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Magnetically-Assisted 3D Bioprinting of Anisotropic  
Tissue-Mimetic Constructs
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Rosa F. Monteiro, Simão P. B. Teixeira, Pablo Taboada, Rui L. Reis,  
Rui M. A. Domingues,* and Manuela E. Gomes*

Recreating the extracellular matrix organization and cellular patterns of aniso-
tropic tissues in bioengineered constructs remains a significant biofabrication 
challenge. Magnetically-assisted 3D bioprinting strategies can be exploited to 
fabricate biomimetic scaffolding systems, but they fail to provide control over 
the distribution of magnetic materials incorporated in the bioinks while pre-
serving the fidelity of the designed composites. To overcome this dichotomy, the 
concepts of magnetically- and matrix-assisted 3D bioprinting are combined here. 
By allowing low viscosity bioinks to remain uncrosslinked after printing, this 
approach enables the arrangement of incorporated magnetically-responsive  
microfibers without compromising the resolution of printed structures before 
inducing their solidification. Moreover, the fine design of these magnetic 
microfillers allows the use of low inorganic contents and weak magnetic field 
strengths, minimizing the potentially associated risks. This strategy is evalu-
ated for tendon tissue engineering purposes, demonstrating that the synergy 
between the biochemical and biophysical cues stemming from a tendon-like 
anisotropic fibrous microstructure, combined with remote magneto-mechanical 
stimulation during in vitro maturation, is effective on directing the fate of the 
encapsulated human adipose-derived stem cells toward tenogenic pheno-
type. In summary, the developed strategy allows the fabrication of anisotropic 
high-resolution magnetic composites with remote stimulation functionalities, 
opening new horizons for tissue engineering applications.
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morphogenetic processes.[1,2] The com-
plex anisotropic topography and hierar-
chical structure of native ECMs not only 
provide tissues with highly-anisotropic 
mechanical properties, but also impact 
on cells response by regulating their 
spreading, migration and morphology, 
specific features that are highly tissue-
dependent.[3] Among the wide range of 
different materials proposed to engi-
neer biomimetic constructs analogous 
to native tissues, polymeric hydrogels 
are particularly appealing options due 
to their water-rich composition, high 
biocompatibility, and high tunability of 
their physical and chemical properties.[4,5] 
However, unlike most human tissues, 
which are characterized by anisotropic 
cell patterns and ECMs organized into 
hierarchical fibrillar structures ranging 
from the nano- to the macro-scale, bulk 
polymeric hydrogels have inherent iso-
tropic architectures that limit their poten-
tial to recreate the rich biophysical cues 
of living tissues.

Various fabrication strategies have 
been devised in order to engineer aniso-
tropic tissues based on polymeric hydro-

gels that recapitulate the complex architectures of their native 
counterparts by providing essential tissue-specific biophysical 
and biochemical cues.[6,7] these include, e.g., electrospinning[8] 
and freeze-casting[9] strategies, shear-[10] or electric-induced[11] 
arrangement of hydrogel nanofillers, the design of hybrid 
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1. Introduction

Besides acting as structural support and anchorage for resi-
dent cells, the physical properties of fibrous native extra-
cellular matrices (ECMs) also exquisitely dictate several 
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constructs with degradable/porous components,[12] unidirec-
tional compression[13] and ion diffusion[14] of hydrogels pre-
cursor solutions, or the bottom-up assembly of micrometric 
gels.[15] However, most of these strategies have limitations on 
the offered control over hydrogel's architecture and do not 
allow their further on-demand external actuation through non-
invasive techniques.

In this point, the modification of polymeric hydrogels with 
magnetically-responsive nano- or microfillers has emerged 
as a promising approach not only for creating anisotropic 
ordered patterns within their structural networks, but also 
for providing the composites with additional remote response 
functionalities.[16] Besides microstructural patterning, the 
application of external magnetic fields on magnetic hydrogels 
can further be used for the programmed contactless magneto-
mechanical stimulation of the encapsulated cells, during 
their in vitro maturation and after construct transplantation 
in vivo.[17–19] On the other hand, the combination of 3D (bio)
printing technologies with magnetic hydrogel (bio)inks allows 
an impressive control over the resolution of the designed ani-
sotropic constructs and a significantly improved versatility 
and reproducibility in comparison with the aforementioned 
fabrication methods.[20]

Different types of magnetic nanoparticles (MNPs), par-
ticularly iron oxide-based, have been widely used to provide 
polymeric hydrogels with magnetic properties and ordered 
microstructures.[21–24] However, because large concentrations 
of MNPs are typically required,[16] and their controlled arrange-
ment within the composites is still challenging,[25] this strategy 
has limited potential for creating biocompatible anisotropic 
hydrogels of relevant clinical size (cm scale). In this way, the 
incorporation and orientation of pre-manufactured aniso-
tropic fillers, such as polymeric fibers/rod-shaped structures 
modified with low amounts of superparamagnetic MNPs, has 
emerged in recent years as an interesting alternative to develop 
controlled microstructural patterns within these type of bioma-
terials.[23,24] However, an usually overlooked but not less impor-
tant variable for TE applications is the design of MNPs that are 
capable of delivering high magnetic response. This key fabrica-
tion parameter would enable to decrease the content of mag-
netic material and the intensity of the required electromagnetic 
radiation to attain the desired magnetic response, two critical 
safety/toxicity factors that need to be minimized in order to 
increase the translational potential of magnetically-responsive 
biomaterials.[26,27]

As mentioned, the remote manipulation of magnetic fillers 
within hydrogels can be integrated with additive manufacturing 
technologies for the automated fabrication of biomimetic mate-
rials and living constructs with ordered hierarchical architec-
tures. Termed as magnetically-assisted 3D (bio)printing, this 
concept consists on the simultaneous application of external 
magnetic fields on the (bio)inks during the printing process to 
control the distribution of magnetic materials within the manu-
factured constructions.[21,28,29] In the seminal application of this 
strategy, rotating magnetic gradients applied during extrusion-
based printing were used to induce the biaxial alignment of 
the magnetic particles incorporated in polymeric resin inks, 
producing different bioinspired anisotropic composites.[28] The 
versatility of this strategy was also demonstrated on digital light 

processing setups.[30] Interestingly, in one of the very few exam-
ples where the concept of 3D bioprinting has been explored, 
collagen-agarose bioinks incorporating iron oxide MNPs and 
encapsulating chondrocytes were used to fabricate constructs 
with random-to-aligned collagen fiber organization recreating 
the architecture of cartilage.[22]

However, a main limitation of existing extrusion-based 
magnetically-assisted 3D bioprinting systems is their low 
potential to control the 3D organization of magnetic elements 
incorporated within low-viscous bioink during layer-by-layer 
printing while preserving the design freedom of fabricated 
constructs. The use of support baths with adequate rheological 
behavior might enable the magnetically-assisted printing of 
high-resolution anisotropic constructs. By providing a semi-
solid medium with shear-thinning and self-healing properties 
to print into, the magnetic bioinks can remain viscous long 
enough after printing to allow the magnetic fields orientate the 
magnetically-responsive fillers without compromising the reso-
lution of fabricated structures. Granular hydrogels, especially 
those based on agarose microparticles,[31–33] have been widely 
proposed as support materials for embedded 3D printing, but 
the typical polydispersity associated with microparticles suspen-
sions with large sizes resulted in the fabrication of constructs 
with poor resolution.[34] In this way, the use of nanoparticulated 
support baths, characterized by higher homogeneity than their 
microparticulated counterparts, constitutes a better approach 
to design high-resolution 3D printed constructs. Among them, 
cellulose nanocrystals (CNCs) suspensions, whose rheological 
properties can be easily tuned by inducing their partial ion-
mediated self-assembly to form shear-thinning gels at low par-
ticle concentrations, are especially appealing for maintaining 
the shape fidelity of the printed composites[35] while allowing 
the magnetically-induced arrangement of the responsive fillers. 
Moreover, this kind of support baths also allows the locking 
of the printed structures within a stable biomimetic fibrillar 
matrix for their further long-term maturation through the addi-
tion of an excess of biocompatible Ca2+ ions.[35]

Here, we propose the combination of magnetically- and matrix-
assisted 3D bioprinting strategies to engineer high-resolution 
hybrid composites that are not only able to replicate native tissues 
anisotropy, but also to provide the possibility for remote actuation 
during tissue construct maturation. For such purpose, bioinks 
composed of gelatin-methacryloyl (GelMA), short magnetically-
responsive microfibers (sMRFs) and human adipose-derived 
stem cells (hASCs) were extruded into fibrillar CNCs-based  
baths under the application of low-strength magnetic fields, thus 
obtaining high-resolution constructs with controlled anisotropic 
architectures. The general biological performance of the 3D 
bioprinted composites and the efficiency of sMRFs as 3D cell  
contact guidance elements in tissue engineered constructs was 
demonstrated (Figure  1). To test the potential of the proposed 
concept on a specific anisotropic tissue engineering (TE) appli-
cation, sMRFs containing tendon decellularized ECM were pro-
duced and magnetically-aligned within 3D bioprinted constructs. 
The synergy between the biophysical and biochemical cues of 
this biomimetic microstructure, combined with its magneto-
mechanical stimulation during in vitro maturation, was shown 
to boost hASCs mechanosignaling and to promote their commit-
ment toward tenogenic lineage.
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2. Results and Discussion

2.1. Design and Characterization of Highly-Responsive  
MNPs: Influence of Synthetic Conditions

MNPs were prepared by synthetic processes based on the 
thermal decomposition of metallic precursors in the presence 
of reducing and stabilizing/surfactant agents.[36] By manipu-
lating the ratio between these compounds and/or the synthetic 
parameters, like reaction temperature or heating rate, MNPs 
with different physicochemical characteristics can be designed. 
It is well-known that thermal decomposition is a suitable 
method to produce MNPs with extremely-high crystallinity and 
monodispersity, although the obtained particles exhibit hydro-
phobic behavior, which is a critical drawback for many of their 
potential biomedical applications.[36,37] However, for the fabrica-
tion strategy proposed in this work, the hydrophobicity of the 
designed MNPs can be exploited for their easy redispersion in 
the chloroform-based solutions used to prepare electrospun 
magnetic microfibers.

