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ABSTRACT: The extracellular matrix in tissue consists of complex
heterogeneous soft materials with hierarchical structure and dynamic mechanical
properties dictating cell and tissue level function. In many natural matrices, there
are nanofibrous structures that serve to guide cell activity and dictate the form
and function of tissue. Synthetic hydrogels with integrated nanofibers can mimic
the structural properties of native tissue; however, model systems with dynamic
mechanical properties remain elusive. Here we demonstrate modular nano-
fibrous hydrogels that can be reversibly stiffened in response to applied magnetic
fields. Iron oxide nanoparticles were incorporated into gelatin nanofibers
through electrospinning, followed by chemical stabilization and fragmentation.
These magnetoactive nanofibers can be mixed with virtually any hydrogel
material and reversibly stiffen the matrix at a low fiber content (≤3%). In
contrast to previous work, where a large quantity of magnetic material
disallowed cell encapsulation, the low nanofiber content allows matrix stiffening with cells in 3D. Using adipose derived stem cells,
we show how nanofibrous matrices are beneficial for both osteogenesis and adipogenesis, where stiffening the hydrogel with applied
magnetic fields enhances osteogenesis while discouraging adipogenesis. Skeletal myoblast progenitors were used as a model of tissue
morphogenesis with matrix stiffening augmenting myogenesis and multinucleated myotube formation. The ability to reversibly
stiffen fibrous hydrogels through magnetic stimulation provides a useful tool for studying nanotopography and dynamic mechanics in
cell culture, with a scope for stimuli responsive materials for tissue engineering.
KEYWORDS: hydrogel, magnetic nanofiber, osteogenesis, adipogenesis, myogenesis

1. INTRODUCTION
The extracellular matrix presents complex nano- and micro-
topography to resident cells, with structural and compositional
variations across different tissues. The primary aim of tissue
engineering is to accelerate the healing process of damaged
tissue and to regenerate new tissues, through structural and
compositional mimicry.1,2 Tissue engineering scaffolds must
provide initial structural support during the early stage of tissue
regeneration including the heterogeneous macro- and nano-
scale properties present in the natural tissue, which will assist
in generating suitable biochemical and biophysical signals to
direct cell growth and differentiation. Tunable scaffold
properties are an important characteristic, so that cell behavior
can be directed toward preferred differentiation outcomes with
spatiotemporal control.3,4

Traditionally, the culture of mammalian cells is performed
on flat two-dimensional (2D) surfaces, which has provided
valuable insight into a broad spectrum of cellular functions like
migration, proliferation, and differentiation. However, native
tissue is a complex 3D material with heterogeneous intricacy in
the presentation of biophysical and biochemical signals. Efforts
to understand the multivariate presentation of signals within

living tissue has involved control over surface chemistry,5

substratum mechanics,6 geometry,7 and topography.8 While
great strides have been made in developing materials to
deconstruct these networks, interrogating multiple comple-
mentary and antagonistic pathways remains a principal
challenge. Therefore, there is a critical need to create a 3D
tissue engineering framework that can mimic the structure and
composition of a natural extracellular matrix to direct cell
morphology and behavior.
Hydrogels exhibit great potential for 3D tissue engineering

scaffolds due to their hydrated network that is similar to
natural tissues.9−11 Even though hydrogels possess properties
that are tunable through modifications in the synthesis
method,12 typical hydrogel networks are homogeneous and
do not accurately mimic the complex structure found in natural
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tissues.7 While some hydrogels are fibrous, fabrication methods
rarely accommodate the ordered structure that develops in
natural tissue. To address this issue, researchers have explored
the integration of nano- and microstructured materials into the
3D network of hydrogels to mimic the heterogeneous structure
and physicochemical properties of natural tissues.13 Adding
biomimetic fibers into homogeneous hydrogels has shown
great success in mirroring properties of the native matrix.14−16

Integration of fibers into hydrogels can accommodate various
architectures through different assembly means: for instance,
layer by layer,17 rolled,18 laminated,19 or blending,20 with
demonstrations of diverse cell outcomes corresponding to the
structure. Furthermore, processing conditions can be designed
to order the fibers with defined anisotropy that mimics natural
structures.21,22 While these nanofibrous matrices better reflect
in vivo tissue structure, they are static systems that do not
impart dynamic mechanical stimulation, which is important for
many phases of tissue development.
With motivation towards instilling dynamic properties into

tissue engineering scaffolds, researchers have developed
numerous chemistries where external stimuli can modulate
mechanical properties including light,23−25 pH,25−27 temper-
ature,28−30 and magnetic fields.31−33 Incorporating magnetic
nanoparticles into the hydrogel network provides hetero-
geneity and the remote actuation possibility to mimic dynamic
mechanical changes observed in vivo.31,34,35 Furthermore, the
magneto-mechanical stimulus provided by an external
magnetic field, combined with the anisotropic structure created
by a defined distribution of magnetic materials, can be used to
regulate the differentiation of cells within the hydrogel
network.36 Although these magnetic hydrogels can be actuated
remotely to provide on-demand mechanical signals to cells,
these materials fail to mimic the nanofibrous architecture of
natural ECMs, e.g., like the fibrous bundles of collagen
networks.37 In recent years, short magnetic nanofibers
incorporated into hydrogel systems have shown great potential
in tissue engineering,22,38−40 with resemblance to the native
collagen network and on demand remote actuation capa-
bilities.36

In this paper, we describe the development of magnetic
nanofiber loaded hydrogels for dynamic mechanical stimula-
tion of cells in 3D. Magneto-responsive gelatin nanofibers were

synthesized by integrating iron oxide nanoparticles during
electrospinning and cross-linked through heat treatment after
synthesis. After fragmentation, the fibers were integrated into
gelatin methacryloyl hydrogels (GelMa) followed by cross-
linking. In contrast to previous magnetoactive materials which
require a high content of freely distributed magnetic particles,
which could negatively impact 3D cell culture,41,42 here the
particles are sequestered within a small fraction of nanofibers
(1−3%) and can reversibly stiffen the material across
physiologically relevant ranges allowing mechanical stimulation
of cells encapsulated in 3D. We demonstrate the approach by
studying differentiation of adipose derived stem cells (ADSCs)
and skeletal muscle progenitors when encapsulated within the
nanofibrous hydrogels with and without a magnetic field
(Figure 1).

2. MATERIALS AND METHODS
2.1. Solution Preparation for the Synthesis of Nanofibers.

The synthesis of nanofibers was carried out using a benchtop
electrospinning instrument (Bioinicia Ltd., Spain). The electro-
spinning solution was prepared via the dissolution of gelatin powder
with a concentration of 25 wt/v% in a 90% acetic acid (Chem-Supply,
AA009) solution. This process was conducted with continuous
stirring at 50 °C for 4 h. Subsequently, citric acid (Chem-Supply,
CA014) and sodium hypophosphite (Sigma-Aldrich, 10039562)
(constituting 15% and 7.5% of gelatin’s dry weight, respectively)
were added to the mixture by stirring for 2 h. Citric acid served as a
cross-linker for the gelatin nanofibers, while sodium hypophosphite
acted as a catalyst for the cross-linking reaction.43,44 To produce the
magnetic nanofiber, 5 wt/v% Fe3O4 (particle size 50−100 nm, Sigma-
Aldrich, 637106) nanoparticles were incorporated into the mixture
and were uniformly dispersed using probe sonication (Qsonica Q500,
USA) at a 20% amplitude for 1 min. A voltage of 25 kV was
consistently applied, along with a needle-to-collector distance of 15
cm and a pump rate of 2 μL/min, to synthesize the nanofibers and
collect them on a sheet of aluminum foil. All electrospun solutions
were utilized within a seven-day time frame. The process of cross-
linking the fibers involved exposing them to a temperature of 150 °C
for 4 h using a vacuum oven. The morphology of the nanofibers was
assessed using a field emission scanning electron microscopy
(FESEM, Hitachi S3400), whereas cross-linking of the nanofibers
was confirmed by Fourier transform infrared (FTIR) spectroscopy
(PerkinElmer Spectrum Two, USA).

