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ABSTRACT

Magneto-responsive soft hydrogels are used for a number of biomedical applications, e.g., magnetic hyperthermia, drug delivery, tissue
engineering, and neuromodulation. In this work, this type of hydrogel has been fabricated from hyaluronan (HA) filled with a binary system
of Al,O3 nanoparticles and multicore magnetic particles (MCPs), which were obtained by clustering of superparamagnetic iron oxide FeO,
NPs. It was established that the presence of diamagnetic Al,O; has several positive effects: it enhances the hydrogel storage modulus and
long-term stability in the cell cultivation medium; prevents the magnetic interaction among the MCPs. The HA hydrogel provides rapid
heating of 0.3 °C per min under exposure to low amplitude radio frequency alternating magnetic field. Furthermore, the magneto-responsive
hydrogel was successfully used to encapsulate cells and extrusion-based 3D printing with 8726% cell viability, thus providing a bio-ink. The
combination of high heating efficiency, softness, cytocompatibility, and 3D printability of magnetic HA hydrogel leads to a material suitable
for biomedical applications.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0147181

I. INTRODUCTION

Magnetic hydrogels are promising materials for biomedical appli-
cations due to their ability to mimic the microstructure of extracellular
matrix and strong response to external magnetic stimulus. Magnetic
iron oxides (FeO,), magnetite and maghemite, are well-recognized mag-

by triggering the heat-sensitive receptors of TRPV1 ion channel.'” This
study prompted wide research of wireless neuromodulation via mag-
netic heating,”"'” and has found use in regenerative medicine and tissue
engineering research.®'” Inductive heating of the magnetic particles is
also utilized in hyperthermia, a selective cancer treatment method in
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netic components of magnetically responsive hydrogels.” Additionally,
these materials are nontoxic and degradable in vivo through a biotrans-
formation mechanism, producing nontoxic side products.” > FeO, are
found to have the ability to produce significant heat in an alternating
magnetic field (AMF) due to magnetization reversal.” Thus, FeO, have
been examined as potential materials for thermosensitive biological
applications, controlled drug delivery,” thermal neuromodulation,” or
magnetic hyperthermia.” Controlled drug delivery typically benefits
from including the magnetic material as a specific polymer matrix filler,
demonstrating self-healing or thermoresponsive character.'”'" The use
of magnetic heating for neuromodulation was pioneered by Chen et al.,

which the magnetic material is embedded in the tumor and is heated by
exposure to the external AMF. Cancer cells are selectively damaged or
killed at temperatures between 42-45°C due to apoptosis and necro-
sis.””’ However, there are strict limitations on the frequency and ampli-
tude of AMF due to patients’ safety concerns. Currently, clinically
relevant AMF parameters in hyperthermia are the frequencies within
0.05-1 MHz and amplitudes < 15kA - m™~%,”' considered safe for medi-
cal applications.

The potential of FeO, largely depends on the particle size. The
bulk material exhibits so-called hard magnetism and large coercivity.
Lowering the material’s size leads to the multidomain structure’s
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collapse, resulting in superparamagnetic behavior at the size below
20 nm.° At this state, the magnetic particles show zero coercivity and
remanence magnetization due to the very low energy barrier of mag-
netization reversal. Therefore, a magnetic moment in superparamag-
netic NPs can rotate freely toward the direction of the magnetic field
without energy loss. However, superparamagnetic FeO, NPs tend to
aggregate due to interparticle magnetic interactions, leading to the so-
called multicore particles (MCPs).”*** These MCPs exhibit an effective
magnetic moment, a combination of individual magnetic moments of
the superparamagnetic NPs cores, appearing as a ferromagnetic mate-
rial and producing energy loss upon magnetization reversal in AMF.”*

One of the significant drawbacks of using single FeO, NPs and
MCPs is their tendency to aggregate and sediment in neutral pH.® A
possible way to enhance the particle’s stability is the addition of highly
charged AL,O; NPs, increasing the system stability upon strong elec-
trostatic repulsion.”” This so-called nanoparticle haloing was first
described by Tohver et al. for mixtures of silica microspheres and
hydrous zirconia NPs.”® Zubir et al. demonstrated that Al,O; NPs
ensure the stability of the binary system containing commercial mag-
netite NPs of the size 50-100nm and Al,O; NPs at pH of 6.5.7"
Nevertheless, utilizing this approach to stabilize magnetic MCPs has
been uncommon so far. This methodology appears promising to stabi-
lize the dispersions of monodisperse magnetic MCPs in physiological
pH 7.4, although the isoelectric point of FeO, is between pH 4-5.”

In magnetic hyperthermia, thermally triggered drug delivery, as
well as in thermal neuromodulation, the magnetic material (heat
mediator), in the form of magnetic fluid or composite, should fulfill
several requirements, such as biocompatibility, possibility to be deliv-
ered to the desired site, homogeneous distribution of the magnetic par-
ticles, long term retention and high heating rate in the clinically
approved AMFE.”® The methods of the material administration
include (a) arterial injection, (b) direct injection, (c) surgical implanta-
tion, and (d) active targeting by site-specific antibodies.” ' Therefore,
the matrix encapsulating the magnetic material requires specific
mechanical and rheological properties. The injectability of the material
allows for omitting surgical procedures, lowering the potential risks
and patients’ discomfort.’”” However, utilization of the water disper-
sions of magnetic particles in practical medical applications revealed
several drawbacks, namely, the difficulty of securing the liquid system
in the desired location, uniform distribution, and long-term retention.”
Therefore, embedding the magnetic particles in a hydrogel matrix is a
favorable strategy.”””* Hyaluronan (HA) based hydrogels cross-linked
via Schiff base formation represent a suitable carrier.””** They are bio-
compatible and biodegradable due to the natural origin of HA.
Moreover, the dynamic character of Schiff base cross-links allows
injectability and fast recovery even in a fully cross-linked state.”” The
material’s relatively low storage modulus and high water content
resemble some human soft tissue types, such as breast fat tissue,”® or
spinal cord neural tissue.”

