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Biomimetic scaffolds have been extensively studied for guiding
osteogenesis through structural cues. Inspired by the natural bone
growth process, we have employed a hierarchical outer—inner dual
reinforcing strategy, which relies on the interfacial ionic bond
interaction between amine/calcium and carboxyl groups, to build
a nanofiber/particle dual strengthened hierarchical silk fibroin
scaffold. This scaffold can provide an applicable form of osteo-
genic structural cue and mimic the natural bone forming process.
Owing to the active interaction between compositions located in
the outer pore space and the inner pore wall, the scaffold has over
4 times improvement in the mechanical properties, followed by a
significant alteration of the cell-scaffold interaction pattern,
demonstrated by over 2 times elevation in the spreading area and
enhanced osteogenic activity potentially involving the activities of
integrin, vinculin and Yes-associated protein (YAP). The in vivo per-
formance of the scaffold identified the inherent osteogenic effect
of the structural cue, which promotes rapid and uniform regener-
ation. Overall, the hierarchical scaffold is promising in promoting
uniform bone regeneration through its specific structural cue
endowed by its micro—nano construction.
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Introduction

As the eternal subject of tissue engineering concerning ortho-
pedic clinical practice, regeneration of bone has been studied
comprehensively through diverse strategies and method-
ologies. Currently, concerning the construction of bone regen-
erative scaffolds, most efforts have been based on two basic
elements: the constituent elements and the structural factor of
the scaffold. The composition of the bio-scaffold can be very
diverse varying from bioactive factors,"”” osteoconductive
ingredients®* to stem cells with regenerative capacity.’ Various
combinations of these constituents have been studied and
extraordinary regenerative effectiveness can indeed be identi-
fied with the help of incorporation strategies.®” Yet, due to the
application of the exogenous bioactive elements, there are also
critical problems that remain unsolved, such as uncontrolled
regeneration and potential cancer risk that hindered further
clinical applications of these scaffolds.®® Biomimetic scaffolds
ranging from traditional porous scaffolds'®'' to emerging
nanofibrous structures'*'* have been applied to mimic the
natural structure of human bone. However, only a limited
amount of works have been conducted in this field and the
structural cues from the sophisticated structure during the
natural repairing process together with its underlying mecha-
nism are yet to be explored.

Constructed with a fibrous collagen phase along with
hydroxyapatite stacked within the fiber following an intricate
order, natural bone exhibits extraordinary mechanical stability
and superior regenerative capacity.'® In the context of bone
regeneration after injury, natural bone formation starts with
the infiltration of granulation tissue and the formation of
callus that provides the temporary fixation effect and the nutri-
tion and calcium needed in the following step.'” Then, stem
cell activation is responsible for deposition of the extracellular
matrix at the defect site, playing a key role in the regeneration
process. In this process, an abundant nanofibrous matrix
network serves as the template for cell-matrix interaction and
hydroxyapatite deposition.'® Finally, further mineralization

This journal is © The Royal Society of Chemistry 2019


www.rsc.li/nanoscale
http://orcid.org/0000-0002-1071-4416
http://orcid.org/0000-0002-6938-9582
http://orcid.org/0000-0001-7850-6309
http://orcid.org/0000-0001-8016-7596
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nr03264a&domain=pdf&date_stamp=2019-08-22
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9nr03264a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR011034

Open Access Article. Published on 05 August 2019. Downloaded on 12/9/2025 6:48:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

and remodeling of this nanofibrous network contribute to the
regeneration and it is also synchronized with the degradation
of the supporting tissue. Compared with the artificial scaffold,
the natural repairing complex consists of a micron-scale sup-
porting tissue and a nanofibrous matrix network, which can
potentially affect the cellular activity and promote the inside-
out repairing process through their specific structural
elements.'” Enlightened by such a natural process, we hypoth-
esize that the highly biomimetic scaffold can be further tai-
lored to simulate the natural repairing process of human bone
in order to promote the regeneration in a more natural-like
manner.

