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ABSTRACT: A versatile approach for the design and fabrication of multilayer
magnetic scaffolds with tunable magnetic gradients is described. Multilayer
magnetic gelatin membrane scaffolds with intrinsic magnetic gradients were
designed to encapsulate magnetized bioagents under an externally applied
magnetic field for use in magnetic-field-assisted tissue engineering. The
temperature of the individual membranes increased up to 43.7 °C under an
applied oscillating magnetic field for 70 s by magnetic hyperthermia, enabling
the possibility of inducing a thermal gradient inside the final 3D multilayer
magnetic scaffolds. On the basis of finite element method simulations,

T/

magnetic gelatin membranes with different concentrations of magnetic

nanoparticles were assembled into 3D multilayered scaffolds. A magnetic-gradient-controlled distribution of magnetically
labeled stem cells was demonstrated in vitro. This magnetic biomaterial—magnetic cell strategy can be expanded to a number of
different magnetic biomaterials for various tissue engineering applications.
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1. INTRODUCTION

Recent advances in designing biomaterial scaffolds are at the
forefront of the development of tissue engineering and hold
promise for various therapeutic applications.'”* Polymeric
scaffolds combined with biomolecules and stem cells have
accelerated the regeneration of tissue defects.™ As a result,
considerable effort has been dedicated toward the development
of manufacturing technologies for the production of custom-
ized biomaterials with reproducible internal morphology, to
support the transport of bioagents and improve tissue
regeneration outcomes in vitro and in vivo. However, there is
a dearth of delivery strategies for localization of such material
systems to target sites, short of injection or surgical
implantation. Thus, new concepts toward targeted delivery
would be instructive for the field of tissue engineering and
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potentially offer important new applications. Thus, scaffolds
with internal magnetic gradients were explored here as a way to
overcome existing localization challenges.”® Recently, several
advanced technologies were reported in the development of
magnetic nanoparticles (MNPs) in various diagnostic and
therapeutic applications. These systems have triggered the
development of novel three-dimensional (3D) magnetic-
gradient scaffolds that play an important role in the cell
signaling that guide the migration, proliferation, and differ-
entiation of cells.””'> MNPs have been widely used in
biomedical applications due to their biocompatibility, large
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surface functionalization feasibility, tunable physicochemical
properties, and ability to interact with an externally applied
magnetic field."”'* In particular, colloidally stable iron oxide
MNPs (SPIONs) are among the most biocompatible magnetic
nanoparticles used in the biomedical field, additionall?r featuring
low-cost synthesis with high scale-up potential.® Several
SPIONs-based aqueous dispersions have already reached the
market for biomedical use or are in late-phase clinical trials.
NanoTherm or Resovist are colloidal stable SPIONs used as
small nanoheaters in magnetic hyperthermia and magnetic
resonance imaging (MRI) as enhanced T,-contrast agents in
cells of the mononuclear phagocyte system (MPS), respec-
tively. The development of magnetic nanoparticles (MNPs) in
theranostic applications has exploited the unique tunable
physicochemical properties of MNPs and their ability to be
externally manipulated via magnetic fields. The incorporation of
MNPs in polymeric networks provides magnetic responsive
properties. On the basis of this, recently, the concept of
scaffolds with internal magnetic gradients has been introduced
to overcome some localization challenges.”'®

The working principle of magnetic scaffolds is based on the
formation of a nonuniform magnetization within the scaffold by
methods that do not impair the biocompatibility or other
important functions. The spatial variation of magnetization
generates magnetic field gradients, causing forced movement of
magnetic objects, even inside the scaffold. By attaching selected
bioagents to the MNPs, the magnetic scaffolds provide targeted
biodelivery inside the scaffolds. The scaffolds should have a
small coercive field so that magnetization as well as local
intrascaffold magnetic gradients is activated when a homoge-
neous external magnetic field is applied. The realization of
scaffolds with magnetic gradients represents a conceptually
novel technological challenge.'”~"” Among various strategies to
design magnetic biomaterials, the incorporation of MNPs into
polymeric solutions followed by cross-linking or infusion
methods is most widely used.”®*°™>* The incorporation of
MNPs is expected to improve scaffold bioactivity.”>~>" The
external applied magnetic field could induce torque magnetic
forces into the scaffold that offers mechanical stimulation to the
cells, therefore favoring their proliferation and differentia-
tion.”**” Under a magnetic field, these scaffolds can be induced
to under§o physical changes such as elongation, contraction, or
bending.”*>* These magnetic-sensitive biomaterials are useful
in comparison to other stimuli-responsive biomaterials because
magnetic stimulation acts at a distance (noncontact force) that
is noninvasive and convenient to adapt for therapeutic
devices.”*° The magnetic properties of multilayered mem-
brane scaffolds can be utilized to construct biomaterials for site-
specific and/or time-controlled delivery, magnetic resonance
imaging contrast agents, sensors, and artificial muscles.”*”~**
This approach also includes various separation membranes and
hyperthermia treatments under external magnetic stimuli.**~*°

The choice of materials for effective cell development is
important for tissue engineering. Gelatin is a biocompatible
material obtained from collagen by partial hydrolysis and
denaturation, during which the triple helix structure is broken
down to form random gelatin protein coils. Gelatin has shown
excellent features for the design of cell-compatible and
degradable biomaterials with support of cellular bioactiv-
ity."’=>' The U.S. Food and Drug Administration (FDA)
classified gelatin as a safe excipient, which is currently used as a
constituent of various biomaterials for biomedical applica-
tions.”> The gelatin protein networks are composed of

hydrophobic and hydrophilic moieties, with hydrophilic
functional groups (—OH, —COOH, —NH,, —CONH,) able
to chelate metal ions.