In particular, regenerative medicine and tissue engineering can
benefit from precise tissue constructs providing optimal mechanical,
electrochemical, and biological environments during cell cultivation
and tissue growth."”*' To this end, 3D printing techniques are used
with increasing popularity due to unprecedented precision.*’
Regarding tissue engineering, bioprinting appears to be a promising
approach, as it involves living cells encapsulated in the printing mate-
rial during the printing process. This technique can, thus, provide a
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highly uniform distribution of cells throughout the whole material,"*
while post-printing cell seeding may often result in increased cell den-
sity on the surface of the scaffold, which needs to be addressed through
complicated manipulation of the printed scaffold geometry.”” The use
of magneto-responsive hydrogels in the 3D printing of scaffolds has
been reported previously,””"’ whereas their incorporation in a bio-
printing process enabled thermally triggered neuromodulation.*®

In the presented work, we studied the effects of diamagnetic
AL, O3 NPs on the magneto-structural properties of FeO, MCPs dis-
persions. It was found that the AL,O; NPs enhance the heating effi-
ciency of the MCPs in the AMF. MCPs and MCPs with Al,O; NPs
were used to prepare the magnetic HA hydrogel that was examined as
a potential mediator of inductive heating in medical applications. The
effect of the Al,O; NPs on the heating efficiency was also confirmed in
the hydrogel. The favorable rheological profile of the magneto-
responsive HA hydrogel allowed extrusion-based bioprinting to be
performed and thus confirmed the material’'s potential to develop
magneto-responsive bio-ink. Therefore, the elaborated HA hydrogel
filled with iron oxide MCPs and Al,O5; NPs can provide cytocompati-
ble material capable of rapid heating in AMF while securing precise
scaffold engineering through additive manufacturing technologies—
3D printing and bioprinting.

Il. RESULTS AND DISCUSSION
A. Characterization of MCPs dispersions

Water dispersions of the magnetic MCPs with low polydispersity
were prepared as we described previously.”**” The MCPs represent
dense aggregates composed of bare magnetic iron oxide NPs of 13 nm
determined by TEM. The average particle size of the MCP is 85 nm at
pH 2,5 determined by DLS. With the increase in pH the MCP size
increases and zeta-potential decreases, leading to the sedimentation of
the particles at around pH 4.5.”” The stability of the dispersion in the
acidic medium is ensured solely due to the electrostatic repulsion
between positively charged MCPs, zeta potential 45-55mV. In order
to increase the stability at higher pH Al,O3; NPs were added to the dis-
persion of MCPs.”"”* Commercially available Al,O; NPs are of 13 nm
size and form aggregates of about 250 nm average particle size.”””’
Therefore, a binary system composed of magnetic MCPs of 85 nm and
Al O; aggregates of 250 nm was obtained. Al,O5 aggregates ensure the
electrostatic repulsion between magnetic MCPs, preventing them from
sedimentation at higher pH.”' MCPs being clusters of superparamag-
netic particles present a unique magnetic entity, in which each core
displays a magnetic moment, but the MCP behaves as if it had one col-
lective magnetic moment. Apparently, the presence of diamagnetic
Al,O; NP aggregates are equally distributed in between the MCP
shield the magnetic interaction among the MCPs. Thus, the stability of
the MCPs’ dispersion increases, as their tendency to aggregate is
diminished.

B. The effect of Al,Oz on induction heating of MCPs’
dispersions

The heating efficiency of both single MCPs and MCPs with
Al,O; aggregates was characterized by the specific loss power (SLP),
i.e.,, the measure of the temperature change in time as referred to the
mass of magnetic material. AMF of 1050kHz, 7.4 mT was applied to
the dispersions. A substantial increase from 40W - g~' for single
MCPs to almost 60W - g~ for MCPs with ALO; aggregates was
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FIG. 1. SLP of FeO, dispersions with the increasing amount of Al,O3: overall
denotes the SLP results for water dispersions, where both Brown and Néel relaxa-
tion are present; Néel relaxation denotes values obtained by measurement in agar
gel, where Brown relaxation is suppressed and heating is facilitated only by Néel
relaxation; Brown relaxation is the difference between overall SLP (measured in
water dispersion), and Néel relaxation induced SLP (measured in agar gel).

observed (Fig. 1). Due to their diamagnetic character (see Fig. S2), a
direct contribution of Al,O; NPs aggregates to the SLP is of low prob-
ability, and the increase in SLP is apparently attributed to the changes
in the magnetic interactions between the MCPs.

