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Abstract
In this study, we report the step-gradient nanocomposite (NC)hydrogel generated easily by spatial
connection of different nanocomposite hydrogel pastes varying in the concentrations of nanomater-
ials with the aid of a 3Dprinting technique. The prepared 3Dprinted gradientNChydrogel has self-
adhesive properties and is used to direct themigration offibroblast cells towards the higher
concentration of biopolymer-coated silica-based nanomaterials (NMs)within the 3Dnetwork of the
hydrogel. Furthermore, we demonstrate the potential application of our gradientNChydrogel in
migration and subsequent enhanced osteogenic differentiation of human bonemarrowderived
mesenchymal stem cells (hBMMSC). The osteogenic differentiation of hBMMSC is achieved in the
absence of osteogenic differentiationmediumdue to the silica-basedNMs. The increase in theNM
content in the gradient construct promotes hBMMSCmigration and results in higher Ca2+

deposition.

1. Introduction

The extracellular matrix (ECM), a three-dimensional
(3D) nanofibrous network supports and regulates cell
behavior (proliferation, differentiation andmigration)
by providing biochemical and mechanical signaling
cues in a gradient manner [1, 2]. Cells migrate in the
ECM towards the gradually increasing concentration
of soluble signal factors and the ligands of the ECM
during a wound healing process. Furthermore, gradi-
ent structures are present in and between the tissues,
such as bone, skin, and cartilage. Therefore, biomater-
ials withmechanical and chemical gradients have been
engineered to influence cell migration, proliferation
and differentiation to regenerate tissues and tissue

interfaces [3–5]. Gradients are also particularly impor-
tant for the migration of stem cells [6, 7], not only
for embryonic development, but also tomediate tissue
repair and regeneration [8]. Stem cell migration
plays an important role in the inhibition of the
development of cancer or inflammatory diseases [8].
Therefore, control of the stem cellmigration should be
potentially used in cancer and other disease treatments
and in improved cell therapy. Besides having chemical
andmechanical gradient properties, engineered mate-
rials must also be fabricated with well-defined struc-
tures that can mimic native tissues’ 3D anatomic
geometries and inherent tissue cellular distributions to
study and understand cell-material interactions
properly.

RECEIVED

25March 2019

REVISED

3 July 2019

ACCEPTED FOR PUBLICATION

25 July 2019

PUBLISHED

22August 2019

© 2019 IOPPublishing Ltd

https://doi.org/10.1088/1758-5090/ab3582
https://orcid.org/0000-0001-6322-8852
https://orcid.org/0000-0001-6322-8852
https://orcid.org/0000-0003-2275-1254
https://orcid.org/0000-0003-2275-1254
mailto:seda@uni.muenster.de
https://doi.org/10.1088/1758-5090/ab3582
https://crossmark.crossref.org/dialog/?doi=10.1088/1758-5090/ab3582&domain=pdf&date_stamp=2019-08-22
https://crossmark.crossref.org/dialog/?doi=10.1088/1758-5090/ab3582&domain=pdf&date_stamp=2019-08-22


In this respect there is interest in generating 3D
(bio)printed biomaterials with biochemical and
mechanical gradient properties tomimic the ECMand
3D anatomical geometries of the target tissue for tissue
regeneration applications [9, 10]. The 3D printing
technique [11, 12] can be used to fabricate biomater-
ials or cell-laden biomaterials, layer by layer, via comp-
uter-designed instructions into well-defined 3D
structures to generate tissue-like constructions. For
example, Moroni and his coworkers described surface
energy and stiffness gradients in additive manu-
factured scaffolds for osteochondral regeneration [13].
Gurkan et al reported a biochemical gradient by bio-
printing nanoliter droplets to mimic the native fibro-
cartilage phase [14]. In another study, Annabi and
Khademhosseini demonstrated the fabrication of 3D-
bioprinted gradient bone-like tissue constructs con-
taining a perfusable vascular lumen [15]. Recently,
Cross et al reported gradient nanocomposite hydro-
gels composed of Laponite-reinforced gelatin metha-
cryloyl and methacrylated kappa carrageenan for
interface tissue regeneration [16].

In tissue engineering, nanocomposite (NC) hydro-
gels have been used as better alternative biomaterials
to hydrogels due to their improved mechanical, sti-
muli responsive, viscoelastic, hydrophilic and bio-
compatible properties that can mimic the native ECM
environment and tissue structure [17–19]. NC hydro-
gels are generated by the incorporation of nanomater-
ials (NMs) as fillers into the hydrogel’s matrix. Yet,
despite their promising applications in tissue engi-
neering and biomedicine, very few studies have inves-
tigated the potential of NC hydrogels [17–21] in 3D
printing. In the few studies [22–26] demonstrated, 3D
printed silver nanoparticles embedded a hydrogel
matrix for the fabrication of a bionic ear [22], poly
(ethyleneglycol)-diacrylate(PEGDA)/nanocrystalline
hydroxylapatite NC hydrogels were used for osteo-
chondral tissue regeneration [23] and polydiacetylene
nanoparticles intercorporated PEGDA hydrogels to
generate a liver-inspired 3D detoxification device [24].
In other interesting studies, Gaharwar et al reported
Laponite nanosilicate reinforced kappa carrageenan
(κCA) and the combination of κCA and gelatin
methacryloyl (GelMA) nanocomposites as mechani-
cally stiff and elastomeric bioinks for 3D bioprinting
[25, 26]. Despite the promising applications of NC
hydrogels in tissue engineering and biomedicine, the
utilization of NC hydrogels in 3D printing of gradient
biomaterial constructions for controlled cell migra-
tion needs to be investigated.

In this context, we describe the fabrication of a 3D
printed step-gradient NC hydrogel with themain pur-
pose of directing cell migration towards the higher
concentration of biopolymer-coated NMs. We used
poly-D-Lysine (PDL) to coat periodic mesoporous
organosilica nanomaterials (PMOs) to obtain biopoly-
mer-coated silica-based NMs. The PDL-coated PMOs
were inserted into alginate hydrogel pastes in different

concentrations. The prepared alginate pastes with dif-
ferent PMO content were used to fabricate the step-
gradient NC hydrogel with the aid of a 3D printing
technique. The cell experiments demonstrated
the PMO concentration-dependent cell migration
towards the gradient hydrogel section that possessed a
higher concentration of biopolymer-coated PMOs.
Additionally, we demonstrated the potential applica-
tion of our gradient NC hydrogel in migration and the
subsequent enhanced osteogenic differentiation of
human bone marrow derived mesenchymal stem cells
(hBMMSC).

2.Materials andmethods

2.1.Materials
PDL, hexadecyltrimethylammonium bromide (CTAB,
98%), 1,2-bis(trimethoxysilyl)ethane (BTME, 96%), N,
N′-bis(2,6-dimethylphenyl)perylene-3,4,9,10-tetracar-
boxylic diimide (DXP), paraformaldehyde (PFA) and
trypsin, were purchased from Sigma-Aldrich. Ethanol
(absolute for analysis), ammonia solution (32%, pure)
and hydrochloric acid (32%, for analysis), were pur-
chased from Merck. Laponite powder was obtained
from (Laponite RD) Kremer Pigmente GmbH & Co-
KG, Germany. Trypan blue solution was purchased
from Life Technologies GmbH. Phalloidine Alexa
Fluor®488 was purchased from Invitrogen, and 4′,6-
diamidino-2-phenylindole dihydrochloride (DAPI)
was acquired fromPolysciences EuropeGmbH.The cell
medium (RPMI 1640) supplemented with 10% (v/v)
fetal bovine serum (FBS)was obtained from Biochrom,
Germany.