In the present article, multilayered magnetic gelatin scaffolds
were developed that generate magnetic field gradients upon the
application of an external magnetic field. Thus, this system
provides desirable biomaterial features for optimizing loading,
proliferation, and differentiation of cells. The strategy was to
combine the magnetic behavior of SPIONs along with gelatin
protein network for the fabrication of a magnetic scaffold with
high saturation magnetization and magnetic gradient along its
longitudinal axis. Different assemblies of magnetic gelatin sheets
with different concentrations of SPIONs into multilayered
magnetic gelatin scaffolds were characterized by a tunable and
variable magnetic gradient that can point in different directions
and is activated by an external uniform magnetic field. The
shape and strength of the magnetic gradients realized inside the
scaffolds were modeled by use of the COMSOL finite element
analysis package. The characteristics of these magnetic scaffolds
were evaluated by investigating magnetic properties and
thermal responses to a remotely applied external magnetic
field. The biocompatibility of the magnetic scaffolds was
evaluated with human mesenchymal stem cells (hMSCs). The
present work is aimed at designing magnetic scaffolds via a
simple strategy and understanding the effect of their magnetic
gradient on cellular responses in vitro.

2. EXPERIMENTAL SECTION

2.1. Materials. Gelatin from bovine skin Type B, powder,
BioReagent, suitable for cell culture was purchased from Sigma-
Aldrich (G9391, Sigma-Aldrich, Italy) with gel strength ~225 ¢
Bloom. Water-dispersed poly(acrylic acid) (PAA)-coated magnetic
nanoparticles (FF-PAA) were synthesized by alkaline coprecipitaion of
iron(II) and iron(III) salts in aqueous solution as reported
previously.”®> The average particle size (by transmission electron
microscopy) and distribution was 9 + 2 nm (85% of the total amount
of particles), and they were pseudospherical in shape and highly
crystalline, as deduced from the X-ray diffraction data (not shown).

2.2. Zeta Potential Measurements of Gelatin—MNPs
Solutions. Dynamic light scattering (DLS), a noninvasive technique,
was employed to characterize the surface charge of the MNPs and
gelatin—MNPs by measuring the zeta potential using a Zetasizer Nano
Series (Malvern Instruments, Hoeilaart, Belgium). The gelatin—MNPs
suspensions were added into the disposable folded capillary cells (DTS
1070), and the measurements were performed at 45 °C. The
histograms were split for figure clarity.

2.3. Preparation of Magnetic Gelatin Layers. Gelatin solution
was prepared by suspending 10 wt % of dried gelatin in slightly hot
deionized water, and the suspension was subsequently dissolved under
agitation for 3 h under a nitrogen blanket at 40 °C to force the gelatin
into a clear transparent solution.

Then, the gelatin solution was mixed with different concentrations
of FF-PAA (Table 1) and refluxed together under a nitrogen blanket
with stirring for 1 h at 40 °C to form a homogeneous gelatin/FF-PAA
binary blend solution. Then, the solution was sonicated for 10 min at
37 °C to eliminate air bubbles. The solutions obtained were then cast
into multilayer membranes in polystyrene plates, dried in air at room
temperature for 48 h, and subsequently desicated in order to ensure
complete removal of remaining water. The polystyrene plate was kept
level during the drying process to obtain even membrane thickness,
and the membranes were subsequently cross-linked via carbodimide
chemistry.>* >’

2.4. Atomic Force Microsopy Analysis. AFM measurements
were performed on a Nanoscope III/Multimode instrument by Digital
Instruments, operating in tapping mode with Etalon probes by NT-
MDT, at a resonance frequency of about ~230 kHz. The cantilever
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Table 1. Sample Abbreviation and Different Ratios of
Gelatin-B (10% w/v) and Magnetic Nanoparticles

gelatin—B magnetic nano articles saturation magnetization

sample (uL) (% w/vg (emu/g)
blank 1500 0 0.0

A 1475 1.7 0.3

B 1450 3.4 0.6

C 1400 6.7 0.8

D 1250 16.7 2.6

E 1000 334 6.1

E 750 N 10.1
G 500 66.7 16.1
H 250 83.4 38.7

phase was set at zero and controlled automatically by the software in
order to measure the phase shift reliably.