After the typical thermal decomposition synthesis (see 
description in the Experimental Section), highly-monodisperse 
iron oxide MNPs with well-defined spherical morphology and 
mean core diameter of 9.1 ± 0.9 nm were obtained (Figure 2A; 
see also Figure  S1, Supporting Information). The crystalline 
structure of the MNPs was determined by X-ray diffraction 
(XRD), obtaining a diffraction pattern that establishes mag-
netite as the most common iron oxide phase present in the 
sample (Fd-3m symmetry, space group 227) (Figure 2B). The co-
existence of parts with maghemite-type organization would also 
be possible, but the absence of the minor peaks characteristic 
of this crystallographic structure in the XRD spectrum indi-
cates magnetite as the clearly predominant phase.[38] In order to 
modify the physicochemical properties of the MNPs and obtain 

nanosystems with higher magnetic response (large magneti-
zation values), two different design strategies were evaluated: 
i) the synthesis of iron oxide MNPs with larger dimensions 
within the superparamagnetic regime[39] and ii) the doping of 
iron oxide MNPs with zinc cations.[36] To prepare MNPs with 
a larger size, the effect of decreasing the concentration of iron 
(III) acetylacetonate in the precursor solution was evaluated. 
The obtained MNPs showed a larger diameter (13.2 ± 1.0 nm), 
maintaining a well-defined spherical shape and a high mono-
dispersity degree (Figure  S2, Supporting Information). On 
the other hand, zinc-doped iron oxide MNPs were prepared 
by the partial substitution of iron (III) by zinc (II) acetylace-
tonate in the precursor solution. These zinc-doped iron oxide 
MNPs preserved the spherical shape and an average diameter 
of 8.9 ± 0.8 nm (Figure S2, Supporting Information). Moreover, 
inductively coupled plasma mass spectrometry (ICP-MS) meas-
urements confirmed the incorporation of zinc in the crystalline 
structure of the MNPs, with a stoichiometric composition of 
Zn0.28Fe2.72O4 (Table S1, Supporting Information).

The magnetic characterization of the synthesized MNPs 
showed that zinc doping is a more efficient strategy to improve 
the magnetic response of the particles than increasing their 
size (Figure  S3 and Table  S2, Supporting Information). Iron 
oxide MNPs with an average diameter of 9.1 ± 0.9 nm displayed 
a superparamagnetic behavior at 310  K (remanent magnetiza-
tions and coercive fields close to zero, that is, hysteresis loop 
with negligible area), reaching a saturation magnetization value 
of 66.1 ±  2.8 emu g−1. In the case of 13.2 ±  1.0 nm iron oxide 
MNPs, magnetometry measurements showed a slight varia-
tion on the saturation magnetization value, increasing up to 
67.6 ± 2.7 emu g−1. On the other hand, the designed zinc-doped 
MNPs with 8.9 ± 0.8 nm size displayed a saturation magnetiza-
tion value of 76.1 ± 3.0 emu g−1, which represents a remarkable 
increase over iron oxide MNPs without zinc doping of the same 
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Figure 1.  Schematic illustration of the proposed strategy to fabricate high-resolution anisotropic biomimetic constructs: highly-responsive magnetic 
nanoparticles were synthesized and incorporated in the structure of electrospun microfibers, which were subsequently cryosectioned obtaining short 
magnetically-responsive microfibers (sMRFs). sMRFs were incorporated together with hASCs in GelMA-based bioink and magnetically-assisted 3D 
bioprinted embedded in CNCs-based baths to obtain high-resolution constructs with uniaxial anisotropy derived from the alignment of the sMRFs. The 
designed composites were in vitro maturated under magneto-mechanical stimulation, promoting the proliferation, elongated growth and differentia-
tion of the encapsulated cells.
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size (15.1%). As expected considering their small dimensions, 
in both cases the designed MNPs also presented superpara-
magnetic behavior at 310 K.[40] These saturation magnetization 
values are among the highest reported to date for iron oxide-
based MNPs with superparamagnetic behavior at the analyzed 
temperature.[16,41,42]

The higher magnetic power of larger MNPs is attributed to 
the lower percentage of atoms placed close to the particle's sur-
face, whose contribution to the magnetization is lower than that 
of those located in the innermost parts of magnetic nanostruc-
tures due to border effects (spin canting).[39,43] Conversely, the 
increase on the magnetization caused by the doping strategy 

Adv. Funct. Mater. 2022, 2208940

Figure 2.  A) TEM image (scale bar 50 nm) and B) XRD spectra of 9.1 ± 0.9 nm iron oxide MNPs. Inset in B) represents the angle positions and relative 
intensities of XRD peaks for the three main crystalline forms of iron oxide. C) SEM image of sMRFs with 41 ± 11 µm in length (scale bar 5 µm). Inset 
in C) shows the 4X optical microscopy image of these microfibers (scale bar 100 µm). D) TEM image of a PCL-based sMRFs incorporating 5% (w/w) 
MNPs (scale bar 100 nm). E) Magnetic hysteresis loops at 310 K of sMRFs incorporating 1% (red), 5% (blue) and 10% (w/w) (black) MNPs. Inset in 
E) compares the magnetic hysteresis loops of pure MNPs (green) and hybrid microfibers. F) TGA plots of sMRFs containing 1% (red), 5% (blue) and 
10% (w/w) (black) MNPs. G) Orientation statistical distributions of 69 ± 17 µm sMRFs modified with 5% (w/w) MNPs within GelMA hydrogels under 
i) no applied magnetic stimuli, ii) 14 ± 2 mT and iii) 26 ± 3 mT applied magnetostatic fields. Insets show 4X magnification optical microscopy images 
of the sMRFs within the hydrogels under the different applied magnetic fields (scale bars 500 µm).
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is attributed to the distribution of zinc cations in the particle's 
structure. The spinel crystalline structure of magnetite MNPs 
consists in Fe2+ and Fe3+ atoms located in two different posi-
tions depending on their coordination with the oxygen atoms: 
octahedral and tetrahedral positions. The unit cell of magnetite 
structure has 8 and 16 iron cations in tetrahedral and octahe-
dral positions, respectively, so the structure can be noted as 
(Fe3+)tet(Fe2+Fe3+)octO4. The atomic magnetic moments of tetra-
hedral and octahedral Fe3+ cancel each other, being the magnet-
ization generated only by octahedral Fe2+ atoms (ferrimagnetic 
order). When a certain amount of Zn2+ cations are incorporated 
in the crystalline structure of magnetite-type MNPs, they 
replace part of the Fe3+ cations located in tetrahedral positions, 
breaking the previously described cancelation effect (zinc cat-
ions do not have intrinsic magnetic moment). That is, when 
part of the tetrahedral Fe3+ ions are replaced by Zn2+ ones, the 
equivalent part of the octahedral Fe3+ no longer suffers the can-
cellation effect of its magnetic moment, which translates into a 
positive contribution to the magnetization of MNPs (see sche-
matic Figure S4 in Supporting Information).[36,44]

According to these results, the Zn0.28Fe2.72O4 MNPs with 
8.9 ± 0.8 nm were selected for the following experiments. The 
use of superparamagnetic zinc-doped iron oxide MNPs has 
been already proposed for other applications in the biomedical 
field such as magnetic hyperthermia or magnetic resonance 
imaging,[36,45] but their use in the area of TE has not been evalu-
ated so far. The most typical strategies reported in the litera-
ture to increase the magnetic response of iron oxide MNPs are 
associated with several limitations related to their magnetic 
response and/or biocompatibility. For instance, and as men-
tioned before, increasing the size of MNPs is an easy way to 
improve their magnetization values. However, the dimen-
sions of the designed MNPs must be at least several tens of 
nanometers in order to reach remarkable improvements, a 
fact that compromise the superparamagnetic behavior of the 
particles and that also can lead to their uncontrolled aggrega-
tion when applying magnetic stimuli.[40] Similarly, the design 
of cubic-shaped MNPs has been also proposed to increase 
their anisotropy degree and then the net magnetization under 
the application of external magnetic fields, but this strategy 
just becomes efficient when the MNPs have large dimensions 
above the superparamagnetic critical size.[37] On the other hand, 
although cobalt doping has been widely explored to manipu-
late the magnetic response of iron oxide nanostructures, this 
approach is limited to rather low doping degrees due to the 
inherent toxicity of cobalt ions.[46] Thus, the here proposed zinc 
doping is an attractive alternative for the design of iron oxide-
based MNPs with high magnetic response while incorporating 
a metallic element with very low toxicity[47] and preserving their 
reduced dimensions within the superparamagnetic regime.