2.2. General procedure for cell experiments inAlgL,
PMO0.3-AlgL, andPMO0.9-AlgL homo scaffolds
The cells were carefully thawed and suspended in their
specific medium (10% FBS+RPMI 1640). Then, the
cells were seeded homogeneously onto the 3D printed
homo AlgL, PMO0.3-AlgL and PMO0.9-AlgL scaffolds
(approximately 20 000 cells for each scaffold). The
scaffolds were covered with cell culture media (2 ml)
and incubated for 10 min, 4 and 7 days at 37 °C and
5% CO2. After the incubation periods, the scaffolds
were washed twice with phosphate-buffered saline
(PBS) to remove non-adhered cells. Subsequently,
they were transferred to another cell culture plate and
treated with EDTA (0.04% w/v in PBS, without
Ca2+/Mg2+) with gentle mixing. The cells were
counted immediately using a Neubauer chamber
(trypan blue solutionwas used to detect dead cells).

2.3. General procedure for 3Dprinting of the step-
gradientNC scaffolds (GradNCs)
AlgL, PMO0.3-AlgL and PMO0.9-AlgL (0.1 ml each)
pastes were subsequently printed in a side-by-side
orientation to form three connected hexagonal prisms
(5 mm on each side and 2 mm in height) in the
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horizontal (XY) plane. The final construct was cross-
linked with a CaCl2 (100 mM) solution, frozen at
−20 °C for 16 h and then lyophilized with a freeze
dryer for 16 h, giving rise to theGradNCs.

2.4. General procedure for the cell experiments in
the 3DprintedGradNC
The cells were carefully thawed and suspended in their
specific medium (10% FBS+RPMI 1640). Then, the
cells were seeded homogeneously onto each part of the
GradNC (approximately 20 000 cells for each scaf-
fold). The GradNC was covered with cell culture
media (2 ml) and incubated for 10 min, 4 and 7 days at
37 °C and 5% CO2. After the incubation periods, the
scaffold was washed twice with PBS to remove non-
adhered cells. Subsequently, the GradNC was sepa-
rated into its parts (AlgL, PMO0.3-AlgL and
PMO0.9-AlgL). These parts were transferred to another
cell culture plate and treated with EDTA (0.04% w/v
in PBS, without Ca2+/Mg2+) with gentle mixing. The
cells were counted immediately using a Neubauer
chamber (trypan blue solution was used to detect dead
cells).

2.5. General procedure for cellmigration
experiments in the 3DprintedGradNC
For the cell migration experiments, we used the above
procedure, except here the cells were seeded homo-
geneously only onto the AlgL part of the GradNC
(approximately 20 000 cells onto the hexagonal
prism).

2.6. General procedure for the reverse cellmigration
experiments in the 3DprintedGradNC
For the reverse cell migration experiments, we used
the above procedure, except here the cells were seeded
homogeneously only onto the PMO0.9-AlgL part of
the GradNC (approximately 20 000 cells on the
hexagonal prism).

2.7. General procedure for hBMMSCsmigration
experiments in the 3DprintedGradNC
The hBM MSCs were obtained from whole bone
marrow (BM) cells (Lonza). They were cultured in
alpha MEM (Sigma, St-Louis, MO, USA) supplemen-
ted with 20% FBS (Invitrogen), 1% penicillin and
streptomycin (Sigma-Aldrich, St-Louis, MO, USA),
and were incubated at 37 °C in a humidified atmos-
phere containing 5% CO2 for 10 days and the culture
medium was changed once every 2–3 days. At 80%–

85% confluence, adherent hBM MSCs were trypsi-
nized with TrypLE solution (Gibco Invitrogen), and
cell viability was checked by trypan blue dye exclusion.
In the present study, passage 3 (P3) hBM MSCs were
seeded onto AlgL scaffolds and AlgL, PMO0.3-AlgL,
and PMO0.9-AlgL scaffolds of the GradNC. Cell
proliferation was evaluated with Presto Blue Staining
solution and the optical density (OD) value was

calculated depending on spectrophotometrical
measurement.

2.8.Osteogenic differentiation capacity of hBM
MSCs in the 3DprintedGradNC
Osteogenic differentiation potentials of passage 3 hBM
MSCs inside the printed construct (the hBM MSCs
were seeded onto AlgL scaffolds and AlgL,
PMO0.3-AlgL and PMO0.9-AlgL parts of GradNC)
were analyzed by incubating them with and without
osteogenic differentiation medium for 14 days. Osteo-
genic differentiation capacity was evaluated after
Alizarin Red staining at days 7 and 14.

2.9. Characterization
The morphology of the AlgL, PMO0.3-AlgL and
PMO0.9-AlgL scaffolds was investigated using a Zeiss
1540 EsB dual beam focused ion beam/field emission
scanning electron microscope (SEM). The morph-
ology of cells in hydrogels was determined using
Brunel SP300-FL fluorescence microscopy. The sili-
con and magnesium ion-release analysis from nano-
particles and also from scaffolds were performed by
Spectro ARCOS inductively coupled plasma optical
emission spectroscopy (ICP-OES) from Spectro Ana-
lytical Instruments (Kleve, Germany). Tissue Scribe
Gen. 3 (a 3D bio-printer by 3D Cultures) was used to
print all scaffolds into computer-designed 3D struc-
tures. Anton Paar (Modular Compact Rheometer)was
used for rheological analyses.

3. Results and discussion

We described the synthesis and characterization of
PDL-coated PMOs previously [27]. Briefly, PMOs were
loaded with DXP, a non-water-soluble fluorescent dye
molecule (for detection of PMOs in hydrogels), and
then coated with PDL. Polylysine, a biodegradable
biopolymer, was used to coat surfaces to promote cell
adhesion and growth [27, 28]. The PDL-coated PMOs
were inserted into alginate (Alg)/Laponite hydrogel
paste (AlgL) in different concentrations to generate
PMO0-AlgL=AlgL (pure Alg with 0mg PMO/(1ml
paste)), PMO0.3-AlgL (0.3mg PMO/(1ml paste)), and
PMO0.9-AlgL (0.9 mg PMO/(1ml paste)). Laponite
was used to improve the mechanical properties of
alginate and thus to generate injectable paste for the 3D
printer [29, 30]. The prepared AlgL pastes loaded with
different concentrations of PMOs were first printed
into 3D hexagonal prisms and cross-linked with a
calcium source to obtain PMOx-AlgL homo hydrogels
(x=0, 0.3, 0.9) (figures 1(A)–(C)). The PMO0.3-AlgL
as a representative example was also printed into
different shapes (hexagon, cube, ear) to show the
accuracy in shapes of thedifferent structures indifferent
sizes (figures 1(D)–(F)). Other alginate or Laponite-
based scaffolds with good shape fidelity have been
reported in the literature [31–33].
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Morphology, rheological, swelling, degradation
and porosity properties of the prepared hydrogels
were characterized using different techniques (figures
S1, S2 are available online at stacks.iop.org/BF/11/
045015/mmedia and tables S1–S4). The SEM images
show the 3D porous AlgL hydrogel network, and the
zoomed-in images show the PMOs embedded into the
AlgL hydrogel wall (figure S1). Rheological measure-
ments were performed to evaluate the effect of the
amount of PMO on the mechanical properties of the
AlgL hydrogel composition under shear stress. The
results of rheological measurements indicated that a
higher number of PMO particles led to the formation
of more viscous gels than the pure alginate hydrogel
itself. All pastes showed shear thinning effects at
increasing shear rates. (figure S2(A)). Furthermore,
the interactions between the PMOs and the AlgL resul-
ted in slightly higher values of storage and loss mod-
ulus (figure S2(B)). The mechanical spectra were
characterized by measurement of the storage modulus
(G′), loss modulus (G″) and apparent viscosity as a
function of angular frequency. The PMO0.3-AlgL and
PMO0.9-AlgL displayed a higher storagemodulus than
loss modulus over the range of angular velocities. AlgL
had almost the same storage and loss modulus until an
angular velocity of ca. 1.0 s−1. After this point, the
paste showed elasticity. Our data suggested that PMO
improved the shear thinning of AlgL and slightly
enhanced the viscoeleastic properties of AlgL. Further-
more, we investigated the swelling ratio, the equili-
brium water content (%), degradation behavior and