As the most abundant protein in the organic phase of
natural bone, collagen has been widely reported in the bio-
mimetic reconstruction of bone due to its predominant bio-
logical performance. However, current applicable forms of col-
lagen to reproduce the natural extracellular matrix network,
such as electrospun scaffolds and self-assembled
hydrogels,'®'® have been generally limited due to insufficient
mechanical properties and stability. In addition, the silk
fibroin (SF) porous scaffold, as another traditional form of
bone tissue engineering scaffold, has generally failed to
provide a microenvironment as an extracellular matrix.
Moreover, the addition of an inorganic phase, such as hydroxy-
apatite (HA) or bioactive glass (BG) has been reported to bring
superior osteoconductivity and mechanical properties, poten-
tially involving ionic bonds between calcium in the inorganic
ingredient and abundant carboxyl/hydroxyl groups in silk
fibroin.?® Owing to the frequent presence of amine groups in
the molecular chain, collagen has been reported to act as a
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positively charged composition for layer-by-layer (LBL) techno-
logy, while silk fibroin, due to the abundant carboxyl and
hydroxyl groups, tends to interact with both amine-rich col-
lagen®" and calcium containing bioglass particles*® through
ionic bonds. Therefore, such an interaction between silk
fibroin scaffolds and nano-collagen/bioglass nanoparticles
that, respectively, existed in the pore space and inside the
backbone, could become a potential solution to break through
the limitation of simple physical stacking and construct a hier-
archical structure with better integrity and a higher resem-
blance to the complex for natural bone repairing.

Inspired by natural bone construction, a hierarchical inner-
outer dual reinforcing strategy is employed to build a bio-
mimetic hierarchical micro-nano scaffold (Scheme 1A). It is
produced by integrating amine-rich nanofibrous collagen and
calcium-containing bioglass nanoparticles into both the outer
and inner spaces of the carboxyl-rich silk fibroin microporous
backbone through active interfacial ionic bonds. The scaffold
has a stable hierarchical structure along with superior
mechanical properties and its capability to promote adhesion
and spreading of cells. Unlike the existing microporous
scaffold which generally relies on the incorporation of bio-
active factors or progenitor cells, the current scaffold could
promote osteogenic differentiation of autologous stem cells,
and guide the structure-induced reconstruction of the
damaged bone without the help of exogenous factors or cells
(Scheme 1).

In this study, the physicochemical properties of the
scaffolds were fully characterized to highlight the benefit of
micro-nano integration in improving the bulk properties of
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Scheme 1 Schematic illustration of (A) the ionic interaction between silk fibroin and collagen/bioglass. (B) The building process of the hierarchical
scaffold for structural regeneration of bone. The representative TEM image of (C) bioglass mesoporous nanoparticles and (D) collagen assembled

fiber with (E) the illustration of the assembly mechanism.
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the scaffold. The biological response of bone marrow
mesenchymal stem cells (BMSCs) co-cultured with scaffolds
was also investigated to demonstrate the potential involved
mechanism, achieving a first look into the specific osteogenic
pathways of the three-dimensional micro-nano hierarchical
structure. The critical size bone defect model on Sprague
Dawley (SD) rats was employed to study the regenerative pat-
terns of the bioscaffold with radiological and histological
methods, which investigated the reconstruction details of
bone defects.

Results and discussion

Compared with the prevailing strategy involving osteo-induc-
tive factors and bone progenitor cells, promoting bone for-
mation through a biomimetic structure represents a compara-
tively gentler way to restore the damaged tissue. Despite its
inferior bioactivity, the capability to guide the osteogenic
activity of progenitor cells was impregnated within the physical
and biochemical cues of the hierarchical micro-nano struc-
ture,”® which could contribute to the osteogenic effect that
further imitates the natural healing process after damage of
the bone tissue.