2.5. Thermogravimetric Analysis (TGA). TGA experiments were
performed with a TA Instruments QSO0 thermo-balance (TA
Instruments, Milan, Italy) with thermogravimetric analyzer software
(Universal Analysis 2000). Sample weights were between 4 and 6 mg
and were scanned at 10 °C-min™". The temperature range was 30 to
800 °C under a 60 mL-min~" flow rate of nitrogen.*’

2.6. Differential Scanning Calorimetry (DSC). DSC of the
samples were assessed on a Mettler DSC822e module (Mettler
Toledo, Milan, Italy) controlled by STARe software under a nitrogen
atmosphere at an 80 mL-min~" flow rate with three scans. Samples of
3—5 mg were weighed in standard 40 yL aluminum pans, and an
empty pan was used as reference. Measurements were performed in
accordance with ASTM D3418 methods under a nitrogen flow rate of
80 mL-min~" according to the following protocols: (a) First heating
scan from —20 to 220 °C at 10 °C'min~' and 3 min of isothermal
conditions at the end; (b) first cooling scan from 220 to —S0 °C at
—10 °C-min~" and 3 min of isothermal conditions at the end; and (c)
second heating scan from —50 to 300 °C at 10 °C-min™".

2.7. Attenuated Total Reflectance FTIR (ATR-FTIR). The
interaction of MNPs with gelatin’s amino acids was evaluated by
ATR-FTIR analysis. The experiment was performed on gelatin and
magnetized gelatin membrane samples with a JASCO FTIR-6200
(Tokyo, Japan) equipped with a MIRacle attenuated total reflection
(ATR) Crystal Ge (IR penetration, 0.66 mm) cell in reflection mode,
and absorbance spectra were collected at 32 scans coded with 4 cm™
resolution in the region 4000—550 cm™". The spectra were split into
two parts, 4000—2600 and 1900—550 cm™), in order to zoom in on
the peaks.

2.8. Magnetization Measurements. Magnetization measure-
ments were performed using a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design Inc., San Diego,
CA, USA). This instrument measures the total magnetic moment of a
sample, including all atomic and molecular magnetic contributions.
The magnetization of the sample was calculated as the ratio between
magnetic moment and sample mass. A microbalance (Sartorius model
M3P) was used to determine sample masses. Each sample was fixed to
a custom-made sample holder that ensures a canceling of magnetic
background contributions. The magnetic field was either swept at 37
°C or was held constant during a temperature sweep. Having reached
predetermined values for field and temperature, the samples were
consistently moved through a pick-up coil system connected to the
SQUID via a flux transformer. The movement of the sample effects a
magnetic flux change in the superconducting pick-up circuit, which is
sensed and amplified by a SQUID sensor and its feedback control
circuit. The SQUID output signal is directly proportional to the
sample’s magnetic moment. Knowing the samples’ geometries, the
samples’ demagnetization factors were calculated to determine the
quantitatively correct internal magnetic field values. The results
showed that the demagnetization contributions were well below 1% of
the measured magnetizations and can thus be neglected. In the present
study, the pure gelatin layer magnetization at T = 310 K and at any
magnetic field is smaller than 0.1 emu/g and is thus negligible.

2.9. Magnetic-Hyperthermia Measurement. The gelatin
membranes containing different concentrations of MNPs were
attached to an optical fiber (temperature probe) that was then located
in the midpoint of a water-cooled copper coil, where the magnitude of
the oscillating magnetic field generated by an AC current circulating
through it was maximal. High vacuum (~1077 bar) was applied in the
chamber between the sample and the electronics to avoid any extrinsic
heating contribution. The experimental values of frequency and
intensity of this alternating magnetic field used in the experiments
were 293 kHz and 30 mT, respectively. Then, the temperature increase
was recorded as a function of time during the experiment. The main
advantage of magnetic hyperthermia is that we can remotely control
the activation of the MNPs embedded in the scaffold, so the MNPs
behave as small nanoheaters, increasing the local temperature and
inducing thermal stimuli to the surrounding tissues, which can be used
to selectively kill harmful cells (i.e, tumor cells) or to trigger the
release of a growth factor for tissue regeneration. Additionally, the
external applied magnetic field could induce torque magnetic forces
into the scaffold that would presumably be translated into mechanical
stimulation to the cells, therefore favoring their proliferation and
differentiation.”**’

2.10. Magnetization of Cells. Human mesenchymal stem cells
(hMSCs) were seeded in T75 flasks at a concentration of 3.5 X 103/
cm? using Alpha MEM growth medium, (MO0644, Sigma-Aldrich)
supplemented with 10% of fetal bovine serum (F9665, Sigma-Aldrich),
1% HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, N-
(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (H3784,
Sigma-Aldrich), 1% sodium pyruvate, and 1% antibiotic solution.*®
The cells were left to adhere to bottom of the flask at 37 °C in 5%
CO,. To make the cells sensitive to the magnetic field, when the cells
adhered, 14 uL of FF-PAA was added to the culture medium. The cells
were incubated overnight. After 24 h, the medium was changed and
replaced with fresh medium. When the cells reached confluence, they
were trypsinized, centrifuged at 1000 rpm for 5 min, and used for
further experiments. The magnetization level was set approximately to
100 pg of MNPs per cell, a concentration that allowed cells to be
magnetically manipulated by permanent laboratory magnets.

2.11. Cytotoxicity Analysis. The cytotoxic effects of magnetic
gelatin membranes were studied by measuring cell viability 2 days after
seeding. For this purpose, hMSCs were seeded onto each sample was
seeded. The quantification of viable cells was performed using a (3-
(4,5-dimethylthiazol-2-yl)-2,S-diphenyltetrazolium bromide (MTT)
test. This colorimetric bioassay tracks the reduction of the yellow
tetrazolium salt (MTT) to a purple/blue formazan by the metabolic
activity of the cells.”” Each sample was seeded with 40 000 hMSCs
under standard cell culture conditions. Cell viability was determined
using a live/dead viability kit (L-3224, Molecular Probes, Thermo-
Fisher). Visualization of cells attached to the membrane scaffold was
determined by staining with calcein AM and ethidium homodimer-1.
Green fluorescence by calcein reacting with an intracellular esterase
indicates live cells, whereas red fluorescence indicated by ethidium
homodimer denotes dead cells.

