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ABSTRACT
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In this study, flexible silk fibroin protein and biocompatible barium hexaferrite (BaM) nanoparticles were
combined and electrospun into nanofibers, and their physical properties could be tuned through the
mixing ratios and a water annealing process. Structural analysis indicates that the protein structure of the
materials is fully controllable by the annealing process. The mechanical properties of the electrospun
composites can be significantly improved by annealing, while the magnetic properties of barium hex-
aferrite are maintained in the composite. Notably, in the absence of a magnetic field, cell growth
increased slightly with increasing BaM content. Application of an external magnetic field during in vitro
cell biocompatibility study of the materials demonstrated significantly larger cell growth. We propose a
mechanism to explain the effects of water annealing and magnetic field on cell growth. This study in-
dicates that these composite electrospun fibers may be widely used in the biomedical field for
controllable cell response through applying different external magnetic fields.

Water annealing

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Magnetic materials are beginning to play a significant role in the
biomedical field. Through the use of an external magnetic field,
magnetic nanoparticles (MNPs) can be influenced to perform tasks
such as delivering drugs to specific sites of the body [1-3] or
increasing the temperature in a specific region of the body to
eliminate malignant cells [4—6]. Attaching biological labels such as
antibodies to MNPs allows them to detect various biomolecules so
they can be used in biosensors and the diagnosis of certain ailments
[7.8].

Incorporating magnetic nanoparticles into biocompatible poly-
mers provides a means for protecting the magnetic material from
its surrounding environment, as well as shielding a living organism
from the potential toxicity of the compound [9]. In tissue engi-
neering, cells can be magnetically labeled so that a magnet can
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guide the cells to form desired two-dimensional and three-
dimensional structures to later differentiate and form desired tis-
sues. A magnetic polymer scaffold could be used as a more localized
and noninvasive means of using the many applications of MNPs
in vitro and in vivo [10]. Primarily, magnetic scaffolds could enhance
tissue engineering by directing magnetically labeled cells, growth
factors, and other needed material in a way that contributes to
tissue development both before and after implantation into the
body [11]. The use of an external magnetic field to cause physical
changes in the magnetic scaffolds, like stretching or contracting
[12,13], could provide mechanical cues to cells that could also help
tissue development [14]. Additionally, drugs labeled with MNPs
could be led by the scaffold to specific regions of the body, or an
external magnetic field could cause the scaffold to release drugs as
needed by the body [14—16].

Common magnetic materials include magnetite, hematite, and
barium hexaferrite [17—20]. These magnetic materials have been
used in mobile communication, information technology, and
biomedical engineering [21—26], but cells are very sensitive to the
scaffold environment. Therefore, it is critical to choose the
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appropriate magnetic material to be incorporated into the com-
posite scaffold according to its magnetic permeability, magnetiza-
tion, electrical resistivity, and the interactions between the material
and the matrix. Due to its good biocompatibility, low cytotoxicity,
and high magnetic permeability, ferrites are the most promising
magnetic materials for biomedical applications [27,28].

Silk is one of the proteins commonly used as a natural polymer
to make protein-based biomaterials [29—32]. Silk fibers mainly
consist of the protein fibroin, which appears as a double-stranded
fiber, and sericin, which coats the fibroin fibers and bonds them
together. Silk fibroins can be easily fabricated into various struc-
tures such as films, fibers, gels, particles, and scaffolds [29,33—37].
Due to its predominant B-sheet crystal structure, silk fibroins are
also known to have excellent mechanical stability and tunability in
terms of its biodegradation rates and mechanical properties
[38—41]. The physical and chemical properties of silk fibroins can
vary based on different amino acid sequences, artificial treatments
with substances such as methanol, and composites resulting from
mixing silk with various functional materials [29,42]. Recently, a
water annealing method was found to induce up to 30% crystalli-
zation of beta sheets [43,44]. That crystalline structure in the silk
protein matrix can act as a crosslinker to efficiently encapsulate
small inclusions such as nanoparticles or inorganic drugs in the
matrix [43,44].