In this study, the hierarchical scaffold was prepared stage
by stage as illustrated in Scheme 1B with SF indicating the bare
SF scaffold, SF@MBG indicating the MBG-incorporated micro-
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porous SF scaffold and SF@MBG®@Col indicating the collagen
self-assembled micro-nano hierarchical scaffold. Both the hier-
archical and non-hierarchical scaffolds were characterized for
their morphology, composition and mechanical properties.

Construction and integration of the applicable form of the
micro-nano biomimetic structure in the scaffold was the first
step in our attempt. The silk fibroin scaffold with intercon-
nected micro-scale pores was internally reinforced with
calcium-containing mesoporous bioactive glass (MBG) nano-
particles® to act as a temporal skeleton, while the nanofibrous
collagen matrix (Col) was self-assembled in situ within the
pores®® to accomplish the inner-outer dual reinforcing build-
ing of the biomimetic micro-nano structure (Scheme 1).
Firstly, the successful crosslinking within the microporous
scaffold structure was identified via Fourier transform infrared
spectroscopy (FTIR) (Fig. S1At), which indicated enhanced for-
mation of fB-sheets with an increasing amount of glycerol.
Subsequently, mesoporous bioglass nanoparticles were syn-
thesized and found to possess uniform particle size as
detected by scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and dynamic light scattering (DLS)
(Fig. S1B and Cf).

The surface morphology of the constructed scaffolds was
monitored by SEM. Micron-scale interconnected pores were
seen in all groups (Fig. 1A). Incorporation of mesoporous bio-
glass (MBG) in the scaffold was identified through the appear-
ance of white particles on the surface of the pore wall in
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Fig. 1 Characterization of the morphology and composition. (A) SEM images of various scaffolds. (B) FTIR spectra indicating the incorporation of
MBG. (C) FTIR spectra indicating the integration of Col | with pure collagen as the control. (D) The schematic illustration of the hierarchical outer—

inner dual reinforcing strategy.
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scaffolds containing MBG (SF@MBG), as compared with the
bare silk fibroin scaffold control (SF). A slight and insignificant
(p > 0.05) decrease in the pore sizes was detected after the
incorporation of MBG (72.2 + 5.5 pm) when compared with the
SF scaffold (75.8 + 6.3 um). When collagen was added, the
nanofibrous network was captured to fill the pores of the
micro-scaffold and form an observable connection with the
pore wall in the scaffold dual reinforced with MBG and col-
lagen (SF@MBG@Col), as shown in Fig. 1A. In addition to
SEM, Fourier transform infrared spectroscopy (FTIR) was
employed to confirm the incorporation and integration of bio-
glass and collagen. As shown in Fig. 1B, bands at 468 cm™*
and 1095 cm™" were identified corresponding to the presence
of bioglass. As for the verification of collagen integration, the
hierarchical scaffold with self-assembled collagen was washed
three times with deionized water before drying and FTIR
characterization. Using pure rat tail collagen as the control,
bands at around 3500 cm™, 1500-1700 cm™* and 1100 cm™*
were found (Fig. 1C), which indicate the existence of collagen
in hierarchical scaffolds and the stable integration of the col-
lagen nanofiber within pores.

The formation of a well-integrated structure in this hier-
archical scaffold significantly relied on the ionic interaction
between nano-collagen/bioglass and silk fibroin. As depicted
in Fig. 1D, collagen has a large amount of amine groups in its
molecular chain, which are capable of forming ionic bonds
with the carboxyl groups present in silk fibroin. Additionally,
the bioglass was also firmly integrated to the scaffold owing to
the ionic bond between the calcium content in bioglass and
carboxyl groups in silk fibroin. Hence, both ingredients were
found to fit well in the hierarchical structure through active
ionic interaction with silk fibroin. Apart from ionic bonds,
hydrogen bonds were also involved due to the abundant
hydroxyl groups in silk fibroin to strengthen the integration.