Figure 1. Schematic of the workflow to fabricate magnetoactive hydrogels.
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2.2. Short Nanofiber Formation by Sonication. After the
fibers were cross-linked in a vacuum oven and manually separated
from the collector, they were distributed in 100% ethanol (Chem-
Supply, EA043) and broken up with a tip sonicator (Qsonica Q500,
USA) at 20 kHz using 50% amplitude. The fragmentation process was
carried out for 3 min. Fragmented fibers were then dried in a vacuum
oven for 24 h at 50 °C. We used FESEM (Hitachi S3400) to observe
the morphology of fragmented fibers. Samples for imaging were
prepared by distributing the fragmented fibers over a 12 mm diameter
SEM holder and applying a 15 nm platinum coating. ImageJ was used
to measure the average length and diameter of the fragmented
nanofibers from 100 nanofibers.
2.3. Short Nanofiber Assembled Cell Laden Composite

Hydrogel Synthesis. Gelatin methacryloyl (GelMa) powders were
synthesized following a method mentioned in the literature.45 Briefly,
type A gelatin sourced from porcine skin (bloom strength 300, Sigma-
Aldrich, G2500) was dissolved in phosphate-buffered saline (PBS, pH
7.4, Thermo Fisher Scientific, 10010023) at 10 w/v% under stirring at
50 °C. After that, 5 w/v% methacrylic anhydride (Sigma-Aldrich,
276685) was added, and the mixture was agitated for 90 min. The
mixture was diluted twice with 1× PBS and centrifuged at 3000 g for 3
min to remove unreacted methacrylic anhydride. Next, the solution
was transferred into 14 kDa cellulose dialysis tubes and dialyzed
against deionized water at 40 °C for 5−7 days. Finally, the dialyzed
solution was lyophilized for 5−7 days, and the dried powder was
stored at −20 °C. Then, 1 and 3 wt/v% short nanofibers were
dispersed both in 4 and 8 wt % GelMa solution dissolved in PBS at 37
°C and supplemented with a 0.05 wt % water-soluble photo initiator,
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma-
Aldrich, 900889). Adipose derived stem cells (ADSCs; 50,000 cells/
mL) were dispersed in the fiber-GelMa mixture by pipetting. 100 μL
of cell-fiber-GelMa solution mixture was then pipetted within a 6 × 6
× 2.5 mm plastic 3D printed mold placed on a glass slide. Sterilization
of the plastic molds was done by first washing the molds with 40%
ethanol and then exposing them to UV light for 30 min before adding
the gel-fiber-cell mixture. Cross-linking of the composite hydrogel was
carried out by a 395 nm UV light torch (100 LED 395 nm UV
Ultraviolet Flashlight Blacklight Torch) placed vertically 5 cm apart
from the sample and exposed for 1 min. A higher quantity of short
nanofibers (≥4 wt/v%) led to unsuccessful cross-linking of the
hydrogel samples; therefore, all samples were synthesized using either
1 or 3 wt/v% short nanofibers. Immediately after the cross-linking,
cell-laden composite hydrogel samples were placed in a 24 well plate
and culturing was continued using 500 μL of cell culture medium.
The morphology of the fiber loaded hydrogel composite samples was
evaluated by field emission scanning electron microscopy (FESEM,
Hitachi S3400) after the samples were dried using a Tousimis
Autosamdri-815 critical point dryer. Energy-dispersive X-ray spec-
troscopy (EDS) mapping was conducted to determine the chemical
elements of the samples.
2.4. Evaluating the Mechanical Characteristics and Mag-

netic Properties of the Hydrogels. Mechanical characteristics of
the hydrogel samples were evaluated by an Anton Paar MCR 302
rheometer using a parallel plate geometry with a 25 mm diameter
disk, a 1 mm measuring distance, and 600 μL of the gel solution. This
study employed oscillatory measurements using a 0.02% strain and a 1
Hz frequency during the gelation process at a temperature of 20 °C.
The in situ UV cross-linking method was conducted by introducing a
UV light with a wavelength of 395 nm at an intensity of 40 mW/cm2

for 60 s. The light was positioned underneath the sample to illuminate
the sample through the quartz crystal stage.
The investigation of magnetic stiffening of the samples was

conducted using a stress-controlled rheometer fitted with a magneto-
rheological device capable of administering perpendicular fields up to
1 T in relation to the shear direction. The gel formation process took
place within the interstitial region between the rheometer plates, and
consequent variations in the storage modulus were registered during
the application of a magnetic field ramp ranging from 0 T to 1 T after
the hydrogel samples were cross-linked. A magnetic field ramp in the

opposite direction (from 1 to 0 T) was employed to assess the degree
of reversibility exhibited by the samples.
The magnetic characterization of the magnetic nanoparticle,

nanofiber, and hydrogel samples was carried out using VSM
(Vibrating sample magnetometer) option in Quantum Design
PPMS, USA. Field dependent magnetization curves were measured
from −2 to 2 T at 300 K.
2.5. Culturing ADSC and C2C12 Cells in Hydrogel Samples.

In all experiments, ADSC (ATCC, PCS-500-011) and C2C12
(ATCC, CRL-1772) cells were encapsulated in the hydrogel samples
at a concentration of 50 000 cells/mL. All hydrogel samples were
loaded with 500 μL of either proliferation medium or differentiation
medium. Medium changes were executed every 48 h. Low-glucose
Dulbecco’s Modified Eagle’s Medium (ThermoFisher Scientific,
11885084) and High-glucose Dulbecco’s Modified Eagle’s Medium
(ThermoFisher Scientific, 11965092) were used as proliferation
medium for ADSC and C2C12 cells, respectively. Both mediums were
supplemented with 10% (v/v) fetal bovine serum (FBS) (BOVO-
GEN, Australia, SFBS-AU) and 1% (v/v) penicillin/streptomycin
(Sigma-Aldrich, P4333).
For the ADSC differentiation study, the medium was first changed

after 48 h and replaced with the differentiation medium. StemPro
Osteogenic differentiation media (Thermo Fisher Scientific,
A1007201), and StemPro Adipogenic differentiation media (Thermo
Fisher Scientific, A1007001) were used for ADSC differentiation as
per the manufacturer’s instructions.
All cells used in the experiments were between passage 5 and

passage 10 and passaged at 70%−80% confluency. To induce a static
magnetic field, a neodymium block magnet measuring 25 mm × 12.5
mm × 6 mm and capable of exerting a magnetic flux of 0.36 T was
consistently positioned underneath each of the samples for the entire
duration of the experiment. A static magnet with a magnetic flux
below 0.36 T proved to be insufficient to generate the necessary
magnetic force upon our samples.
2.6. Cell Viability Assays. To assess the cell viability, ADSC were

encapsulated into the hydrogel samples at a concentration of 50 000
cells/mL. Samples were stained after 12 and 96 h of culture. First the
samples were separated from the culture media and washed with PBS.
Subsequently a staining solution containing Calcein AM (2 μM,
Thermo Fisher Scientific, 65085339) and Ethidium Homodimer-1 (4
μM, Invitrogen, L3224) were added to each sample and incubated in
a cell culture incubator for 45 min. Then the samples were washed
with PBS and imaged with a confocal microscope.
2.7. Histology Chemical Staining of Composite Hydrogel