Although magnetic nanoparticles have many potential applica-
tions in tissue engineering, nanoparticles alone cannot mimic the
extracellular matrix to promote cell growth. Studies have shown
that nanofibers prepared by electrospinning can be used to prepare
tissue scaffolds [45—47]. Because the tissue scaffold made of
nanofibers has a loose and porous structure, it can provide suffi-
cient nutrients for cell growth and remove metabolites in time. In
addition, studies have shown that by adjusting the diameter, me-
chanical strength, orientation, and other factors of electrospun
nanofibers, functions of the scaffold can be further promoted
[48—51]. By including additives to the electrospun fiber, the scaffold
can have other physical properties. For example, adding graphene
to electrospun fiber can improve its conductivity to promote nerve
tissue regeneration [46,49]. Currently, there has been little work
done on the development of magnetic scaffolds by electrospinning
and even less on preparing electrospun silk fibers with MNPs.

In this study, biocompatible M-type barium hexaferrite
(BaFe12019 or BaM) was added into the B. Mori silk fibroin protein,
and fibers were produced by electrospinning [36,52—54]. The
objective was to develop biocompatible magnetic composites
whose properties could be modified to fit the material application.
A comprehensive study was conducted to investigate the interac-
tion between the magnetic inclusions and the protein matrix,
measure their tunable mechanical, thermal, and magnetic proper-
ties, and analyze the magnetic field dependence of the cytotoxicity
of these hybrid fibers with human embryonic kidney cells.

2. Materials and methods
2.1. Raw materials

Bombyx mori silk cocoons were purchased from Treenway Silks
(Lakewood, CO, USA). Silk cocoons were firstly degummed by
boiling in a 0.02 M NaHCOs (Sigma-Aldrich, St. Louis, MO, USA)
solution for 30 min. Then the degummed fibers were rinsed three
times in DI water to thoroughly remove the sericin coatings. The
rinsed fibers were dried in a vacuum oven overnight. The following
materials were used as purchased: M-type barium hexaferrite
(BaFeq2019), Alfa Aesar (Haverhill, MA, USA); formic acid (ACS
Grade 98%), EMD Millipore Corporation (Burlington, MA, USA); and
anhydrous calcium chloride, AMRESCO Inc. (Solon, OH, USA).
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2.2. Material synthesis

Dried silk fibroin (SF) fibers were dissolved in a formic acid
solution with 4% w/v calcium chloride at a concentration of 0.15 g/
mL. The SF solution was centrifuged to remove the impurities at
5000 rpm for 10 min. BaM was added to the solution in various
weight ratios to the silk fibroin, including BaM/SF = 0 (0 wt% BaM),
1/20 (~4.8 wt% BaM), 1/10 (~9.1 wt% BaM), 1/4 (20 wt% BaM), 1/2
(~33 wt% BaM). The detailed synthesis formula was listed in
Supplemental Table 1. The SF/BaM solution was shaken with a
vortex mixer for 10 min. The thoroughly mixed BaM/SF solution
was electrospun into nanofibers with an 18-kV applied voltage at
room temperature and relative humidity between 45 and 65%. A
syringe pump (Harvard Apparatus Model 22, Holliston, MA, USA)
was used to control the solution flow rate at 15 ul/min. Electrospun
samples were collected between two parallel metal plates lined
with aluminum foil, placed at 4 cm from the needle tip
(Supplemental Fig. 1). Collecting from the two parallel plates can
help the solvent evaporate faster from the as-spun fibers and
slightly improve the alignment of the fibers as compared to that of
the pad collector [55]. In addition, free-standing fiber mesh sam-
ples can be collected directly. The fibers were then dried in a vac-
uum oven for 24 h.

