the SA12/PVA8, SA/PVA-MNP1.0, SA/PVA-
MNP2.5, and SA/PVA-MNP5.0 3D printed scaffolds af-
ter 1 d, 7 d and 14 days in PBS (pH 7.4) were statistically 
similar (p > 0.05), indicating that the presence of MNPs 
did not affect the crosslinking because they interact 
well with both polymers, promoting physical crosslink-
ings. The gel content of ~80% remained even after 14 
days, which is considered a good level for hydrogels64,65  
and show their adequacy to be applied as scaffolds for 
cell culture.  
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Figure 5. Swelling degree (SD) values in (a) MilliQ® water  

determined for the SA12/PVA8, SA/PVA-MNP1, SA/PVA-

MNP2.5, and SA/PVA-MNP5 samples, and (b) DMEM deter-

mined for the SA12/PVA8, SA/PVA-MNP1, and SA/PVA-

MNP2.5 printed scaffolds, after 24 h, 36 h, 60 h, and 120 h in 

the corresponding medium, at 23 °C. (c) Gel content (%) val-

ues determined for the SA12/PVA8, SA/PVA-MNP1.0, 

SA/PVA-MNP2.5, and SA/PVA-MNP5.0 3D printed scaf-

folds after 1 d, 7 d and 14 days in PBS (pH 7.4), at 23 °C. 

The technique of magnetic force microscopy 
(MFM) offers distinct advantages for analyzing mag-
netic domains in composites.66 MFM provides high-
resolution imaging capabilities, enabling the visualiza-
tion and characterization of magnetic domains at the 

nanoscale.67 Moreover, MFM allows the direct map-
ping of magnetic properties, facilitating the under-
standing of domain formation, interactions, and dy-
namics within the composite material. On the 
SA/PVA-MNP1.0 scaffold (Figure 6a), the magnetic 
domains appeared distributed as small clusters (red re-
gions), which were associated with the highest regions 
(white and light brown regions) observed in the corre-
sponding topographic image. Similarly, on the 
SA/PVA-MNP2.5 sample (Figure 6b) the clusters of 
MNP were   randomly distributed (red regions), and 
most magnetic regions were the highest in the topo-
graphic image. In contrast, on the SA/PVA-MNP5.0 
scaffold (Figure 6c) the magnetic signal (red region) 
was observed on larger spots, indicating the presence 
of larger MNP clusters due to the aggregation of the 
MNPs.  

The magnetization data obtained using the 
VSM technique for the SA/PVA-MNP1.0, SA/PVA-
MNP2.5, and SA/PVA-MNP5.0 scaffolds revealed dis-
tinct trends. Pure MNPs exhibited a magnetization sat-
uration (σs) of 63.6 emu/g and a coercivity (Hc) of 35 
Oe (Figure S4). The magnetization curve determined 
for SA/PVA-MNP1 (Figure 6a) displayed a significantly 
lower σs of 0.46 emu/g, which corresponded to 0.70 
wt% of MNP (calculation with eq. 4 and Figure S5 pro-
vided in the Supporting Information). The SA/PVA-
MNP2.5 and SA/PVA-MNP5 scaffolds (Figure 6b and 
6c) presented σs values of 0.69 emu/g and 2.51 emu/g, 
corresponding to 1.1 wt% and 3.9 wt% of MNP. For 
comparison, magnetic scaffolds of poly(ε-caprolac-
tone) (PCL) containing MNPs at 5wt% and 10 wt% pre-
sented magnetization of 1.6 emu/g and 3.1 emu/g, re-
spectively.68 These results indicated a positive correla-
tion between the concentration of magnetic nanopar-
ticles and the measured properties, highlighting the 
potential of these hydrogels for biomedical applica-
tions requiring sufficient magnetization levels 69–72.  
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Figure 6. AFM (topography), MFM (magnetic force) and magnetization curves (hysteresis loops) obtained for (a) SA/PVA-
MNP1.0, (b) SA/PVA-MNP2.5, and (c) SA/PVA-MNP5.0 scaffolds. 

