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Abstract

promote ADSC osteogenic differentiation.

Leveraging physical factors in cellular microenvironments to promote adipose tissue-derived stem cell (ADSC)
osteogenic differentiation has emerged as a new strategy in the development of scaffolds for bone tissue engineering.
Anisotropicity is one of those factors of interest; however, the utilization of anisotropicity to promote ADSC osteogenic
differentiation is still not efficient. In this study, we designed a substrate with a dual anisotropic structure fabricated via
a combination of 3D printing and magnetic field-induced magnetic nanoparticle assembly techniques. These dual
anisotropic structures have a scale hierarchy, and the scale of the magnetic nanoparticle assemblies matches that of a
single ADSC. This is in contrast to conventional anisotropic osteogenic induction scaffolds that have anisotropic
structures at only one scale and at an order of magnitude different from single ADSCs. ADSCs cultured on substrates
with such structures have significantly higher osteogenic marker expression, e.g., ALP, at both the protein and mRNA
levels, and more calcium nodule formation was also found, suggesting a stronger tendency toward osteogenic
differentiation of ADSCs. RNA-seq data revealed that alterations in kinase signaling pathway transduction, cell
adhesion, and cytoskeletal reconstruction may account for the elevated osteogenic induction capacity. These data
support our hypothesis that such a structure could maximize the anisotropicity that ADSCs can sense and therefore

Introduction

Bone tissue engineering (BTE) has emerged as a pro-
mising strategy to repair bone defects mainly because of
its advantages, such as relatively limitless supplementa-
tion and a low risk of disease transmission', compared to

Correspondence: Feimin Zhang (fmzhang@njmu.edu.cn) or

Ning Gu (guning@seu.edu.cn)

!Jiangsu Key Laboratory of Oral Diseases, Affiliated Hospital of Stomatology,
Nanjing Medical University, Nanjing, Jiangsu, China

?Laboratory of Oral Regenerative Medicine Technology, School of Biomedical
Engineering and Informatics, Department of Biomedical Engineering, Nanjing
Medical University, Nanjing, Jiangsu, China

Full list of author information is available at the end of the article

These authors contributed equally: Ke Hu, Tingting Yu

© The Author(s) 2021

conventional bone graft approaches. However, some
hurdles still limit the clinical application of BTE. One of
those hurdles is controlling the directional osteogenesis
differentiation of stem cells seeded in the scaffold, which
is still inadequate. Conventional approaches involve using
substantial amounts of osteoinductive growth factors or
other chemicals, which lack efficiency for osteogenesis
induction and might raise safety concerns in clinical set-
tings". Researchers recently found that physical cues in
the microenvironment can control stem cell fate® and that
particular setting can induce the osteogenesis of stem
cells*. For example, Young’s modulus®, stress relaxation®,

and the topography’ ™ of the extracellular matrix have
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been reported to be key physical factors in determining
the fates of different types of stem cells. Leveraging these
physical factors in designing artificial extracellular
matrices that can direct stem cell differentiation with high
efficiency while lowering the doses of osteoinductive
growth factors can both facilitate BTE clinical application
and shed light on the mechanism of stem cell
osteogenesis.

Anisotropic topographic structures are ubiquitous in
natural ECM at different scale levels (tissue'®, cellular'’,
subcellular'?, etc.). Previous studies demonstrated that
substrates with anisotropic structures have higher
induction capabilities in the osteogenic differentiation of
stem cells'>™'°, However, most studies have focused on
investigating anisotropic structures on a scale that is an
order of magnitude higher or lower than that of single
cells. Although anisotropicity at such scale levels is also
present in real tissue or cells and might regulate activities
primarily at the corresponding scales (the tissue level or
subcellular level), from the perspective of single cells, the
microenvironment they reside is still relatively isotropic.
More importantly, studies of the hierarchy of aniso-
tropicity, in other words, the combination of anisotropic
structures at both the tissue and cell levels, in the osteo-
genic differentiation of stem cells were missing in most
studies. However, this hierarchy is normally present in
living tissue and therefore inspired us to investigate the
osteogenesis induction capacity of such hierarchical
anisotropicity'®.

With this idea in mind, we leveraged state-of-the-art
“top-down” 3D printing technology in combination with
the “bottom-up” technique we previously developed,
namely, “field-assisted magnetic nanoparticle self-assem-
bly” technology'’'?, to fabricate a substrate with an
anisotropic structure on both the hundred-micron scale
and ~10-micron scale. This dual anisotropic structure has
a scale hierarchy, and the scale of the magnetic nano-
particle assemblies approaches that of a single ADSC.
Alizarin red staining, q-PCR, western blot, and RNA-seq
data consistently demonstrated that ADSCs cultured on
substrates with this type of structure have a stronger
osteogenesis tendency. In particular, RNA-seq data
revealed that genes that mainly responded to dual aniso-
tropic structures were enriched in cell adhesion, cytos-
keleton, and kinase signaling pathways, including MAPK
pathways and PI3K-Akt pathways. These data support our
hypothesis that such a structure could maximize the
microenvironmental anisotropicity sensed by ADSCs and
therefore validate the feasibility of this strategy for pro-
moting ADSC osteogenic differentiation.