porosity of the hydrogels (tables S1–S4). The 3D prin-
ted PMO0.3-AlgL and PMO0.9-AlgL hydrogels exhib-
ited a higher swelling capacity, higher porosity and less
degradation in comparison to the PMO-free AlgL
hydrogel. The reason was attributed to the incorpora-
tion of hydrophilic porous PMOs into the hydrogel
network that improves the hydrophilicity and
mechanical stability of the network and increases
water diffusion, while at the same time it decreases the
degradation of the hydrogel. The weight losses (%) of
the PMO0.3-AlgL and PMO0.9-AlgL hydrogels were
less than AlgL in the presence of fibroblast cells show-
ing the enhancement in the stability of AlgL with
PMOs at 37 °C in the presence of cells for incubation
times of 1 day, 4 and 7 days (table S3). Porosity mea-
surements (table S4) showed that the 3D hydrogels
with the PMOs had higher porosity than AlgL, because
the PMOs enhanced the stability of the structure
within the cross-linked hydrogel network.

The adhesive properties of the AlgL, PMO0.3-AlgL
and PMO0.9-AlgL hydrogels were tested as well (for
details see the supporting information (SI)) (figure
S3(A), (B)). Adhesiveness is one of the desired proper-
ties of the engineered biomaterials. Such adhesives
find applications in tissue engineering and surgery due
to their ability to eliminate stress localization at the
fractured surfaces, fast conjunction of fractures and
ability to resist the separation of the rejoined fractions.
We simulated the rejoining of an example of human
femur fractions by using PMO0.9-AlgL hydrogel
(figures S3(C), (D)).

Figure 1. 3DprintedNChomohydrogels with different shapes.Hexagons of (A)AlgL, (B)PMO0.3-AlgL and (C)PMO0.9-AlgL.
(D)Ahexagon of PMO0.3-AlgLwith larger strand distance. (E)The cube shape of PMO0.3-AlgL. (F)The ear shape of PMO0.3-AlgL.
(G)Agradient scaffold composed of AlgL, PMO0.3-AlgL and PMO0.9-AlgL.
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Cell adhesion experiments were then carried out
in freeze-dried 3D printed NC homo hydrogel scaf-
folds using first primary fibroblast cells (due to their
importance in wound healing) [34] to determine whe-
ther the cells had different affinities for the hydrogels
containing different concentrations of PMOs functio-
nalized with the biopolymer. The cells were seeded
onto AlgL, PMO0.3-AlgL and PMO0.9-AlgL and incu-
bated for 10 min, 1 day and 7 days. After the incuba-
tion periods, the number of viable cells in each of the
hydrogels was determined (figure 2(A), table S5). Our
results show that cells had higher affinity to AlgL
hydrogels loaded with the biopolymer-coated PMO
particles than they did for PMO-free AlgL hydrogel
(figure 2(A), table S5) (after 4 and 7 days). The alive cell
numbers in AlgL hydrogels increased with the PMO
concentration. The difference in the number of cells
between the AlgL, PMO0.3-AlgL and PMO0.9-AlgL
hydrogels became more pronounced after longer
incubation time. We found 1.5 and 1.3 times more
cells in PMO0.9-AlgL hydrogel than AlgL and
PMO0.3-AlgL hydrogels (after 7 days of incubation),
respectively, demonstrating enhanced cell adhesion
with PMO concentration. It has been demonstrated by
us [35, 36] and other groups [37, 38] that incorpora-
tion of NMs in hydrogel/hydrogel scaffolds and/or
surfaces improves cell-material interaction due to an
increase in the surface area of the material, and thus a
higher number of binding sites for cell attachment.

Based on these observations we prepared step-gra-
dient hydrogels to control the migration of cells by
PMO concentration within the 3D network of hydro-
gel (figure 1(G)). The prepared AlgL, PMO0.3-AlgL
and PMO0.9-AlgL pastes were printed in a side-by-side
orientation, cross-linked and freeze-dried to form
three connected hexagonal prism hydrogels where
each hexagon contains different amounts of PMOs
within the 3D hydrogel network. The final construc-
tion, freeze-dried GradNC was used for cell experi-
ments to analyze the impact of PDL-coated PMO
concentration on cell migration in a 3D network
(figure 2(B), table S6). Almost the same numbers of
cells were first seeded onto each hexagonal hydrogel of
GradNC (figure S4(Ai)) and incubated for 10 min, 4
and 7 days as carried out for the homo hydrogels (for
comparison approximately the same number of cells
was seeded in each hexagon hydrogel as in the cell
experiments for homo hydrogels described above).
After the incubation periods, the GradNCs were sepa-
rated into their parts (AlgL, PMO0.3-AlgL and
PMO0.9-AlgL) (figure S4(Aii)). These parts were trans-
ferred to another cell culture plate, and the number of
viable cells and cell viability in each separate part were
determined. We observed an increase in the number
of cells with PMO concentration, which became more
pronounced at longer incubation times (figure 2(B),
table S6). For example, we extracted 2 and 1.8 times
more alive cells in PMO0.9-AlgL hydrogel than AlgL
and PMO0.3-AlgL hydrogels, respectively, during 7

Figure 2.The number offibroblast cells (×103) in AlgL, PMO0.3-AlgL and PMO0.9-AlgL homo scaffolds (A). The number of fibroblast
cells (×103) in AlgL, PMO0.3-AlgL and PMO0.9-AlgL parts of theGradNC (B,C,D). Cells were added onto all parts of theGradNC (B).
Cells were added only into theAlgL part of theGradNC (C). Cells were only added onto the PMO0.9-AlgL part of theGradNC (D)
(N=3; data show significant differences; Anova: p<0.05with (*), p<0.01 (**), p<0.001 (***)).
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days of incubation, while the ratio between these
hydrogels was 1.6 and 1.5 during 4 days of incubation.
In addition, we determined a 75% increase in alive cell
content in PMO0.9-AlgL hydrogel from 10min to 7
days of incubation, while AlgL and PMO0.3-AlgL
hydrogels showed an opposite trend (8% decrease in
alive cell content in each hydrogel) within the same
incubation period.

When we compared homo hydrogels (figure 2(A),
table S5) and AlgL, PMO0.3-AlgL and PMO0.9-AlgL
parts of GradNC (figure 2(B), table S6), we investi-
gated significant differences in the live cell numbers.
For example, after 7 days of incubation, the cell con-
tents in the homo hydrogels, AlgL and PMO0.3-AlgL
were increased by 2% and 8%, respectively, while
those in the AlgL and PMO0.3-AlgL parts of the
GradNC were decreased by 8%. On the other hand,
the number of cells in the PMO0.9-AlgL of homo
hydrogel and GradNC showed 53% and 75% increase
in the same incubation period. The smaller increase in
the AlgL and PMO0.3-AlgL and the higher increase in
the PMO0.9-AlgL parts of theGradNC than the respec-
tive homo hydrogels can be an indication of a move-
ment of cells from the AlgL and PMO0.3-AlgL towards
the PMO0.9-AlgL part of theGradNC.