In general, inductive heating of the magnetic particles is the result
of two relaxation processes—Brown relaxation and Néel relaxation.”
Brown relaxation is the process of particle rotation in the direction of
the magnetic field [Fig. 2(A)].”" Therefore, this type of relaxation is

pubs.aip.org/aip/apb

particularly dependent on the magnetic particles volume, and on the
viscosity of the dispersion medium.

3Vin
kT~

15 = 1)

Equation (1) defines the Brown relaxation time, i.e., the time nec-
essary for the relaxation mechanism to align the magnetic moment with
the direction a magnetic field. V}, denotes particle hydrodynamically
effective volume, # is the dynamic viscosity of the dispersion medium,
kg stands for the Boltzmann constant and T is the temperature.””

Neéel relaxation, on the other hand, is related to the rotation of
magnetic moment within the particle, and the heating is facilitated by
energy release due to the change of magnetic state of the particle. The
characteristic Néel relaxation time can be found as

KV
™N = To€', 2

where K is the magnetic anisotropy, V is the particle volume, kg stands
for the Boltzmann constant, T is the temperature and 1, is the factor
approximately equal to 1077 s.°”" It is apparent, that Néel relaxation
depends only on the intrinsic properties of the magnetic particles,
while Brown relaxation is largely affected by the viscosity of the used
medium.” In order to understand the effect of Al,O; aggregates
shielding on the induction heating behavior of the MCPs, the contri-
butions of the two types of relaxation were examined separately. To
achieve that, the SLP measurements were conducted in two dispersion
media—low viscosity (demineralized water), and high viscosity (agar
gel). In low viscosity medium, both relaxation mechanisms are con-
tributing to the induction heating. However, the high viscosity of the
medium restricts Brown relaxation, allowing solely the Néel relaxa-
tion.”® Therefore, it is possible to distinguish the contribution of
Brown relaxation to the overall SLP by subtracting the Néel relaxation
contribution obtained from measurement in high viscosity medium.”

(A) (B)

Brown relaxation
mechanism scheme

Sy Feox MCP

<o

Néel relaxation
mechanism scheme
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FIG. 2. (A) Schematic representation of the relaxation mechanisms of the MCPs; and (B) schematic representation of the Al,O5 shielding effect on the magneto-structural prop-
erties of the MCPs, where My and M;; represent extrinsic and intrinsic magnetic interactions of MCPs, respectively.

APL Bioeng. 7, 036113 (2023); doi: 10.1063/5.0147181
© Author(s) 2023

7,036113-3

12:0%' | €20T 19qWaAoN €0


pubs.aip.org/aip/apb

APL Bioengineering

ARTICLE pubs.aip.org/aip/apb

FIG. 3. SEM micrographs and EDX mapping of lyophilized hydrogel samples: A—FeOj filled HA hydrogel; B-FeO,:Al,03 1:1 filled HA hydrogel; I, I—SEM micrographs with
different magnification; and IIl—EDX mapping, red and blue dots denote Fe and Al, respectively.

Agar gel was chosen in this case due to exceptionally high viscosity
among water-based gels (10*~10°Pa - s depending on the concentra-
tion and shear rate”) that remains stable in the temperature range of
the measurement (25-45°C) in order to ensure complete prevention
of the Brown relaxation driven heating,”

As for the Brown relaxation, the increase in Al,O3 content did
not provide any significant change. Néel relaxation, on the other hand,
follows the trend of overall SLP and increases with the increase in
AL O;5 content. Therefore, Al,O; shielding apparently leads to the
weakening of the magnetic interactions among MCPs (Fig. 2).

C. Morphological analysis of the hydrogels

In order to be used as a selective heating agent the magnetic
material should allow precise localization and uniform distribution
within the desired tissue. In the current study, HA hydrogel was cho-
sen as the matrix for MCPs due to its biocompatibility and ease of
preparation”” and high porosity, as shown in the present case (see Fig.
3). This highly porous structure allows free diffusion of substances,
thus creating an environment suitable for applications such as drug
delivery (controlled release of therapeutics)” or tissue engineering
(exchange of nutrients and waste among the cells).””""!

EDX analysis confirmed uniform distribution of Fe in the case of
the MCPs filled HA hydrogels (Fig. 3). This is a necessary condition for
reproducibility of results obtained with the described material, and its sub-
sequent applicability in the medical field. In the case of the addition of
AL O3 NPs to the MCPs dispersion, the EDX again showed the respective
elements (Fe and Al) uniformly distributed throughout the material.

D. Assessment of HA hydrogels as mediators
of induction heating

The solid character of hydrogels is bound to restrain Brown
relaxation and thus decreased SLP in a wide range of amplitudes of

AMEF (see Fig. 4). The hydrogels reached 25W - g~' as compared to
aqueous dispersion reaching 40-60 W - g~" in AMF of the frequency
1050kHz and amplitude 7.4 mT. However, the SLP values in HA
hydrogels are still higher compared to the values obtained in agar
(15W - g ). Therefore, it is possible to assume that a certain portion
of the heating is facilitated by Brown relaxation due to the softness of
HA hydrogels allowing particle movement to some extent.”