Results and discussion
We endeavored to fabricate a platform that has aniso-
tropic structures with scales of different orders of

Page 2 of 12 19

magnitude and explored which anisotropic parameters
endowed the platform with the highest osteogenic dif-
ferentiation induction capabilities. Specifically, a 3D
printing technique was employed to fabricate PDMS
stripes with both widths and distances between two
stripes on the hundreds of micrometers scale, while a
(magnetic) field-assisted approach was employed to fab-
ricate magnetic nanoparticle assemblies (MNAs) on top of
the PDMS stripes on the ten-micrometer scale (Fig. 1).

We first explored the effects of substrates with aniso-
tropic structures on ADSC osteogenic differentiation at
the hundreds of micrometers scale. 3D printing was used
to fabricate PDMS features with different sizes and ani-
sotropicity on a PDMS-coated glass slide. By adjusting the
size of the injection head and pressure, the width of the
PDMS stripes and the gap widths between stripes, and
ultimately the anisotropicity of the structure (L/W ratio),
can be precisely controlled. We fabricated a series of
substrates with various anisotropicities (Fig. S1) and
compared the behaviors of ADSCs cultured on these
substrates. Observation by confocal microscopy revealed
that the cells exhibited an elongated morphology with a
long axis well aligned with the direction of the PDMS
stripes when cultured on highly anisotropic stripes. This is
in contrast to those cultured on PDMS substrates with
low anisotropicity, where the majority of the cells exhib-
ited a typical flask-cultured, polygonal-like morphology
(Fig. S2). In addition, an orthogonal experiment was
performed to explore the expression of several osteoblast
marker genes in ADSCs cultured on substrates with stripe
widths of 100 pm, 210 pm, and 410 pm, as well as spaces
between stripes of 50 pm, 100 um, 200 um, and 300 pm
(Fig. S3). In most cases, ADSCs cultured on stripes with
widths of 210 um had the highest osteogenic markers
expression, regardless of the spaces between stripes, while
in the 210 pm group, ADSCs cultured on 200 pm spaces
between stripes had the highest expression of 5 osteogenic
genes among a total of 6 measured genes. Based on these
results, a substrate with a 210 um stripe width and a
200 um space between stripes with optimal osteogenic
differentiation induction efficiency was used in the fol-
lowing studies.

Next, we fabricated anisotropic structures on the
micrometer scale on a PDMS substrate with the magnetic
nanoparticle assembly technique we developed pre-
viously'”?°. In this work, ferumoxytol, the latest inorganic
nanodrug approved by the FDA, which is composed of an
iron oxide core (7 nm in diameter) and a dextran (PSC)
shell (20nm in thickness), was chosen as the building
block. Specifically, ferumoxytol magnetic nanoparticles
(y-Fe203@PSC) were first mixed with poly-L-lysine (PLL).
Figure S4 demonstrates the transmission electron
microscopy (TEM) and hydrodynamic size of y-
Fe;O3@PSC magnetic nanoparticles before and after
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Fig. 1 Schematic illustration of the fabrication procedures for PDMS substrates with dual anisotropic structures via the combination of 3D
printing (top-down) and field-induced self-assembly of magnetic nanoparticles (bottom-up). A Printing of PDMS precursors. B Heat
solidification. C Field induced assembly of magnetic nanoparticles (MNPs). D Assemlies deposition by evaporation. E Collagen coating.
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mixing with PLL. While negligible morphological changes
of single particles were observed after mixing, both TEM
and hydrodynamic size demonstrated a moderate aggre-
gation of nanoparticles after coating with PLL. This was
expected since such a coating could significantly change
the surface charge of the nanoparticles and thus change
the equilibrium status of the nanoparticles during
the coating process. In fact, such aggregation could
increase the responsiveness of particles to a magnetic field
and therefore facilitate the field-induced assembly of
particles. Next, these PLL-coated particles were assem-
bled along the long axis of the 3D printed structure on a
PDMS substrate with or without the presence of a static
magnetic field (SMF) (Fig. 1). When SMF was absent,
particles were assembled at the bottom of the PDMS
stripes driven by the surface structure of the 3D printed
PDMS substrate, therefore resulting in a direction of
assembly that aligned with those stripes. However, when
SMF was present, the magnetic nanoparticles formed
anisotropic assemblies in the solution, and these assem-
blies might sediment before the solvent completely eva-
porated (Fig. 2K). Energy dispersive spectrometry (EDS)
results based on scanning electronic microscopy (SEM)
images showed that the magnetic nanoparticles formed