By exploiting the high magnetic susceptibility of the designed 
zinc-doped MNPs (Figure S5, Supporting Information), bioink 
with magnetic response at lower MNPs contents can be for-
mulated, also allowing their subsequent remote manipulation 
using magnetic fields of lower intensity. In this way, we expect 
to contribute to minimize the potential toxicity/safety risks 
associated with the use of high concentrations of magnetic 
materials and the application of intense magnetic radiations for 
their manipulation.[26,27]

2.2. Physicochemical Characterization of sMRFs as  
Anisotropic Magnetic Microfillers

One typical way of creating anisotropic microstructures within 
bulk hydrogels is based on the direct incorporation of MNPs in 
the precursor solutions of these materials and their subsequent 
remotely-induced manipulation with magnetic fields before 
hydrogel crosslinking.[21,48,49] However, because large amounts 
of inorganic material may be required to enable this concept, 
it can compromise the biocompatibility of the designed con-
structs.[26] In this sense, the use of lower amounts of MNPs 
to modify microfillers with high aspect ratio emerges as an 
interesting strategy to reach high anisotropy while using lower 
concentrations of inorganic materials.[23] In our strategy, the 
previously synthesized zinc-doped MNPs were incorporated 
at different concentrations (1%, 5%, and 10% (w/w)) into elec-
trospun polycaprolactone (PCL) microfibers to render them 
magnetically-responsive (Table  S3, Supporting Information). 
Optical microscopy images demonstrated that homogeneous 
electrospun magnetic PCL meshes with similar microfiber 
diameter (between 1.5  ±  0.2 and 1.8  ±  0.3  µm) were formed 
independently of the relative amount of magnetic material 
added (Figure S6, Supporting Information). These electrospun 
meshes were then embedded in optimal cutting temperature 
compound (OCT) blocks and cut using a cryostat microtome 
in order to prepare magnetically-responsive fibers with lengths 
in the micrometer-range (Figure 2C). Three different cut thick-
nesses were tested: 25, 50, and 100 µm, obtaining sMRFs with 
average lengths of 41 ± 11, 69 ± 17, and 109 ± 27 µm, respectively 
(Figure S7, Supporting Information).

TEM characterization and magnetometry measurements 
were performed to evaluate the incorporation of MNPs in 
the structure of the sMRFs and their effect over the mag-
netic behavior of the hybrid constructs. As can be observed in 
Figure 2D, the MNPs were successfully incorporated within the 
structure of sMRFs. Moreover, the sMRFs showed magnetic 
responses proportional to the amount of magnetic material 
used to prepare hybrid systems (Figure 2E). Thus, the sMRFs 
with 1%, 5% and 10% (w/w) of MNPs displayed saturation 
magnetizations of 0.7  ±  0.1, 3.5  ±  0.2, and 6.8  ±  0.3  emu  g−1, 
respectively, with similar superparamagnetic behavior com-
pared to that observed for pure MNPs in all cases (Figure  2E 
and Table  S4, Supporting Information). The compositional 
analysis of the designed sMRFs through ICP-MS measure-
ments and their thermogravimetric (TGA) characterizations 
confirmed that the amount of magnetic material present in the 
different sMRFs samples is in agreement with the PCL-MNPs 
ratios used in the hybrid precursor solutions. In this sense, 
ICP-MS data demonstrated that the concentrations of iron 
and zinc observed in a pure MNPs solution decrease in fibers 
solutions proportionally to the amount of MNPs incorporated 
in hybrid structures (Table S5, Supporting Information), while 
TGA analysis showed that the mass fractions of magnetic mate-
rial in the sMRFs was 0.6%, 3.1% and 6.0% for the formulation 
with 1%, 5% and 10% (w/w) of MNPs, respectively (Figure 2E). 
These values are highly-consistent with the amount of MNPs 
used to prepare the electrospinning suspensions, considering 
that 27% of the mass of the MNPs is attributed to their orig-
inal oleic acid/oleylamine coating, which is also calcinated at 

Adv. Funct. Mater. 2022, 2208940
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high temperatures during TGA measurements (Figure S8, Sup-
porting Information).

2.3. Magnetically-Induced Alignment of sMRFs within  
Polymeric Hydrogels

Next, the PCL-based sMRFs were incorporated within GelMA 
hydrogels to evaluate their potential to be remotely aligned to 
generate anisotropic constructs. A custom-made two parallel 
magnets system providing magnetostatic field strengths in the 
range 14–238  mT was used to generate the magnetic stimuli. 
To optimize the design of the system, 0.50 mg mL−1 of sMRFs 
with different lengths were incorporated within hydrogel pre-
cursor solutions and then the effect of magnetic field strength 
in the alignment of sMRFs was evaluated and compared to con-
trol groups (no magnetic stimulation). For instance, the ≈70 µm 
sMRFs modified with 5% (w/w) MNPs were randomly oriented 
within GelMA hydrogels in the absence of magnetic stimulus 
during fabrication (Figure  2G i). Under an applied 14  ±  2  mT 
magnetostatic field, the sMRFs began to align, with 22% of the 
analyzed fibers orienting along the magnetic field direction 
within ±10° (58% in the range of ±30°) (Figure 2G ii). Conversely, 
when the magnetic field strength was increased to 26  ±  3  mT, 
the samples showed higher anisotropic organizations, with 49% 
of the analyzed sMRFs oriented along magnetic field direction 
within ±10° (94% in the range ±30°) (Figure 2G iii).

As observed from Figure S9 and Table S6 (Supporting Infor-
mation), the sMRFs with ≈40 and 70  µm in length could be 
easily aligned by applying weak magnetic fields (14  ±  2 and 
26  ±  3  mT, respectively) when the relative amount of MNPs 
within their structure is larger than 5% (w/w). However, when 
these sMRFs are modified with only 1% (w/w) of magnetic 
material, the minimum magnetic strength required to induce 
their alignment was higher, especially for longer fibers (43 ± 4 
and 66  ±  7  mT for ≈ 40 and 70  µm long fibers, respectively). 
In the case of ≈110 µm sMRFs, although they could still orient 
along the magnetic field direction, much stronger magnetic 
fields in the range 126–208  mT were required to overcome 
their inertia and induce anisotropic organization within GelMA 
hydrogels, but with a highly-crooked appearance. Although the 
showed optical microscopy images were acquired around the 
middle region of the fabricated GelMA-based hydrogels, we cor-
roborated that the high-uniformity of the applied magnetostatic 
fields allowed a consistent actuation over the entire hydrogels 
during the fabrication process, being the sMRFs homogene-
ously distributed and aligned creating the desired anisotropy 
throughout the systems.

It is well-known that the use of intense magnetic fields 
implies different safety/security concerns and might also be 
related with several adverse or unwanted effects over the irradi-
ated cells (e.g., deformation of intracellular structures, change 
of membrane permeability, redistribution of stresses within 
cells or movement of ions in solution giving rise to induced 
electric fields and currents).[50] In this sense, considering that 
our sMRFs can be manipulated within polymeric hydrogels 
through the application of weak magnetic fields (14  ±  2  mT), 
this represents a remarkable design improvement compared 
to most of reported magnetic strategies to fabricate anisotropic 

hydrogels. Previous works also using magnetically-modified 
fibers/rod-shaped particles to design anisotropic polymeric 
hydrogels typically required much higher magnetic field 
strengths to manipulate the magnetic materials. For instance, 
a 130  mT magnetic field was applied to align poly(ethylene 
oxide-stat-propylene oxide) rod-shaped microgels modified with 
MNPs within injectable hydrogels.[51] In a similar approach, 
electrospun microfibers incorporating iron oxide MNPs were 
organized inside fibrine hydrogels under the application of  
100–300  mT external magnetic fields.[23] Rod-shaped particles 
composed by cellulose[24] or calcium sulfate[52] and decorated 
with MNPs were also evaluated as magnetically-responsive 
fillers to generate anisotropic hydrogels, also requiring mag-
netic irradiations higher than 100  mT to align them in the 
direction of the applied stimulus.

Thus, based on our aimed design criteria of minimizing the 
amount of magnetic material and the required magnetic field 
strength to create the desired anisotropic patterns, sMRFs with 
40  µm in length incorporating 5% (w/w) MNPs that can be 
aligned with 14 ± 2 mT magnetostatic fields were selected for the 
further experiments. Moreover, the use of sMRFs with shorter 
lengths within the analyzed range is also the best choice from 
a biomimetic point of view. It has been shown that collagen gel 
fibers in natural ECMs display variable lengths ranging from a 
few micrometers to a few tens of micrometers.[53,54] In this way, 
the incorporation of sMRFs with 40 µm in length in the designed 
hydrogels, instead of the other developed alternatives with longer 
dimensions, will contribute not only to enhance the magnetic 
performance of the systems, but also to more-realistically mimic 
the fibrillar structure of native tissues.