Samples. All samples were fixed with 4% paraformaldehyde (PFA,
Sigma-Aldrich, P6148) at room temperature for 24 h prior to histo-
chemical staining. Alkaline phosphatase and Oil-Red-O staining were
performed for classifying osteogenic and adipogenic differentiation,
respectively.
Alkaline phosphatase (ALP) staining was carried out by using 5-

bromo-4-chloro-3-indolyl phosphate (BCIP) and nitro blue tetrazo-
lium (NBT), a tablet kit (Sigma-Aldrich, B5655). Each tablet was
dissolved in 10 mL of deionized water by a tube vortex mixture for 10
min. Fixed gels were then soaked in BCIP/NBT solution for 24 h and
washed 3 times with deionized water prior to imaging by a brightfield
microscope with a 10× objective.
ALP-stained gels were photographed using a digital camera (Nikon

D3400) maintaining uniform lighting conditions and analyzed using
Image J.
Oil-Red-O powders (Sigma-Aldrich, 1320065) were first dissolved

in 100% isopropyl alcohol (Sigma-Aldrich, 67630) at 3 mg/mL with
periodic vortexing for 20 min to make the stock solution. A mixture of
stock solution and deionized water (60:40, stock solution: deionized
water) filtered by a 0.45 μm filter was prepared for the working
solution. Prior to soaking the samples in the Oil-Red-O working
solution, gels were soaked for 20 min in 60% isopropyl alcohol in
deionized water. After removal of the 60% isopropyl alcohol solution,
samples were soaked in working solution overnight at room
temperature. Samples were washed three times prior to imaging by
a bright-field optical microscope with a 20× objective. To take the

ACS Applied Materials & Interfaces www.acsami.org Forum Article

https://doi.org/10.1021/acsami.3c07021
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

C

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c07021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


images across the entire length of the samples, each gel was imaged by
manually adjusting the focal distances of the different planes. For
quantification of the relative amount of lipid droplets in the samples,
we counted the total number of lipid droplets present in each sample
by manually adjusting the focal distances of the different planes. The
area of the samples imaged were 0.25 mm2. We normalized the total
lipid droplets number by comparing it to the total lipid droplets found
in control samples.
2.8. Immunostaining of Composite Hydrogel Samples.

Samples were fixed with 4% PFA at room temperature for 24 h.
After fixing, samples were washed twice with PBS for 1 h.
Permeabilization and blocking of the samples were carried out by
overnight soaking in 0.5 vol % Triton X-100 (Sigma-Aldrich, 562380)
solution and followed by 3 washes with 1 vol % bovine serum albumin
(BSA, Sigma-Aldrich, A3858) in PBS for 1 h. Primary and secondary
antibody labeling was done in an eppendorf tube by soaking the
samples for 24 h at 4 °C. Prior to secondary antibody labeling,
samples were washed 3 times with 1 vol % BSA in PBS for 1 h.
RUNX-2 (Cell signaling technology, D1L7F), Osteocalcein (Thermo
fisher scientific, PA5-96529), FABP4 (abcam, ab92501) and myosin
β4 (ThermoFisher Scientific, 14−6503−82) were used as primary
antibodies. Composite hydrogels were finally washed 3 times with
1xPBS for 1 h and cleared using cubic-2 clearing solution for 24 h.
The cubic-2 solution was prepared by slightly modifying the protocol
described in the literature.46 A mixture of 50 w/v% sucrose (Chem-
Supply, 57501) and 25 w/v% urea (Chem-Supply, 57136) was
dissolved in deionized (DI) water. When the mixture temperature
reached 60 °C, 10% w/v triethanolamine (ThermoFisher Scientific,
121448) was added and stirring was continued for 4 h. Cubic solution
was stored at room temperature for up to 4 weeks.

Imaging of the samples was carried out using a Zeiss LSM 800
microscope with either a 10× or 20× objective to see inside the
samples. Confocal z-stacks (10× or 20× objective, 25 slices over 100
μm) were recorded for image analysis.
The average cell cytoplasm and nucleus areas, aspect ratios, and

roundness of ADSCs were determined by analyzing the actin
cytoskeleton with phalloidin staining and the nucleus with 4′,6-
diamidino-2-phenylindole (DAPI) staining, respectively, using ImageJ
software. At least 100 cells were examined by using ImageJ from three
replicate samples. Percentage of RUNX-2 and FABP4 positive cells
were calculated by dividing the RUNX-2 and FABP4 positive cells by
the total number of cells. To determine the level of osteocalcin
expression by the ADSC’s after 21 days, the raw intensity of cells that
expressed osteocalcin was measured by using ImageJ software after
subtracting the background signal.
The average length of the myotubes were measured from three

replicates, and all the myotubes present in the samples were counted.
To assess the relative expression levels of myosin β4 in the
encapsulated cells after 7 days, the myosin β4 image channels were
separated, and the intensity was measured using ImageJ software.
Furthermore, the fold-increase levels of myosin β4 were determined
by normalizing the intensity level of each group with respect to that of
the G samples at day 7. Fusion index was calculated by determining
the total nuclei incorporated into myotubes in comparison with the
total number of nuclei present in the whole image.
2.9. MiroCT Analysis for Evaluating the Mineralization

Developed Across the Samples. MicroCT images were taken by a
Milabs U-CT scanner (Houten, Netherlands). Prior to placing the
samples into the mouse holder of the machine, we sealed fixed gels in
parafilm. Images were captured using 50 kV voltage, 0.24 mA current,
and 75 ms exposure. Images were analyzed with an Inveon Research

Figure 2. Morphology of magnetic gelatin nanofibers. (A) SEM micrographs of synthesized and cross-linked nanofibers, (B) FTIR spectrum of
synthesized and cross-linked nanofibers, (C) EDS mapping of Fe nanofiber distribution across a nanofiber mat, (D) SEM micrographs of
fragmented nanofibers and (inset) a histogram of the lengths of the fragmented nanofibers, and (E) fiber diameter distribution of synthesized,
cross-linked, and fragmented nanofibers (scale bar = 10 μm and n = 100).
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Workplace 4.2 (Siemens, Australia). The extent of mineralization was
calculated with a Hounsfield unit (HU) greater than 300 to each gel.
The total percentage of the mineralization was calculated by
comparing the volume of the particles greater than HU 300 and the
total volume of the samples.
2.10. Compression Test of the Unfixed Samples. To evaluate

how the compressive stiffness of the samples changed due to the
osteogenic differentiation, an Instron ElectroPlus E1000, mechanical
test instrument with a calibrated 250 N load cell, was used. The
samples were subjected to 25% strain at a test speed of 5 mm/min.
Two equations, = h

he
0

and = F
Ae

0
, were used to calculate

engineering strain and stress respectively, where ho and A0 are the
original height and cross-sectional area of the uncompressed sample,
Δh is the change in height, and F is the applied force. The
compressive modulus was calculated by finding the average slope of
the fitting line for plots of stress versus strain within the 5−10% strain
region.
2.11. Isolation of RNAs from Hydrogel Samples for RT-PCR