The heating efficiency of the HA hydrogels filled with single
MCPs or MCPs with Al,O; NPs aggregates was determined in two fre-
quencies of the AMF (525 and 1050 kHz) and the amplitudes ranging
from 5.4 to 9.4mT (Fig. 4). As can be seen, the hydrogels filled with
MCPs and Al,O; aggregates displayed higher heating ability regardless

SLP (W/g)

— 1050kHz FeOx ]
525 kHz FeOx [

10

————— -1050 KHZ FeOx : ALO, 1:1 | ]
----- - 525 kHz FeOx : ALO, 1:1 x

5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
Amplitude (mT)

FIG. 4. SLP of magneto-responsive HA hydrogel as a function of AMF amplitude.
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of the AMF parameters. This is in correspondence with the previously
described experiments and confirms that Al,O; shielding facilitates
the Néel relaxation. The experimental results demonstrated that at
AMF, 1050 kHz, 7.4 mT, considered safe for use in medicine,’' the
samples heated at the rate of 0.3 °C per minute. Therefore, the hyper-
thermia temperature range could be reached within 16.7 min. Thus,
the investigated magnetic HA hydrogels are promising materials for
magnetic hyperthermia treatment, as well as other thermally triggered
therapies.

E. Rheology of the magneto-responsive hydrogel

The mechanical investigation of the hydrogels shows that
increasing temperature from 37°C (body temperature) to 42°C
(hyperthermia treatment) did not have any significant effect on hydro-
gels viscosity, or storage modulus [Figs. 5(A)-5(C)]. The hydrogels
showed distinct shear thinning behavior, as their viscosity changes in
the range of 10?Pa - s in the shear rate range of 102 57! [Fig. 5(A)].

APL Bioengineering ARTICLE
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The individual differences between the curves in Fig. 5(A) measured at
different temperatures fall within the measurement error. Generally,
shear-thinning hydrogels may find use as injectable, extrudable, and
3D printable materials.”” At the low shear rate the hydrogels demon-
strate the solid-like behavior, i.e., the loss modulus does not exceed
storage modulus, tan J is lower than 1 [Figs. S1(a) and S1(b)].

Both hydrogels filled with MCPs and the mixture of MCPs and
Al O3 NPs aggregates displayed the storage modulus between 100 and
300 Pa [Fig. 5(C)], which corresponds to the values reported for nor-
mal fat tissue and spinal cord neural tissue.”*”” Therefore, the devel-
oped hydrogels can be for example useful in breast cancer treatment,
as they would lower the discomfort of patients due to the close resem-
blance of the natural tissue.

The rheological measurements in the external magnetic field
showed that the mechanical properties of the hydrogel are unaffected
by the magnetic field, as the magneto-rheological effect (MRE) is less
than 8% [Fig. 5(D)]. This is apparently due to the low size of magnetic
MCPs (85nm), as well as due to the low particle concentration
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FIG. 5. Rheological characterization of the magneto-responsive HA hydrogels: (A) dependence of magneto-responsive HA hydrogels viscosity on shear rate at body tempera-
ture (37 °C) and hyperthermia temperature (42°); (B) cyclic shear stress applied to hydrogels filled with FeO, or FeO,:Al,03 1:1 at normal body temperature (37 °C) and at
hyperthermia temperature (42 °C) respectively; (C) Storage moduli of magneto-responsive HA hydrogels at different temperatures in increasing external magnetic field; and

(D) MRE induced in the magneto-responsive hydrogels by the external magnetic field.
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TABLE I. Recovery of complex viscosity and storage modulus, respectively, during cyclic shear stress testing of magneto-responsive HA hydrogels.

FeO, (37°C)

FeO, (42°C)

Recovery complex viscosity (%)

Recovery complex viscosity (%)

Low shear rate High shear rate Low shear rate High shear rate
1. cycle 100 100 100 100
2. cycle 99.8 99.9 100.1 99.5
3. cycle 99.4 100.3 101 101.1
Recovery storage modulus (%) Recovery storage modulus (%)
1. cycle 100 / 100 /
2. cycle 99.7 / 100.2 /
3. cycle 99.7 / 101.1 /

FerZA1203 1:1 (37DC)

Fer:Ale3 1:1 (420C)

Recovery complex viscosity (%)

Recovery complex viscosity (%)

100 100
101.9 102.9
104.1 105.1

Recovery Storage modulus (%)

1. cycle 100 100

2. cycle 100.8 101.1

3. cycle 101.6 102.2
Recovery Storage modulus (%)

1. cycle 100 /

2. cycle 100.8 /

3. cycle 101.8 /

100 /
101.7 /
103.9 /

(0.3wt. %). This is another factor contributing to diminishing the
patient’s discomfort.

3D printing applications, in particular, require not only shear
thinning behavior but also fast recovery due to the nature of the pro-
cess, in which the high shear stress in the printhead is suddenly lifted
upon placing on the printbed.”” As can be seen from Fig. 5(B), the
hydrogels are capable of rapid change of rheological behavior in corre-
spondence to the applied shear rate regardless of the temperature in
the chosen temperature range. Additionally, the presence of AL,O; has
no observable impact on the reversibility of hydrogels’ rheological
behavior.