2.4. Optimization of Magnetically-Assisted 3D Printing 
Processes for the Design of High-Resolution Anisotropic 
Composites

The previously synthesized sMRFs were incorporated into 
hydrogel precursor solutions and combined with magnetically-
assisted 3D printing strategies aiming to design high-resolution 
anisotropic multilayer constructs. First, we performed the rheo-
logical characterization of GelMA-based solutions, observing 
that the incorporation of sMRFs has a reduced effect over their 
viscoelastic properties. In general, all formulations are low 
viscosity non-Newtonian fluid with shear-thinning properties, 
which allow their use as inks in extrusion-based 3D printing 
processes (Figure  S10, Supporting Information). In order to 
orientate the incorporated sMRFs, magnetically-responsive 
GelMA-based hydrogel formulations were extruded under the 
presence of external magnetostatic fields created by two parallel 
neodymium magnets at a distance of 5.1  cm and placed in a 
custom-made holder (Figure S11, Supporting Information) that 
can be easily installed on the printing stage (Figure 3A). A com-
putational simulation was performed to evaluate the uniformity 
of the resulting magnetostatic fields, an essential characteristic 
in order to prevent the accumulation/aggregation of the sMRFs 
in the regions where more intense field strengths are generated 
and to induce their uniform alignment/distribution within the 
3D printed hydrogels. As it can be observed in the computa-
tional simulation (Figure 3B), a region of ≈1.5 cm wide between 
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Figure 3.  A) Image of magnetically-assisted 3D printing setup, using a custom-made holder that allows the simultaneous arrangement of three pairs 
of parallel magnets. B) Computational simulations of the magnetostatic field created on the printing surface; i) color map of magnetic flux density in 
the 2D plane connecting the centers of two parallel neodymium magnets (horizontal plane z = 1.05 cm; magnets height = 2.10 cm) and ii) simulation 
of the magnetic flux density along the 1D line between the centers of two neodymium magnets. Confocal laser microscopy (CLM) images of GelMA 
hydrogels loaded with 2.00 mg mL−1 sMRFs 3D printed into C) agarose and D) CNCs-based support baths (scales bars 100 µm). E) 3D reconstruc-
tion from CLM images of a 100×100×50 µm3 portion of hydrogel printed into CNC-based support baths with i) 0.25 mg mL−1, ii) 1.00 mg mL−1, and  
iii) 2.00 mg mL−1 of aligned sMRFs and iv) 2.00 mg mL−1 of randomly-oriented sMRFs (scales bars 50 µm). F) CLM images of hydrogels printed into 
CNC-based support baths loaded with 2.00 mg mL−1 sMRFs aligned i) parallel and ii) perpendicular to the long direction of the printed filaments (scales 
bars 100 µm). The sMRFs were stained with rhodamine B isothiocyanate for CLM images. G) Comparison between theoretical and experimental values 
of the volume occupied by sMRFs in 3D printed hydrogels depending on the incorporated concentration.

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202208940 by C
ochrane Portugal, W

iley O
nline L

ibrary on [24/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.afm-journal.dewww.advancedsciencenews.com

2208940  (8 of 18) © 2022 Wiley-VCH GmbH

the magnets showed a fairly constant magnetic field intensity 
in the range 14–19  mT, results that were also confirmed by 
experimental measurements using a gaussmeter (13.9 ± 1.8 mT 
in the central point between the magnets; and 19.0  ±  2.4  mT 
at 0.75  cm away from this point along the line defined by the 
centers of parallel magnets, respectively).

After confirming the uniformity of the magnetostatic field 
generated on the printing space, we evaluated the perfor-
mance of two different types of support baths on the matrix-
assisted printing process. As previously mentioned, these 
support baths[55] are required to maintain the shape fidelity 
and resolution of the printed multilayered constructs when 
using inks that must remain as low-viscosity liquids for 
long enough after printing before induce their solidification 
in order to allow the magnetic orientation of the sMRFs. In 
this work, agarose microparticles, one of the most commonly 
used granular materials for embedded printing,[31,32,56,57] and 
CNCs-based support baths[35] were tested. As observed in 
Figure  3C, GelMA hydrogels loaded with sMRFs printed in 
the agarose-based bath led to irregular and tortuous printed 
filaments with variable diameters ranging from 200 to 650 µm 
(average diameter 428  ±  110  µm; see Figure  S12, Supporting 
Information). Moreover, although printing was performed 
under the application of the external magnetostatic stimulus, 
the sMRFs incorporated in the hydrogels were poorly aligned, 
diffused out of the printing path and formed large aggregates 
(Figure  3C). Hence, although embedded printing is essen-
tial to achieve the objective of fabricating multilayered high-
resolution anisotropic constructs, microparticle-based support 
baths seem to not meet the requirements to enable this fabri-
cation strategy.

In order to improve the alignment, resolution and fidelity of 
the designed magnetic composites, we evaluated the use of our 
previously developed CNCs-based fluid gel to assist the printing 
process.[35] This fluid gel can be easily prepared by partially 
screening the surface charge of CNCs with the controlled addi-
tion of bivalent calcium ions, leading to a shear-thinning and 
self-healing material with outstanding performance as support 
media for matrix-assisted printing. Besides the smoother foot-
prints left by this colloidal fluid gel on printed lines when com-
pared to granular agarose-based gels, this bath also recovers 
fast from predominantly viscous to predominantly elastic 
states after the disturbance caused by external mechanical 
forces, demonstrating its high self-healing potential, an essen-
tial characteristic to provide and maintain the high resolution 
of 3D printed constructs.[35] As shown in Figure  3D, when 
applying the same printing parameters used to print in aga-
rose baths, the magnetic inks printed in the CNCs fluid gels 
resulted in well-defined and straight filaments. In this support 
bath, the printed filaments presented a consistent diameter of 
226 ± 34 µm, being comparatively better defined and more uni-
form than those printed in agarose and with the incorporated 
sMRFs well-confined within the limits of the printing path 
(Figure  S12, Supporting Information). Together, these set of 
physical and rheological properties of CNCs fluid gels allowed 
the adequate alignment of sMRFs incorporated in the ink fila-
ments upon application of a magnetic field during the printing 
process. Thus, the 14 ± 2 mT magnetostatic field created on the 
printing space could induce the uniform distribution and uni-

axial alignment of the sMRFs along the main axis of the fila-
ments, creating the desired anisotropic microstructure in the 
printed hydrogels constructs.

After demonstrating the importance of the CNCs-based 
support bath to enable the proposed magnetically-assisted 3D 
printing concept, we next evaluated the effect of the concen-
tration of sMRFs (between 0.02 and 3.00 mg mL−1) in GelMA 
inks over the microstructure of the 3D printed constructs. 
At the lowest analyzed concentration, sMRFs were aligned 
and uniformly distributed in the hydrogels with an average 
microfibers interdistance of 79 ± 16 µm (perpendicular to the 
applied magnetic field) in the same 2D plane. As expected, 
the spacing between the aligned sMRFs decreased when the 
amount of hybrid microfillers increased, observing a min-
imum interdistance of 9  ±  3  µm when the concentration of 
sMRFs in the inks was 3.00 mg mL−1 (Figure S13, Supporting 
Information). Although small microfibers aggregates could 
be observed at concentrations higher than 0.75 mg mL−1, this 
undesirable phenomenon was only relevant when the concen-
tration of sMRFs was larger than 2.00  mg  mL−1 (Figure  3E; 
see also Figures  S13 and S14, Supporting Information). This 
aggregation is attributed to the magnetic dipolar attraction 
between the sMRFs and their physical entanglement, being 
both phenomena more relevant when the interdistance 
between the sMRFs decreases.

To better illustrate the effect of the applied magnetic field over 
the arrangement of the sMRFs within the hydrogels printed 
in CNCs-based baths, we printed constructs in the absence 
and presence of magnetic field (Figure  3E iii-iv), the latter 
applied parallel (as in previous experiments) but also perpen-
dicular to the direction of the printed filaments (Figure 3F i-ii).  
In all cases, the CNCs fluid gel allowed the fabrication of high-
shape fidelity structures, showing sMRFs aligned parallelly 
(Figure 3F i) or perpendicularly (Figure 3F ii) to the printed fila-
ment, depending on the configuration of the magnetic field, in 
contrast to the random distribution of sMRFs in the absence 
of applied magnetic field (Figure 3E iv). These results confirm 
that the alignment of the sMRFs is exclusively attributed to 
their magnetically-responsive properties, and not to other phe-
nomena related to the shear stress applied on the inks during 
the extrusion printing. This fact supposes a remarkable advan-
tage of the proposed concept compared to other fabrication 
strategies that rely on shear stress to create anisotropic struc-
tures using fibrous hydrogel bioinks, thus not being possible to 
control the fibers alignment direction within the printed con-
structs.[53,58] The low effect of the shear stress applied during 
the extrusion by itself over the alignment of the sMRFs is in 
good agreement with previous works.[58] Thus, it has been dem-
onstrated that shear forces created by extruding the composite 
inks through a needle are efficient to orient short electrospun 
microfibers with lengths below 20  µm, but the alignment 
degree is lower when using longer microfibers and at the 
volume fraction we applied here.[58]

Afterward, we determined the fraction volume occupied by 
the hybrid microfillers in the printed structures. 3D printed 
hydrogels loaded with 0.25, 1.00, 2.00, and 3.00  mg  mL−1 of 
aligned magnetic microfibers were analyzed. The 3D recon-
structions of confocal fluorescence images of the printed struc-
tures showed that the relative volume occupied by the sMRFs 
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was highly-consistent with the expected values derived from 
theoretical calculations (see Figure  3G and Calculation S1 in 
Supporting Information). Thus, we showed that the sMRFs 
were successfully incorporated and homogeneously distrib-
uted within the 3D printed hydrogels, demonstrating that the 
metallic printing nozzles do not retain them by magnetic attrac-
tion during the fabrication process, as well as the homogeneity 
of the applied magnetostatic fields.