Analysis. Hydrogel samples with ADSC, encapsulated for 21 days in
differentiation medium, were first rinsed with PBS and allowed to
incubate in a cell culture incubator for 30 min to remove excess
media. The samples were then snap-frozen using liquid nitrogen and
subsequently turned into a fine powder using mortar and pestle
maintaining a cold atmosphere. A RNeasy plant mini kit (Qiagen,
74903) was used to extract RNA from the frozen tissue powder
according to the kit’s instructions. A High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, 4368814) was then used to
prepare cDNA, which was added to TaqMan Real-Time PCR Master
mix (Applied Biosystems, 4304437) with necessary primers and
loaded into the wells of a 96 well plate. QuantStudio 7 Flex Real-Time
PCR System was used to run the qPCR program, and the software
generated automatic cycle threshold (CT) values per replicate, which
were converted into ΔΔCT values using GAPDH as an internal
control.
2.12. Statistical Analysis. The statistical significance of the

results was determined by conducting a one-way ANOVA with
Tukey’s Post Hoc HSD analysis. Any differences between groups were
deemed significant if the P-value was less than 0.05. In the figures,
statistical significance was indicated using the following symbols: * for
P < 0.05, ** for P < 0.01, and *** for P < 0.001. All whiskers in
interval plots and box plots are based on standard deviation (s.d.). To
assess the average diameter of the synthesized, cross-linked, and
fragmented nanofibers, measurements were obtained from 100
nanofibers from three separate replicate samples. Likewise, the
average length of the fragmented nanofibers was determined from
100 fragmented nanofibers derived from three independent replicate
samples. The morphometric analysis of the encapsulated ADSC
involved the examination of 100 individual cells across three
replicates. For the differentiation study, the fraction of positively
stained cells was calculated from confocal images by averaging the
number of positive cells in z-stacks of 100 μm, with three replicates
considered. Additionally, three replicates were employed to measure
mineralization contents, conduct compression testing, and assess
mRNA expression. Finally, the morphometric analysis of mature
myotubes was conducted using three replicate samples as well.
3.3. Results and Discussion. 3.3.1. Characterization of

Magnetic Gelatin Nanofibers. We used electrospinning to synthesize
magnetic gelatin nanofibers containing 5 wt/v % iron oxide
nanoparticles (Figure 1). This concentration was selected to ensure
maintenance of fiber morphology while simultaneously ensuring
magnetic response. To stabilize the nanofiber structure, we used a
cross-linking method involving citric acid to stabilize the gelatin via
amide bonds between strands as previously reported.43,44 Figure 2
illustrates the morphological characteristics of the synthesized and
cross-linked nanofibers. No discernible beads or clusters of polymer
spray have been observed in the fibers. The beadless morphology of
fibers proves that the integration of magnetic nanoparticles did not
impede the process of fiber synthesis. A Kα peak at 6.4 eV in the
energy-dispersive X-ray spectroscopy (EDS) spectrum proves the

presence of Fe in the nanofiber (Figure 2C).47 Additionally, no
localization of the cluster of red dots was detected in EDS mapping
(Figure 2C) which provides evidence of particles throughout the fiber
mat, with negligible aggregation.
It can be observed from Figure 2A that following the cross-linking

process, the fibers retain their fibrous morphology. Before cross-
linking, the mean diameter of fibers was observed to be 348 ± 70 nm.
Cross-linking using heat treatment did not significantly alter the
average fiber diameter (with measurements of 334 ± 49 nm). This
observation indicates that the utilized cross-linking method did not
diminish the inherent fibrous morphology, which is consistent with
previous findings.44,48,49

To ascertain the efficacy of the cross-linking process, we have
conducted an FTIR analysis of the synthesized and cross-linked
nanofibers (Figure 2B). Citric acid exhibits a characteristic band of
the carboxylate/carboxylic acid groups (−COOH) in the 1685 cm−1

to 1715 cm−1 region49,50 and gelatin exhibits a characteristic band of
amide I and amide II at 1628 cm−1 and 1525 cm−1, respectively.51

The synthesized and cross-linked nanofiber samples demonstrate a
broad band at 3200 cm−1, which corresponds to the hydroxyl (−OH)
and amino groups (−NH2).

52 Furthermore, it is noteworthy that
peaks within the spectral range of 1685 cm−1 to 1715 cm−1 decrase to
background in the cross-linked nanofiber samples (Supporting Figure
1A).53 Theoretically, it is feasible for both amide and imide
formations to occur during this reaction.49 However, the absence of
a peak at 1770 cm−1 corresponding to imide indicates a successful
amide formation in the nanofibers. This is confirmed by the sharp
peak observed within the range of 1620 cm−1 to 1645 cm−1.54 A
change in the position of amide I (1628 cm−1 to 1637 cm−1) and
amide II (1525 cm−1 to 1534 cm−1) is attributed to formation of
amide crosslinks. These peaks exhibited a further shift in the cross-
linked nanofiber sample (Supporting Figure 1), thereby signifying that
the application of thermal energy expedites the cross-linking
process.50

The electrospinning method is well-known for creating very
compact layers of long nanofiber mats.55,56 Therefore, it is important
to fragment the fibers into the desired size to aid uniform
incorporation and dispersion into a hydrogel system. Probe sonication
is a technique that utilizes high-frequency sound waves to break down
these long fibers into smaller fragments, maintaining the physical
morphology and chemical properties, while the fiber length is
reduced. The FESEM micrographs indicate that the fragmented short
fibers retained their original fiber morphology without noticeable
damage to individual fibers (Figure 2D). Additionally, the average
fiber diameter remains unchanged even after the fragmentation and
drying processes (Figure 2E). Using probe sonication, we were able to
achieve an average nanofiber length of 8.9 ± 3.1 μm, with a narrow
length distribution (Figure 2E). This finding is consistent with
previously published reports, which have also demonstrated the
effectiveness of probe sonication in reducing nanofiber length within
the range of 8−20 μm.38,57,58 Further studies have also suggested that
fibers with lengths ranging from 8 to 12 μm are suitable for
homogeneously distributing inside hydrogels.57,58 However, tailoring
the solution conditions and sonication parameters can help in tuning
the size and polydispersity of fragmented nanofibers. In all
experiments conducted in this study, fragmented nanofibers were
integrated into the hydrogel system at concentrations of 1 and 3 wt/v
%. These hydrogels are referred to as G+1F and G+3F, respectively,
throughout the manuscript. The notation “G” is used to represent the
hydrogel without fibers. Furthermore, to account for the presence of
magnetic fields during the experiments, the samples are labeled as G
+M, G+1F+M, and G+3F+M, indicating the hydrogel in the presence
of a magnetic field "M" without fibers, the hydrogel with 1 wt/v%
incorporated fibers, and the hydrogel with 3 wt/v% incorporated
fibers, respectively.