2.12. Cell Manipulation and Localization under an External
Magnetic Field. The viability of magnetized hMSCs after cell
manipulation by 1.2 T magnetic fields was performed using three
different concentrations of MNPs, 50, 100, and 200 pg/hMSc, and
compared with the blank, hMSc without any MNPs. In order to
estimate the ability of magnetic scaffolds to manipulate cells and their
localization, cell motility was assessed in a specially designed set up
developed in-plane under horizontal magnetic field gradients. This
system is compatible with direct microscopy under standard cell
culture conditions. Magnetically labeled hMSCs resuspended in
growth medium were added to a Petri dish with an 80 um thick
and 20 mm wide membrane scaffold composed of a 3 mm magnetic
strip (membrane type C) and a nonmagnetic (blank membrane)
residual part. Cell motility was investigated starting from the moment
that a permanent magnet (8 cm diameter and 1.2 T residual
magnetization) was rapidly set at a 15 mm distance from the magnetic
strip, from the side opposite that of the cells.
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2.13. Statistical Analysis. Statistical analysis was performed by
one-way ANOVA posthoc t-tests, p < 0.0S, with Bonferroni correction
using standard statistical analysis software (Excel statistics, Microsoft,
USA)

3. RESULTS AND DISCUSSION

3.1. Zeta Potential Measurement of Gelatin—MNPs
Solution. Zeta potential measurements of gelatin—MNPs
solutions are depicted in Figure 1. The results indicated that
the gelatin solution and MNPs showed slightly positive and
highly negative zeta potentials, respectively.
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Figure 1. Zeta potential measurements of gelatin—MNPs solutions at
different concentrations of MNPs at 45 °C.

The addition of MNPs into the gelatin solution initiated
interactions between the carboxyl and amine group of the
amino acids present in gelatin and the metallic MNPs. The
addition of a low concentration of MNPs initially decreased the
positive charge of the gelatin solution, whereas further
increasing the MNPs concentration increased the positive
charge of the solution. Furthermore, increasing the concen-
tration of MNPs in the gelatin—MNPs solutions increased the
negative charge. However, at higher concentrations of MNPs,
the charge of the gelatin—MNPs solution increased up to —11.5
mV, which was lower compared to the initial charge of the
pristine MNPs (—29.7 mV). It is hypothesized that the
initiation of interactions between the different functional
groups upon addition of MNPs into the gelatin solution
reduced the surface charge.

3.2. Fabrication of 3D Multilayered Magnetic Gelatin
Scaffolds. A schematic representation of the fabrication of the
3D multilayered magnetic gelatin scaffolds is shown in Figure

2A. The polymeric magnetic nanocomposite material is based
on the combination of biocompatible biopolymer gelatin and
different ratios (Figure 2B) of superparamagnetic Fe;O,
nanoparticles (Table 1). The MNPs’ surface interacts with
the free amino functional groups present in gelatin’s chemical
structure, improving the colloidal stability and homogeniety of
the magnetic dispersion. In addition, MNPs are expected to
chelate free amino and carboxylic groups on the amino acids of
gelatin and are randomly dispersed in a gelatin solution. The
homogeneous mixing of the MNPs in gelatin is a prerequisite
for further engineering multilayered magnetic gelatin mem-
brane scaffolds. These gelatin solutions containing homoge-
neously distributed MNPs were finally cast into 39 mm
diameter and 20 um thick discs (Figure 2B). The scaffold
material is completed upon subsequent cross-linking of the
carboxylic acid and amine groups of gelatin with N-(3-
(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS).

3.3. Atomic Force Microscopy Analysis. Membranes
were analyzed by atomic force microscopy (AFM) in tapping
mode.”” The top row of Figure 3 shows the AFM topography
of the membranes, and the bottom row shows the
corresponding phase-contrast images. The concentration of
MNPs increases from left to right in each column (blank, D,
H). The first observation is that the surface roughness increased
with increasing MNP concentration, from 6 nm for the blank
sample (no MNPs) to 40 nm for sample H. The surface of
blank gelatin membrane scaffolds with no MNPs appears to be
homogeneous, and its morphological features do not correlate
with the phase-contrast image, which is expected for a material
consisting of a single component. Sample D, with a lower
concentration of MNPs, showed clear differences in the
material between harder (bright green) and softer (dark
green to blue) regions (Figure 3D, bottom row). Surprisingly,
in sample H, with a higher concentration of MNPs, the
distribution of material at the surface appears to be as
homogeneous as that in the blank sample (Figure 3H, bottom
row).