The cyclic shear stress testing proved the reversibility of Schiff
base bonds forming the hydrogel. The material was able to return to
the original viscosity and storage modulus from the fluid state within
30 s, as listed in Table I. These results make the proposed hydrogels
promising materials for applications in extrusion-based 3D printing,”’

F. Stability during cultivation and in vitro cytotoxicity
of the hydrogels

The proposed biomedical applications of the hydrogels, namely,
magnetic hyperthermia, and neuromodulation, as well as tissue engi-
neering, require stability of the hydrogel structure over the course of
several days. Long-term stability of the HA hydrogels was tested in
mild conditions (water at 25 °C), and in simulated cell cultivation con-
ditions (complete DMEM at 37°C) Fig. 6(A). The hydrogels were
prone to significant solvent intake in water, reaching approximately

400% of their weight after 3 days in the case of Al,O;-containing sam-
ples, or 6 days for samples without Al,Os. Additionally, the hydrogels
did not lose their structural integrity even after 7 days in water. In sim-
ulated cultivation conditions, the sample solvent intake is more rapid
(approximately 400% with the relative deviation of 25% was reached
in 1 or 2 days for samples without and with AL,O;, respectively). The
stability is significantly decreased in the cell cultivation medium and
increased temperature. The hydrogel containing only FeO, was
completely disintegrated within 3 days. However, the presence of
AL Oj; in the hydrogel provided a stable structure for 6 days. Though
there is a decrease in the relative mass for the hydrogel with AL,O;
after day 2, the experimental observations revealed that the hydrogel
structure was kept until the 7th day. It is known that HA chains are
greatly affected by the charges and ionic strength of their surrounding
environment due to polyelectrolyte character.”® Thus, the particles
surface charge may significantly influence HA structures’ stability.
However, this effect would require further investigation in future stud-
ies. The long-term stability results revealed that the hydrogels contain-
ing Al,O; are more suitable for biomedical applications.

The cytocompatibility of the HA hydrogel containing the MCPs
and AL,O; aggregates was examined by an indirect in vitro cytotoxicity
test applying extract method [see Fig. 6(B)]. This method is useful for
preliminary cytotoxicity screening. The hydrogel components are gen-
erally considered nontoxic. However, it is important to test their
cumulative effect on cell viability as well. Extracts not causing a cell
viability decrease below 70% are considered non-cytotoxic, as
described in the standard ISO 10993-5. The relative cell viability
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FIG. 6. (A) Long-term stability of magneto-responsive HA hydrogels in water and simulated cultivation conditions; and (B) in vitro cytotoxicity evaluation of the hydrogels via

extract method.

increased slightly with the increase in the extract concentration. For all
the extract concentrations it exceeds the 0.70 threshold value, thus
proving the hydrogel cytocompatibility.

G. Bioprinting

Bioprinting, ie., 3D printing of material including living cells,
allows a homogeneous distribution of cells throughout the construct,
increasing the usability in tissue engineering."” Nevertheless, using the
bioprinting technique in hyperthermia research would provide an
opportunity to fabricate precise tumor tissue analogs and potentially
aid the research and use of hyperthermia as a complementary thera-
peutic procedure in clinical practice.””*° The selected polymer matrix,
HA, with a molecular weight below 10° Da, was observed to promote
tumorigenesis in breast cancer, which is further advantageous in culti-
vating artificial tumor tissue.””

Materials for bioprinting, commonly known as bio-inks, need to
be carefully tailored to facilitate sufficient printability on the one hand
and cell viability and biological functionality on the other. The bio-
printing process exposes the printed material to significant shear stress
due to forced flow through a narrow needle.”” The bio-ink matrix
should therefore undergo the transition from high viscosity to low vis-
cosity in the range of shear rate exposed in typical extrusion-based 3D
printing to minimize the shear stress imposed on cells encapsulated in
the material and simultaneously maximize the cell viability.”” The
shear thinning behavior of the proposed hydrogels, as was demon-
strated earlier in III E, clearly shows that the material complies with
the first condition for viable bio-ink.

The requirement of low shear stress during extrusion would
encourage using low-viscosity materials in general. However, such
materials fail to provide sufficient printing precision and shape fidelity
due to the spreading of the material upon placing it on the printbed.®”
Therefore, rapid recovery of the material, as was demonstrated by
cyclic shear stress measurement [Fig. 5(B)], is necessary to facilitate
sufficient precision of the printed structure.

The biological functionality condition mainly depends on the
desired tissue type in terms of mechanical, chemical, and

morphological points of view. The soft and pliable materials developed
in this study are mechanically in the range of soft tissue types, typically
adipose tissue’ or spinal cord neural tissue.”” Furthermore, the mag-
netic heating ability provided by the MCPs would enable heat-
triggered neuromodulation, making the material promising beyond
the scope of hyperthermia, advancing toward tissue engineering and
regenerative medicine of neural tissue.

The bioprinting of the bio-inks prepared by encapsulation of
BALB/3T3 mouse fibroblasts in HA hydrogels containing FeO,, MCPs
with AL,O; aggregates was done with sufficient printing precision and
cell distribution homogeneity [Figs. 7(A)-7(E)]. Additionally, the live/
dead staining proves that the cells retained their metabolic activity
after printing [Figs. 7(F) and 7(G)], and there was no detectable dam-
age to the cell membranes, as 87+ 6% cell viability was achieved.
Therefore, the materials reported here have been successfully tested as
bio-inks for extrusion-based 3D bioprinting.