3.3.2. Nanofiber Incorporation Influences Overall Storage
Modulus of the Bulk Hydrogel. After successfully fragmenting the
fibers, we evaluated the morphology and rheological properties of the
bulk hydrogel after integrating fibers to understand how the
distribution of short nanofibers influences the hydrogel’s morpho-
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logical and mechanical properties. Figure 3A shows the FESEM
micrographs of the gel samples. Although the fibrous structures were
observable in the G+1F and G+3F samples, distinguishing between
the fibers and the bulk gels proved challenging, likely because the
fibers and surrounding gel are the same material, thereby not
providing sufficient contrast. This difficulty arose from the
entanglement of fibers and bulk gels during the drying process,
which hindered their differentiation. To evaluate the distribution of
magnetic nanofibers within the samples, we performed energy-
dispersive X-ray spectroscopy (EDS) mapping (Supporting Figure 2).
The EDS mapping confirmed the presence of iron in the G+1F and G
+3F samples, providing evidence for the successful integration of the
fibers within the gels. Furthermore, the uniform distribution of iron
that increased with fiber content demonstrates the uniform
distribution within the bulk. Next, we evaluated the rheological
properties of the gel samples. Figure 3B, C illustrate the changes in
the storage (G′: black) and loss (G″: red) modulus over time for
GelMa hydrogels with or without fragmented Gelatin nanofibers
during UV-cross-linking. In all samples, a steep increase in G′ was
observed as soon as the UV light was illuminated, indicating the
beginning of cross-linking, and it reached a plateau within a few
seconds. The storage moduli of G and G+1F samples remain almost
the same. However, inclusion of the 3 wt/v% nanofibers (G+3F
samples) increased the storage modulus (0.40 to 0.74 kPa in 4%
GelMa, 3.55 to 4.53 kPa in 6% GelMa and 10.8 to 14.4 kPa in 8%
GelMa). This increase in modulus can be attributed to the stiffness of
the nanofibers and the fact that their inclusion did not affect the cross-
linking reaction.59 The viscoelastic response of the polymer network
depends upon the polymer chains and the type of applied motion, and
the interaction between GelMa and fragmented fibers in the
composite hydrogel system may restrict the movement of the
polymer chains, leading to yield stress. Similar reports have been
found in literature that discuss how fiber contents in hydrogels lead to
an increase in the storage modulus.38,60

Next, we investigated the effect of a static magnetic field on the
mechanical properties of the hydrogels. None of the gel (G) samples
exhibited any response to the applied magnetic field. When a ramp of
magnetic field (0 T to 1 T) was applied, the samples with a fiber
content of 1% (G+1F) display a negligible enhancement in their
storage modulus. Conversely, the samples containing 3% fiber content
(G+3F) demonstrate a significant enhancement in their storage
modulus (69%, 23% and 10% increase in 4%, 6%, and 8% GelMa
samples, respectively). The static magnets we used in our experiments
were able to exert a 0.3 T magnetic flux density. When 0.3 T magnetic
field was applied, 36%, 16%, and 7% increases in storage modulus
were observed in 4%, 6%, and 8% GelMa samples, respectively, each
containing 3% fiber contents.
All fiber-laden gels (G+1F and G+3F) reverted to their initial

storage modulus when subjected to 0 T, indicating that the
application of a magnetic field did not elicit any permanent changes
to the specimen response. Hysteresis was observed in all samples
upon gradual reduction of the applied magnetic field from 1 to 0 T.
The forces acting on the magnetic nanofibers within the hydrogels
may lead to the reorganization of the fibers within the hydrogel
network.42 However, upon reduction or reversal of the external
magnetic field, the realignment process of the magnetic nanofibers is
impeded by internal energy barriers, necessitating a sufficient amount
of time for them to revert to their original state.61 During the
magneto-rheological testing, no additional time was allocated for the
samples to restore their initial arrangement once the external
magnetic field was gradually withdrawn. This temporal constraint
limits the system’s immediate return to its initial state, thereby
resulting in the observed hysteresis behavior.61 To further explore the
effect of magnetization, field-dependent magnetic measurements were
performed on magnetite nanoparticles, synthesized magnetic nano-
fibers, and dried hydrogel (G+1F and G+3F) samples made with 8%
GelMa (Supporting Figure 3). All the samples show small coercivity
(Supporting Figure 3B), confirming their weak ferrimagnetic

Figure 3. Morphology and mechanical properties of the hydrogel samples. (A) Representative FESEM micrographs of gel samples (G, G+1F, and
G+3F) and rheological analysis of gel samples (G, G+1F, and G+3F) synthesized with (B) 4% GelMa and (C) 8% GelMa. In B and C, the left
column represents changes in storage (G′, solid filled shapes) and loss modulus (G′’, hollow shapes) of the gels over time and the right column
represents changes in storage modulus when a range (0 to 1 T, solid filled shapes, and 1 to 0 T, hollow shapes) of magnetic field is applied to the
cross-linked samples. The boxed region corresponds to the magnetic flux density achieved due to static magnetic field. Square, triangle, and star
shapes represent G+3F, G+1F and G, respectively. (scale bar = 20 μm).
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behavior.62,63 Typically, ferrimagnetic Fe3O4 nanoparticles with a
particle size ranging from 50 to 100 nm exhibit small coercivity at 300
K.62,63 Given that the G+1F and G+3F samples were fabricated by
incorporating magnetic nanofibers composed of ferrimagnetic Fe3O4
nanoparticles, this integration could account for the observed
hysteresis in the magneto-rheological measurements of the G+3F
samples (Figure 3B, C). The saturation magnetization was found to
be 74.3, 8.5, 0.022, and 0.88 emu/g for magnetite nanoparticle,
synthesized magnetic nanofiber, dried G+1F and dried G+3F samples,
respectively. Higher saturation magnetization of the G+3F samples
compared to G+1F samples is reflective of the presence of a higher
concentration of magnetic nanofibers. Magneto-rheological measure-
ment also supports this result, as G+3F samples exhibited higher
change in storage modulus upon applied magnetic field (Figure 3B,
C). We note that the saturation magnetization and the rheological
properties after attenuating a field are lower than expected for the G
+1F compared to the G+3F. We believe this discrepancy is attributed
to heterogeneity in nanofiber distribution and the potential for
agglomeration, which could lessen the magnetization and correspond-
ing change in modulus for the condition with a lower quantity of
nanomaterials.

3.3.3. Influence of Fiber Content and Substrate Stiffening in
ADSC Morphology and Differentiation. Adipose derived stem cell
(ADSC), the largest source of easily isolatable adult stem cells,64 are
widely used for regenerative medicine and tissue engineering as they
can self-renew and differentiate into various cell types, such as
osteoblasts,65,66 adipocytes,67,68 chondrocytes,69,70 and smooth

muscle cells.71,72 A major challenge in this field is guiding their
differentiation into specific cell types and maintaining their specialized
characteristics in synthetic 3D environments, such as model tissue
scaffolds. To address this issue, we have used fiber loaded gels to
evaluate the differentiation potential of ADSC into osteogenic and
adipogenic linage. In this study, we investigated the impact of adding
fiber fragments and stiffening using static magnets on the ADSC
morphology and differentiation. Previous studies have shown that
hydrogels with a modulus greater than 4 kPa are suitable for
osteogenic differentiation, while those with a modulus smaller than 4
kPa are more conducive to adipogenic differentiation.73,74 In this
study, we have used 8% GelMa hydrogels with a modulus of
approximately 11 kPa as a control group for differentiating ADSC into
osteogenic linage and 4% GelMa hydrogels with a modulus of
approximately 0.4 kPa as a control group for adipogenic linage.