The surface was further quantitatively analyzed by scaling the
root-mean-square (rms) roughness R,,,.. This quantity increases
as the scanned area increase until it plateaus above a threshold
area.’’ Thus, the study of R, versus area is considered to be an
excellent tool to determine statistically the correlation lengths
that characterize the surface. The image size at which R
saturates is a characteristic length and represents the size above
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Figure 2. (A) Fabrication of a multilayered magnetic gelatin scaffold: I, superparamagnetic MNPs; II, biocompatible polymer gelatin; III, gelatin—
MNPs suspension; IV, magnetic membrane monolayer; and V, multilayered magnetic scaffold. (B) Magnetic gelatin membranes with increasing
MNPs concentration from left to right as well as a representation of the properties of the magnetic gradient.
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Figure 3. Topographies (top row) and corresponding phase-contrast (bottom row) images of the membranes with different MNPs concentrations

(blank and samples D and H).

which the surface features appear to be indistinguishable. This
characteristic length in the phase-contrast images of the
membranes decreased as the MNPs concentration increased,
from SO pm for sample B (data not shown) to 3 um for sample
H (with the highest MNP content). This confirms
quantitatively that, from a material composition perspective,
the membranes with the highest MNPs content are more
homogeneous than those with low MNPs content, although
they are rougher topographically. Although this aspect of the
materials requires further investigation, it is clear that MNP
aggregation is different for intermediate and high MNPs
concentrations than it is at low concentrations. We tentatively
ascribe the higher homogeneity at high MNP concentrations to
a greater density of nucleation centers. By comparing the
pictures in the top and bottom rows of Figure 3, the phase shift
features and MNP distribution do not correlate with the
observed morphological features, which indicates complex
phase mixing. Higher magnification AFM images for samples
D and H (Figure 4) were then obtained. The mean size of the

Figure 4. Phase-contrast images and corresponding height—height
correlation function for samples D and H.

MNPs on the membrane scaffold’s surface was expected to be
around 20 nm, indicating the existence of some interactions
between the amino acids of gelatin and the MNPs.

3.4. Thermogravimetric Analysis (TGA). The thermal
stability of the MNPs encapsulated in gelatin membranes was
analyzed by TGA (Figure Sa,b). All traces show continuous

weight loss up to 800 °C, with the first step loss in the range
30—120 °C attributed to the loss of moisture, followed by
continuous weight loss from 250 °C onward due to the
decomposition of the gelatin network at elevated temperatures.
The thermal investigation by TGA led to the observation that
magnetized membranes showed a two-step degradation pattern,
which might be due to some interactions between gelatin and
the MNPs. Furthermore, the magnetized membranes possessed
higher residue content at 700 °C due to the presence of
magnetic nanoparticles compared to that of nonmagnetized
gelatin membrane scaffolds. The results suggest the existence of
some interactions between gelatin molecules and MNPs, and
this is also in agreement with the AFM results.

3.5. Differential Scanning Calorimetry (DSC). The first
heating (Figure 6a) curve shows that having a low amount of
MNPs infused increased the hydrophilic properties of the
membrane scaffolds. With increasing the MNPs concentration
in the membrane, the hydrophilic properties decreased
compared to those of a pure gelatin membrane scaffold. The
results demonstrated that a higher concentration of nano-
structured MNPs resulted in more rapid evaporation of water,
which is evident from the shift in the spectra. The second
heating (Figure 6b) revealed a change in the melting
temperature prior to degradation. In addition, MNPs-
containing membrane scaffolds showed a phase change in the
bending spectra at 220 °C prior to degradation, which supports
the hypothesis of there being some interaction between the
gelatin network and the MNPs. The spectra of the membrane
having a higher content of MNPs shows different behavior,
possibly due to the presence of the MNPs, which increased the
thermal stability of the magnetic gelatin nanocomposite
membranes. The DSC analysis demonstrated the presence of
some interactions between the gelatin molecules and the
MNPs, which is in agreement with the AFM and TGA results.

3.6. Attenuated Total Reflectance FTIR (ATR-FTIR).
ATR-FTIR was used to observe the interactions between
gelatin and MNPs in magnetized gelatin membranes (Figure
7). The general characteristic bands of gelatin appear at 1627
cm™! for amide-I, 1542 cm™! for amide-II, and 1232 cm™ for
amide-IIL. All of these characteristic bands are also observed in
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Figure 5. TGA spectra of gelatin (blank) and magnetic gelatin membrane scaffolds (samples D and H): (a) residual weight loss and (b) derivative
weight loss at 10 °C-min™" over the temperature range 30—800 °C with a 60 mL-min~' flow rate of nitrogen using a TA QS00 instrument.
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Figure 6. Differential scanning spectra of gelatin (blank) and magnetic gelatin scaffolds (samples D and H): (a) first and (b) second heating spectra
at a scan rate of 10 °C-min~" using a Mettler DSC822e module with STARe software under a nitrogen atmosphere at an 80 mL-min~" flow rate.
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Figure 7. ATR-FTIR spectra of gelatin (blank) and magnetized gelatin
membranes (samples D and H).

MNPs-containing gelatin membrane scaffolds, with decreased
band intensity and broadening.