Samples collected directly from the vacuum oven are called as-
spun (AS) samples. Some as-spun (AS) samples were then annealed
in DI water for 1 h to remove CaCl; residues and then dried in a
vacuum oven for another 24 h, and these samples are designated
water-annealed (WA) samples. To further check the impact of
stretching on the alignment of the electrospun fibers, the AS 1/20
BaM/SF sample was stretched at 110%, 150%, and 200% ratio to its
original length. The 100% (original length) 1/20 BaM/SF sample was
used as a control. Stretched fibers were immediately fixed at two
ends and held in DI water for 30 min and then dried in the vacuum
oven for 24 h.

2.3. Surface morphology characterization

The electrospun fibers were imaged with a Leo 1530 VP scan-
ning electron microscope (SEM) (Oberkochen, Germany). All sam-
ples were sputter-coated with gold before SEM imaging that was
done with an accelerating voltage ranging between 10 and 20 kV.

2.4. Structure characterization

A Bruker Tensor 27 Fourier-transform infrared (FTIR) spec-
trometer (Billerica, MA, USA) was used to investigate the struc-
tural information of the electrospun fibers. The spectrometer is
equipped with a deuterated triglycine sulfate detector and a
multiple reflection, horizontal MIRacle ATR attachment with a Ge
crystal (Pike Tech, Madison, WI, USA). Experiments were con-
ducted while continuously purging with nitrogen gas. The spectra
were taken at a range of 4,000 to 400 cm~' with 64 background
scans and 64 sample scans at a resolution of 4 cm~ . Each sample
was characterized at three different spots to ensure homogeneity,
and the obtained spectra were then all normalized. The Fourier
self-deconvolution (FSD) was conducted as reported previously
[56].

A Panalytical Empyrean x-ray diffractometer (Almelo, The
Netherlands) equipped with a Pixel detector was used to investi-
gate the crystal structure of the magnetic inclusions. Samples were
measured with a custom-built fixture for x-ray diffraction and
wide-angle x-ray scattering measurements. The generator was set
to 45 kV and 40 mA, and the incident beam optic was a parallel-
beam x-ray mirror with a 1/16° divergence slit.
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2.5. Thermal stability characterization

Thermogravimetric analysis of BaM/SF electrospun fibers was
carried out with the TA Instruments Q600 SDT Analyzer (Wil-
mington, DE, USA). The experiment was conducted with a contin-
uous nitrogen gas flow rate of 50 mL/min, and each specimen
weighed between 5 and 10 mg. Measurements were made from
30 °C to 800 °C at a heating rate of 10 °C/min.

2.6. Mechanical testing

Mechanical properties of samples were characterized with an
EZ tensile tester (Shimadzu, Kyoto, Japan). The electrospun fiber
mesh was cut into a rectangular shape with a length 40 mm and a
width 5 mm. The average thickness of the electrospun fiber mesh
was around 0.1 mm. Each end of the sample was fixed with ad-
hesive tape that was then placed between the test clamps. The
mounted sample was aligned in the vertical direction. Tensile tests
were executed at 5 mm/min until specimen failure. A 10 N force
sensor was used for the characterization. The cross-sectional area
of the specimen was used to calculate the stress and Young's
modulus (E) of the electrospun fiber mesh from the following
equation:

o F/A
E=L =

where ¢ is the tensile stress, ¢ is the tensile strain, F is the applied
force, A is the cross-section area of the sample, d! is the change in
length, I is the original length of the sample. There are at least three
parallel tests for each group of samples.

2.7. Magnetic characterization

A vibrating sample magnetometer (VSM) probe with a Physical
Property Measurement System (Quantum Design, San Diego, CA,
USA) was used to measure the magnetic properties. The experi-
ment was performed at room temperature with magnetic fields up
to 4 T. The procedure of measurements is summarized in
Supplemental Fig. 2.