Such stable integration provided the basis for further
improvement of the various properties of the scaffold, among
which the mechanical properties exhibited the most signifi-
cant elevation that was believed to affect the fate of stem cells.
Before characterization of the integrated scaffolds, the self-
assembly of bare collagen was characterized by TEM and a
rheology test. The nano-scale fibrous network was clearly
observed in assembled collagen under a TEM (Fig. 2A), with a
fiber diameter of less than 200 nm, which distributed like a
spider web. Moreover, a larger G’ (storage modulus) compared
with G” (loss modulus) was detected in both the strain
(Fig. 2Ba) and frequency dependent rheology test (Fig. 2Bb),
further indicating the successful assembly of collagen. Then,
measurements of both the macro-mechanical properties and
rheological performance were performed on a constructed
scaffold, so as to study the effect of incorporating bioglass and
the nanofibrous collagen on the scaffold mechanical pro-
perties. When comparing SF and SF@MBG, addition of bio-
glass nanoparticles was found to elevate the compressive
modulus of the scaffold by 35% (17.0 + 2.0 vs. 23.5 + 1.0 kPa)
(Fig. 2C), due to the physical incorporation and ionic inte-
gration into silk fibroin. Surprisingly, a further 3 times

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Characterization of the mechanical properties and pro-mineral-
ization capacity. (A) TEM image of the assembled collagen nanofiber. (B)
Rheological behavior of assembled collagen dependent on (a) strain and
(b) frequency. (C) Stress—strain curve of scaffolds and respective moduli
under the uniaxial compression test. (Statistical differences are indicated
with *p < 0.05 when comparing SF@MBG@Col and SF@MBG, #p < 0.05
when comparing SF@MBG@Col and SF, and &p < 0.05 when comparing
SF@MBG and SF.) (D) Rheological behavior of the micro/nano scaffold
vs. the micro scaffold in both (a) strain- and (b) frequency-dependent
modes.