Therefore, for better understanding, we per-
formed additional cell experiments. We prepared a
GradNC and seeded cells now only in the AlgL part of
it (figure S4(B)). The final cell-laden GradNC was
incubated for 10 min, 4 and 7 days. After incubation,
we determined viable cell numbers in the AlgL,
PMO0.3-AlgL and PMO0.9-AlgL parts of the GradNC
(figure 2(C), table S7). After 10 min incubation period
90% of cells were obtained from AlgL and only 10% of
cells were extracted from PMO0.3-AlgL. However,
with longer incubation times (4 and 7 days) we also
extracted cells from the PMO0.9-AlgL part of the
GradNC. Furthermore, we observed a decrease in cell
numbers in the AlgL, while there was a continuous
increase in cell content in the PMO0.3-AlgL part and
PMO0.9-AlgL parts of GradNC. These results were
another sign of a migration of cells inside the GradNC
matrix towards the higher concentration of PMOs.

In the next step we conducted reverse cell migra-
tion experiments. Cells were seeded into the
PMO0.9-AlgL part of the GradNC and incubated for
the same periods as in the former experiments (figure
S4(C)). The initial number of cells was 0, 9 and 91% in
the AlgL, PMO0.3-AlgL and PMO0.9-AlgL parts of the
GradNC, respectively (figure 2(D), table S8). We
observed that the number of cells continuously
increased in the PMO0.3-AlgL part and that was first
increased and then decreased in PMO0.9-AlgL for the
longer incubation time (7 days). Whereas we extracted
few cells in AlgL only after 4 days of incubation, and
the cell number was slightly increased during 7 days of
incubation.

When we compare concentration-dependent cell
migration (figure 2(C), table S7) and reverse cell

migration experiments (figure 2(D), table S8), we
investigated that cells migrated in both experiments
towards the empty parts of the GradNC. However, the
cell migration tendency was higher when cells were
added in the AlgL part compared to the PMO0.9-AlgL
part of the GradNC. For example, if we make an
approximate calculation, we found that the cell con-
tent in AlgL (1.3×103) after 7 days was 6% of the
initial cell number (21.3×103) in the PMO0.9-AlgL
part of the GradNC (figure 2(D), table S8). On the
other hand, the number of cells in PMO0.9-AlgL
(10.4×103) after the same incubation time was 49%
of the cells which were seeded at the beginning into the
AlgL (21.3×103) part of the GradNC confirming the
PMO concentration-dependent cell migration
(figure 2(C), table S7).

Cell experiments were also monitored by fluores-
cencemicroscopy (figures S5–S7). Themembrane and
the nucleus of the cells were co-stained with Phalloi-
dine Alexa Fluor® 488 (green) and 4′,6-diamidino-2-
phenylindole-6-carboxamidine (DAPI, blue), respec-
tively (see the SI). Thefluorescencemicroscopy images
confirm the PMO concentration-dependent cell
migration within the 3D network of the GradNC. In
addition, SEM images (figure S8) of cells in the respec-
tive hydrogels showed the adhered cells inside the
hydrogel scaffold network.

The migration rate of cells on the substrate surface
is influenced by the type and density of adhesive
ligands on substrate surfaces. Cell migration requires
an optimum strength of interaction of cells with a sub-
strate that should be sufficient for cell adhesion but
should not be so strong that it prevents the detach-
ment of cells. Many studies used integrin binding
ligands, such as the arginine-glycine-aspartic acid
(RGD) peptide sequence which is present in fibro-
nectin and other matrix proteins [39], to promote cell
adhesion and migration [40]. Moreover, polylysine
has been widely used as a cell adhesive polymer to
enhance cell attachment to untreated substrate sur-
faces. Positively charged polylysine binds electro-
statically to the negatively charged cells, thus
improving cell adhesion on substrate surfaces.
Recently, it has been shown by Vig et al that cells on
polylysine-coated surfaces move faster than cells on
fibronectin-coated surfaces when the cells move col-
lectively [41]. This result was attributed to the collec-
tive cell migration that resulted in higher intracellular
contractile forces that push the cell across the sub-
strate. Besides cell adhesive ligands, nanoparticle den-
sity and surface roughness on substrates are other
important factors for cell adhesion, spreading and
migration [35, 37, 42] due to an increase in the surface
area of the substrate surface. The studies showed that
at optimum value of the nanoparticle and adhesive
ligand density, cells found the best conditions for
adhesion and migration. Therefore, we suggest that
our observed cell adhesion and migration results are
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mediated by the presence of both PDL and PMOs in
the network of the PMO-AlgL.

After we demonstrated themigration of fibroblasts
in GradNC, we performed cell experiments using
hBMMSCs to show potential applications of our step-
gradient NC hydrogel. Recent studies have shown that
the composite films of graphene oxide (GO) and poly-
lysine [43] and hyaluronic acid/poly-L-lysine
bilayered silica nanoparticles [44] can support the
growth of MSCs with a high proliferation rate, and
accelerate the osteogenic differentiation of MSCs. In
addition, silica-based NMs are of particular interest
for bone tissue regeneration due to themechanical and
biocompatibile properties (presenting osteoconduc-
tive and osteoinductive properties) of silica and deri-
vatives such as bioactive glass. Silica-based NMs have
been demonstrated to promote differentiation of bone
forming osteoblasts [45–48]. Therefore, we investi-
gated the PDL-coated silica-based PMO-mediated
hBMMSCmigration and osteogenic differentiation in
the 3D network of the GradNC. The hBMMSCs were
seeded onto the AlgL, PMO0.3-AlgL and PMO0.9-AlgL
parts of the GradNC, and then incubated for 7 days.
After the incubation periods, the number of viable
cells in each of the hydrogels was determined. For this
purpose, the GradNCs were separated into their parts
(AlgL, PMO0.3-AlgL and PMO0.9-AlgL). These parts
were transferred to another cell culture plate, and cell
proliferation in each separate part was determined.
We investigated that cells migrated towards the
PMO0.9-AlgL part of the GradNC (figures 3(A) and
(B)). It has been shown in figure 3(A) that when the
cells were added on AlgL, cells migrated towards the
empty gradients during 7 days of culture and increased
their numbers in PMO0.9-AlgL at day 7.We found that
the cell content in PMO0.9-AlgL after 7 days of culture
was two-fold higher compared to the first day cell
number. Similarly, a high number of cells was found in
PMO0.9-AlgL compared to AlgL hydrogels (3.2-fold)
at day 7. On the other hand, when hBM MSCs were
added in the same amount on all parts of the GradNC

at the initial step, the cells showed a similar migration
and expansion profile when they were added to the
AlgL alone experiments. We found that the cell con-
tent in PMO0.9-AlgL after 7 days was 4.4-fold com-
pared to the first day cell numbers and 6.4-fold
compared toAlgL cell numbers at day 7 (figure 3(B)).

It has been published that the use of many ECM-
derived biomaterials, including gelatin, collagen and
hyaluronic acid, are limited due to the lack of osteo-
genic factors or other ions which could enhance
mineralization. To mimic the chemical composition
of natural bone, some biomimetic inorganic particles,
such as hydroxyapatite, silicate, ceramic hydrogel and
a titanium compound, are commonly applied within
hydrogels. Based on this concept, we added our system
Laponite (nanosilicate) and PMOs to obtain bone bio-
mimetic surfaces. Thus, we tested hBM MSC embed-
ded Laponite/PMO-based 3D printed hydrogels for
osteogenic differentiation.