oriented assemblies along the bottom of the PDMS stripes
when SMF was absent; in contrast, oriented assemblies
formed on the top of stripes when SMF was present (Fig. 2).
Stronger anisotropic characteristics were observed in the
magnetic PDMS composite prepared under a static
magnetic field, as indicated by the height of the peak in
the FMR spectrum (Fig. 2G, H, I). We have previously
found that these phenomena are directly related to the
field-induced assembly process during solvent evapora-
tion. To increase the adhesion of ADSCs to MNA, col-
lagen was coated on MNA and covalently stabilized with
dopamine.

With this method, we fabricated three groups of sub-
strates, namely, MNP- (control), with the only 3D printed
PDMS stripes, and MNP + MNA— and MNP+MNA+,
with magnetic nanoparticles assembled on top of printed
substrates in the absence or presence of SMF. The mac-
roscopic and optical microscope images and elemental
analysis of Group MNP— (A, D, G), Group MNP+MNA—
(B, E, H), and Group MNP+MNA+ (C, F, I) are displayed
in Fig. 2.

To investigate the osteogenesis induction efficiency of
these substrates, SD rat adipose-derived mesenchymal
stem cells were inoculated into three groups. Since the
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Fig. 2 Characterization of scaffolds fabricated under different conditions. Macroscopic and microscopic images and elemental analysis of
MNP— (A, D, G), MNP+MNA— (B, E, H), and MNP+MNA+ (C, F, ). FMR characterization of composite substrates prepared in the presence or absence
of a magnetic field (J). Schematic diagram of anisotropic assembly structures comprised of magnetic nanoparticles formed on a PDMS substrate in

the presence or absence of a static magnetic field (K). Scale bar: 50 um.

transparency of the substrates was compromised by the
brownish nanoparticles, which hindered the observation
of cells seeded on the substrate with a phase-contrast
microscope, the F-actin-stained cells were observed with a
confocal microscope 3 days after seeding (Fig. 3). Higher
cell densities were observed in groups with magnetic
nanoparticles (B and C) compared to the control group,
and both the morphology of cells and the actin filaments
within cells were found to be well aligned with the
direction of the PDMS stripes and nanoparticle assem-
blies. It is worth mentioning here that we focused on the
top plane of stripes and imaged only those cells that were
sitting on top of the stripes with a confocal microscope.
With this method, we eliminated cells in the spaces
between the stripes, where we assumed that the cells were
not fully guided by the anisotropic structures.

We detected the expression of the osteogenesis marker
ALP with an ALP activity assay kit at 4 and 7 days after
seeding. An obvious increase was observed in Group
MNP+MNA — and Group MNP+MNA+ compared with
Group MNP— on day 4, and significantly higher
expression of ALP was found in Group MNP+MNA+ on
day 7. Similarly, there were substantially more calcium
nodules in Group MNP+MNA+ than in the other 2
groups according to the Alizarin Red staining assay per-
formed on day 14. Of note, we also found that the PDMS
stripe with a width of 600 um (Fig. S5) without MNPs had

a minor effect on inducing osteogenesis of ADCSs, as
evidenced by Alizarin staining. Considering the size of
the stripes, which substantially exceeded the size of single
cells, cells cultured on the stripes were in an isotropic
environment, which was substantiated by the negligible
alignment of the actin cytoskeleton along with the stripes
(Fig. S5A and B). These results show that the osteogen-
esis of ADSCs is the direct result of anisotropic structures
(Fig. 3 and Fig. S5C).