2.8. Biocompatibility study

The mesh of the annealed samples (n = 8 per set) was cut into
disc shapes of the same size as the culture plate wells and placed
into 96-well tissue culture plates. The samples were first sterilized
with UV light for 24 h before adding the cell culture medium
(Dulbecco’s modified Eagle’s medium; HyClone, with 4.00 mM L-
glutamine and 4500 mg/L glucose), supplemented with 10% fetal
bovine serum (Life Technologies Inc.) and 100 U/mL Penicillin-
Streptomycin (Thermo Fisher Scientific Inc., USA). After 12 h, hu-
man embryonic kidney cells (HEK293) from ATCC (American Type
Culture Collection) were plated into the 96-well plate. Two sets of
cell studies were performed: One set of experiments was per-
formed within a magnetic field of 1 T, and the other set was per-
formed without an external magnetic field. Cells cultured in the
blank wells of the plate with or without magnetic field were used as
controls, respectively. After incubating the cells in an atmosphere of
95% air, 5% COo, at 37 °C for 48 h, cell numbers were acquired with a
3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium  bromide
(MTT) assay.
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3. Results and discussion
3.1. Morphology analysis

The morphology and fiber diameter of the magnetic nano-
fibers were characterized by SEM (Fig. 1). All AS samples showed
smooth and uniform surfaces (Fig. 1a, d, g and j) for BaM/SF = 0,
1/20, 1/10, and 1/4; however, the AS 1/2 BaM/SF samples had a
rougher surface (Fig. Tm) due to the high content (~12 vol%) of
BaM nanoparticles in the SF matrix. In the AS 1/2 BaM/SF sample,
more BaM particles can be found on the fiber surfaces, and the
length of the fibers also decreased compared with low BaM
content samples. It was reported that the incorporated content
ratio could change the viscoelasticity of the mixed solution, as
well as the surface tension of the droplets formed [57]. In this
case, when the BaM content is high, the viscoelasticity of the
mixed solution is low, and thus discontinuous fibers were formed.
The AS 0 (pure SF) sample had the largest fiber diameter with a
size distribution centered around 2 pm (Fig. 1b), while all other
AS samples showed a smaller diameter with an average diameter
of 1.6 um or less (Fig. 1e, h, k, n), suggesting substantial inter-
action between the protein and the inclusions during the fiber
formation. Aziz et al. [58] reported the diameter of electrospun SF
fiber ranged from 0.1 to 1.2 um, which is much thinner than that
of ours. This might be caused by the higher injection rate and
higher humidity while we were fabricating our electrospun SF
fibers. In comparison, electrospun water-annealed (WA) fibers
(Fig. 1¢, f, I, and o) were completely physically cross-linked by the
B-sheet crystals in the silk proteins (see section 3.2), unlike the
overlapping pattern of the AS samples or other electrospun syn-
thetic polymer nanofibers [59—61]. Generally, all WA samples
showed a dense mat-like pattern of fibers embedded within a
matrix. Basically, water annealing caused the fibers to be closer to
each other with smaller scaffold pores, although the alighment
remained unchanged.

3.2. Structural analysis

FTIR spectroscopy was performed to characterize the effects of
BaM content and water annealing treatment on the secondary
structures of SF proteins (Fig. 2). All AS samples showed a similar
pattern in the amide I region, with a peak centered around
1640 cm~! for AS O (pure SF) fibers that slightly shifted to
1643 cm~! for AS 1/2 BaMJSF fibers, which indicates that the
structure of AS fibers was dominated by random coils. In the amide
1 region, AS samples showed a peak centered around 1540 cm™!
with a shoulder around 1514 cm™!, which typically suggests a loose
side-chain group in the protein matrix [43,44,62,63]. In compari-
son, the amide I peak of the WA samples all shifted to around
1621 cm !, indicating a predominant f-sheet crystal structure. In
the amide II region, the peak at 1540 cm~' disappeared while the
peak at 1514 cm~! became sharp, suggesting a tightly packed
protein matrix with side-chain groups such as tyrosines outside the
protein backbones [43,44].