lll. CONCLUSION

The magneto-responsive hydrogel composed of HA matrix
cross-linked via Schiff base formation, magnetic MCPs, and aluminum
oxide NPs aggregates was elaborated. The MCPs ensure the hydrogel
heating under exposure to an AMF with parameters approved for
medicine. It was shown that the presence of Al,O; NPs aggregates pri-
marily influenced the Néel relaxation of the MCPs, while the Brown
relaxation remained intact. On the base of the experimental findings, it
can be concluded that the diamagnetic Al,O; NPs aggregates appar-
ently, shield the magnetic interactions among the MCPs, causing the
increase in Néel relaxation and heating efficiency. A heating rate of
0.3 °C per minute was observed. The rheological measurements of the
HA hydrogel confirmed the shear-thinning behavior and fast recovery
after high shear stress. Additionally, the presence of Al,O; NPs aggre-
gates increases the long-term stability of the hydrogel at cell cultivation
conditions, making them more suitable for tissue engineering-related
applications. The hydrogel was proven to be cytocompatible.
Moreover, it was demonstrated that viscoelastic properties of the
hydrogel allowed extrusion-based 3D bioprinting with BALB/3T3
mouse fibroblasts. Self-supported multi-layered uniformly porous
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FIG. 7. Bioprinting of BALB/3T3 mouse fibroblasts encapsulated in magneto-responsive HA hydrogel: (A) printing model; (B) printed grid photography taken on the eighth day
after printing; (C)—(E) confocal imaging of cells distribution within the scaffold in bright field (C) and fluorescence channel (C)-(E). Cells were stained for cytoskeleton (red) and
nucleus (blue); (F) and (G) live/dead assay of BALB/3T3 fibroblasts. The cells were visualized in fluorescence immediately after the microextrusion.

structure was formed with homogeneous cell distribution and high cell
viability. The combination of high heating efficiency, softness, biocom-
patibility, and 3D printability of magnetic HA hydrogel allows to con-
sider it a multifunctional material suitable for AMF induced heating in
biomedical applications such as magnetic hyperthermia,”** wireless
thermal brain stimulation,'”"””"”" thermally triggered drug deliv-

7,10,30

ery”'*" as well as for precise scaffold engineering and bioprinting,”’*"*

IV. METHODS
A. MCPs synthesis

FeO, NPs were prepared by co-precipitation of FeCl, (in the
form of FeCl,- 2 H,0, Merck KGaA, Germany) and FeCl; (in the
form of FeCl;- 6 H,O, Merck KGaA, Germany) in alkaline solution
according to the procedure described previously.”* Briefly, the respec-
tive salts in Fe*™:Fe*" 1:2 molar ratio were dissolved in demineralized
water (Millipore Q System, Millipore, UK), and added dropwise to
0.38 M NH; solution (diluted from NH; 30%, Penta, Czechia) at
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70°C. The reaction was carried on for 1h under vigorous stirring,
700 rpm. After that, a dark brown precipitate was obtained, containing
FeO, NPs of 13nm and polydispersity 0.3 according to transmission
electron microscopy (TEM).”*

To achieve peptization and size separation of the FeO, MCPs, a
procedure described in Smolkova et al.*” was followed. The procedure
requires washing of the FeO, NPs precipitate 3 times with demineral-
ized water, followed by acidification with 1 mM HCI (diluted from
35% HCI, Penta, Czechia) to pH 2,5 and ultrasonication for 20 min.
After that, the dispersion was let to sediment on a strong permanent
magnet for 30 min, and the brown supernatant was collected. The dis-
persion of particles collected at pH 2,5 with the average particle size
85nm and zeta potential 45-55 mV" was used in the study. The con-
centration of FeO, in the dispersion was determined by x-ray fluores-
cence spectroscopy using ARL QuantX EDXRF Analyzer (Thermo
Scientific, MA, USA). The Al,O; nanopowder (13 nm primary particle
size, 99.8% trace metal basis; Merck KGaA, Germany) was mixed with
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FeO, by adding the appropriate amount of Al,O; powder to the FeO,
dispersion to obtain weight ratios of FeO,:AL,O5 4:1, 3:1, 2:1, 1:1, and
1:2, respectively. Then, the mixtures were sonicated for 20 min.

B. Particle size and zeta potential analysis

The hydrodynamic size of MCPs and zeta potential were mea-
sured by dynamic light scattering (DLS) and laser Doppler velocimetry
on Zetasizer Nano ZS (Malvern Panalytical, UK). The hydrodynamic
radii of particles, expressed as z-average particle diameters, were mea-
sured at 25°C at a scattering angle of 173°. The polydispersity index
(PDI) describing the width of the particle size distribution in a given
sample was also determined. The measurements were performed in
triplicate, and an arithmetic average of the results is presented.

C. HA hydrogels preparation

HA cross-linking via Schiff base formation was performed with
two polysaccharide derivatives—adipic acid dihydrazide (ADH)
grafted HA (HA-ADH), and oxidized dextran (DEX-OX). The deriva-
tization and hydrogel formation is thoroughly described in Vitkova
et al”’ and Musilova et al*® Briefly, HA-ADH was prepared by
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM; Merck KGaA, Germany) mediated reaction. HA
(243 kDa; Contipro, Czechia) 1 wt. % solution was obtained by dissolv-
ing the polymer in demineralized water at 50 °C. After cooling to
room temperature, DMTMM and ADH (Merck KGaA, Germany)
was added to the reaction mixture. The molar ratio of the reactants
HA:DMTMM:ADH was 4:1:4. The reaction proceeded for 24h at
25°C under constant stirring. DEX-OX was, on the other hand, pre-
pared by periodate oxidation. The procedure was derived from Maia
et al.”’ Dextran (40kDa, Merck KGaA, Germany) was dissolved in
demineralized water by mixing at 50 °C overnight to obtain a 13 wt. %
solution. After cooling the solution to room temperature, sodium peri-
odate (Merck, NJ, USA) was added in a 5:2 molar ratio of
dextran:NalO,. The reaction was left to proceed under constant mix-
ing for 4h at 25°C in the dark. In both cases, the products were puri-
fied by dialysis against distilled water for three days (cut-off 5000 Da)
and subsequently frozen and lyophilized.