Finally, before incorporating cells in our systems, we pre-
pared neat GelMA and hybrid GelMA-sMRFs cylindrical 
hydrogel blocks and evaluated their viscoelastic behavior. As 
expected, it was oberved that the incorporation of stiff hybrid 
sMRFs leads to an increase in the viscoelastic properties of 
GelMA-based constructs, being this effect more evident at 
higher microfillers concentrations.[23,24] On the other hand, by 
comparing the composite hydrogels loaded with aligned and 
randomly-oriented sMRFs, it was determined that the latter 
group displayed higher storage moduli, which was attributed 
to the larger degree of fiber's entanglement occuring when 
they have no preferential orientation within the polymeric 
networks (Figure  S15, Supporting Information).[23] The stiff-
ness profiles of the designed GelMA-based hydrogels is con-
sistent with previously reported data for similar composite 
systems.[23,24,59]

Based on the obtained results, 2.00  mg  mL−1 sMRFs load 
was chosen for further experiments, since it showed the best 
distribution in the 3D printed hydrogels without remark-
able aggregation. As mentioned before, MNPs have poten-
tial toxicity concerns associated to their use in biomedical 
applications, which are highly-dependent not only on their 
physicochemical properties, but mainly on the used con-
centrations.[26] The amount of magnetic material in our 3D 
printed hydrogels (with 2.00  mg  mL−1 of sMRFs modified 
with 5% (w/w) MNPs) is ≈0.07 mg mL−1, which corresponds 
to a volume occupation of 0.0011% (v/v) (see Calculation S2 
in Supporting Information). This low value, together with 
the weak magnetic field strengths used to fabricate the aniso-
tropic hydrogels, demonstrates the excellent performance of 
our system to minimize the toxicity/safety risks derived from 
high MNPs concentrations and large magnetic field intensi-
ties. The use of magnetically-modified sMRFs allowed a sig-
nificant decrease in the amount of magnetic material required 
to generate the desired anisotropic structures, compared to 
3–5  mg  mL−1 MNPs typically required to form strings con-
sisting entirely of magnetic material within hydrogels.[21,60] 
On the other hand, the design of highly-responsive MNPs 
that we propose here allowed to reduce the overall amount 
of magnetic material in the hydrogels when compared with 
most studies using magnetically-responsive elongated micro-
fillers. Thus, we found that relatively high amounts of MNPs 
(up to 10% (w/w)) are typically required to provide the micro-
fillers with magnetic behavior in order to induce their remote 
alignment and reach the desired anisotropy degree.[23,61,62] 
Furthermore, large concentrations of magnetic microfillers, 
≈1.5%–3.0% (v/v), are commonly incorporated in the hydro-
gels,[51,62] resulting in composites with much larger presence 
of magnetic material than the ones developed here (0.14% 
(v/v) in our system; see Calculations S1 and S2 in Supporting 
Information).

2.5. sMRFs Alignment Dictates Cell Spreading and Organization 
in 3D Bioprinted Constructs

To investigate whether the topographical cues provided by the 
sMRFs are effective to guide cell spreading and alignment along 
direction of microfibers orientation, we encapsulated hASCs in 
our magnetically-responsive hydrogel precursor solutions (i.e., 
GelMA 7.5% (w/v) and sMRFs) to formulate magnetic bioinks. 
hASCs were selected as representative cell source due to their 
potential differentiation into multiple lineages along with their 
wide availability and extended use for TE purposes.[63]

First, we evaluated the effect of sMRFs orientation and con-
centration over the alignment and morphology of the encapsu-
lated hASCs (Figure  4A). Based on the previous optimization 
process, sMRFs concentrations up to a maximum of 2 mg mL−1 
were analyzed in order to avoid fibers entanglement/aggregation 
within the GelMA-based hydrogels. As expected, when the hybrid 
composites were loaded with 2 mg mL−1 of non-aligned sMRFs 
(fabricated in the absence of applied magnetic field), the encap-
sulated hASCs did not show any preferential orientation after  
7 days in culture, confirming that shear stress solely is insuf-
ficient to induce anisotropic cell organizations. A similar cell 
behavior was observed in anisotropic hydrogels designed with 
low concentrations of aligned sMRFs (0.25 mg mL−1). An incre-
ment on the percentage of cells arranged in the direction dictated 
by hydrogel anisotropy was observed when the concentration 
of magnetically-aligned sMRFs was increased to 1.00  mg  mL−1, 
although a portion of hASCs were still oriented in other direc-
tions. However, when the concentration of sMRFs was increased 
to 2.00  mg  mL−1, the dense anisotropic topography of the 3D 
constructs induced the alignment of a higher number of cells 
(Figure  4D). The content of sMRFs within the hydrogels also 
had a remarkable impact on cell morphology. Although hASCs 
showed a typical spindle shape in all hydrogels, their aspect 
ratios tend to increase with the increasing of sMRFs concen-
tration, and was markedly higher for cells encapsulated in the 
designed hydrogels loaded with 2.00 mg mL−1 sMRFs after 7 days 
in culture (Figure 4A; see also Figure S16, Supporting Informa-
tion). In the high-magnification confocal microscopy images, it 
can be observed that encapsulated cells adhered to the surface 
of the aligned sMRFs and followed fiber orientation (Figure 4B). 
This phenomenon is more relevant when the interspace between 
successive aligned sMRFs (depending on fibers concentration, 
see Figures  S13 and S14, Supporting Information) decreases, 
which increases anisotropic cellular organization within the 
printed constructs. In this way, we can attribute the high orienta-
tion degree of hASCs in the hydrogels loaded with 2 mg mL−1 of 
aligned sMRFs to the high contact guidance phenomena between 
cells and densely packed fibers (interdistance 9 ±  3  µm). How-
ever, at the lowest analyzed concentrations of aligned sMRFs, 
the large interspace between successive fibers (51 ± 11 µm) mini-
mized the contact between them and cells, allowing the almost 
free spreading of the hASCs and the establishment of randomly 
oriented cell-cell connections. Thus, we established that uni-
axially aligned sMRFs at 2.00  mg  mL−1 concentration had the 
strongest effect on inducing the anisotropic growth and orien-
tation of the encapsulated hASCs within the hybrid composites, 
being this the concentration selected for further magnetically-
assisted 3D bioprinting experiments.
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Cell-laden filamentous constructs with different 3D struc-
tures have been bioprinted embedded in the CNCs support 
baths (see photographs of the finalized prints in Figure  S17, 

Supporting Information), with similar resolution to those 
observed on the composites fabricated without encapsulated 
hASCs (Figure  S18, Supporting Information). On the other 

Adv. Funct. Mater. 2022, 2208940

Figure 4.  A) CLM images of F-actin staining hASCs encapsulated in GelMA hydrogels with variable concentration of sMRFs (0.25, 1.00 and 2.00 mg mL−1 
of aligned fibers, and 2.00 mg mL−1 of random fibers) after 7 days in culture (Scale bars 75 µm; white arrows indicate the direction of the applied 
magnetic field during fabrication), along with their orientation plots. B) CLM images of hASCs adhered to sMRFs and acquiring elongated morpholo-
gies in 3D bioprinted GelMA hydrogels loaded with 2.00 mg mL−1 sMRFs (Scale bars: 10 µm). C) Viability and orientation of the hASCs encapsulated 
within GelMA-based 3D bioprinted constructs after i) day 1, ii) day 3, iii) day 10 and iv) day 21 of cell culture (Scale bars 750 µm). v) Day 21 tile scan of 
anisotropic construct (Scale bar 2000 µm). vi) Estimation of cell proliferation based on cell density by construct areas over a culture period of 21 days 
(****p < 0.0001 determined by one-way ANOVA followed by Bartlett's test). D) Cell viability after 21 days in 3D bioprinted hydrogels with 2.00 mg mL−1 
of i) randomly-oriented sMRFs and ii) aligned sMRFs (Scale bars 250 µm). iii) Plot of cells orientation within the composites with random and aligned 
sMRFs. E) CLM images of hASCs cytoskeleton in GelMA after 4 weeks in culture stained with F-actin; i) tile scan of fabricated construct, ii) straight 
line of the printed filaments, iii) curve of the printed filaments (Scale bars: i) 1000 µm, ii,iii) 250 µm).
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hand, the cells showed high viability immediately after printing 
and started to spread and proliferate at longer culture times 
(Figure 4C; see also Figure S19, Supporting Information). This 
indicates that neither the printing process nor the use of MNPs 
or magnetic irradiations had a negative impact on encapsulated 
cells. After long-term culture (21 days), in both the 3D printed 
composites fabricated in the absence (random sMRFs) and 
presence (aligned sMRFs) of magnetic stimulus, the encapsu-
lated hASCs were homogeneously distributed throughout the 
hydrogels and maintained high viability degrees (Figure  4D). 
Moreover, we also confirmed that the cells followed the orienta-
tion dictated by the incorporated sMRFs even after long culture 
periods (Figure 4D iii). The shape fidelity of the 3D bioprinted 
constructs was also well-maintained after 21 days in culture, and 
cells appear fully confluent as confirmed by the F-actin staining 
of cytoskeleton. The encapsulated hASCs tend to follow the 
orientation established by the aligned sMRFs not only in the 
straight lines of the printed pattern but also in its turns, indica-
tive of the success of the proposed strategy to create anisotropy 
within the hydrogels (Figure 4E).

2.6. Tendon dECM Microfibers Alignment Directs Adipose Stem 
Cells Commitment toward Tendon Phenotype

It is well established that the topographical cues derived from 
the architecture of engineered biomimetic constructs have 
crucial effects over the spreading, migration and phenotype 
commitment of the encapsulated cells.[63] To test the potential 
of our biofabrication concept on a specific tissue engineering 
challenge, here we have chosen tendon as representative ani-
sotropic tissue and evaluated the functionality of the proposed 
design to direct hASCs phenotype commitment toward the 
tenogenic lineage. In addition to the aforementioned impact 
of biophysical cues stemming from anisotropic organization 
over cell fate commitment, the biochemical cues derived from 
the composition of native ECMs also have key roles in this pro-
cess.[63,64] One interesting way of incorporating these biochem-
ical cues into bioengineered systems is by using decellularized 
matrix (dECM), alone or blended with other polymers, as scaf-
folding materials.[65–68] In order to create the adequate niche to 
provide the encapsulated hASCs with the desired biophysical 
and biochemical cues for their differentiation toward tendon-
lineage, we synthesized hybrid magnetically-responsive electro-
spun microfibers made not only of PCL and MNPs, but also 
incorporating a fraction of tendon dECM in their composition 
(see Experimental section and Table  S3, Supporting Informa-
tion). The obtained PCL-dECM short magnetically-responsive 
microfibers (dECM-sMRFs) showed dimensions and magnetic 
properties similar to those of their bare PCL counterparts 
(Figure S20, Supporting Information).