Osteogenic differentiation potentials of passage 3
hBM MSCs inside the printed construct (the hBM
MSCs were seeded only onto AlgL or onto all parts of
the AlgL, PMO0.3-AlgL and PMO0.9-AlgL of the
GradNC) were analyzed by incubating them with and
without osteogenic differentiation medium for 7 and
14 days. Osteogenic differentiation capacity and the
quantitative amount of Ca2+ deposition in GradNCs
were evaluated by Alizarin Red staining (figure 4) and
using a QuantiChrom Calcium Assay Kit (figure S9),
respectively. After Alizarin Red staining at days 7 and
14, we observed Ca2+ deposition in the GradNC in the
presence and also even in the absence of osteogenic
medium. Furthermore, when we seeded cells into
the AlgL part of the GradNC, we observed an in-
crease in Ca2+ deposition in the PMO0.3-AlgL and
PMO0.9-AlgL parts of the GradNC due to the migra-
tion capacity of cells towards PMO0.9-AlgL in both
culture days and conditions (figures S9(B), (D)). In
addition, osteogenic differentiation was determined
through the bone-related proteins, osteopontin
(OPN) and osteocalcin (OCN). OCN and OPN, non-

Figure 3.TheODnumber of hBMMSCs inAlgL, PMO0.3-AlgL and PMO0.9-AlgL homo scaffolds. Cells were added only into theAlgL
part of theGradNC (A). Cells were added onto all parts of theGradNC (B). (The number of repeated experimentsN=3).
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collagenous proteins, are structural elements of bone
ECM and are involved in the biological and mechan-
ical functions of bone. The OPN (at day 7) (figure S10)
and osteocalcin (OCN) (at day 14) (figure S11) levels
were evaluated by immunofluorescence staining. In all
of the sections of GradNC examined, we found higher
OPN andOCN levels in the presence of differentiation
medium than in the absence of differentiation med-
ium.More importantly, we observed an increase in the
OPN and OCN level towards the PMO0.3-AlgL and
PMO0.9-AlgL parts of the GradNC. This result is more
pronounced in the presence of differentiation med-
ium. Thus, ECM protein synthesis confirmed
nanoparticle-dependent migration and subsequent
osteogenic differentiation of hBM MSCs in our 3D
printed gradient construction.

Recently, the effect of nanosilicates and other silica-
based materials on hMSCs was evaluated by different
groups [49–55]. It has been reported that releasedminer-
als from nanosilicates and other silica-based materials
regulate the proliferation and osteogenic differentiation
of stem cells. Just as silicon ions mediate stem cell differ-
entiation by triggering cWnt signaling pathways, magne-
sium ions up-regulate the production of collagen and
vascular endothelial growth factor (VEGF) in hMSCs and
enhance osteogenic activity, and lithium stimulatesWnt-
responsive genes by increasing cytoplasmicβ-catenin and
improves bone formation and bone mass [49–55]. Fur-
thermore, a transcriptomic profile of hMSCs in response
to nanosilicate exposurewas investigated. The interaction
of nanosilicates with the cell membrane induced surface
receptors, and resulted in widespread changes in gene
expression from a variety of pathways, including
the stress-responsive and surface-receptor-mediated
MAPK/ERK pathways. Similarly, the data indicated that

internalization of nanosilicates and subsequent release of
mineral ions mediated biochemical signaling that stimu-
lated osteochondral differentiation of hMSCs [49]. In this
respect, we performed ion-release experiments (figures
S12–S15, tables S9–S12). Silicon and magnesium ion-
release analysis fromnanoparticles andhydrogel scaffolds
were carried out by ICP-OES measurements. We first
measured thediffused ions out ofAlgL, PMO0.3-AlgL and
PMO0.9-AlgL (figures S12, S13, tables S9, S10). Two
bioactive ions (silicon ions andmagnesium ions) that can
promote osteogenesis were measured [56, 57]. The ICP-
OES results demonstrated that the amount of diffused
Si4+ und Mg2+ was higher in PMO-loaded AlgL than
AlgL itself at 1 day incubation time. On the other hand,
the opposite trend was observed at 14 days of incubation.
We observed a decrease in the number of diffused ions
with increasing PMO concentration within the AlgL net-
work. This indicates that a higher PMO concentration
may cause higher cross-linking density that hindered the
diffusion of ions from the respective scaffolds. This result
is complementary with the degradation behavior of AlgL,
PMO0.3-AlgL andPMO0.9-AlgL (table S3). Thereafter, we
measured the released amount of Si4+ and Mg2+ from
Laponite and Si4+ from PMO to support our results
(figures S14, S15, tables S11, S12). We tested the same
amount of Laponite and PMO concentrations that we
used in AlgL, PMO0.3-AlgL and PMO0.9-AlgL. The first
concentration consisted of Laponite (L), the second
concentration was composed of Laponite+PMO0,3

(PMO0,3-L) and the third concentration contained
Laponite+PMO0,9 (PMO0,9-L). The ICP results showed
that Si4+ undMg2+ were released from PMO and Lapo-
nite gradually. The released amount of Si4+was higher in
PMO0,3-L and PMO0,9-L than sample L due to the pre-
sence of PMO. In addition, the released amount ofMg2+

Figure 4.Mineralization analysis of hBMMSCs inGradNC after 7 (A)–(D) and 14 (E)–(H) days of culturing in osteogenic
(differentiation) and alphaMEMmedium (w/o differentiation) using Alizarin Red staining (shown by black arrows). Cells were added
onto all parts of theGradNC ((A), (B), (E), (F)). Cells were added only into theAlgL part of theGradNC ((C), (D), (G), (H)). 1: AlgL, 2:
PMO0.3-Alg, 3: PMO0.9-Alg.
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from all samples is the same because only Laponite con-
tains Mg2+ ions (table S12 and figure S15). These results
indicate the impact of PMO and its concentration on the
osteogenic differentiation of hBM MSCs inside the
GradNC.

4. Conclusions

In this contribution, we reported the 3D printing of a
step-gradient NC hydrogel and its application in cell
migration studies. The cell experiments demonstrated
that cells had higher affinity for PMO-incorporated AlgL
hydrogels thanPMO-freeAlgL, and showedenhancedcell
growth inhigher concentrationsofPMOs.Weutilized the
PMO concentration-dependent cell preference to direct
cellmigration towards theGradNC section that possessed
a higher concentration of biopolymer-coated PMOs. The
PMO-based hydrogels facilitated migration and osteo-
genic differentiation of hBM MSCs. The extracellular
matrix protein synthesis by differentiated cells inside the
hydrogels, Ca2+ deposition and ion-release experiments
confirmed these results. In addition, our NC hydrogels
display self-adhesive properties indicating the potential
application of this biomaterial as tissue adhesives. Overall,
we believe that the strategy of incorporating bioactive
silica-based NMs into alginate as printing agents will be
promising for bone tissue engineering. In the long term,
we propose that suchNChydrogelswith gradient proper-
ties and specific functional groups on the surface of NMs,
generated easily by 3D printing technology, should be
used in bioengineering for the construction of new
biomaterials for wound healing, regenerative medicine
and tissue engineering applications.

Acknowledgments

We thank Deutsche Forschungsgemeinschaft for
funding, Dr Celeste Riley Brennecka for scientific
editing and Pooya Dorri for his technical assistance.
Nihal Ermis thanks the European Union Erasmus
Scholarship.