To further validate these results, we measured the
expression of several key osteogenesis markers at the
mRNA level with RT-PCR (Fig. 4A) and at the protein
level with Western blotting (Fig. 4B). We found that the
expression of ALP in Group MNP+MNA-+ was sig-
nificantly higher than that in Group MNP— (~2.4-fold)
and Group MNP+MNA — (~1.5-fold) after 14 days of cell
culture. Approximately 1.8-fold higher relative expression
of BMP2 was measured in Group MNP+MNA+ than in
the other two groups. The expression of RUNX2
increased approximately 1.6-fold compared with that of
Group MNP-fold and 2.3-fold compared with that of
Group MNP+MNA—. The Western blot results were
consistent with the PCR data. These sets of data further
support our hypothesis that substrates with anisotropicity
at dual scale levels (printed structures + assembled mag-
netic nanoparticles) can collaboratively induce the
osteogenic differentiation of ADSCs.
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Fig. 3 Anisotropic structures generated from magnetic nanoparticle assemblies enhance the osteogenic differentiation of ADSCs.
Representative optical microscopy and confocal microscopy images of ADSCs cultivated on MNP— (A, D), MNP+MNA— (B, E), and MNP+MNA+
(C, F) substrates. F-actin was visualized by rhodamine-phalloidin (red, with blue DAPI nuclear counterstain). Q-PCR analysis of ALP in ADSCs after
4 days and 7 days of cultivation on MNP—, MNP+MNA—, and MNP4+MNA+ substrates (G). Alizarin red staining was performed on day 14 to observe
the formation of calcium nodules (H-J). Quantification of Alizarin red staining in H-J with ImageJ software (K). *p < 0.05 **p < 0.01 ***p < 0.001
(Student’s t-test) relative to the indicated control groups. Data are presented as the mean +SD (n > 3). Scale bar: 50 um.
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Fig. 4 Anisotropic structures generated from magnetic nanoparticle assemblies upregulate osteogenesis signaling pathways. QPCR
analysis of ALP, BMP2, RUNX2, and Smad1/5/8 in ADSCs after 14 days of cultivation on MNP—, MNP+MNA—, and MNP+MNA+ substrates. Statistical
significance is shown compared to Group MNP- (control). *p < 0.05 **p < 0.01 (Student’s t-test). Data are presented as the mean+SD (n > 3) (A).
Western blot analysis of ALP, BMP2, RUNX2, and Smad1/5/8 in ADSCs cultivated on MNP—, MNP4+MNA—, and MNP+MNA+ substrates (B).
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To delineate the key genes and pathways that account
for the elevated osteogenesis induction by anisotropicity
generated from magnetic nanoparticle assemblies
(MNAs), we undertook an RNA-seq-based transcriptomic
approach for gene expression comparison across the 3
groups. Based on the 3 biological replicates, the RNA-seq
assay detected 106 and 213 differentially expressed genes
(DEGSs) compared to the MNP— control group in the
MNP+MNA— and MNP+MNA+ groups, respectively,
with cutoff values of p<0.05 and |log,FC|>1 (Fig. S6).
Next, we performed a further comparison of the three
groups in pairs. By categorizing the DEGs into defined
cellular pathways by performing KEGG pathway analysis,
we found that metabolic pathways, phagosomes, and the
Ras signaling pathway were the majority of the pathways
mapped across the 3 groups, which was consistent with
the involvement of these pathways in osteogenesis. In
addition to demonstrating the overlapping distribution of
the above signaling pathways, the dot plot map also shows
the proportions of genes belonging to the MAPK signaling
pathway, focal adhesion, regulation of the actin cytoske-
leton, Rapl signaling pathway et al. only enriched in
comparisons of Group MNP+MNA+ vs. MNP+MNA—
and MNP+MNA+ vs. MNP—. This indicates that MNA is
an independent factor responsible for the differential
expression of certain genes (Fig. 5A). To gain a more
biological context, we further assigned the DEGs to
defined biological function terms by using Gene Ontology
databases (Fig. 5B). Consistently, gene sets of cell differ-
entiation, ERK cascade signal transduction (which is
downstream of RAS/MAPK), cell adhesion, and cellular
response to TGF-B stimulus were enriched only in Group
MNP+MNA+ vs. MNP+MNA— and MNP+MNA+ vs.
MNP—, which further confirmed the unique alteration of
signal transduction and cell-substrate interaction. By dis-
secting the top enriched gene sets in GO analysis, we
found significant downregulation of Crkl and Gdnf,
reported inhibitors of osteogenic differentiation, in Group
MNP-+MNA+, and upregulation of Smad8 and Ngf, well-
known genes that promote osteogenic differentiation, as
visualized by the heat map (Fig. 5C). To further identify
the pathways that contribute to MNP+MNA+--induced
osteogenesis, we selected 201 genes with differential
expression only in Group MNP+MNA+ (Fig. 5D). A dot
plot map of KEGG pathway analysis revealed that the
majority of enrichment was in the MAPK signaling path-
way, focal adhesion, regulation of the actin cytoskeleton,
and PI3K-AKT signaling pathway. Combined with the
results of Fig. 5A, these data implied that the key cellular
pathways responded to alterations in the microenviron-
ment generated by MNP+MNA+ towards osteogenic
differentiation, which is summarized in detail in Fig. 6.