3.7. Magnetization Measurements. The magnetic
properties of samples with different MNPs concentrations in
the gelatin monolayer were measured along with pure gelatin as
a reference using a SQUID magnetometer. The magnetization
of pure gelatin at T = 310 K was smaller than 0.1 emu/g at all
of the magnetic fields used in this study; hence, the
contribution of gelatin can be neglected when comparing the
magnetic properties of the gelatin membranes containing
MNPs. The field-dependent magnetization of the samples was
measured at 37 °C (Figure 8). The coercive field was small and
comparable in size for all investigated MNP concentrations.
The magnetization saturates at field values that are similar for
the different MNP concentrations. The saturation magnet-
ization of bulk Fe;O, at room temperature is 96 emu/g, and
corresponding values of up to 96 emu/g are obtained for the
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Figure 8. Magnetization at T = 310 K for gelatin membranes containing various MNPs concentrations: (a) low-concentration MNP samples, A—C,
and (b) high-concentration MNPs samples, D—H. The inset in panel (a) indicates the saturation magnetization vs MNP concentration.
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best superparamagnetic particles, as reported.”> The saturation
magnetization for sample H with the highest MNP
concentration was 36 emu/g.

A nonlinear dependence of the saturation magnetization on
the MNPs’ concentration was observed (Figure 8). An effective
MNP diameter D,, was determined on the basis of the observed
saturated magnetization and initial susceptibility, dM/dH (H =
0). The underlying assumption (confirmed by AFM for high-
concentration samples) was that the MNPs were mono-
disperse.”® The sample with the highest concentration of MNPs
gave D, = 18 nm. This effective diameter is substantially larger
than that determined from TEM (9 + 2 nm). Such
discrepancies are presumably caused by small particle
aggregates due to interactions between the carboxylic groups
coating the magnetic nanoparticles and the chelating amino
acids present in gelatin. Even though they improve the colloidal
stability of the MNPs in solution, small aggregates can be
produced when the sample is gelled as a consequence of the
collapse of the structure and the subsequent reduction of the
interparticle distance. This is in agreement with the results from
the AFM images acquired on the different magnetic nano-
composites and shown in Figure 3. In some cases, the MNP
cores are strongly affected by the adsorbed, highly polar
molecules, leading to the formation of a nonmagnetic surface
shell on the MNPs.°*®® Thus, only the inner cores of the
MNPs might be magnetic.

Figure 9 shows the temperature dependence of the
magnetization of a gelatin membrane with 50% MNP content.

6 T r T

Mg (emu/g)
w

/ MNP content 50 %
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0 1 1 1
0 100 200 300
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Figure 9. Magnetization of the sample with 50% FF-PAA content as a
function of temperature at fixed field (100 Oe). ZFC-FH, zero-field-
cooling and field-heating branch; FC, field-cooling branch.

These results are similar to those obtained for other MNP
concentrations. The sample was initially cooled in zero field
before the measurement. At the lowest temperature, a small,
fixed field (100 Oe) larger than the coercive field was applied.
Upon heating (lower branch of the curve), the magnetization
increased due to thermal activation. Eventually, a crossover
temperature was reached, above which paramagnetic-like
behavior dominated, indicated by a decrease in the magnet-
ization as the temperature was further increased (Tj, blocking
temp erature).

In a further step, upon cooling under the magnetic field, the
magnetization increased monotonically. These properties are
again in good agreement with the assumption that the samples
are superparamagnetic.

3.8. Magnetic-Hyperthermia Measurement. Derived
from the intrinsic superparamagnetic properties of the MNPs,
the gelatin membrane nanocomposites showed excellent
hyperthermia properties under exposure to an alternating
magnetic fleld. Figure 10 shows the temperature increase by
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Figure 10. Temperature increase induced in magnetic gelatin
membranes by a hyperthermic effect and the magnetization of the
membranes. The frequency and intensity of the oscillating magnetic
field were 293 kHz and 30 mT, respectively.

hyperthermia when the samples are subjected to an externally
applied oscillating magnetic field for 70 s with magnetization of
the magnetic gelatin membranes. The hyperthermic effect is
evidenced in all samples and increases with the amount of
MNPs embedded in the gelatin membranes. Temperature
increase up to 43.7 °C were achieved in the magnetic gelatin
films with the highest content of magnetic material. These
results suggest that by incorporating different amounts of
MNPs in the gelatin membranes their magnetic and hyper-
thermia properties can be tuned. There are different scaffold
compositions that have been found to show homogeneous
hyperthermia behavior.”° The assembly of a magnetic gelatin
membrane with specific magnetic properties affords not only
the formation of magnetic gradients but also the ability to
remotely activate temperature gradients inside the 3D
biocompatible magnetic scaffolds. These results indicate the
possible utilization of such magnetic scaffolds for the triggered
and localized release of drugs, growth factors, or other
therapeutic agents.

3.9. Magnetic Gradient Simulation. The measured
magnetization curves for all membranes were directly included
in the modeling process, enabling the best numerical
description of the magnetic properties of the scaffolds to be
obtained. T'wo vertical scaffold cases were considered: the first,
a homogeneous case, involved seven membranes with the same
magnetization (membrane type D), whereas the second, a
graded case, involved seven membranes of different magnet-
ization placed in the sequence A, B, C, D, D, D, D and arranged
in order of increasing magnetization from bottom to top. In
order to bring the modeling as close as possible to real scaffold
geometries, the membrane thicknesses were multiplied by a
factor of 10 to provide a realistic scaffold thickness of 5.6 mm
for both cases. Before moving to detailed COMSOL
simulations, we will present estimations of the forces necessary
to manipulate the magnetic nanoparticles and the magnetized
cells. In general, the force acting on a magnetic dipole of
moment Ji oriented along the magnetic field B is