ORCID iDs

Ali Khademhosseini https://orcid.org/0000-0001-
6322-8852
Nermin SedaKehr https://orcid.org/0000-0003-
2275-1254

References

[1] Girard P P, Cavalcanti-AdamEA,Kemkemer R and Spatz J P
2007Cellular chemomechanics at interfaces: sensing,
integration and response SoftMatter 3 307–26

[2] Khademhosseini A, Langer R, Borenstein J andVacanti J P
2006Microscale technologies for tissue engineering and
biology Proc. Natl Acad. Sci. USA 103 2480–7

[3] Langer R andVacanti J P 1993Tissue engineering Science 260
920–6

[4] Khademhosseini A, Vacanti J P and Langer R 2009Tissue
engineering Sci. Am. 300 64–71

[5] SharmaR I and Snedeker J G 2010 Biochemical and
biomechanical gradients for directed bonemarrow stromal
cell differentiation toward tendon and boneBiomaterials 31
7695–704

[6] Veevers-Lowe J, Ball SG, ShuttleworthA andKielty CM2011
Mesenchymal stem cellmigration is regulated byfibronectin
throughα5β1-integrin-mediated activation of PDGFR-β and
potentiation of growth factor signals J. Cell Sci. 124
1288–300

[7] HaddenW J et al 2017 Stem cellmigration and
mechanotransduction on linear stiffness gradient hydrogels
PNAS 114 5647–52

[8] de Lucas B, Perez LMandGalvez BG 2018 Importance and
regulation of adult stem cellmigration J. Cell.Mol.Med. 22
746–54

[9] Bracaglia LG, Smith BT,Watson E, ArumugasaamyN,
Mikos AG and Fisher J P 2017 3Dprinting for the design and
fabrication of polymer-based gradient scaffoldsActa Biomater.
56 3–13

[10] LucaAD, BlitterswijkCV andMoroni L 2015The
osteochondral interface as a gradient tissue: fromdevelopment
to the fabrication of gradient scaffolds for regenerative
medicineBirthDefects Res. 105 34–52

[11] Melchels F P, Feijen J andGrijpmaDW2010A review on
stereolithography and its applications in biomedical
engineeringBiomaterials 31 6121–30

[12] ChimeneD, PeakCW,Gentry J L and JamesKC2018
Nanoengineered ionic–covalent entanglement (NICE) bioinks
for 3DbioprintingACSAppl.Mater. Interfaces 10 9957–68

[13] LucaAD, Longoni A, Criscenti G,Moldero I L,
GunnewiekMK,Vancso J, BlitterswijkC,MotaC and
Moroni L 2016 Surface energy and stiffness discrete gradients
in additivemanufactured scaffolds for osteochondral
regenerationBiofabrication 8 015014

[14] GurkanUA,Assal R E, Yildiz S E, Sung Y, Trachtenberg A J,
KuoWPandDemirci U 2014 Engineering anisotropic
biomimetic fibrocartilagemicroenvironment by bioprinting
mesenchymal stem cells in nanoliter gel dropletsMol.
Pharmaceutics 11 2151–9

[15] Byambaa B, AnnabiN, YueK, Trujillo-de SantiagoG,
AlvarezMM, JiaW,Kazemzadeh-NarbatM, Shin SR,
Tamayol A andKhademhosseini A 2017 Bioprinted osteogenic
and vasculogenic patterns for engineering 3Dbone tissueAdv.
Healthc.Mater. 6 1700015

[16] Cross LM, ShahK, Palani S, PeakCWandGaharwar AK 2018
Gradient nanocomposite hydrogels for interface tissue
engineeringNanomedicine. 14 2465–74

[17] Gaharwar AK, PeppasNAandKhademhosseini A 2014
Nanocomposite hydrogels for biomedical applications
Biotechnol. Bioeng. 111 441–53

[18] WangQ,Mynar J L, YoshidaM, Lee E, LeeM,OkuroK,
KinbaraK andAida T 2010High-water-contentmouldable
hydrogels bymixing clay and a dendriticmolecular binder
Nature 463 339–43

[19] Fattahi P, Dover J T andBrown J L 2017 3Dnear-field
electrospinning of biomaterialmicrofibers with potential for
blendedmicrofiber-cell-loaded gel composite structuresAdv.
Healthc.Mater. 6 1700456

[20] Billiet T, VandenhauteM, Schelfhout J, VanVlierberghe S and
Dubruel PA 2012A review of trends and limitations in
hydrogel-rapid prototyping for tissue engineeringBiomaterials
33 6020–41

[21] MoteallehA andKehrN S 2017Nanocomposite hydrogels and
their applications in tissue engineeringAdv.Healthc.Mater 6
16009388

[22] MannoorMS, Jiang Z, James T, Kong Y L,Malatesta KA,
SoboyejoWO,VermaN,Gracias DH andMcAlpineMC2013
3Dprinted bionic earsNano Lett. 13 2634–9

[23] CastroN J, Patel R andZhang LG 2015Nanopatterned human
iPSC-basedmodel of a dystrophin-null cardiomyopathic
phenotypeCel.Mol. Bioeng. 8 416–32

9

Biofabrication 11 (2019) 045015 AMotealleh et al

https://orcid.org/0000-0001-6322-8852
https://orcid.org/0000-0001-6322-8852
https://orcid.org/0000-0001-6322-8852
https://orcid.org/0000-0001-6322-8852
https://orcid.org/0000-0001-6322-8852
https://orcid.org/0000-0003-2275-1254
https://orcid.org/0000-0003-2275-1254
https://orcid.org/0000-0003-2275-1254
https://orcid.org/0000-0003-2275-1254
https://orcid.org/0000-0003-2275-1254
https://doi.org/10.1039/b614008d
https://doi.org/10.1039/b614008d
https://doi.org/10.1039/b614008d
https://doi.org/10.1073/pnas.0507681102
https://doi.org/10.1073/pnas.0507681102
https://doi.org/10.1073/pnas.0507681102
https://doi.org/10.1126/science.8493529
https://doi.org/10.1126/science.8493529
https://doi.org/10.1126/science.8493529
https://doi.org/10.1126/science.8493529
https://doi.org/10.1038/scientificamerican0509-64
https://doi.org/10.1038/scientificamerican0509-64
https://doi.org/10.1038/scientificamerican0509-64
https://doi.org/10.1016/j.biomaterials.2010.06.046
https://doi.org/10.1016/j.biomaterials.2010.06.046
https://doi.org/10.1016/j.biomaterials.2010.06.046
https://doi.org/10.1016/j.biomaterials.2010.06.046
https://doi.org/10.1242/jcs.076935
https://doi.org/10.1242/jcs.076935
https://doi.org/10.1242/jcs.076935
https://doi.org/10.1242/jcs.076935
https://doi.org/10.1073/pnas.1618239114
https://doi.org/10.1073/pnas.1618239114
https://doi.org/10.1073/pnas.1618239114
https://doi.org/10.1111/jcmm.13422
https://doi.org/10.1111/jcmm.13422
https://doi.org/10.1111/jcmm.13422
https://doi.org/10.1111/jcmm.13422
https://doi.org/10.1016/j.actbio.2017.03.030
https://doi.org/10.1016/j.actbio.2017.03.030
https://doi.org/10.1016/j.actbio.2017.03.030
https://doi.org/10.1002/bdrc.21092
https://doi.org/10.1002/bdrc.21092
https://doi.org/10.1002/bdrc.21092
https://doi.org/10.1016/j.biomaterials.2010.04.050
https://doi.org/10.1016/j.biomaterials.2010.04.050
https://doi.org/10.1016/j.biomaterials.2010.04.050
https://doi.org/10.1021/acsami.7b19808
https://doi.org/10.1021/acsami.7b19808
https://doi.org/10.1021/acsami.7b19808
https://doi.org/10.1088/1758-5090/8/1/015014
https://doi.org/10.1021/mp400573g
https://doi.org/10.1021/mp400573g
https://doi.org/10.1021/mp400573g
https://doi.org/10.1002/adhm.201700015
https://doi.org/10.1016/j.nano.2017.02.022
https://doi.org/10.1016/j.nano.2017.02.022
https://doi.org/10.1016/j.nano.2017.02.022
https://doi.org/10.1002/bit.25160
https://doi.org/10.1002/bit.25160
https://doi.org/10.1002/bit.25160
https://doi.org/10.1038/nature08693
https://doi.org/10.1038/nature08693
https://doi.org/10.1038/nature08693
https://doi.org/10.1002/adhm.201700456
https://doi.org/10.1016/j.biomaterials.2012.04.050
https://doi.org/10.1016/j.biomaterials.2012.04.050
https://doi.org/10.1016/j.biomaterials.2012.04.050
https://doi.org/10.1002/adhm.201600938
https://doi.org/10.1002/adhm.201600938
https://doi.org/10.1021/nl4007744
https://doi.org/10.1021/nl4007744
https://doi.org/10.1021/nl4007744
https://doi.org/10.1007/s12195-015-0389-4
https://doi.org/10.1007/s12195-015-0389-4
https://doi.org/10.1007/s12195-015-0389-4