Increasing the efficiency of directional MCS osteogenic
differentiation has long been a central issue in bone tissue
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engineering. Most recent studies have focused on using
exogenous biochemical cues, e.g., growth factors, whose
use in bone defect repair has aroused clinical safety
concerns®. Leveraging physical factors in bone tissue
engineering scaffolds to induce MCS osteogenic differ-
entiation opens a new door for addressing this issue.
Tailoring the mechanical properties (e.g., Young’s mod-
ulus) of scaffolds to support MCS osteogenic differentia-
tion was pioneered by A. Engler’ and others®, and its
feasibility has been extensively validated. However, using
other physical factors, e.g., anisotropicity, which is also
universally present in living tissue and organs, to induce
directional MCS osteogenic differentiation, has been
relatively less extensively explored and utilized. There are
multiple reasons for this fact, and one might be that the
specificity of anisotropicity in the induction of MCS
osteogenesis is not sufficiently high, although various
studies have reported that anisotropicity of the substrate
supports MCS osteogenic differentiation**>%3,

With this idea in mind and considering the scenario in
real tissues or organs that have anisotropic structures at
different scale levels, we proposed a model substrate that
has anisotropic structures at dual scale levels. Specifically,
a 3D printing technique was used to print PDMS stripes
on the hundred-micrometer scale, while a field-induced
magnetic nanoparticle assembly technique was used to
fabricate anisotropic MNAs on the micrometer scale.
PDMS and ferumoxytol were used in this study because of
their excellent biocompatibility, and they are widely used
in biomedical fields, for example, to establish in vitro
models (e.g., PDMS for organ-on-chips** and MNA for
multicellular spheroids®®) for testing novel therapeutic
interventions. We hypothesize that such anisotropicity at
dual-scale levels will increase the ability of ADSCs to
induce osteogenic differentiation. Of note, the scale level
of anisotropic MNAs approaches the size of a single
ADSC. Specifically, the size of single nanoparticles is on
the 10-100 nm scale and that of assemblies is approxi-
mately 10-20 um (Fig. 3I). In this context, although the
ADSCs are substantially larger than a single assembly,
they are on the same order of magnitude, especially
considering that the size of cells is relatively variable in
different scenarios (fully spread under 2D conditions vs.
relatively spherical under 3D/quasi 3D conditions).
However, here, the main claim we would like to make is
that the scale of these anisotropic structures is in line with
that of whole cells, rather than in line with or even smaller
than that of subcellular structures (e.g., pseudopodia) or
substantially larger than that of whole cells. Examples of
the former could include fibrous scaffolds generated from
electrospinning, and examples of the latter could include
porous tissue engineering scaffolds. We expect the ani-
sotropicity that single ADSCs can sense to be maximized
within the microenvironment in this study, while
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anisotropic structures an order of magnitude larger or
smaller are still isotropic to single ADSCs. For example,
the sizes of those channels or pores that are present in
conventional bone tissue engineering are hundreds of
microns or even larger. Macroscopically, those scaffolds
were still anisotropic; however, within the area where a
single ADSC spread over the topography is still isotropic
with only minor curvature; we suspect that such topo-
graphy could not provide any anisotropic clues to a
single ADSC.

To validate these hypotheses, we compared the sub-
strates with optimized antistrophic PDMS stripes only or
PDMS stripes with magnetic nanoparticles coated in the
absence or presence of a magnetic field (Group MNP—,
Group MNP+MNA-—, and Group MNP+MNA+,
respectively) with respect to several osteogenesis markers
expressed by ADSCs at the protein and mRNA levels.
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Calcium nodules were found to be significantly highly
expressed in Group MNP+MNA+, consistent with ALP
measurement, which was most strongly expressed in this
group at both the protein and mRNA levels and other
osteogenesis markers, such as BMP-1 and RUNX2. These
sets of data support our hypothesis that such dual-scale
(Group MNP+MNA+) anisotropic structures collabora-
tively increase the ADSC osteogenesis differentiation
induction ability of the substrate.