F=(i-V)B (1)
where Ji is the overall magnetic moment of the MNP and Bis
the magnetic field acting on it®” In this study, 9 + 2 nm
diameter superparamagnetic particles with a saturation magnet-
ization of 310 kA/m (60 emu/g) have been used.*® For
superparamagnetic MNPs, the magnetic moment is always
oriented along the magnetic field, applied in our calculations
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Figure 11. (a) Model geometry. (b, c) Distribution of the gradient of the magnetic induction dB/dz for homogeneous DDDDDDD and graded
ABCDDDD stacks cross-sectioned at the xz plane. (d) Maximal magnetic induction gradient dB/dz along the z-axis (perpendicular to the

membranes).

along the z-direction (Figure 5). From eq 1, the magnetic force
in this case is simply proportional to dB/dz. For magnetically
saturated MNPs in an aqueous environment, that is, subject to
the Archimedes force, the eq 1 indicates that a magnetic
gradient of 0.13 T/m is sufficient to overcome the MNP weight
by magnetic attraction. The magnetic manipulation of hMSC
cells, due to their relatively high weight, required about 100 pg
of MNPs. The whole magnetic moment of this amount is 1.6 X
107" Am’. The weight of a cell (~5 pm diameter) in an
aqueous environment can be estimated to be 4.5 X 107" N.%
For a 1.07 g/mL cell density, eq 1 indicates that a 2.7 T/m
gradient is necessary to overcome the weight of the cell.”’

On the basis of the above criteria, the magnetic guiding
properties of the stacked DDDDDDD and ABCDDDD
scaffolds were investigated by COMSOL finite element analysis.
Figure 1la shows the model geometry: multilayered seven-
membrane scaffolds, of 5 X 5 X 5.6 mm?® volume, were placed
in the center between two coaxial NdFeB magnet discs
(magnetic remanence, B, = 1.2 T; diameter, 80 mm; height, 10
mm) separated by 30 mm. The red arrows in Figures 11b and
Sc indicate that the highly homogeneous magnetic field (H)
generated inside the scaffold by the permanent magnets does
not influence the total magnetic field gradient.

The calculations evidenced that combining magnetic layers
with similar or different magnetizations induces interesting and
important modifications of the spatial magnetic induction
distribution and hence of the magnetic guiding geometry.
Figure 11b shows the magnetic gradient distribution in a stack
of seven membranes with the same magnetization correspond-
ing to sample D, whereas Figure 11c presents a stacked scaffold
assembled as ABCDDDD membranes with sequentially
increasing magnetizations and acceptable biocompatibility
(Figure 12). The magnetic field gradients, which are induced
in the scaffolds, exceed the background provided by the external
magnets, represented by the green color far outside the scaffold
and effectively corresponding to zero on the chosen scale in
Figure 11b,c. The homogeneous stack DDDDDDD (Figure
11b) shows local gradients exceeding 3 T/m, above the cell-
moving and well above the MNP-moving threshold values. The
maximum gradients are localized near the surface of the stack,
whereas zero gradient (green color) is established in the central
part (near z = 0) and represents the region of final cell
accumulation and trapping.

Compared to the homogeneous stack, the trapping region in
the ABCDDDD scaffold (Figure 11c) was shifted toward the
more magnetic layers, keeping it inside the scaffold but closer
to the top surface. This is an important finding since by
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Figure 12. Viability of cells seeded on the surface of magnetized
gelatin plates as a function of the concentration of MNPs. Statistical
analysis was performed by one-way ANOVA posthoc t-tests, p < 0.05,
with Bonferroni correction.

assembling magnetic layers, each with the appropriate magnet-
ization, one can accurately select the magnetic trapping region
for localized drug delivery or, more generally, for magnetic
guiding bioapplications. In both cases, i.e., homogeneous and
graded assembling, the calculated gradients were high and
sufficient for MNP- and cell-guiding purposes. The use of
membranes with higher magnetization provides even higher
magnetic gradients and hence more effective guiding (see
Figure 11d), but this requires additional work to enhance the
biocompatibility of the high-magnetization membranes. These
magnetic gradients translate into thermal gradients when the
biocompatible scaffolds are subjected to an oscillating magnetic
field. The variable magnetic content in the gelatin membranes
determines their magnetic hyperthermia performance: the
higher the amount of MNPs inside the gelatin nanocomposite
film, the higher the saturation magnetization and the
temperature increase under an external oscillating magnetic
field (Figures 8 and 10). These results are in good agreement
with the magnetic induction gradient dB/dz observed along the
z-axis (perpendicular to the membranes) in the 3D gelatin
membrane stacks by COMSOL finite element analysis (Figure
11d), in which the dB/dz along the z-axis was found to be
maximal for the gelatin membrane with the highest
concentration of MNPs. Therefore, we will be able to modulate
the magnetic and thermal parameters of the final 3D multilayer
scaffold by properly assembling individual magnetic gelatin
membranes with particular magnetic and hyperthermia proper-
ties.
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3.10. Cytotoxicity Analysis. An MTT assay of gelatin and
magnetic gelatin membranes A, B, C, D, and F showed that
there was no difference in cell viability between samples A, B,
and C and the nonmagnetic blank control sample (Figure 12).
A loss of viability was observed with sample D, which further
decreased as the concentration of MNPs increased. The
viability decreased further with increasing magnetization
(sample F). These results suggest that the system containing
cross-linked gelatin with MNPs (A, B, and C, as well as D to a
lesser degree) preserved cell viability. Further research is
needed to improve protocols for the biocompatibility of the
samples with higher concentrations of MNPs (samples E—H).