[24] GouM,QuX, ZhuW,XiangM, Yang J, ZhangK,Wie Y and
Chen S 2014 Bio-inspired detoxification using 3D-printed
hydrogel nanocompositesNat. Commun. 5 3774

[25] ChimeneD, PeakCW,Gentry J L, Carrow JK, Cross LM,
Mondragon E, CardosoGB,Kaunas R andGaharwar AK 2018
Nanoengineered ionic−covalent entanglement (NICE)
bioinks for 3DbioprintingACSAppl.Mater. Interfaces 10
9957–68

[26] Wilson SA,Cross LM, PeakCWandGaharwar AK2017
Shear-thinning and thermo-reversible nanoengineered inks
for 3DbioprintingACSAppl.Mater. Interfaces 9 43449–58

[27] MoteallehA andKehrN S 2017 Janus nanocomposite
hydrogels for chirality-dependent cell adhesion andmigration
ACSAppl.Mater. Interfaces 9 33674–82

[28] KehrNS and Jose J 2017Chirality-dependent cellular
uptake of chiral nanocarriers and intracellular delivery of
different amounts of guestmoleculesAppl. Surf. Sci. 425
432–9

[29] Li Y,Maciel D, TomásH, Rodrigues J andMaHand SX 2011
pH sensitive laponite/alginate hybrid hydrogels: swelling
behavior and releasemechanism SoftMatter. 7 6231–8

[30] Ahlfeld T, CidonioG, KilianD,Duin S, Akkineni AR,
Dawson J I, Yang SM, Lode A,Oreffo ROC andGelinskyM
2017Development of a clay based bioink for 3D cell printing
for skeletal applicationBiofabrication 9 034103

[31] GaoQ et al 2019 3Dprinting of complexGelMA-based
scaffolds with nanoclayBiofabrication 11 035006

[32] LinZ,WuM,HeH, LiangQ,HuC, ZengZ, ChengD,
WangG andChenD2019 3Dprinting ofmechanically stable
calcium-free alginate-based scaffolds with tunable surface
charge to enable cell adhesion and facile biofunctionalization
Adv. Funct.Mater. 29 1808439

[33] Hong S, SycksD, ChanHF, Lin S, LopezGP,Guilak F,
LeongKWandZhaoX 2015 3Dprinting of highly stretchable
and tough hydrogels into complex, cellularized structuresAdv.
Mater. 27 4035–40

[34] Bainbridge P 2013Wound healing and the role offibroblasts
J.WoundCare 22 407–8

[35] KehrNS,MoteallehA and Schäfer AH2016Cell growth on
‘Janus’ density gradients of bifunctional zeolites LACSAppl.
Mater. Interfaces 8 35081–90

[36] KehrNS,Atay S andErgünB2015Self-assembledmonolayers
andnanocomposite hydrogels of functional nanomaterials
for tissue engineering applicationsMacromol. Biosci. 15 445–63

[37] ArnoldM et al 2008 Induction of cell polarization and
migration by a gradient of nanoscale variations in adhesive
ligand spacingNano Lett. 8 2063–9

[38] Cousins BG, AllisonHE,Doherty P J, Edwards C,GarveyM J,
MartinD S andWilliamsR L 2007 Effects of a nanoparticulate
silica substrate on cell attachment of candida albicans J. Appl.
Microbiol. 102 757–65

[39] Ruoslahti E 1996RGDand other recognition sequences for
integrinsAnnu. Rev. Cell Dev. Biol. 12 697–715

[40] StupackDGandChereshDA2002 ECMremodeling regulates
angiogenesis: endothelial integrins look for new ligands Science
Signalling 2002 pe7

[41] VigDK,HambyAE andWolgemuthCW2017Cellular
contraction can drive rapid epithelial flowsBiophys. J. 113
1613–22

[42] Kunzler T P,DrobekT, SchulerM and SpencerND2007
Systematic study of osteoblast and fibroblast response to
roughness bymeans of surface-morphology gradients
Biomaterials 28 2175–82

[43] QiW, YuanW, Yan J andWangH2014 Layer-by-layer
assembled graphene oxide composite films for enhanced
mechanical properties andfibroblast cell affinity J.Mater.
Chem.B 2 5461

[44] Amorim S,Martins A,NevesNM,Reisab RL and Pires RA
2014Hyaluronic acid/poly-L-lysine bilayered silica
nanoparticles enhance the osteogenic differentiation of human
mesenchymal stem cells J.Mater. Chem.B 40 6939–46

[45] HaSW,WeitzmannMNandBeckGR Jr 2014 Bioactive silica
nanoparticles promote osteoblast differentiation through
stimulation of autophagy and direct associationwith LC3 and
p62ACSNano 8 5898–910

[46] BeckGR Jr, Ha SW,Camalier C E, YamaguchiM, Li Y,
Lee J K andWeitzmannM2010Bioactive silica based
nanoparticles stimulate bone forming osteoblasts, suppress
bone esorbing osteoclasts, and enhance bonemineral density
in vivoNanomedicine 8 793–803

[47] WeitzmannMN,HaSW,VikulinaT,Roser-Page S, Lee JK and
BeckGR Jr 2015Bioactive silicananoparticles reverse age-
associated bone loss inmiceNanomedicine11959–67

[48] HaSW,ViggeswarapuM,HabibMMandBeckGR Jr 2018
Bioactive effects of silica nanoparticles on bone cells are size,
surface, and composition dependentActa Biomater. 82 184–6

[49] Carrow JK, Cross LM, Reese RW, JaiswalMK,Gregory CA,
Kaunas R, Singh I andGaharwar AK 2018Widespread
changes in transcriptome profile of humanmesenchymal stem
cells induced by two-dimensional nanosilicates Proc. Natl
Acad. Sci. USA 115E3905–13

[50] HanP,WuC andXiaoY 2013The effect of silicate ions on
proliferation, osteogenic differentiation and cell signalling
pathways (WNTand SHH) of bonemarrow stromal cells
Biomater Sci 1 379–92

[51] Yoshizawa S, BrownA, BarchowskyA and Sfeir C 2014
Magnesium ion stimulation of bonemarrow stromal cells
enhances osteogenic activity, simulating the effect of
magnesium alloy degradationActa Biomater. 10 2834–42