The bioinks were formulated by incorporating hASCs 
together with 2 mg mL−1 of dECM-sMRFs into GelMA solutions 
prior to their magnetically-assisted 3D embedded bioprinting 
in CNCs-based support baths. After the fabrication process, the 
designed cell-laden composites were continuously magneto-
mechanically stimulated during the culture period through the 
application of 194 ± 13 mT oscillating magnetic fields with 2 Hz 
oscillation frequency and 0.2 mm displacement (see schematic 

flowchart in Figure  5A). Although this magneto-mechanical  
stimulation capability is an inherent feature of hydrogels 
loaded with magnetically-responsive materials, very few works 
have explored its potential for providing mechanical stimuli to 
cells during in vitro maturation process.[20,62,69] Thus, beyond 
recreating the anisotropy and the specific biochemical cues of 
native tendon tissues, this strategy allows to provide cells with 
dynamic mechanical stimuli, which are known to promote the 
tenogenesis of stem cells and maturation of bioengineered 
tendon constructs.[70–73]

To test the effectiveness of our system in delivering 
mechanical stimuli to encapsulated hASCs, we first evaluated 
the cellular localization of YAP (Yes-associated protein) and 
TAZ (transcriptional coactivator with PDZ binding motif ), 
two key proteins in the mechanotransduction pathways.  
YAP/TAZ is predominately cytoplasmic, but upon activa-
tion they translocate to the nucleus, where they regulate 
the expression of different mechanosensitive genes. Their 
nuclear localization might be triggered by different cellular 
stimuli, including cytoskeletal tension derived from cell 
polarization and action of external mechanical forces.[74–76] 
Immunofluorescence images clearly showed that, although 
YAP/TAZ were expressed in both static (Figure  5B i) and 
magnetically-stimulated constructs (Figure  5B ii), a mark-
edly higher nuclear YAP/TAZ localization can be found in the 
stimulated group (Figure  5B iii). These results indicate that 
our system is capable to deliver externally generated forces to 
encapsulated cells and activate YAP/TAZ mechanosignaling, 
an effect that the fibrillar microstructure of the designed 
hydrogels alone is not capable of triggering and which will 
ultimately impact on cells morphology, proliferation and dif-
ferentiation.[77,78] This is consistent with previous works where  
YAP/TAZ were identified as key mechanosensing transducers 
of cell microenvironment mechanical cues, known to play a 
critical role in determining cell fate.[70,72,78–80]

To analyze the impact of the biophysical and biochemical 
cues provided by the designed hydrogels and its synergy with 
the magneto-mechanical stimulation on hASCs differentiation, 
gene expression analysis and immunofluorescence staining of 
tendon-related markers were performed. As expected, F-actin 
staining confirmed that encapsulated cells displayed elongated 
morphologies and were aligned in the direction dictated by the 
orientation of the incorporated dECM-sMRFs in both groups 
(constructs cultured in the presence and absence of magneto-
mechanical stimulation).[81,82] In general, most of the tenogenic-
related genes analyzed were shown to be upregulated in both 
groups during time of culture, suggesting that the biophysical 
and biochemical cues of 3D bioprinted constructs are them-
selves effective to promote the tenogenic commitment of hASCs. 
In particular, scleraxis (SCX) and tenomodulin (TNMD), two 
of the mostly recognized tendon specific markers,[83] showed 
a consistent pattern of activation dependence, where the ear-
lier SCX upregulation promoted the later upregulated expres-
sion of TNMD.[84] Remarkably, although its expression was 
upregulated in both groups (Figure  5C,D), TNMD expression 
was significantly higher in the composites magneto-mechanical 
stimulated during culture period (Figure  5D i). Its expression 
at protein level was further confirmed by the immunostaining 
of fabricated constructs after 21 days of culture (Figure 5D ii). 

Adv. Funct. Mater. 2022, 2208940
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Figure 5.  A) Schematic flowchart illustrating experimental design for fabricating dECM-sMRFs followed by magnetically- and matrix-assisted 3D 
bioprinting of tendon biomimetic composites with and without mechano-magnetic stimulation during maturation process. B) CLM images of 3D 
bioprinted anisotropic constructs for nuclear translocation of YAP/TAZ antibody with stained cytoskeleton (red), nucleus (blue) and YAP/TAZ (green) 
on day 4 of cell culture in the i) absence and ii) presence of magneto-mechanical stimulation (hASCs encapsulated in GelMA-based hydrogels with 
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Interestingly, TNMD is a marker for tendon formation, but is 
also recognized as a tension-regulating protein whose expres-
sion is favored by mechanical stimuli in both tendon tissues 
and bioengineered constructs,[72,85] justifying its significant 
upregulation in magneto-mechanically stimulated hydrogels. 
The cellular effects of magneto-mechanically stimulation were 
also reflected on the gene expression patterns of two main 
tendon ECM proteins, namely collagen I (Col I) and collagen III  
(Col III). Tendons ECM is predominantly composed by Col I, 
while the remaining part comprises of Col III and proteogly-
cans.[86] Previous studies in the field have demonstrated that the 
combination of architectural anisotropy and mechanical stimu-
lation lead to the upregulation of these ECM genes in tissue 
engineered constructs.[85,87] Similarly, our results also showed 
significantly higher expression of Col I and Col III genes in 
constructs maturated under magneto-mechanical stimulation 
(Figure 5E,F). Overall, these results suggest that the anisotropic 
microstructure created through the magnetically-induce align-
ment of the dECM-sMRFs within the 3D bioprinted hydrogels, 
together with the biochemical cues derived from the incorpora-
tion of dECM in microfibers formulation, guided the commit-
ment of hASCs toward the tenogenic phenotype, an effect that 
was boosted by the remote magneto-mechanical stimulation of 
the constructs during their maturation process.

The magnetically-responsive system proposed here pro-
vides an alternative approach to address some limitations 
of existing tendon TE strategies based on the use of stem 
cells-laden hydrogels, namely the generation of adequate 
3D microenvironmental cues to guide their morphogenesis 
and differentiation toward the tenogenic phenotype.[83,88,89] 
Moreover, it further incorporates the additional function-
ality of enabling remote mechanical actuation of the con-
structs during its in vitro maturation, a concept that might 
be continued in vivo after transplantation to promote better 
construct engraftment with host tissue and improve its 
regeneration potential.[90–93] It is worth mentioning that, in 
our system, hASCs differentiation derives exclusively from 
the bioinspired biophysical and biochemical cues of 3D con-
structs and their synergy with the applied magneto-mechan-
ical stimuli, not requiring additional biological factors.[94] 
This represents a comparative advantage with many other 
tendon TE strategies, where supplementation with expen-
sive growth factors, such as bone morphogenetic protein 12 
(BMP-12) or TGF-β, are required to promote the tenogenesis 
of stem cells for tendon TE applications.[95–97]

The design principles that we applied here were directed to 
meet the specific needs of tendon tissues. However, the general 
concept has broad scope application and could be explored to 
engineer other tissues with uniaxial anisotropic structures (e.g., 
skeletal muscle), or even with more complex hierarchical ani-
sotropy (e.g., cartilage, cardiac).

3. Conclusion

In this work, we developed a new fabrication strategy for the 
design of bioinspired anisotropic composites based on hydrogel 
bioinks incorporating sMRFs. The high magnetic response of 
the MNPs incorporated in sMRFs allowed their remote align-
ment within low viscosity GelMA inks by weak magnetic field 
strengths (14  ±  2  mT), as well as using low contents of mag-
netic material to create the desired degrees of anisotropy. The 
use of support baths based on CNCs fluid gels reveled essen-
tial for enabling the layer-by-layer printing of high-resolution 
constructs with anisotropic sMRFs alignment by the generated 
magnetostatic fields on the printing stage (matrix- and magnet-
ically-assisted 3D bioprinting). Besides enabling the proposed 
fabrication processes, the magnetic sMRFs further provided the 
systems with the additional capability of magneto-mechanical 
stimulate cells encapsulated in the 3D bioprinted constructs 
during their culture period. Tendon was chosen as a representa-
tive anisotropic tissue to test the biofabrication potential of 
the proposed concept. For this application, tendon dECM was 
incorporated in sMRFs to provide bioinks with tissue-specific 
biochemical cues. Obtained results show that the tendon-
mimetic microenvironment derived from the anisotropically 
aligned dECM-sMRFs induced the tenogenic commitment 
of hASCs. Remarkably, the magneto-mechanical actuation 
of the constructs during their maturation process effectively 
activates cell mechanosignaling and significantly increased 
the observed tenogenic effects. Overall, we foresee that com-
bining highly-responsive magnetic materials with matrix- and 
magnetically-assisted 3D bioprinting, while further leveraging 
on the inherent magneto-mechanical actuation functionality of 
produced constructs for cell stimulation, represent an attractive 
biofabrication strategy to engineer anisotropic mechanosensi-
tive tissues.