To produce hydrogels, HA-ADH and DEX-OX were dissolved in
MCPs dispersions (without or with Al,O3) by shaking overnight and
at 25°C to obtain 2wt. % of modified polymer in the solution.
Afterward, the solutions of HA-ADH and HA-OX were mixed by vor-
tex, and Schiff-base formation occurred spontaneously. The gelation
process was finished within 30 min after the mixing.

D. Induction heating in AMF

The heating efficiency of the prepared MCPs in three different
forms was determined: water dispersions, high-viscosity agar disper-
sions, and Schiff base cross-linked HA hydrogels. To obtain the disper-
sions of MCPs in the agar matrix, 3.4 wt. % of agarose (Merck KGaA,
Germany) was added to the water dispersion of MCPs and heated
under continuous stirring to 70 °C. After this, the mixture was placed
in a fridge, where the solid matrix was quickly formed. The samples of
HA hydrogel were prepared as described in Sec. 11 C, and left to gelate
at 25 °C for at least 1 h to ensure full cross-linking of the mixture.

A homemade AMF generator was used to determine the heating
efficiency of the samples. It consisted of a signal generator Agilent
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33521A (Agilent Technologies, CA, USA), RF broadband amplifier
AR RF/Microwave Instrumentation 800A3A, induction coil (90 mm
diameter), interchangeable capacitors, and magnetic field sensor. The
measurements were carried out at AMF of 525kHz frequency and
amplitude range 54-9.4mT, or 1050 kHz frequency and amplitude
range 5.4-7.4mT, respectively. The temperature was measured with
monitoring system ReFlex 4, Neoptix (Qualitrol, NY, USA), and fiber
optic temperature sensor T1S-03-PT06 inserted directly in the sample.

E. Morphological and elemental analysis

The inner morphology of the hydrogels was examined by scan-
ning electron microscopy (SEM) of cross sections of lyophilized sam-
ples of hydrogels using Phenom XL G2 instrument (Thermo
Scientific, MA, USA). The 3D printed hydrogel samples were frozen
first at —18°C for 24 h, followed by freeze drying in a freeze-dryer
(ALPHA1-2 LD plus, M. Christ, Osterode am Harz, Germany).
Additionally, Phenom XL G2 instrument (Thermo Scientific, MA,
USA) was used for elemental analysis by energy-dispersive x-ray spec-
troscopy (EDX). The accelerating voltage used for analysis was 15kV.
The samples were sputtered with a gold/palladium layer before
measurement.

F. Rheological analysis

Rheological measurements were performed using a rotational
rheometer, Anton Paar MCR 502 (Anton Paar, Austria), at human
body temperature (37°C) and hyperthermia temperature (42°C)
under normal pressure in air, using an MRD 180/1T measuring cell
with parallel plate 20/MRD/TI measuring geometry in oscillation at
constant deformation (varying to attribute to the linear region) with
shear rate increasing from 0.001 to 1 s~ . The hydrogel samples were
prepared 1 hour in advance in the form of circular plates with a diame-
ter of 25mm and a thickness of 1.5mm. Viscosity is shown with
respect to the shear rate in the measured range, ie., from 0.001 to 1
s~'. On the other hand, storage modulus (G’) is expressed as the mean
value measured in the range 0.01-0.1rad - s~ !, which corresponds to
the linear region with a constant value of G'. Additionally, cyclic oscil-
latory shear stress was applied to the samples in the following specifi-
cations: constant low (0.03 s™') and high shear rate (0.8 s~ 1) were
applied for 50 s. The low-high shear rate cycle was repeated 3 times.
The deformation was kept constant throughout this measurement.

G. Long-term stability and in vitro cytotoxicity

To asses the long-term stability of the hydrogels, the samples
were placed in perforated sample holders and submerged in desired
medium and conditions, either demineralized water at 25°C or
Dulbecco’s Modified Eagle’s Medium (PAA Laboratories GmbH,
Austria) containing 10% bovine calf serum (BioSera, France) and 1%
of Penicillin/Streptomycin  (GE Healthcare HyClone, United
Kingdom), hereinafter denoted “complete DMEM” for simplification,
at 37°C. The samples were weighted once every 24 h. The results are
expressed as the relative changes in weight, where the original sample
weight is considered 100%. The measurement was performed in tripli-
cate, and the average results are given here.