elevation (p < 0.01) of modulus (23.5 + 1.0 vs. 82.2 + 3.5 kPa)
was witnessed after the integration of collagen as identified in
the MBG/collagen dual reinforced scaffold (SF@MBG@Col).
Generally, more than 4 times elevation (17.0 + 2.0 vs. 82.2 + 3.5
kPa) could be obtained when comparing SF@MBG@Col and
SF, which relied on the collaborative effect from MBG incor-
poration and nano-collagen integration. Such a phenomenon
was further verified by a rheological test. As shown in Fig. 2D,
the storage modulus was significantly higher in the
SF@MBG®@Col group compared with the SF@MBG group in
both the strain (Fig. 2Da) and frequency-dependent mode
(Fig. 2Db), indicating the superior structural integrity of the
hierarchical scaffolds. The significant improvement in the
mechanical properties when comparing SF@MBG and
SF@MBG@Col was thought to be related to the ionic inter-
action between the collagen phase and the microporous
scaffold. Since all mechanical tests were conducted under wet
conditions, the integration of collagen and the scaffold could
be highlighted when compared with water within the SF and
SF@MBG scaffolds, which flowed away under the deformation
of the scaffold. Usually, the application of bare self-assembled
collagen and other peptides was limited by insufficient mechan-
ical properties in the field of tissue engineering,*® and the gly-
cerol-crosslinked SF scaffold was also thought to be unsuitable
for bone tissue engineering due to insufficient modulus and
bioactivity.>” Herein, the inner-outer dual strengthening strat-
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egy produced satisfactory mechanical properties (over 4 times
elevation) with a proper modulus (82 kPa) suitable for guiding
the osteogenic pathway of progenitor cells. The current
scaffold is still incompetent in replicating the physical cue of
natural cancellous bone that possesses a Young’s modulus on
the gigabit level. The biomimetic reinforcing strategy we have
employed here has overcome the limitation of mechanical pro-
perties from both self-assembled collagen (under 10 kPa) and
the silk fibroin microporous scaffold (under 20 kPa). Since a
higher modulus of the substrate (higher than 34 kPa) was
reported to contribute to the osteogenesis,*® the improvement
in the modulus here satisfied the need for guiding the stem
cells to the bone lineage. Such a remarkable mechanical
improvement was thought to be not only related to the physi-
cal stacking of multiple compositions, but also associated with
the active interaction between silk fibroin, bioglass and col-
lagen located in both the internal backbone and outer pore
space. Furthermore, compared with the traditional two-dimen-
sional ionic interaction applied in LBL technology,”" the dual
reinforcing strategy was applied here to build a three-dimen-
sional scaffold, which possessed a more hierarchical organiz-
ation and higher specific surface area and was capable of
achieving better performance in improving the structural
integrity. Improvements in the bulk properties of the scaffold
not only optimized the operability and stability of the scaffold
compared with the traditional electrospun or bare self-
assembled scaffolds, but also provided a suitable physical
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environment for the induction of further differentiation.
While a hierarchical organization can address the insufficiency
of bulk properties, the nano-scale structure in the hierarchical
structure tended to affect the adhesion, spreading and later
proliferation of progenitor cells.*® Besides the improvement in
the proliferation rate, the most intuitive distinction was seen
on the spreading pattern and cytoskeleton organization of
cells seeded on the micro-nano scaffold, where a more
stretched cytoskeleton of bone mesenchymal stem cells
(BMSCs) was observed. The coordination of the micron struc-
ture and nanofibrous network can have an impact on the cell-
material interaction pattern, potentially involving the activity
of integrin,*®*" vinculin®* and Yes-associated protein (YAP),*?
all of which have been reported to regulate the cell-matrix
interaction mediated by mechanical or structural cues pre-
sented by the substrate. A potential downstream osteogenic
effect was observed after enhancing the vinculin and YAP
activity of progenitor cells through the structural cues of
substrates;***> thus, we hypothesized that it is reasonable to
exert the osteogenic potential via the bare hierarchical scaffold
through the structural cues, instead of introducing bioactive
factors or implanted progenitor cells.

Scaffolds with or without a hierarchical structure were
seeded with BMSCs to access their bioactivity in promoting
cell adhesion and proliferation. Cell adhesion and spreading
was observed with the help of SEM. As demonstrated in
Fig. 3A, BMSCs adhered to scaffolds from all three groups,
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Fig. 3 Cell adhesion and proliferation assays. (A) SEM images of BMSCs (indicated by a white triangle) adhered on scaffolds. (B) Proliferation rates of
BMSCs after co-culture on scaffolds for 1, 3, 5, and 7 days. (C) Phalloidin (red) and DAPI (blue) staining of BMSCs co-cultured with scaffolds for 3
days. (D) Quantification of the cell spreading area on different scaffolds. (E) Illustration of the adhesion pattern of BMSCs on scaffolds with represen-
tative fluorescent images. (Statistical differences are indicated with *p < 0.05 when comparing SF@MBG@Col and SF@MBG and #p < 0.05 when

comparing SF@MBG@Col and SF).
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while the spreading conditions on SF and SF@MBG scaffolds
showed no significant difference. Limited contact between
cells and the scaffold was found in those two groups as indi-
cated by the poorly stretched morphology on the pore wall.
However, the hierarchical collagen network was found to bring
a significantly better condition for BMSC spreading. Such
differences in cellular spreading also brought improved bio-
compatibility, which was reflected in the proliferation rate. As
indicated in Fig. 3B, despite all scaffold groups being inferior
to the blank group, from day 3, a higher cell proliferation rate
was found in SF@MBG@Col groups compared with SF and
SF@MBG groups. It is reasonable to believe that, although all
scaffolds failed to provide a proliferating platform as good as a
Petri dish, scaffolds with a hierarchical structure still exhibited
superior biocompatibility and bioactivity over traditional
micron porous scaffolds.