_____________________________________________________________________________ 

There is limited available information regard-
ing the nanomechanical properties of (i) swollen 
printed scaffolds and (ii) the alterations in the stiffness 
of the scaffolds resulting from the presence of MNPs. 
Some reports indicate that the addition of MNPs turn 
the scaffolds stiffer. For instance, magnetic poly(ε-ca-
prolactone) (PCL) samples were cast and freeze-dried; 
the Young’s modulus (E) values determined by dy-
namic mechanical analysis for wet PCL scaffolds in-
creased from 1.2 MPa to 1.4 MPa and 2.4 MPa, 5wt% and 
10 wt% of MNPs were added68. Electrospun PCL fibers 
containing MNPs (0, 5 or 7 wt/v%) were analyzed using 
uniaxial tensile testing for samples swollen in PBS at 37 
oC; the magnetic PCL samples were stiffer than pure 
PCL fibers due to the alignment of the MNPs.73 Copper 
and silver particles filled PLA nanocomposites pre-
pared via fused filament fabrication (FFF) additive 
manufacturing; the incorporation of bronze particles 
into the neat PLA increases the elastic modulus up to 

10% and 27% for samples printed in 0o and 90o config-
urations, respectively, whereas the stiffness increased 
up to 103% for silver filled PLA nanocomposite scaf-
folds.74 3D printed hybrid magnetorheological silicon 
based elastomers were softer than the pure elastomer 
when no external magnetic field was applied, but un-
der a magnetic field they presented higher stiffness 
compared to that of the pure elastomer.75 

Other studies indicate that the addition of 
MNPs led to softer materials or had no effect on the 
stiffness. For example, the addition of 20 wt% of iron-
doped hydroxyapatite (FeHA) to 3D printed PCL ma-
trix led to softer scaffolds.76 The reduced elastic modu-
lus (Er) and contact hardness (Hc) values determined 
by nanoindentation of dry hydroxyapatite 
(HA)/magnetite (90/10 wt %) or pure HA porous scaf-
folds after 4- and 12-weeks implantation were similar 
and amounted to ~ 17 GPa and ~0.7 GPa, respectively, 
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indicating no significant effect of magnetite content on 
the mechanical properties.77 The indentation of bacte-
rial cellulose (BC) membranes in distilled water using 
a Berkovich indenter indicated E values ranging from 
2.5 MPa to 40 MPa; their magnetic counterparts were 
softer.78   

Figure 7a shows typical force-distance (FD) 
curves determined for swollen (in distilled water) 
SA12/PVA8, SA/PVA-MNP1.0, SA/PVA-MNP2.5, and 
SA/PVA-MNP5.0 scaffolds. The FD curves performed 
in PBS were not reliable because the phosphate groups 
interacted with the Ca2+ ions, reducing the scaffold in-
tegrity.  

 Figure 7b shows the indentation of the probe 
on the surface of each sample, with a maximum load of 
800 nN. The indentation on the SA/PVA hydrogel ex-
hibited a softer surface, typically characteristic of vis-
coelastic polymers 79. As the content of MNPs in-
creased in the composition, the surface becomes stiffer, 
resulting in smaller indentation depths. The Young's 
modulus (E) values were estimated with the Sneddon 
model (Eq. 4), and the values extracted from the FD 
curves.  In average 400 FD curves were analyzed for 
each sample. Figures 7c-7f show the distribution of the 
E values over 400 FD curves determined for 
SA12/PVA8, SA/PVA-MNP1.0, SA/PVA-MNP2.5, and 
SA/PVA-MNP5.0, respectively; the range of E values 
and the corresponding standard deviations (sd)  
ranged from 0.18-6.70 MPa (sd = 0.89 MPa), 0.22-38.61 
MPa (sd = 5.11 MPa), 0.06-49.54 MPa (sd = 5.84 MPa), 
and 0.45-58.25 MPa (sd = 10.51 MPa), respectively. The 
broad range of E values might be due to the sample het-
erogeneity and surface roughness. Particularly, for the 
magnetic samples, the MFM images clearly showed the 
random distribution of the MNPs on the surface (Fig-
ure 6), making them rough and irregular (Figure S6). 
The surface roughness can lead to erroneous interpre-
tation of the distance between the average surfaces be-
cause the first contact with any irregularity is taken as 
zero distance.30  