Of note, with these settings, an antistrophic micro-
magnetic field was introduced into the substrate gener-
ated from anisotropic MNA. The FMR spectrum
demonstrated that with respect to the substrate with field-
induced magnetic nanoparticle assemblies, the magnetic
properties were stronger parallel to the assemblies than
perpendicular to the assemblies. This is consistent with
our previous finding'’, and we speculate that such ani-
sotropic magnetic properties contribute to ADSC osteo-
genic differentiation as well. In fact, using a magnetic field
to control stem cell differentiation has increasingly
attracted research interest in recent years. Various studies
have shown that magnetic fields or magnetic nanoma-
terials, alone or in combination with other conventional
bone repair materials, could contribute to the osteogenic
differentiation of stem cells and promote bone repair®®—2%,
Current magnetic nanomaterial-polymer composite fab-
rication approaches include coating nanomaterials on the
surface of polymer substrates and blending magnetic
nanomaterials with polymers. The coating approach limits
the total amount of magnetic nanomaterials that can be
contained in the composite, and the shedding of nano-
materials from the substrate during exposure to
mechanical forces is another issue, even if the nanoma-
terial is covalently bound to the substrate. While the
encapsulation of nanomaterials in polymer substrates can
partly address this issue, the direct interaction between
magnetic materials and cells will be greatly reduced by the
isolation of magnetic materials from the cells by the
polymer substrate. With these limitations, both of these
approaches fail to fully present the unique magnetic and
surface interfaces of superparamagnetic nanomaterials.
The designed substrate with MNA can at least partly
address this issue since compared to single nanoparticles,
the assemblies are potentially more resistant to shedding
in response to mechanical forces* or endocytosis by cells,
while the magnetic properties of the nanomaterials are
increased by the field-induced assembly. This can there-
fore also decrease the amount of MNPs used to fabricate
substrates with the same magnetic properties as those
with single MNPs and consequently avoid excessive iron
ion concentrations via the metabolism of composite
materials. With these advantages, we believe that such a
substrate can serve as a candidate platform to investigate
the influence of magnetic fields that are externally
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generated or generated from MNPs on the osteogenesis of
ADSC:s or other stem cells in future studies. The following
questions are also worth mentioning here, although they
are beyond the scope of this article. First, we still take
safety issues into consideration, as we expect potential
clinical translation of this concept; therefore, ferumoxytol,
an FDA-approved iron oxide nanoparticle for iron sup-
plementation®®, was used in this study as the MNA
building block. Second, we expect that the density of cell
anchorage points, which is mediated by magnetic
nanoassemblies, also plays roles in regulating the osteo-
differentiation of ADSCs, which is supported by the RNA-
seq data showing that focal adhesion was differentially
regulated during differentiation (Fig. 5E). This is con-
sistent with our previous finding that the density of
anchorage points could significantly mediate cellular sig-
naling®'. At the current stage, although the role of mag-
netic properties and anisotropicity in the induction of
ADSC osteogenic differentiation should be fully eluci-
dated before considering animal-based validation experi-
ments, it is still suitable in vitro platform for mechanistic
studies and therapeutic candidate testing. In addition, we
believe that combination with cell-derived ECM will
improve the cell-composite interaction and further pro-
mote the osteogenesis of stem cells**~>*,

Conclusion

In conclusion, we designed a substrate with a dual
anisotropic structure fabricated via a combination of 3D
printing and field-induced magnetic nanoparticle assem-
blies. These dual anisotropic structures have a scale
hierarchy, and the scale of the magnetic nanoparticle
assemblies matches that of a single ADSC. Alizarin red
staining, q-PCR, western blot, and RNA-seq data con-
sistently demonstrated that ADSCs cultured on substrates
with these structures have a stronger osteogenesis ten-
dency. In particular, RNA-seq data revealed that the genes
that mainly responded to dual anisotropic structures were
enriched in cell adhesion, cytoskeleton, and kinase sig-
naling pathways, including MAPK pathways and PI3K-
Akt pathways. These data support our hypothesis that
such a structure could maximize the microenvironmental
anisotropicity sensed by ADSCs and therefore validate the
feasibility of this strategy in promoting ADSC osteogenic
differentiation. This not only sheds light on the
mechanism by which anisotropic structures induce MCS
osteogenic differentiation but also provides new insight
into the design of bone tissue engineering scaffolds.

Materials and methods
Materials

OriCell Sprague Dawley Rat Adipose-derived Stem Cell
(SD rADSCs), SD Rat Adipose-derived Stem Cell Osteo-
genic Differentiation Medium, and SD Rat Adipose-derived
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Mesenchymal Stem Cell Complete Medium were pur-
chased from Cyagen Biosciences (Guangzhou, China).
Other reagents used in this study include 0.25% Trypsin-
EDTA (Thermo Fisher Scientific, Waltham, MA, USA),
RIPA (Beyotime Biotech., Shanghai, China), RNAiso Plus
(9108Q); Takara Bio Inc.; Japan), Prime Script™ RT Master
Mix (RR036A; Takara Bio Inc.), TB Grenn™ Premix Ex
Taq™ II (RR820A; Takara Bio Inc.), Cell Counting Kit-8
(CCK-8; E1CK-000208; Enogene Biotech., Nanjing, China),
rhodamine-phalloidin (Cytoskeleton, Inc., Denver, CO,
USA), 4'6-diamidino-2-phenylindole (DAPIL;, Beyotime
Biotech.), alkaline phosphatase (ALP) assay kit (A059-2-2;
Jiancheng Bioengineering Institute, Nanjing, China),
bicinchoninic acid protein assay kit (BCA; PT001; Leagene
Biotech., Beijing, China), cetylpyridinium chloride (Bomei
Biotechnology, Hefei, China), alizarin red S (ARS; Cyagen
Biosciences Inc., Guangzhou, China), antibodies (Abcam,
USA), and chemiluminescence reagent (NOWBKCS0100;
Millipore, USA).