Cytotoxicity testing was done according to ISO standard 10993
using a mouse embryonic fibroblast cell line (ATCC CRL-1658 NIH/
3T3, USA). The complete DMEM was used as a cultivation medium.
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The cell line was incubated at 37 °C in 5% CO, in humidified air. The
relative humidity value during the cell line incubation was 95%.
Sterilization of hydrogels was done before cytotoxicity testing by shak-
ing samples in 70% ethanol for 1h at laboratory temperature. Elution
of the ethanol from samples was done by aspiration, a short rinsing in
PBS, and then by shaking the samples in ultrapure water for 48 h at
laboratory temperature. After ultrapure water aspiration, extracts were
created. Extracts were prepared according to ISO standard 10993-12
(100 mg of hydrogel per 1 ml of media). The tested material was incu-
bated in a cultivation medium for 24 h at 37 °C with stirring. The par-
ent extracts (100 vol. %) were then diluted in a medium to obtain a
series of dilutions with concentrations of 75, 50, 25, 10, and 1 vol. %.
All extracts were used for up to 24 h. The cells were seeded at a con-
centration of 10° per well in 96-well plates (TPP, Switzerland). After
the pre-incubation period (24h), the extracts were filtered using a
syringe filter with a membrane pore size of 0.22um (TPP,
Switzerland) to ensure that no residual hydrogel was present. The fil-
tered extracts in required dilutions were added to the cells and incu-
bated for 24 h. Subsequently, tetrazolium salt (MTT cell proliferation
assay kit, Duchefa Biochemie, Netherlands) was used to determine cell
viability. Absorbance was measured using a microplate reader Infinite
M200 PRO (Tecan, Switzerland) at 570 nm, and the reference wave-
length was adjusted to 690 nm. The results are presented as the percent
reduction of cell viability when compared to cells cultivated in a
medium without the extracts of tested materials. The morphology of
cells from the culture plates was observed using an inverted Olympus
IX 81 phase-contrast microscope (Olympus, Japan).

H. Bioprinting

Bioprinting was done with BALB/3T3 mouse fibroblasts cell line.
The cells were cultivated in complete DMEM at 37 °C in a humidified
incubator (95% relative humidity, 5% CO,, Heracell, Germany). The
cells were split using 0.05% trypsin (Merck KGaA, Germany).

Bioinks were obtained by adding 100 ul of cell suspension in PBS
(total amount of BALB/3T3 was 3 x 10°) into 1 ml of immediately
mixed HA-ADH and DEX-OX solutions in FeO,:Al,O5 dispersion.
The encapsulation of the cells within the bio-ink matrix was achieved
by rapid gelation of the polymer precursors. The bio-inks were loaded
into cartridges and printed by pneumatic extrusion printhead. To this
end, 3D Discovery Bioplotter (RegenHU, Switzerland) was used. The
printing was done through a cylindrical needle of 0.52mm inner
diameter. The printing model was chosen as a simple 1 x 1.cm?* grid.
The thickness of each layer was 0.5 mm. The scaffold consisted of two
layers and had a thickness of 1 mm. The printing pressure was
2.078 x 10° Pa.

Fluorescence imaging of the distribution of the cells through the
material was done by means of Laser Scanning Confocal Microscopy
(LSCM) using the Olympus FLUOVIEW FV3000 (Olympus, Japan)
device. The Plan-Apochromat objective with magnification 10x and
numerical aperture NA = 0.8, or 4x and NA = 0.4, respectively, were
used for analysis. The figures were obtained as three-dimensional
reconstructions from confocal images in the z-axis. The cell-loaded
samples were fixed and fluorescence stained following this protocol:
the staining solution containing Phalloidin DyLight 488 (Thermo
Fisher Scientific, Germany) and DAPI (Thermo Fisher Scientific,
Germany), each in 1:1000 dilution in PBS, was prepared immediately
before fixing and kept in the dark. The samples were washed 3 times
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with PBS. After that, the cells were fixed with 3.7% formaldehyde
(Thermo Fisher Scientific, Germany) solution for 25 min at room tem-
perature. The fixative solution was aspirated, and the samples were
washed once with PBS. The samples were then submerged in 0.1%
Triton X-100 (Thermo Fisher Scientific, Germany) solution for 30 min
to permeabilize cell membranes. After aspiration of permeabilization
solution and washing samples once with PBS, the samples were sub-
merged in the staining solution for 1h. Finally, the samples were
washed twice with PBS and kept in a dark, cold, and humid environ-
ment before fluorescence imaging.

Directly following 3D bioprinting, live/dead staining was per-
formed. The staining solution was prepared as follows: 2 ul of ethi-
dium homodimer I (dead stain; Thermo Fisher Scientific, Germany)
and 2yl calcein acetoxymethyl ester (live stain; Thermo Fisher
Scientific, Germany) were diluted in 10 ml of PBS. The staining solu-
tion was poured over the prints in sufficient amount, and left in an
incubator for 1 h to allow full diffusion of the staining solution through
the material. The stained cells were observed in a LifeCell fluorescence
microscope (DMI6000, Leica, Wetzlar, Germany). The percentage of
live cells was determined as an average of images obtained from 3 dif-
ferent spots in the sample.

I. Statistical evaluation

Where appropriate, respective standard deviations of the arith-
metic mean for the 68.3% confidence interval are presented along with
the arithmetic mean value. The p-value of 0.05 was used when
appropriate.

SUPPLEMENTARY MATERIAL

See the supplementary material includes the rheological proper-
ties of HA hydrogels, namely, the dependence of the storage modulus
and loss modulus on the shear rate, and the dependence of tan é on
the shear rate (Fig. S1), as well as the magnetization curves of FeO,
MCPs powder and Al,O; NPs (Fig. S2).
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