Surface irregularities cause variability in the E 
values, as depicted in Figure 7g.  Thus, the study of E’s 

variability is facilitated by using defined intervals 
(quartiles). The median value of the elastic modulus 
(Q2) for SA12/PVA8 was 0.6 MPa, and the introduction 
of MNPs led to an increase in this value from 2.0 MPa 
to 2.9 MPa, respectively. The interquartile range (IQR) 
remained relatively consistent for both the SA12/PVA8 
and SA/PVA-MNP1 samples, measuring at 1.2 MPa and 
1.3 MPa, respectively. However, for SA/PVA-MNP2.5 
and SA/PVA-MNP5, the range extended to 2.6 MPa and 
7.4 MPa, respectively. Notably, the presence of outliers 
also exhibited a gradual increase in this context. The 
statistical analysis of the mean E of the samples 
(Tukey’s range test) showed that there is no significant 
difference between SA/PVA-MNP1.0 and SA/PVA-
MNP2.5 (p > 0.05), but SA12/PVA8 is statistically differ-
ent for the magnetic samples (p < 0.05). 

Given that the MNPs are dispersed within the 
polymer matrix, it is important to note that the AFM 
FD curves are influenced from the surroundings.79 
Considering the specific conditions of these samples, it 
is reasonable to expect that the E would demonstrate 
an increase as the depth of indentation goes deeper. 
The analysis using MFM also unveiled expanding 
groups of MNP clusters. Consequently, it is anticipated 
that these clusters may introduce interference in the 
indentation measurements, as illustrated in Figure 7h. 
Furthermore, the chances of the probe to indent re-
gions with multiple contacts increases, thereby compli-
cating the deduction of the elastic modulus within this 
region.79  

The E values range estimated for swollen scaf-
folds makes them adequate to be applied as scaffolds 
for cell culture. Dry SA based cryogels presented soft 
macroscopic mechanical strength (E = 0.01-5 kPa), but 
remarkably high local stiffness (E = 117 MPa), as as-
sessed through AFM nanoindentation in the air 80. 
These cryogels were successfully applied as scaffolds 
for human neuroblastoma-derived cell lines (SH-
SY5Y), fostering the development of a greater number 
of neurites with highly branched morphologies com-
pared to the control group, which utilized 
PLO/laminin coating.80
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Figure 7. (a) Typical approach and retract curves, and (b) typical nanoindentation curves obtained with colloidal probe on 3D 
printed SA12/PVA8, SA/PVA-MNP1.0, SA/PVA-MNP2.5, and SA/PVA-MNP5.0 scaffolds. Histogram of Young’s modulus (E) esti-
mated from the slopes of nanoindentation curves (n = 400) within the linear elastic range for (c)  SA12/PVA8, (d) SA/PVA-MNP1.0, 
(e) SA/PVA-MNP2.5, and (f) SA/PVA-MNP5.0 scaffolds. (g) Descriptive analysis for the Young’s modulus values (E) for each sam-
ple. (h) Schematic representation of the E mapping in surfaces these composites as a function of the indentation depth. Black dots 
represent the clustering of MNPs embedded in the hydrogel. 

 

2.3 Cell viability assays. The cell viability of the 3D 
printed SA12/PVA8, SA/PVA/MNP1.0, 
SA/PVA/MNP2.5, and SA/PVA/MNP5.0 samples was 
assessed using the MTS viability assay. This assay was 
conducted following the guidelines outlined in ISO 
10993-5:2009 for the HT-22 cell line, which is derived 
from mouse hippocampal tissue. Remarkably, all 
tested samples, namely SA/PVA, SA/PVA/MNP1.0, 
SA/PVA/MNP2.5, and SA/PVA/MNP5.0, exhibited cell 
viability above 100% compared to the control (cultured 
on plastic plate). This indicates a favorable environ-
ment for cellular growth and proliferation (Figure 8). 
Although no statistically significant difference was 
found among the samples (p > 0.05), the 
SA/PVA/MNP2.5 scaffold exhibited the highest cell vi-
ability at 120%, suggesting its potential for enhanced 
neural cell adhesion and proliferation. These promis-
ing results pave the way for further investigations into 
the neurobiological applications of these magnetic hy-
drogel composites, such as neural tissue engineering 
and drug delivery systems, which can benefit from the 
cytocompatibility and magnetic properties offered by 
the synthesized materials. 