4. Experimental Section
MNPs Synthesis: Spherical-shaped MNPs were prepared through 

thermal decomposition processes in a 100  mL three-neck bottom-
round flask connected to a Schlenk line and a water reflux condenser, 
using a heating mantle to control the temperature. Following previously 
reported procedures, in a typical synthesis of iron oxide MNPs with an 
average diameter of ≈9 nm, 3 mmol of iron (III) acetylcetonate, 10 mmol 
of 1,2-hexadecanediol, 6 mmol of oleic acid, 6 mmol of oleylamine and 
20 mL of benzyl ether were added to the flask (all reagents purchased 
from Sigma–Aldrich). Under continuous 700 rpm magnetic stirring, the 
temperature of the solution was increased to 110 °C and then a 10 mbar 
vacuum was applied for 1  h. After that, vacuum was exchanged by 
nitrogen flow using the Schlenk line and the temperature was increased 
to 210  °C (heating ramp 8   °C  min−1) and maintained for 2  h. Finally, 
the temperature was increased to 295 °C (5 °C min−1) and the solution 
maintained under reflux for 1 h. After cool down to room temperature, 

Adv. Funct. Mater. 2022, 2208940

2.00 mg mL−1 of dECM-sMRFs) (Scale bars 50 µm), and iii) quantification of fluorescence intensity for YAP/TAZ antibody nuclear translocation in 
stimulated and static groups on day 4 (**p < 0.005 determined by two-tailed Student's t-tests with Welch's correction). Cells expressed higher levels of 
diverse tenogenic genes when cultured in static and stimulated groups for 4 and 10 days: C) Scleraxis (SCX), D) i) Tenomodulin (TNMD), ii,iii) immune 
staining for TNMD antibody with stained cytoskeleton (red), nucleus (blue) and TNMD (green) (Scale bars 250 µm), E) type I collagen (COL1A1),  
F) type III collagen (COL3A1), G) Tenascin-C (TNC), and H) Decorin (DCN) (***p < 0.0001, **p < 0.005, *p < 0.05 determined by two-way ANOVA 
followed by Tukey's post hoc tests). In the plots in subfigures (B–D), color columns correspond to the samples non-stimulated (in black) and magneto-
mechanical stimulated (in grey) during in vitro maturation.
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an excess of ethanol was added to the solution before centrifuge at 
4000 rpm 10 min. to precipitate the particles.

MNPs with slightly larger diameter (≈13  nm) were prepared by 
decreasing the amount of benzyl ether used to prepare the precursor 
solution to 10 mL, while the partial substitution of iron (III) (2.4 mmol) 
by zinc (II) acetylacetonate (0.6 mmol, Sigma–Aldrich) resulted in iron 
oxide-based MNPs doped with zinc.

Tendon Extracellular Matrix Decellularization: The decellularization of 
native porcine Achilles tendons was performed by modifying a previously 
reported protocol.[98] Briefly, 10 mm Tris-HCL in PBS hypotonic solution 
was prepared to store dissected native tissue from porcine flexor tendon 
and frozen at −80  °C. Later, the sample was thawed and hypotonic 
solution was replaced by 1.5  mm NaCl in 50  mm Tris-HCl hypertonic 
solution. Then, the samples were shaken in distilled water and frozen 
again at −80  °C, repeating the freeze-thaw cycle several times. After 
that, the samples were incubated for half hour in 0.05% Trypsin-EDTA 
(Sigma–Aldrich) at room temperature and then shaken for 4 days 
soaked in 2% (w/v) SDS solution in PBS. To ensure samples do not 
have residual surfactant, they were shaken for additional 7 days in PBS 
solution. The decellularized samples were ground into powder after 
being freeze dried at stored at −20 °C until further use.

sMRFs Synthesis: Magnetically-responsive PCL microfibers were 
prepared by electrospinning processes, being the magnetic behavior 
provided through the incorporation of previously designed MNPs in the 
polymeric precursor solutions. In a typical synthesis, PCL (Mn = 80 000, 
Sigma–Aldrich) was dissolved at 17% (w/v) concentration in a 70/30 (v/v)  
chloroform/N,N-dimethylformamide (DMF) mixture (from Laborspirit 
and Fisher Scientific, respectively). Prior to mixing the solvents, MNPs 
were dissolved in the chloroform phase (1-10% (w/w) respect to PCL), 
exploiting their high stability in this solvent provided by their hydrophobic 
oleic acid/oleylamine coating, while rhodamine B isothiocyanate (Sigma–
Aldrich) was dissolved in the DMF phase (0.1% (w/w) relative to PCL). 
A similar procedure was performed to prepare hybrid magnetic PCL-
tendon dECM microfibers. In this case, a 70/30 (w/w) mixture of PCL 
and tendon dECM was solubilized in 1,1,1,3,3,3-Hexafluoro-2-propanol 
(HFIP, Fluorochem), keeping the global concentration of 17% (w/v) and 
5% (w/w) of MNPs. As small amount of chloroform (5% (v/v) relative 
to HFIP) was used to improve the dispersion of the hydrophobic MNPs.

The solutions were magnetically stirred for 24  h (PCL-MNPs) or 
48  h (PCL-dECM-MNPs), loaded in 5  mL syringes and electrospun 
under different conditions (Table  S2, Supporting Information). After 
that, the electrospun membranes were cut in 3×3  mm portions and 
embedded in OCT (Sigma-Aldrich) blocks that then were frozen at 
−20 °C and micro-cut at different thickness using a cryostat microtome. 
The obtained short microfibers were washed several times with water 
to remove the OCT and finally redispersed by applying several 5  s 
ultrasonic pulses.

Characterization of MNPs and sMRFs: Transmission and scanning 
electron microscopy (TEM & SEM): The morphology and size of 
the designed MNPs were analyzed by TEM, using a Phillips CM-12 
microscope operating with an acceleration voltage of 120  kV in a 
100000X to 500000X magnification range. The samples were prepared 
by depositing 10  µL of diluted MNPs solutions in a copper TEM grid, 
which was subsequently dried under ambient conditions for 1  h. The 
microstructure of electrospun short microfibers was observed by high-
resolution SEM (JSM-6010LV, JEOL). To prepare SEM samples, 20  µL 
of microfibers aqueous solutions were deposited on a glass slide and 
dried at room temperature for 24 h. The images were collected with an 
acceleration voltage from 2 to 10 kV.

X-Ray diffraction (XRD): XRD measurements were performed using a 
Phillips diffractometer equipped with a PW1710 control unit, a PW1820/00 
vertical goniometer and an Enraf Nonius FR590 generator, operating 
at 40  kV and 30  mA. X-rays were obtained from a sealed copper tube 
and the radiation was treated with a graphite monochromator, using 
a PanAnalytical PIXcel-3 detector. The diffractograms were determined 
in the 10°-70° angular range, with pitch angle and time of 0.02° and 
2 s, respectively. MNPs were dried for 24  h under 60  °C and 50  mbar 
conditions before measurements.

Inductively coupled plasma mass spectrometry (ICP-MS): MNPs 
composition and the amount of magnetic material incorporated in 
hybrid microfibers were determined by using an Agilent 7700xICP-MS 
equipped with a MicromistGlass low-flow nebulizer and a double pass 
glass spray chamber with Peltier system, operating with a power of 
1550  W and a plasma flow of 15  dm3  min−1. To prepare the samples, 
20 µL of the analyzed solution were dissolved in 480 µL of a 75/25 (v/v) 
hydrochloric acid/nitric acid (Sigma–Aldrich) mixture and, after 2  h, 
4.5 mL of nitric acid 1% were finally added.

Thermogravimetric analysis (TGA): The thermogravimetric 
characterization of the samples was carried out by using a TGA Q500 
equipment, analyzing the temperature range from 20 to 500 °C (heating 
rate 10  °C  min−1). The samples were stabilized for 15  min. before 
performing the measurements, applying a nitrogen flow of 100 mL min−1 
during the experiments.

Superconducting quantum interference device (SQUID) 
magnetometry: the magnetic characterization of the designed systems 
was performed with a SQUID magnetometer (Quantum Design MPMS5, 
San Diego, CA). Magnetizations versus applied magnetic field curves 
were obtained from −4 T to  +  4 T at 310  K. To prepare the samples, 
MNPs and sMRFs were freeze-dried for 24 h and then 5–6 mg of dried 
material were used for each measurement, normalizing the obtained 
magnetization values respect to the weight of MNPs/sMRFs.

Statistical size and inter-distances distributions: the statistical 
distributions of sizes of the different synthesized structures were 
determined using ImageJ software (National Institute of Health, USA), 
carrying out a minimum of 250 independent measurements for each 
distribution. The inter-distances between hybrid microfibers within 
polymeric hydrogels after their remote alignment were measured using 
this same tool. For this, the value of this inter-distance was considered 
as the separation between a fiber and its closest counterpart in the 
direction perpendicular to the alignment.

Magnetic Field Generation Setups: The magnetostatic fields applied 
to align the magnetically-responsive hybrid microfibers within the 
hydrogels were generated by using a two-parallel neodymium magnets 
system. This experimental setup allowed the generation of uniaxial 
magnetic fields with highly-uniform strength in a large region between 
the magnets. By using a gaussmeter, we measured that the created 
magnetostatic fields in the center point between the magnets can be 
adjusted by varying the inter-distance between them 14 ± 2 mT (magnets 
separated 5.1 cm) to 238 ± 15 mT (1.0 cm). In the magnetically-assisted 
3D bioprinting processes, the magnetic setup was placed in the printing 
surface and the bioink extruded in the central plane between the 
magnets. The computational simulation of the magnetic field generated 
by parallel magnets setup was performed using COMSOL Multiphysics 
Software, v. 5.6.

For the magnetic stimulation of the cell-laden 3D bioprinted 
composites, a commercially-available horizontal oscillating magnetic 
bioreactor (nanoTherics Ltd, UK) generating 194 ± 13 mT magnetic field 
strengths was used with oscillation frequency and displacement of 2 Hz 
and 0.2  mm, respectively.[78,99,100] This setup was based on permanent 
magnets that generate magnetostatic fields, but their oscillation 
respect the position of the stimulated constructs induce changes on 
the magnetic field strength applied to the samples, being in fact an 
alternating magnetic stimulus.