More quantitative analysis of the secondary structure content
was done with a Fourier self-deconvoluted curve fitting method
[56,64] (Fig. 2c and d, and Supplemental Fig. 3). It shows that the -
sheet content of the AS samples was around 20% and probably
dominated by intramolecular beta sheets [29—31]. The B-sheet
content of the WA samples was about 35—38%, with perhaps a
small decrease with BaM content. It has been well established that
water annealing can induce the formation of B-sheet crystalline
structure in SF [43], which could play the role of crosslinkers to
encapsulate the nanoparticles in the protein matrix. It was also
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Fig.1. SEM images of as-spun (AS) fibers, diameter distribution of as-spun (AS) fibers, and SEM images of water-annealed (WA) fibers, respectively, for BaM/SF = 0 (a—c), 1/20 (d—f),

1/10 (g—i), 1/4 (j—1), and 1/2 (m—o). The scale bar for all the images is 10 um.

found that random coils content of AS fibers was about 42% and
decreased to about 30% after annealing.

Further structural study was done by x-ray diffraction
(Supplemental Fig. 4). For the 1/20 BaM/SF sample, there was no
detectable signal aside from that of the silk. At larger concentra-
tions, the BaM signal becomes apparent. No other peaks were
identified besides those of silk and BaM. The hexagonal unit cell of
BaM was refined to a = 5.8883 + 0.0004 A and ¢ = 23.176 + 0.002 A,
agreeing quite closely with the reference values of a = 5.889 A and
c = 23.182 A (JCPDS card 98-000-2772), confirming that the phase
is stoichiometric. It is known that hexagonal ferrites are line com-
pounds, and deviation from stoichiometric leads to additional
phases, which were not observed [65—69]. From the Scherrer
equation, the particle sizes were estimated to be 80 + 20 nm from
the measured peak widths.

3.3. Thermal stability analysis

Thermal stability was characterized by TGA (Fig. 3), and the
thermal properties are summarized in Table 1. For the AS O (pure
SF) sample, a 16.3% weight loss was found at 173 °C due to the
evaporation of bound water in contrast to 5.9% weight loss found in
the WA 0 (pure SF) sample at the same temperature. This difference
is probably due to the CaCl, residues and the larger content of
random coils in the AS samples, which can maintain more bound
water molecules in the matrix. All AS samples showed a small
degradation around 220 °C (Tq1) and a major degradation around
310 °C (Tgz2). In comparison, the water annealed pure SF sample
only showed a significant degradation peak around 267 °C (Tg3),
indicating that the silk proteins were tightly bounded with the BaM
nanoparticles after the water annealing treatment, and thus only
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Fig. 2. FTIR spectra of (a) AS and (b) WA fibers. Secondary structure contents of (c) AS and d) WA fibers. Note that the secondary structure content depends strongly on processing
but is effectively independent of BaM content with AS fibers containing mostly random coils and WA dominated by B-sheet crystals.

one major degradation from the composites was observed. For WA
samples with more than 5% BaM nanoparticles, there is an addi-
tional degradation peak (Tq3) near 700 °C, which is absent in the AS
samples. This may indicate that some parts of water-annealed
composites with strong molecular interactions are so stable that
they decompose only at high temperatures. The residual weight of
AS samples at 800 °C is between 35 and 38%, while the residual
weight of WA samples generally increases with BaM content, which
again suggest that the water annealing process improves the
thermal stability of the fibers.

3.4. Mechanical properties

Results of the stress-strain tensile test are shown in Fig. 4 and
are summarized in Fig. 5. The ultimate strength of AS samples
gradually decreased from the maximum for pure SF (~1 GPa)
(Fig. 5b) while Young’s modulus of all AS samples was similar
(Fig. 5a), both results being attributed to the weak bonding be-
tween the SF matrix and the BaM inclusions before annealing. This
was in accord with the smaller diameter of the AS fibers when BaM
was incorporated. On the other hand, for WA composites, while the
WA 0 (pure SF) sample showed the highest ultimate strength
(~1 GPa), it also had the lowest value for Young’s modulus (1.0 GPa).
As expected for composites with strong interfacial bonding,
Young’s modulus of the WA samples increased with BaM content.
The AS samples generally showed a much higher strain elongation
ratio (1.5—2 times) than that of their WA counterparts (Fig. 5¢),
which indicates that the annealed samples may lose some flexi-
bility of the materials due to the high crystallinity. The average
strain ratio of the WA samples was in the range of 45%—55%.