[52] Clément-Lacroix P, AiM,Morvan F, Roman-Roman S,
Vayssière B, Belleville C, Estrera K,WarmanML, BaronR and
RawadiG 2005 Lrp5-independent activation ofWnt signaling
by lithium chloride increases bone formation and bonemass in
mice PNAS 102 17406–11

[53] Zhai X,MaY,HouC,Gao F, Zhang Y, RuanC, PanH,
LuWWand LiuW2017 3D-printed high strength bioactive
supramolecular polymer/clay nanocomposite hydrogel
scaffold for bone regenerationACSBiomater. Sci. Eng. 3
1109–18

[54] Xavier J R, Thakur T,Desai P, JaiswalMK, SearsN,
Cosgriff-Hernandez E, Kaunas R andGaharwar AK 2015
Bioactive nanoengineered hydrogels for bone tissue
engineering: a growth-factor-free approachACSNano 9 3
3109–18

[55] FengC,Deng ZC, LiG, Chang J, ZhangZ, Jiang X andWuC
2017 3Dprinting of lotus root-like biomimeticmaterials for
cell delivery and tissue regenerationAdv. Sci. 4 1700401

[56] WongHM,WuS, ChuPK, Cheng SH, LukKD,
CheungKMandYeungKW2013 Low-modulusMg/PCL
hybrid bone substitute for osteoporotic fracturefixation
Biomaterials 34 7016–32

[57] Reffitt DM,OgstonN, Jugdaohsingh R,CheungHF J,
Evans BA J, ThompsonRPH, Powell J J andHampsonGN
2003Orthosilicic acid stimulates collagen type 1 synthesis and
osteoblastic differentiation in human osteoblast-like cells
in vitro Bone 32 127–35

10

Biofabrication 11 (2019) 045015 AMotealleh et al

https://doi.org/10.1038/ncomms4774
https://doi.org/10.1021/acsami.7b19808
https://doi.org/10.1021/acsami.7b19808
https://doi.org/10.1021/acsami.7b19808
https://doi.org/10.1021/acsami.7b19808
https://doi.org/10.1021/acsami.7b13602
https://doi.org/10.1021/acsami.7b13602
https://doi.org/10.1021/acsami.7b13602
https://doi.org/10.1021/acsami.7b10871
https://doi.org/10.1021/acsami.7b10871
https://doi.org/10.1021/acsami.7b10871
https://doi.org/10.1016/j.apsusc.2017.07.052
https://doi.org/10.1016/j.apsusc.2017.07.052
https://doi.org/10.1016/j.apsusc.2017.07.052
https://doi.org/10.1016/j.apsusc.2017.07.052
https://doi.org/10.1039/c1sm05345k
https://doi.org/10.1039/c1sm05345k
https://doi.org/10.1039/c1sm05345k
https://doi.org/10.1088/1758-5090/aa7e96
https://doi.org/10.1088/1758-5090/ab0cf6
https://doi.org/10.1002/adfm.201808439
https://doi.org/10.1002/adma.201501099
https://doi.org/10.1002/adma.201501099
https://doi.org/10.1002/adma.201501099
https://doi.org/10.12968/jowc.2013.22.8.407
https://doi.org/10.12968/jowc.2013.22.8.407
https://doi.org/10.12968/jowc.2013.22.8.407
https://doi.org/10.1021/acsami.6b13667
https://doi.org/10.1021/acsami.6b13667
https://doi.org/10.1021/acsami.6b13667
https://doi.org/10.1002/mabi.201400363
https://doi.org/10.1002/mabi.201400363
https://doi.org/10.1002/mabi.201400363
https://doi.org/10.1021/nl801483w
https://doi.org/10.1021/nl801483w
https://doi.org/10.1021/nl801483w
https://doi.org/10.1111/j.1365-2672.2006.03124.x
https://doi.org/10.1111/j.1365-2672.2006.03124.x
https://doi.org/10.1111/j.1365-2672.2006.03124.x
https://doi.org/10.1146/annurev.cellbio.12.1.697
https://doi.org/10.1146/annurev.cellbio.12.1.697
https://doi.org/10.1146/annurev.cellbio.12.1.697
https://doi.org/10.1126/stke.2002.119.pe7
https://doi.org/10.1016/j.bpj.2017.08.004
https://doi.org/10.1016/j.bpj.2017.08.004
https://doi.org/10.1016/j.bpj.2017.08.004
https://doi.org/10.1016/j.bpj.2017.08.004
https://doi.org/10.1016/j.biomaterials.2007.01.019
https://doi.org/10.1016/j.biomaterials.2007.01.019
https://doi.org/10.1016/j.biomaterials.2007.01.019
https://doi.org/10.1039/C4TB00856A
https://doi.org/10.1039/C4TB01071J
https://doi.org/10.1039/C4TB01071J
https://doi.org/10.1039/C4TB01071J
https://doi.org/10.1021/nn5009879
https://doi.org/10.1021/nn5009879
https://doi.org/10.1021/nn5009879
https://doi.org/10.1016/j.nano.2011.11.003
https://doi.org/10.1016/j.nano.2011.11.003
https://doi.org/10.1016/j.nano.2011.11.003
https://doi.org/10.1016/j.nano.2015.01.013
https://doi.org/10.1016/j.nano.2015.01.013
https://doi.org/10.1016/j.nano.2015.01.013
https://doi.org/10.1016/j.actbio.2018.10.018
https://doi.org/10.1016/j.actbio.2018.10.018
https://doi.org/10.1016/j.actbio.2018.10.018
https://doi.org/10.1073/pnas.1716164115
https://doi.org/10.1073/pnas.1716164115
https://doi.org/10.1073/pnas.1716164115
https://doi.org/10.1039/C2BM00108J
https://doi.org/10.1039/C2BM00108J
https://doi.org/10.1039/C2BM00108J
https://doi.org/10.1016/j.actbio.2014.02.002
https://doi.org/10.1016/j.actbio.2014.02.002
https://doi.org/10.1016/j.actbio.2014.02.002
https://doi.org/10.1073/pnas.0505259102
https://doi.org/10.1073/pnas.0505259102
https://doi.org/10.1073/pnas.0505259102
https://doi.org/10.1021/acsbiomaterials.7b00224
https://doi.org/10.1021/acsbiomaterials.7b00224
https://doi.org/10.1021/acsbiomaterials.7b00224
https://doi.org/10.1021/acsbiomaterials.7b00224
https://doi.org/10.1021/nn507488s
https://doi.org/10.1021/nn507488s
https://doi.org/10.1021/nn507488s
https://doi.org/10.1021/nn507488s
https://doi.org/10.1002/advs.201700401
https://doi.org/10.1016/j.biomaterials.2013.05.062
https://doi.org/10.1016/j.biomaterials.2013.05.062
https://doi.org/10.1016/j.biomaterials.2013.05.062
https://doi.org/10.1016/S8756-3282(02)00950-X
https://doi.org/10.1016/S8756-3282(02)00950-X
https://doi.org/10.1016/S8756-3282(02)00950-X

	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. General procedure for cell experiments in AlgL, PMO0.3-AlgL, and PMO0.9-AlgL homo scaffolds
	2.3. General procedure for 3D printing of the step-gradient NC scaffolds (GradNCs)
	2.4. General procedure for the cell experiments in the 3D printed GradNC
	2.5. General procedure for cell migration experiments in the 3D printed GradNC
	2.6. General procedure for the reverse cell migration experiments in the 3D printed GradNC
	2.7. General procedure for hBM MSCs migration experiments in the 3D printed GradNC
	2.8. Osteogenic differentiation capacity of hBM MSCs in the 3D printed GradNC
	2.9. Characterization

	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References