3.3.3.1. Changes in Fragmented Fiber Contents and Substrate
Stiffening Influence ADSC’s Morphological Properties. We
encapsulated ADSCs at a concentration of 50000 cells/mL within
the following samples: G, G+1F, G+3F, G+1F+M and G+3F+M
samples, made with 8% GelMa solution. To modulate the mechanical
properties of the hydrogels, we placed a single magnet at the
underside of each sample for the duration of the experiment. After cell
encapsulation, live dead assays were conducted at two time points: 12
and 96 h, to test the cytocompatibility of the composite materials. We
found the cell viability was ≥92% at 12 h and ≥90% at 96 h
(Supporting Figure 4) across all tested samples. These results indicate

Figure 4. Morphology of ADSCs encapsulated in different hydrogel (8% GelMa) samples for 48 h. (A) Representative confocal z-stack projection
images (25 slices over 100 μm) of actin and nuclei represent incorporation of fibers into hydrogel network that led to elongated cellular
morphology; (B) percentage of spread cells across different samples; plots for cellular morphology: (C) average cell cytoplasm area, (D) cell aspect
ratio, and (E) cell roundness (scale bar = 100 μm, n = 100).
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that the presence of magnetic nanofibers did not induce a cytotoxic
environment for cell growth.
Next, the cells were fixed after 48 h and stained with phthalloidin

(actin filaments) and DAPI (cell nuclei) to evaluate the changes in
morphology caused by the presence of fibers and applied magnetic
fields. The morphologies of ADSCs in different hydrogel samples
were compared. As shown in Figure 4A, ADSCs exhibited a more
elongated appearance in the G+1F and G+3F samples than in G. The
presence of 1% and 3% nanofibers in the hydrogels resulted in a 22%
and 59% increase in the number of stretched cells, respectively,
compared to G, as depicted in Figure 4B. The average cell cytoplasm
area (Figure 4C) also increased by 30% and 46%, respectively, while a
similar trend was also observed for cell aspect ratio and roundness
(Figure 4D, E). Notably, the storage moduli of the G+1F and G
samples were comparable (Figure 3B), indicating that the presence of
nanofibers in the system provided attachment sites for the
encapsulated cells, leading to the observed increase in the number
of stretched cells. These findings are consistent with previous reports
by other researchers,58,75 which suggest a positive relationship
between the quantity of fiber loading and the degree of cell stretching.
The higher modulus of the G+3F samples (Figure 3B) had a

significant effect on the number of stretched cells (Figure 4B),
suggesting that the stiffness plays a role in the cellular morphology.
When the G+3F samples were exposed to a static magnetic force,
there was an 83% and 104% increase compared to G in the number of
stretched cells and average cytoplasm area, respectively, were
observed indicating the combined effects of stiffening through
magnetic actuation and the presence of a nanofibrous environment.
Interestingly, there was no change in the number of stretched cells or
average cytoplasm surface area among the G samples with and
without a magnetic field (Figure 4B, C), indicating that the magnetic
field itself had no effect on the cell morphology. Magnetic rheology
also proved that there was no effect of the magnetic field in the
mechanical properties of the G samples. However, in the presence of a
magnetic field, the stiffening of the G+3F samples resulted in 15% and
40% increases in the number of stretched cells and average cytoplasm
surface area, respectively, compared to when there was no magnetic
field (Figure 4B, C). These results suggest that both the fibrous
network and stiffening through mechanical actuation play a role in
guiding cell elongation. The presence of nanofibers in the G+3F
samples may provide natural tissue-like complex architectures with

improved adhesion cues, leading to the elongated and branched
morphology of the cells. Additionally, the magnetic forces acting
between the nanofibers and the cells has the potential to stimulate cell
surface receptors, boosting cell adhesion and related activity.76,77 The
complementary effects of fiber content, organization/orientation, and
stiffening are challenging to deconstruct and require further research.

3.3.4.2. Composite Hydrogels Stiffening Favors ADSC’s Osteo-
genic Differentiation. After analyzing ADSC’s morphometric changes
in different hydrogel samples, we evaluated the differentiation
potential of the cells after exposure to lineage guiding soluble
supplements. As the increased cell surface area and decrease in
cytoplasm roundness have previously been shown to correspond with
osteogenic linage commitment in ADSC’s,78−80 we proposed that
these morphometric changes will bias the cells toward osteogenesis.
To test this, we exposed the hydrogel samples in both proliferation
medium and osteogenic differentiation medium for up to 21 days.
After 7 days of culture in proliferation and differentiation medium,
hydrogel samples were fixed and stained with RUNX-2, a tran-
scription factor that plays a crucial role in determining early stage
osteogenic differentiation.81,82 RUNX-2 guides mesenchymal stem
cells toward preosteoblast differentiation while blocking their ability
to differentiate into adipocytes and chondrocytes.83

Surprisingly, we did not detect any RUNX-2 expression in all G, G
+1F and G+3F samples exposed to proliferation medium (Figure 5A).
Also, we did not find any positive RUNX-2 expression in cells
encapsulated within G samples exposed to osteo inductive medium
(Figure 5C). However, we observed higher RUNX-2 expression in G
+1F and G+3F samples (∼30% and ∼32%, respectively), with no
significant difference between these two groups (Figure 5C). When
we continuously exposed the gels to an external magnetic field, a
further increase in RUNX-2 expression (∼40% in both groups) was
observed (Figure 5C). This increase may be due to the higher surface
area of the cells (Figure 4C) found in the G+1F+M and G+3F+M
samples when exposed to an external magnetic field, which leads to
enhanced stiffness. Higher stiffness promotes cell-ECM interaction,
increased tension within the cells, and the formation of a more mature
cytoskeleton, which has been shown to trigger the expression of
osteogenic genes, including RUNX-2.74,84 Moreover, the nanofeatures
from the incorporation of the nanofiber fragments is also expected to
assist in coordinating osteogenic signal transduction.85

Figure 5. Comparison of ADSCs early stage osteogenic differentiation. (A) Representative confocal z-stack projection images (25 slices over 100
μm) of ADSC encapsulated in different hydrogel samples for 7 days; (B) representative bright-field microscope images of the inner surface of the
hydrogels after staining with ALP when cultured in the presence of differentiation medium for 7 days; (C) percentage of RUNX-2 positive cells
when cultured in the presence of differentiation medium for 7 days; and (D) inverse optical intensity of the ADSC-laden hydrogel outer surface,
stained with ALP, when cultured in differentiation medium for 7 days (scale bar = 100 μm).
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To further support the immunofluorescence data, we stained the
cells encapsulated in different hydrogel samples for alkaline
phosphatase (ALP) after culture in proliferation and differentiation
medium for 7 days (Figure 5B). ALP is an enzyme that osteoblasts
express during bone formation and is a marker of early osteogenic
differentiation.86,87 We detect higher ALP activity in all G, G+1F and
G+3F samples exposed to differentiation medium compared to
proliferation medium (Figure 5B). For conditions without a magnetic
field, cells encapsulated in the G+3F samples showed the highest ALP
staining. However, when the fiber loaded gels were exposed to a
continuous magnetic field, a consistent increase in stain intensity was
noticed between G+1F+M and G+3F+M samples (Figure 5D). The
magnetic field exposure led to approximately a 13% increase in the
ALP intensity in both G+1F+M and G+3F+M samples. The similar
trend between immunofluorescence and ALP activity assessment
provides further evidence that these conditions are favorable for
osteogenesis.
Having observed evidence to support osteogenic lineage specifica-

tion at day 7, we next sought to verify osteogenesis at day 21 in these
hydrogels. Osteocalcin is a protein that is produced by osteoblasts
during bone formation and is considered a marker of late-stage
osteogenic differentiation.88,89 After 21 days of differentiation, all the
G+1F, G+3F, G+1F+M, and G+3F+M samples exposed to osteogenic
medium show significantly higher osteocalcin expression compared to
the G samples (Figure 6B). This result indicates that the presence of
fragmented nanofibers can significantly influence ADSC’s osteogenic
differentiation. Comparing the osteocalcin expression among the G
+1F and G+1F+M samples, at day 21, there is no significant
difference in expression with and without magnetic field exposure.
However, there was an approximate 75% increase in osteocalcin
expression in the G+3F+M samples compared to G+3F samples
(Figure 6B). To supplement these results, we measured the mRNA
expression levels of osteocalcin in samples exposed to differentiation
medium and observed approximately 104% and 62% upregulation of
osteocalcin transcript expression in the G+1F+M and G+3F+M
samples, respectively, compared to the G+1F and G+3F samples
(Figure 6E).
Interestingly, staining the late-stage osteogenic cultures with ALP

indicated lower intensity in all the samples exposed to differentiation
medium, when compared to day 7 samples. Literature suggests that