Preparation of the magnetic composite scaffold

The magnetic composite scaffolds used for cell culture
were fabricated via 3D printing and magnetic field-
assisted self-assembly. The glass slides used as sub-
strates for 3D printing (10 mm x 10 mm x 1 mm) were
ultrasonically cleaned for 30 min and dried in an elec-
trothermostatic blast oven. After drying, clean glass slides
were obtained and ready for use. PDMS (DOW CORN-
ING, SE 1700 CLEAN BASE) and curing agent (DOW
CORNING, SE 1700 CATALYST) were weighed and
combined at a mass ratio of 9:1, and the mixture was
homogenized by mechanical agitation to obtain the
PDMS for use. A certain amount of the prepared PDMS
was completely dissolved with diethyl ether to obtain a
clear solution. A thin layer of PDMS was formed on the
surface of the precleaned glass slides by low-speed spin
coating (<500 r.p.m.) with PDMS solution. After the ether
was evaporated, the slides were placed in an electro-
thermostatic blast oven to cure the PDMS. An appro-
priate amount of the prepared PDMS was filled in the
material tube of the 3D printer (Adventure Technology,
Adventure 3D-LB-Printer), and a print nozzle of a specific
size was installed. The scaffold was printed according to
the set printing parameters, and the printed scaffold was
placed in a dry box to be cured (overnight). After curing,
the surface of the scaffold was treated with plasma for 30 s
(air atmosphere). Five milliliters of alkaline dopamine
solution (1 mg/mL, pH: 8.5) was prepared, and the PDMS
scaffold was immersed in the solution for 12h at 4°C.
After 12 h, the alkaline dopamine solution was discarded,
and the PDMS scaffold was washed with pure water three
times. The magnetic nanomaterial used in our work was
the only inorganic nanodrug approved by the FDA, fer-
umoxytol (y-Fe,O3@PSC), which was kindly provided by
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Jiangsu Key Laboratory for Biomaterials and Devices.
Then, 100 pL of y-Fe,O3@PSC solution (0.5 mg/mL) was
added to the surface of the 3D-printed scaffold in a
nonmagnetic field, while 100 L of a y-Fe,O;@PSC
(0.5 mg/mL) and polylysine (y-Fe;O3@PSC: polylysine =
1:3.5) mixture was added to a magnetic field. The
assembled structure of the magnetic nanomaterial was
formed and fixed on the surface of the scaffold via solvent
evaporation. A total of 120 uL of dopamine solution
(I mg/mL) and collagen type I (CORNING, Rat Tail,
0.5 mg/mL) mixture was prepared and added to the sur-
face of the magnetic composite scaffold.

Scanning/transmission electron microscope
characterization

SEM images of the magnetic composite scaffold were
obtained with a LEO1530VP system (Zeiss Germany).
TEM images of y-Fe;O3;@PSC were obtained with a
JEM2000EX system (JEO Japan).

Ferromagnetic resonance characterization

Since the size of the three-dimensional printing scaffold
for cell culture (20 x 20 x 1 mm) is too large to be used as
a sample for ferromagnetic resonance (FMR) detection, a
three-dimensional printing scaffold with reduced size (5 x
5 x 1 mm) but the same preparation procedures were used
for FMR measurement.

The magnetic properties of the sample containing the
assembled structure and the assembly-free structure were
separately detected by FMR. Each sample was detected in
two directions: with the long axis of the printed structure
parallel to the direction of the FMR magnetic field and
with the long axis perpendicular to the direction of the
magnetic field. Finally, their respective FMR spectral
curves were obtained and summarized in the same
coordinate system for comparison. The samples were
found to have magnetic anisotropy.

Cell seeding

Before cell seeding, the PDMS was first washed with
PBS (pH=7.4) twice and then conditioned in SD rat
adipose-derived mesenchymal stem cell complete med-
ium (RASMD-90011; Cyagen Biosciences Inc., Guangz-
hou, China) for 24 h. SD rADSCs were cultured in SD
rADSC complete medium at 37 °C in a humidified incu-
bator in the presence of 5% CO,. Cells at passages 3-5
were used in our experiments. When confluence reached
approximately 80%, the cells were trypsinized and resus-
pended at a concentration of 3 x 10° cell/mL. To allow
cells to adhere only to the surface of PDMS rather than
everywhere in the well plate, 60 uL of cell suspension was
added on top of each PDMS (1.8 x 10° cells/well), fol-
lowed by the addition of 2 mL of the complete medium
after incubation for 4 h. The culture medium was changed
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every 2 days. When confluence reached approximately
80%, 2mL SD rat adipose-derived stem cell osteogenic
differentiation medium was added to each well. The
medium was changed every 3 days. The morphology of
SD rADSCs adhering to the scaffolds was viewed using an
inverted microscope (LEICA DMC2900; Carl Zeiss
Meditec AG, Germany) on a bright field and then pho-
tographed at x400 magnification using LAS Vision
4.4 software.