As discovered in the mechanical study, Young’s modulus of the
AS samples is very small, and their strain ratios can be quite large.
To further investigate the effect of stretching on the electrospun
fiber alignments, AS 1/20 BaM/SF samples were stretched to
different ratios (Fig. 6), and the ends were fixed while the sample
was annealed in deionized water. As the draw ratio increased, the
alignment of the fiber improved (Fig. 6a—d) so that at an elongation
of 100% (200% of the original length), the fibers became parallel to
each other (Fig. 6d). Natural silk fibroin consists of a large propor-
tion of a-amino acids, glycine, alanine, and serine [70,71], and the
water molecule functions as plasticizer while the stretched fibers
are annealed in water, giving the amorphous part of the fiber much
higher mobility [43,72,73]. Therefore, stretching further improves
the alignment of the fibers, while the water annealing procedure
can fix the alignment of the fibers.

3.5. Magnetic properties

All BaM-containing samples showed typical ferromagnetic
behavior (Fig. 7) with a coercive field H. of about 3 kOe (Fig. 7a and
b). The dependence of the saturation magnetization Mg on the
weight fraction of BaM is shown in Fig. 7c. Values of Ms, H., and
remanent magnetization M, for pure SF, BaM, and the composite
fibers are listed in Table 2. The present M and H. values of BaM are
close to those reported by Pattanayak et al. [74]. While finite-size
effects can be important in ferromagnets [75,76], the present
nanoparticles are significantly larger than those in the critical
regime, which occurs for particles smaller than 20 nm [77].
Assuming that there were no changes in the magnetic properties of
the BaM due to processing, the M; value of the composite should be
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fiber and water-annealed fibers, respectively.

Table 1
Thermal properties of AS and WA electrospun fibers.
Tw (°C) Ta1 (°C) Taz2 (°C) Ta3 (°C)
Pure SF 58 267 318 —
1/20 BaM/SF 47 265 311 —
1/10 BaM/SF 66 224 317 —
1/4 BaM/SF 81 223 315 —
1/2 BaM/SF 77 227 318 716
WA Pure SF 34 — 263 —
WA 1/20 BaM/SF 38 — 270 —
WA 1/10 BaM/SF 39 — 267 708
WA 1/4 BaM/SF 33 — 262 707
WA 1/2 BaM/SF 36 — 269 676
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about 69x emu/g, where x is the weight fraction of BaM since silk
will not contribute to M; as it contains no magnetic ions. Note that
there is a linear relationship between the weight fraction and M,
except the line does not go through the origin but has a horizontal
intercept at 4 wt%. Presumably, some of the BaM nanoparticles
dissolved in the silk solution, saturating at about 4 wt% with the
remaining BaM nanoparticles left intact. This is consistent with the
diffraction studies that showed only tiny measurable BaM for the 1/
20 BaM/SF sample (note the sensitivity of x-ray diffraction to phase
identification is normally about 1-2 wt%). After water annealing,
the nanofibers retained their magnetic properties (Fig. 7c). Since
BaM is a hard ferromagnet, the strong permanent magnetic
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Fig. 4. Representative stress-strain curves of (a) AS and (b) WA fibers.
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Fig. 7. Magnetization and hysteresis loops of (a) AS and (b) WA fiber samples at room temperature. (c) Saturation moment of AS and WA BaM/SF nanofibers as a function of the

magnetic particle content. (d) Photos of an AS 1/4 BaM/SF mesh attracted to a magnet.

Table 2
Magnetic properties of the as-spun fibers and water-annealed fibers.