ALP activity peaks during the early stages of bone formation and
gradually recedes as mineralization takes place.90,91 When comparing
stain intensity across samples exposed to osteo inductive medium, no
significant difference was observed. However, as differentiation
continued, the samples became whitish and opaque due to
mineralization (Supporting Figure 5A). To confirm that the
developing opacity is due to deposited mineral phase, all the samples
were scanned using a micro computed X-ray tomography (MicroCT)
on day 21 and a Hounsfield value of 300 or higher was used to
categorize the minerals developed in bones.92 None of the samples
exposed to proliferation medium or the G samples exposed to
differentiation medium showed evidence of mineralization (Support-
ing Figure 5A). However, significantly higher mineralization was
observed in all fiber loaded hydrogel samples. We found 70% higher
mineralization in the G+1F+M samples compared to G+1F samples
and 25% higher mineralization in the G+3F+M samples compared to
G+3F samples. These findings demonstrate that stiffening through an
external magnetic field influences osteogenic differentiation (Figure
6D).
Due to the mineralization, it is expected that the compressive

stiffness of the gels would increase. To verify this, we measured the
compressive modulus of the samples and found that G+1F+M and G
+3F+M samples exposed to differentiation medium exhibit the
highest Young’s modulus (57 ± 7 and 66 ± 8 kPa, respectively)
(Supporting Figure 5B). This represented an 80% and 81% increase in
the G+1F+M and G+3F+M samples compared to the Young’s
modulus measured in the G+1F and G+3F samples exposed to
differentiation medium (Supporting Figure 5B).
Based on all the analyses performed, it can be inferred that the

addition of a small quantity of fiber fragments (1 wt/v%) can
significantly impact the osteogenic differentiation of adipose-derived
stem cells, without altering the initial substrate stiffness, suggesting the
nanofibrous environment within the same stiffness range influences
osteogenic differentiation. Moreover, the addition of a higher quantity
of fiber fragments (3 wt/v%) can significantly alter the stiffness of a
hydrogel, thus influencing osteogenic differentiation. Besides, the use
of an external magnetic field to stiffen the substrate can further
influence osteogenic differentiation. Thus, our study shows how a
combination of a nanofibrous environment and substrate stiffening

Figure 6. Comparison of ADSC late-stage osteogenic differentiation. (A) Representative confocal z-stack projection images (25 slices over 100
μm) of ADSC encapsulated in different hydrogel samples for 21 days, (B) intensity of osteocalcin expression across different samples when cultured
with differentiation medium, (C) inverse optical intensity of the ADSC-laden hydrogel outer surface after being stained with ALP exposed into
differentiation medium, (D) mineralization percentage found in the samples exposed into differentiation medium, and (E) normalized mRNA
expression levels of osteocalcin in ADSCs after 21 days of exposure to the differentiation medium (scale bar = 100 μm).
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can play a pronounced role in directing osteogenic differentiation of
adipose-derived stem cells.

3.3.4.3. Nanofibrous Network and Matrix Stiffening Effects on
Adipogenic Differentiation. After analyzing the impact of stiffening
and a nanofibrous environment on the osteogenic differentiation of
ADSCs, we proceeded to investigate how these factors affect the
alternative lineage program adipogenesis. In contrast to the enhanced
cytoskeletal tension and highly spread shape characteristics observed
during osteogenesis, previous studies have suggested that a round
morphology with low spreading is beneficial to adipogenic differ-
entiation.93−95 For this experiment, we optimized microenvironment
conditions for adipogenic differentiation including (1) high seeding

density (50 000 cells/mL) and (2) softer hydrogels (hydrogels made
with 4% GelMa; 0.4 kPa stiffness). After 7 days of culture, all of the
samples that were exposed to adipogenic inductive medium showed
decreased cell spreading compared to those exposed to proliferation
medium (Figure 7A). The adipogenic medium aids in the actin
filaments reorganization toward the cell perimeter as the cell
differentiation continues, resulted in smaller cytoplasm area.96

ADSC’s encapsulated in G+1F, G+3F, G+1F+M, and G+3F+M
samples show slightly higher cytoplasm area, aspect ratio, and
roundness (Supporting Figure 6A), although this result is not
statistically significant. In addition to the cell area, McColloch et al.
observed a correlation between nuclear morphology and adipo-

Figure 7. Morphology and fatty acid binding protein-4 expression analysis of ADSCs seeded in hydrogel (4% GelMa) and composite hydrogel
samples for 7 days. (A) Representative confocal z-stack projection images (25 slices over 100 μm) of actin, nuclei, and FABP4 stained ADSCs
seeded in different composite hydrogel samples over 7 days; (B) comparison of FABP4 positive cells across different hydrogel samples; (C) nuclear
area for ADSCs in the different samples; (D) nuclear aspect ratio for cells in the different samples; and (E) nuclear roundness of the cells in the
different samples (scale bar = 100 μm)

Figure 8. Comparison of ADSC’s late-stage adipogenic differentiation after encapsulation in different hydrogel (4% GelMa) samples for 21 days.
(A) Representative confocal z-stack projection images (25 slices over 100 μm) of actin, nuclei, and FABP4 stained ADSCs encapsulated in different
hydrogel samples over 21 days; (B) plot for the percentage of positive FABP4 expressed cells across different samples while exposed to adipogenic
differentiation medium; nuclear morphometric analysis plots of (C) average area, (D) aspect ratio, and (E) roundness of cells exposed to
differentiation medium (scale bar = 100 μm).
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genesis.93 Here we observed a similar trend in nuclear morphology
(average nuclei area, aspect ratio, and roundness) after exposure to
adipo-inductive medium that is suggestive of differentiation (Figure
7C−E).
While morphometrics analysis is suggestive of differentiation, we

performed immunofluorescence analysis for the fatty acid binding
protein-4 (FABP4), which is predominantly expressed in cells
undergoing adipogenesis.97 Since this is a late-stage adipogenic
protein expression marker, it was expected that the expression of
FABP4 would be low at early time points.98,99 Surprisingly, while
there was low FABP4 expression in most conditions (<50%; Figure
7B), 80% of cells in G+3F samples (Figure 7B) exhibited FABP4
expression within 7 days, indicating that the nanofibrous environment
might impart favorable cues for adipogenesis. We speculate that our
nanofibers could mimic the collagen type I bundles found in the
extracellular matrix of adipose tissue,100,101 assisting in faster
accumulation of lipid droplets. However, the G+1F+M and G+3F
+M samples were exposed to a magnetic field, there was a
considerable reduction of FABP4 expression, presumably due to
stiffening,102 response that promotes a spread cell morphology
(Figure 7C).
Next, we evaluated the morphometrics of cells undergoing

adipogenesis on day 21. There were no notable differences in nuclear
(Figure 8C−E) and cytoplasm (Supporting Figure 6B) morphology
between cells exposed to proliferation or differentiation conditions.
However, we did observe a slight decrease in the average nuclear size
of cells in the G, G+1F, and G+3F samples compared to day 7 when
exposed to differentiation medium. This is likely because the actin
stress fibers of the cells exert tension on the nuclear membrane,
helping to maintain its shape. As the cells undergo differentiation and
the actin filaments are reorganized, this tension is released, leading to
morphological changes in the nucleus. Additionally, the formation of

lipid droplets during this process exerts a further force on the nucleus.
Previous research has shown that as lipid droplets accumulate during
adipogenesis, actin tension decreases over time.93 Despite these
changes, we did not find any significant differences in the aspect ratio
or roundness of the nuclei or cytoplasm among the samples exposed
to the adipogenic differentiation medium at day 21 compared to day
7. Comparing the average cytoplasm area of the cells exposed to
differentiation medium at day 7 and day 21, no significant difference
was detected.
Immunofluorescence characterization of FABP4 expression at day