Confocal laser scanning microscopy (CLSM)
characterization

Cells were seeded using the above method. The cells
were fixed using 4% polyformaldehyde for 30 min and
permeabilized using 0.5% Triton X-100 (Solarbio Life
Science) for 30 min. Then, the cells were stained with
rhodamine-phalloidin (Cytoskeleton, Inc., Denver, CO,
USA) and 4/,6-diamidino-2-phenylindole (DAPI; Beyo-
time Biotechnology) to label F-actin and cell nuclei,
respectively. The morphology of rADSCs adhering to
PDMS was observed by CLSM (Zeiss-LSM710; Carl Zeiss
Meditec AG, Jena, Germany).

ALP activity assay

The SD rADSCs were seeded using the above method.
After incubation in osteogenic medium for 4 and 7 days,
SD rADSCs were collected using 0.5% trypsin for analysis.
ALP activity and total protein concentration were detec-
ted according to the manufacturer’s instructions for the
ALP assay kit (A059-2-2; Jiancheng Biotech., Nanjing,
China) and bicinchoninic acid protein assay kit (PT001;
Leagene Biotech., Beijing, China), respectively. The ALP
concentration was calculated according to the manu-
facturer’s instructions.

Matrix mineralization assay

Matrix mineralization levels were evaluated by Alizarin
red staining. After osteogenic induction for 14 days,
rADSCs on the samples were fixed with 4% paraf-
ormaldehyde and stained with 1% ARS (pH 4.2; Cyagen
Biosciences Inc., Guangzhou, China) for 5min. After
qualitative observation, the samples were washed with
PBS and extracted with 10% cetylpyridinium chloride
(Bomei Biotechnology, Hefei, China) for 30 min at room
temperature. Then, the solution was transferred to a 96-
well plate for absorbance measurement at 550 nm using a
microplate reader.

Quantitative RT-PCR

After incubation in osteogenic medium for 14 days, SD
rADSCs were collected using 0.5% trypsin for analysis.
Total RNA was extracted using RNAiso Plus (Takara Bio
Inc.; Takara Bio Inc., Japan). The quantity and quality of
RNA were measured with NanoVue Plus (General Electric
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Company, USA). cDNA was synthesized from 500 ng of
RNA using Prime Script™ RT master Mix (RR036A;
Takara Bio Inc., Japan) according to the manufacturer’s
instructions. Quantitative real-time PCR was performed
using the ABI 7900 Real-Time PCR System (Thermo
Fisher Scientific) with TB Grenn™ Premix Ex Taq™ II
(RR820A; Takara Bio Inc., Japan) according to the man-
ufacturer’s instructions. The analysis was performed using
the 2 — AACt method. Each experiment was run in tri-
plicate. The primer sequences of OCN (osteocalcin),
BMP2 (bone morphogenetic protein 2), OSX (osterix),
Runx-2 (runt-related transcription factor 2), ALP (alkaline
phosphatase), and Smadl/5/8 (Sma-Mad) are listed in
Table S1.

Western blot analysis

Western blotting was performed as previously descri-
bed. Immunoblotting was performed using appropriate
primary antibodies against ALP, BMP2, RUN2, Smad1l/5/
8, and GAPDH (ImageQuant LAS 4000 mini).

RNA sequencing and data analysis

RNA from MNP—, MNP+MNA—, and MNP+MNA+
cultured rat adipose-derived stem cells was extracted
using TRIzol (Life Technologies), followed by purification
using an RNeasy Mini Kit (Qiagen). RNA-seq was per-
formed using rat adipose-derived stem cells from three
individual animals. RNA-seq libraries were prepared using
the Illumina TruSeq RNA Library Prep Kit v2 and
sequenced with a HiSeq 2500 sequencer.

Statistical analysis

Each type of experiment was performed at least three
times independently, and data are expressed as the mean
+ SD. Statistical analysis among different groups was
carried out by Student’s t-test. P values < 0.05 were con-
sidered to be statistically significant. Statistical analyses
were performed using GraphPad Prism software
(version 5.0).
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