Fabrication of Hydrogels Loaded with sMRFs: Hydrogels precursor 
solutions were prepared by dissolving 7.5% (w/v) GelMA in culture 
media for 1 h at 60  °C in the presence of 0.25% (w/v) lithium phenyl-
2,4,6-trimethylbenzoylphosphinate photoinitiator (LAP, Sigma–Aldrich), 
and finally adjusting the pH to 7.4. Preliminary studies to establish 
the amount of magnetically-responsive fibers and the intensity of the 
applied magnetic fields required to provide hydrogels with anisotropic 
architectures were performed as follow: GelMA-LAP and microfibers 
solutions were mixed at 37 °C in the presence of an external magnetic 
field created by a two-parallel magnets system and exposed for 40 s to 
a 385 W cm−2 UV light for crosslinking, resulting in 7.5% (w/v) GelMA 
hydrogels loaded with different concentrations of aligned microfibers. 
The intensity of magnetic fields required to induce the alignment of 
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magnetic fibers was evaluated, as well as the effect of microfibers length, 
magnetic content and concentration in the fabricated scaffolds.

The fraction volumes occupied by the sMRFs in the 3D printed 
structures were analyzed by confocal laser scanning microscopy (Leica 
TCS SP8, Microsystems, Wetzlar, Germany). For that, acquired confocal 
z-stacks were reconstructed into 3D images and, after removing the 
residual fluorescence, the density of rhodamine-stained sMRFs was 
quantified by means of fluorescence intensity (percentage of red-
emission pixels).

Rheological Characterization of GelMA-sMRFs Solutions and Hydrogels: 
Rheological experiments were performed using a stress-controlled 
rheometer (Anton Paar MCR 302). The viscosity of GelMA-based 
solutions was evaluated over a logarithmic ramp of shear from 2 to 
200 Hz. All measurements were performed at 37 °C using a solvent trap 
to prevent dehumidification. A 25 mm parallel plate geometry set at 1 mm 
gap was used. On the other hand, the stiffness (storage modulus, G’)  
and the viscous properties of crosslinked hydrogels  were assessed by 
oscillatory frequency sweeps. GelMA blocks loaded with random and 
aligned (parallel to bottom plate) sMRFs were analyzed, using neat 
GelMA blocks as control. Samples were stabilized in PBS during a period 
of 48 h before measurements. In this case, the rheometer was fitted with 
a 25 mm sand-blasted parallel plate upper geometry for better contact 
with the samples. The storage modulus was recorded over one decade 
of angular frequency from 0.2 to 2  Hz, applying an initial preadjusted 
normal force of 1 N and constant strain amplitude of 0.5%. According to 
ASTM D7175 and DIN 51810–2, the point where G’ deviates more than 
a 10% from the initial plateau, indicates that the system was no longer 
working with a linear viscoelastic behavior. Dynamic amplitude sweeps 
were previously performed in order to assure that all the tests were 
carried out in this linear viscoelastic region.

Cells Isolation and Culture: hASCs were obtained from lipoaspirate 
samples of the abdominal region after informed consent of patients 
undergoing liposuction surgery, following the protocols established 
with Hospital da Prelada (Porto, Portugal) with the approval of the 
Hospital and University of Minho Ethics Committees (approval numbers 
005/2019 and 014/2019, respectively). hASCs were isolated according to 
the previously optimized protocol.[101,102] Alpha modified Eagle medium 
supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/
streptomycin solution was used to culture and expand the cells. The 
cells were not used beyond passage 8.

Magnetically-Assisted 3D Bioprinting of Cell-Laden Hydrogel Constructs 
Incorporating sMRFs: Support baths based on CNCs and agarose 
microparticles were evaluated. Colloidal suspensions of CNCs were 
produced by the hydrolysis of microcrystalline cellulose (Sigma–Aldrich) 
following previously reported protocols.[35,103] The CNCs fluid gel 
printing bath was prepared by adding calcium chloride (2 mm; Sigma–
Aldrich) to 2.5% (w/v) CNCs suspension. This mixture was sonicated 
for 1  min. at 40% amplitude output to ensure the homogeneity of the 
support bath. On the other hand, the agarose bath was produced by 
autoclaving 0.5% (w/v) agarose (SeaKem) with 14 mm calcium chloride 
followed by cooling under 700  rpm magnetic stirring to form agarose 
microparticles. BioX (Cellink, Sweden) with a mechanical printhead was 
used for 3D (bio) printing experiments. Computer-aided designs (CAD) 
were created using the free online software TINKERCAD and saved 
in .stl (stereolithography) file format. The .stl to G-code conversion 
program PursaSlic3r 2.1 software was then used to slice the models 
into layers and translate the coordinates into commands. The inks were 
prepared by mixing GelMA-LAP solutions and sMRFs, resulting in final 
inks with GelMA concentration of 7.5% (w/v) with 0.25% (w/v) LAP. In 
the case of bioink, hASCs were suspended in the polymeric solutions at 
a cell density of 2 × 106 cells mL−1. Cartridges of 3 mL were loaded with 
(bio)inks and 22G (0.41  mm inner diameter) blunt needles were used 
as nozzles. The prints were performed under 2.2 µL min−1 flow rate and 
14  mm  s−1 speed, using cell culture µ-dish plates (Ibidi, Germany) as 
support platforms for the prints.

For the magnetic setup, a poly-lactic acid (PLA, Mitsubishi Chemicals 
Performance Polymers, USA) mold was 3D printed in a B2×300 3D 
printer (Beeverycreative, Portugal) after preparing a CAD design with 

the dimensions required to place parallel neodymium magnets 5.1  cm 
apart within the printing platform, creating 14  ±  2  mT magnetic fields. 
The dishes with the support printing baths were placed in the center 
region between the magnets, thus ensuring a fairly uniform magnetic 
actuation over all the 3D (bio)printed composites. After construct 
printing, it was photocrosslinked with a 385 W cm−2 UV light with 4 cm 
distance between the light source and the printed scaffold. Next, the 
printed structure in CNC fluid gel was locked by addition of an excess 
of 7.5 mm calcium chloride solution on the top of the constructs, which 
was replaced by culture media before placing the bioprinted constructs 
in the incubator. The fabricated tissue composites were cultured up to 
4 weeks under standard culture condition (alpha-MEM with 10% FBS). 
For the magneto-mechanical stimulation of the cell-laden composites, 
they were placed on the top of the commercially-available horizontal 
oscillating magnetic bioreactor (described in section  4), which was 
arranged inside the incubator throughout the time of cell culture. The 
media was changed every alternate day.

Fluorescence Stainings of 3D Bioprinted Constructs: Cell viability was 
assessed by staining cells with Calcein AM (Thermo Fisher Scientific) 
1:500 dilution in culture media and propidium iodide (Thermo Fisher 
Scientific) 1:1000 dilution in PBS for 30 min. on days 1, 3, 10, and 21. For 
immunostaining, the cells were fixed with 4% paraformaldehyde (Thermo 
Fisher Scientific) at room temperature for 30 min. Then 0.2% Triton X-100 
in PBS was used to permeabilize the cell membrane for 1  h at room 
temperature under gentle agitation. Next, the samples were blocked with 
3% (w/v) BSA in 0.2% (w/v) Triton X-100 in PBS for 1 h. After washing the 
samples three times with PBS they were incubated with primary antibody 
against YAP1 (Santa Cruz Biotechnology 1:200) or TNMD (abcam 1:200), 
diluted in 1% (w/v) BSA in 0.2% (w/v) Triton X-100 in PBS at 4 °C over night 
with gentle agitation. This was followed by incubation for 1 more day at 
4 °C with the respective AlexaFluor-488 secondary antibodies. Cytoskeleton 
and nuclei were stained with DAPI and Phalloidin for 1 h (DAPI, Sigma–
Aldrich, 1:1000 dilution; Phalloidin conjugated with rhodamine, Sigma–
Aldrich, 1:200 dilution). Samples were analyzed by confocal laser scanning 
microscopy. We calculated the nuclear (delimited by the DAPI staining) 
YAP/TAZ intensity for each cell in static and stimulated cells using Image J  
(National Institute of Health, USA). All the results are provided as  
mean ± standard deviation (n = 3, independent experiments).

mRNA Extraction and Real-Time RT-PCR: Total RNA was extracted 
from the constructs using Trizol extraction reagent (TRI Reagent-
T9424Sigma Life Science) according to the manufacturer's instructions. 
The quantity and quality of extracted RNA was analyzed with NanoDrop 
ND-1000 spectrophotometer (NanoDrop, ThermoScientific, USA). 
The cDNA synthesis was performed by qScript cDNA SuperMix kit 
(Thermo Fisher Scientific). The quantitative polymerase chain reaction 
(qPCR) was carried out for the quantification of the transcripts using 
the PerfeCTASYBR Green FastMix kit following the manufacturer's 
protocol, in a Real-Time Mastercycler Realplex thermocycler (Eppendorf, 
Germany). The primers were pre-designed with Primer3 and BLAST 
(NCBI, Bethesda, MD, USA) (Table S7, Supporting Information). GAPDH 
(Glyceraldehyde 3-phosphate dehydrogenase) was used as the reference 
gene. The Delta-Delta Ct Method was selected to evaluate the relative 
expression level for each target gene. All values were first normalized 
against GAPDH values, and then to hASCs collected immediately after 
printing (day 0; n = 3, independent experiments).

Statistical Analysis: GraphPad Prism 6 software was used for the 
statistical analysis. For the analysis of variance between multiple 
groups Two-way ANOVA followed by Tukey's post hoc tests was used. 
To compare between two experimental groups unpaired two-tailed 
Student's t-tests with Welch's correction was used. Results are provided 
as mean ± standard deviation of n ≥ 3 independent experiments. Values 
were considered significant when p < 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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