21 indicates a similar trend of increased expression with fiber content
observed in the day 7 experiments, followed by decreased expression
upon stiffening with a magnetic field. Cells grew in the G+3F samples,
without the magnetic actuation, show the highest, and with the
magnetic field actuation in G+3F+M samples, show the lowest FABP4
expression (Figure 8B). Transcript analysis of PPARγ mRNA
supports this result (Supporting Figure 7C).
To support the molecular marker results, we conducted Oil-Red-O

staining to quantify the formation of lipid droplets, an important
composition in cells undergoing adipogenesis. We captured images
from different focus points in bright fields to ensure that the entire gel
sample was included. The results showed that the G+3F samples had
the highest number of lipid droplets (Supporting Figure 7B),
consistent with the immunofluorescence analysis (Figure 8B).
Taken together, these results show how softness and a nanofibrous
microenvironment are advantageous to cells undergoing adipogenesis.
In contrast, stiffening through applied magnetic fields encourages cell
spreading, which obviates adipogenic lineage specification.

3.3.5. Stiffening Influences Morphogenesis of Embryonic
Skeletal Muscle Cells. Platforms that can steer differentiation
outcome with an external trigger will have broad utility in cell and
tissue engineering. Another potential avenue for the use of dynamic

Figure 9. Comparison of C2C12’s myogenic differentiation in different samples. (A) Representative confocal z-stack projection images (25 slices
over 100 μm) of actin, myosin β4, and nuclei stained C2C12 encapsulated in different composite hydrogel samples over 7 days; (B) average myosin
β4 intensity, (C) number of mature myotubes, and (D) fusion index (%) across different samples (scale bar = 100 μm).
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stiffening matrices is in coaxing morphogenesis. Having demonstrated
some control in guiding the differentiation of ADSCs toward
osteogenic and adipogenic linage, we next explored the ability of
fiber loaded gels to guide active morphogenesis processes like skeletal
muscle formation.
Engineering functional muscle tissue in vitro remains a difficult task

due to structural complexity. Current challenges include: (1) myotube
formation and 3D tissue mimicry-organization into tightly packed and
aligned structures and (2) achieving advanced maturation of the
myotubes through the formation and development of sarcomeres.103

Embryonic muscle cells, specifically those of the C2C12 lineage is an
extensively used cell line to study the effect of mechanical stimuli of
the substrate into myoblast differentiation.104,105 While there have
been reports of ADSCs undergoing skeletal myogenesis with select
media supplements,106 the C2C12 is a more robust cell type that is
widely used for demonstrating muscle differentiation. C2C12 cells can
be differentiated easily in culture by replacing fetal bovine serum
(FBS) with horse serum in their culture medium.107 This method of
maturation has been extensively studied in the literature and is the
preferred method for developing prototype skeletal muscle tissue.
Typically, these cells take 7 days to develop contractions in the
presence of horse serum and can be identified by multinuclear
formation and the expression of myosin 4.108

Numerous studies have demonstrated that C2C12 differentiation
and maturation can be influenced by controlling the stiffness of the
substrate and applying external stimuli, even in the absence of
differentiation medium.107,109,110 It has also been reported that
C2C12’s best myogenic differentiation is achieved in the substrate
stiffness in the range of 1−6 kPa.103,111 Therefore, we used 6% GelMa
(3.5 kPa, Supporting Figure 8A) as a control gel for these
experiments. We encapsulated 50 000 cells/mL into the control and
fiber loaded gels in the presence of typical proliferation medium and
let the cultures proceed for 7 days.
After 7 days almost all the C2C12 cells encapsulated in G and G

+1F samples had rounded morphology. However, in the G+3F and G
+3F+M samples, the cells exhibited a highly elongated morphology
(Figure 9A). During muscle differentiation, a multinucleated cell
containing three of more nuclei is considered a myotube.112,113 None
of the G and G+1F samples had any myotubes present (Figure 9A,
C). However, the G+3F samples had substantially higher number of
myotubes (Figure 9C) and fusion index (Figure 9D). This number
increased (Figure 9C, D) 172% in the G+3F+M samples, indicating
that magnetic strain not only induces myogenic differentiation but
also promotes a mature skeletal muscle phenotype.
Next, we evaluated the maturation status of these prototype

myotubes through the immunofluorescence characterization of
myosin β4 expression (Figure 9B). Compared with G samples, we
observed a 28% increase in myosin β4 expression in the G+3F
samples (Figure 9B), indicating that the fiber loaded hydrogels alone
can trigger C2C12 myogenesis. Previous studies have shown that
nanofibers can influence C2C12 cell differentiation in 2D, and the
presence of a nanofibrous environment in 3D can thus be claimed to
resemble the natural extracellular matrix (ECM), facilitating C2C12
differentiation.114,115 We observed a 93% increase in the myosin β4
expression (Figure 9B) in G+3F+M samples compared to G+3F
samples, thereby indicative that stiffening can further influence
C2C12’s myogenic differentiation. Our result is consistent with a
previous report that demonstrated enhanced C2C12 myogenesis in
magnetic nanoparticle-laden hydrogels subjected to stiffening.116

Overall, we reason that magnetic field induces strain within the
hydrogel through movement of the nanofibers in response to the field,
which will accommodate cell migration, alignment, and fusion inside
the gels, thereby enhancing cell-matrix interactions to direct skeletal
myogenesis.117

3.4. Conclusion. In this paper, we describe the synthesis process
for creating fiber-loaded hydrogels that respond to external magnetic
stimulation. We investigated the influence of the fiber loading density
and magnetic actuation on the mechanical properties of the hydrogels.
Magnetic rheological measurements indicated that magnetic fields
successfully induced stiffening in the hydrogels. These fiber-loaded

gels showed great potential in controlling adipose derived stem cell
(ADSC) differentiation toward different lineages depending on static
stiffness and nanofibrous morphology, which could be modulated by
attenuation of a magnetic field. The presence of fibers promoted both
adipogenesis and osteogenesis: 3% fiber loaded hydrogels without
stiffening (G+3F) were optimal for adipogenesis, and 3% fiber loaded
hydrogels with stiffening (G+3F+M) were optimal for osteogenesis.
We explored the versatility of these fiber loaded hydrogels in muscle
tissue generation and found that the magnetic field influences
myogenic differentiation and maturation of C2C12 cells with the 3%
fiber hydrogels with stiffening leading to enhanced fusion and
expression of molecular markers of maturation. Our findings indicate
that this stimuli-responsive fiber-loaded hydrogel system has the
potential to be a useful platform for studies of fundamental cellular
processes and for aiding the engineering of tissue for regenerative
medicine.
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