A live—dead assay was performed to examine the viability of
the cells with increasing concentrations of MNPs compared
with that of cells on a control tissue culture plate (TCP). The
cells on the membrane scaffolds were examined by fluorescence
microscopy after live—dead staining (Figure 13). Two days

Figure 13. Live—dead assay of hMSCs cultured on magnetized gelatin
membranes A (sample A), D (sample D), and F (sample F) compared
to that on TCP (tissue culture plate); scale bars, 100 ym.

after seeding the cells, the membrane scaffolds with a lower
concentration of MNPs (Figure 13, sample A) resulted in no
difference in viability when compared to that of TCP. However,
with increasing concentrations of MNPs in the membrane
scaffolds (Figure 13, samples D and F), some red spots were
observed, representing dead cells.

3.11. Cell Manipulation and Localization under an
External Magnetic Field. The viability of magnetized hMSCs
after cell manipulation by 1.2 T magnetic field was performed.
Three different concentrations of MNPs were chosen for the
experiments, and it was observed that the viability of the cells
was not affected by any of the concentrations of MNPs
compared to the blank sample without any MNPs (Figure 14).

For a proof-of-concept study of the efficiency of cell
manipulation by magnetized gelatin, an in vitro experiment
was performed in which the vertical geometry of the scaffolds
presented in Figure 15 was substituted, for simplicity and
optical accessibility, by the planar geometry. The dark part
corresponds to the magnetized membrane, and the light part
indicates the blank nonmagnetic gelatin. Figure 15a—c shows
the cell motility starting from time zero (a), followed by that at
5 min (b) and 20 min (c). The motion of the cells was initiated
after a few seconds: Figure 8a shows a random distribution of
cells all over the nonmagnetic part (light color), Figure 15b
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Figure 14. Viability of magnetized hMSCs (L = without any MNPs/
cell; M = S0 pg, N = 100 pg, and O = 200 pg MNPs/cell) after cell
manipulation by a 1.2 T magnetic field. Statistical analysis was
performed by one-way ANOVA; the difference is not significant (p >
0.05) between groups. Data are presented as the average; n = 6.

shows a partial accumulation of cells near the magnetic strip,
and Figure 15c registers the nearly complete accumulation of
magnetized hMSCs near the edge of the C magnetized gelatin.

The result indicates that magnetic gelatin scaffolds, even at
low magnetic concentrations, are able to alter the externally
applied magnetic field and create field gradients sufficiently
strong to attract magnetized cells. Figure 8d shows the results
of COMSOL calculations for this planar geometry. The
calculations were performed in a radial symmetry, keeping
the magnet in the same plane with its edge at 15 mm from the
magnetic strip and approximating the strip by a 3 mm wide
ring. One can see that for this configuration strong, sharply
localized radial magnetic gradients (dB/dx) exceed the cell-
guiding limit of 4 T/m. These gradients are narrowly
concentrated at the magnetized gelatin edges, exactly where
the cell accumulation was experimentally observed. It is also
possible to appreciate an interesting inversion of the gradient
from negative (attraction) to positive (repulsion) at the very
external edge of the ring. This additional local effect will be
investigated in detail in future experiments with higher optical
resolution. It is noteworthy that the cells seeded on the surface
of magnetized gelatin scaffolds maintained their viability and
showed no significant difference in comparison with the
control.

4. CONCLUSIONS

The multilayer approach adopted in this study provides a
means for fine-tuning magnetic gradients and local magnetic
minima that act as trapping centers of magnetized cells. Gelatin
is a flexible and adaptable material for such magnetic scaffolds
with good biocompatibility, enabling it to be used for in vitro
investigations. These membrane scaffolds showed hyperthermic
properties under exposure to an alternating magnetic field.
These results indicate the possible utilization of such scaffolds
for the targeted and triggered release of drugs, growth factors,
or other therapeutic agents. The magnetic gelatin scaffolds do
not impart significant cytotoxic effects to hMSCs. The results
demonstrate that such magnetic scaffolds with tunable magnetic
gradients can support the attachment of hMSCs and that they
can be positioned using an external magnetic field, which could
be useful for tissue engineering applications. Additionally, the
tunable hyperthermic properties of the individual gelatin
membranes under an oscillating magnetic field open the
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Figure 1S. Time distribution of magnetized hMSCs throughout a magnetized gelatin sample under an applied magnetic field. Magnetically labeled
cells accumulated on the boarder of the magnetized part of the gelatin surface at (a) 0 min, (b) S min, and (c) 20 min under an applied external
magnetic field. The magnetic forces were calculated by COMSOL for the experimental configuration and material choice at the edge of the magnetic

part, where the (d) gradient has sharp peaks.

possibility of inducing thermal gradients in the multilayer stacks
that would enable the triggered release of growth factors and
therapeutic compounds along the designed direction inside the

scaffold.
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