Another conclusion that can be drawn is that 
the HT-22 cells appeared to behave similarly on the 
swollen scaffolds, which had elastic modulus values in 
the range of ~ 1 MPa to ~ 7 MPa. In other words, this 
range of elastic modulus is likely suitable for this type 

of cell, and any stiffening resulting from the presence 
of the MNPs was not noticeable. 

   

 
Figure 8. MTS viability assays (24 h) performed for HT-22 
cells with extracting solutions from 3D printed 
SA12/PVA8, SA/PVA/MNP1, SA/PVA/MNP2.5, and 
SA/PVA/MNP5 scaffolds. The control (Ctrl) refers to the 
cells grown on the commercial culture plate.  

 

The morphology of HT-22 cells was evaluated 
after 48 h culturing on the 3D printed SA/PVA-MNP2.5 
scaffolds. Figure 9a shows a typical optical microgra-
phy of the SA/PVA-MNP2.5 scaffold containing ad-
hered species (bright regions), possibly organized as 
cell clusters. DAPI- and anti-F-actin-labeled cells were 
observed using confocal fluorescence microscopy. Fig-
ure 9b displays clusters of cells on the hydrogel; their 
cytoskeleton appeared red due to the phalloidin 633 
dye, while the nucleus appeared blue due to the 
Hoechst 33342 dye. The rounded and compact cell 
shape observed here has been reported in other publi-
cations involving adherent cells and 3D scaffolds. This 
phenomenon could be attributed to factors such as 
small pore size, chemical composition, or mechanical 
properties that influence cell self-organization.81,82 In 
Figure 9c, the plasticity of the cells is evident as they 
spread in depth, reaching approximately 80 μm in 
height. This indicates that the matrix provides suitable 
conditions for three-dimensional proliferation. Similar 
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entities were observed throughout the sample, sug-
gesting cell diffusion within the scaffold (as seen in the 
z-stack in Figure 9c). 

 

 

 

Figure 9. Images of HT-22 cells adhered to the surface and in the interior of SA/PVA-MNP2.5 scaffolds. (a) Optical microscopy, 
the red arrow points to cell clusters. (b) and (c) Confocal microscopy, showing nuclei and f-actin of cells stained with Hoechst 
33342 and phalloidin 633 dyes, respectively.  

3. CONCLUSIONS 

In this research, we developed scaffolds by com-
pounding SA12/Alg8 and MPNs at 1.0, 2.5, and 5.0 
mg/ml. These compositions exhibited suitable 3D 
printability and could be readily crosslinked with 
Ca2+ ions. Increasing the MNP content in the 3D scaf-
folds, several notable changes were observed: the sur-
face displayed fewer fibrils and more macropores, the 
swelling degree decreased, magnetization increased, 
and larger magnetic clusters appeared more fre-
quently, as revealed by MFM. Nanoindentation using 
AFM to assess the nanomechanical properties of the 
magnetic scaffolds indicated that the swollen hydro-
gels became stiffer as more MNPs were incorporated 
into the scaffolds. Importantly, these 3D printed scaf-
folds did not display any cytotoxicity when tested 
with HT-22 cells. These findings are particularly rele-
vant because while magnetic composites have found 
extensive use in biomedical applications, there is lim-
ited information available in the existing literature 
concerning the nanomechanical properties of swol-
len 3D printed scaffolds and the impact of MNP ad-

dition on scaffold stiffness. Additionally, the combi-
nation of MFM and nanoindentation provides valua-
ble insights into the microenvironment that cells ex-
perience during in vitro cell culture assays. Anticipat-
ing upcoming studies, which encompass in vitro ex-
aminations of genetic material and in vivo assays, we 
posit that these interconnected hydrogels hold con-
siderable potential for diverse applications. The mag-
netic hydrogel's responsiveness to external magnetic 
fields can trigger various actions, including the re-
lease of bioactive species entrapped in or the modifi-
cation of its surface properties. Moreover, these hy-
drogels can serve as platforms for creating artificial 
environments suitable to cell studies or drug testing 
under magnetic stimuli. 
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