Sample As-spun fibers Water-annealed fibers
M; (emu/g) M; (emu/g) Hc (kOe) M; (emu/g) M; (emu/g) Hc (kOe)

Pure SF 0 0 0 0 0 0

1/20 BaM/SF 1.04 + 0.32 0.09 + 0.01 3.40 + 0.03 0.33 + 0.06 0.22 + 0.01 3.23 +£0.03
1/10 BaM/SF 3.64 + 1.62 1.58 + 0.09 3.57 £ 0.02 294 + 1.65 0.69 + 0.02 3.52 +0.04
1/4 BaM/SF 132 +43 8.95 + 0.08 3.61 +0.03 112 + 2.6 6.51 + 0.05 3.63 + 0.02
1/2 BaM/SF 237 +1.2 119 + 0.11 3.63 +0.02 218 +26 11.21 + 0.07 3.60 + 0.03
Pure BaM 69.0 + 2.4 422 +0.31 2.15+0.11 69.0 + 2.4 42.2 + 031 2.15+0.11

moment maintained by the composites makes for consideration in
the use of biomedical applications such as magnetic thermotherapy
and tissue engineering (Fig. 7d).

3.6. Biocompatibility analysis

WA fiber meshes were placed into cell culture plates, seeded
with human embryonic kidney cells (HEK293) for in vitro
biocompatibility study. Since the culture medium was water-based,
AS samples would be transformed to the WA samples during the
multiday cell study, and thus, they were not tested separately. The
control group with no external magnetic field shows an optical
density (OD) of cells about 0.29, which is within the margin of error
of the value for the control group with an external magnetic field

(Fig. 8). Compared to the control, pure silk nanofibers promoted cell
growth significantly (Fig. 8) since the porous 3D structure of the
mesh provided more space for cells to proliferate. In the absence of
a magnetic field, cell growth increased slightly with increasing BaM
content (Fig. 8), indicating that the composite system is non-
cytotoxic to human cells and biocompatible for various medical
applications. However, when the field was applied, there was
enhanced cell growth in samples with BaM, and that was most
significant for the WA 1/20 and WA 1/10 samples.

We propose the following mechanism for BaM/SF composites
(Fig. 9): the initial AS fibers are dominated by random coils (Fig. 9a),
which have weak interaction with the BaM nanoparticles; after
water annealing, the magnetic nanoparticles were encapsulated
into the protein matrix due to the formation of f-sheet crystals as



Y. Xue, K. Jackson, N. Page et al.

Materials Today Chemistry 22 (2021) 100570

5.5 = e crosslinkers (Fig. 9b), and both the thermal stability and mechanical
5.0 _=\,\2t:' ,(a,,%gifﬁc'eﬁem strength of the fibers were enhanced; under the influence of an
N N external magnetic field, the fiber matrix can further promote cell
4.5+ proliferation and provide cells with more vitality during migration
4.0 - and proliferation in the scaffold matrix (Fig. 9c).
() i
= 3.5
T 3.0 4. Conclusion
2.5
20 This study investigated the structure, physical properties, and
O~ cytotoxicity of silk fibroin-barium hexaferrite composite fibers
1.5 1 produced by electrospinning. Through a water-annealing method,
1.0 the physical properties of the fiber materials were significantly
altered due to an increase in B-sheet crystallinity. The treatment led
0.5+ . . s
to increased mechanical strength and thermal stability of the ma-
0.0~
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Fig. 8. Comparison of cell viability of HEK293T cells cultured on the blank control, pure
SF, and BaM/SF hybrid fibers with or without an external magnetic field. The t-tests
were performed between indicated groups (*: p < 0.01).

! ! External magnetic field

terial. In all cases, the magnetism of the barium hexaferrite was
maintained. The cytotoxicity was low, and the magnetic inclusions
in the fibers led to mechanical deformation during the application
of the magnetic field, which promoted the growth of human cells
on the surface. Such materials provide great potential for use in a
wide range of biomedical applications.
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Fig. 9. Mechanism of silk-BaM magnetic materials. (a) As-spun BaM/SF fibers are dominated by random coils; (b) after water annealing, the magnetic nanoparticles were further
encapsulated into the protein matrix due to the formation of B-sheet crystals as crosslinkers; (c) by adding an external magnetic field, the proliferation of human cells on the
annealed magnetic nanofiber matrix can be further enhanced.
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