The osteogenic bioactivity of the hierarchical structure was
also characterized with the assessment of ALP activity and
Alizarin red staining after co-culturing BMSCs with various
scaffolds. By immersing the scaffolds in osteogenic medium
for different periods of time (7 days and 14 days), a signifi-
cantly higher ALP activity (p < 0.05) was detected in SF@MBG
and SF@MBG@Col groups compared to the SP group (Fig. S2A
and Bt), while no significant difference was detected between
SF@MBG and SF@MBG@Col (p > 0.05). As another important
factor that reflects the osteogenesis activity of co-cultured
BMSCs, Ca-content deposition in cells was quantified with
Alizarin red staining. Denser calcium nodules were found in
BMSCs co-cultured with SF@MBG and SF@MBG@Col groups
on both days 14 and 21, indicating a higher osteogenic activity
(Fig. S2C and DY), while no significant difference was identi-
fied between the two groups.

In order to further look into the cytoskeleton organization of
co-cultured cells, actin fibers were stained with phalloidin. A
totally different cellular morphology was found on
SF@MBG@Col (Fig. 3C). According to the corresponding quanti-
fication, nearly 3 times elevation (4094 + 587 vs. 1347 + 360/1616
+ 628 ym?) on the spreading area was found in SF@MBG@Col as
compared with SF or SF@MBG groups (p < 0.01) (Fig. 3D). It is
worth noting that there were also significant differences in the
adhesion pattern between the hierarchical and non-hierarchical
scaffolds. In SF or SF@MBG, the cells tended to adhere on the
pore wall of the micron-scale scaffold, while in the
SF@MBG@Col group, the hierarchical structure relieved the cells
from such spatial restriction, allowing them to spread within the
pore space to obtain the fully-spread state, as shown in Fig. 3E.

The coordination of the micron structure and nanofibrous
network could have an important impact on the cell-material
interaction and the osteogenic activity. In order to explore the
underlying mechanism, we investigated several potential
anticipators involved in the pro-osteogenic pathway through
immunofluorescence staining and western blot, so as to seek
for a clearer mechanism on how the hierarchical structure
guides the fate of stem cells.

The hierarchical structure consisted of a microporous back-
bone and a nano-scale fibrous network was found to possess

This journal is © The Royal Society of Chemistry 2019
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superior mechanical properties in the macroscopic view, and it
is necessary to study the cell-matrix interaction on a deeper
level. As indicated by the immunofluorescence staining and
western blot results, a higher expression of integrin was
detected within stem cells seeded on the micro-nano hierarch-
ical structure. As the major regulator in the cell-matrix inter-
action, integrin bridges the gap between the endocellular
signal pathway and the extracellular matrix protein.*%3!
Interactions between the stem cells and biomimetic scaffold
that were thought to begin with the activation of integrin,
resulted from the recognition and binding of the receptor and
cellular-adhesive peptide.’® The activity of f-integrin acted as
the first step of this interaction. Therefore, after seeding and
culturing for 24 h on scaffolds in normal medium, BMSCs
were immune-stained against p-integrin. As shown in Fig. 4A,
a remarkably higher fluorescence signal was found in cells cul-
tured on SF@MBG®@Col scaffolds compared to those cultured
on SF and SF@MBG. No significant difference was found
between the SF and SF@MBG groups, which indicates the criti-
cal role of nanofibrous collagen. Results from western blotting
(Fig. 4B) also confirmed that a higher level of p-integrin was
detected in the hierarchical group (p < 0.01) as compared to
the other two groups. Such an improvement was attributed not
only to the nanofibrous structure, but also to the adhesive
peptide within the backbone of collagenous fiber, such as
RGD and GFOGER.? Since the involvement of the integrin
pathway in osteogenesis activity has been reported,*® the
micro-nano hierarchical structure we put forward here could
also take part in affecting the fate of progenitor cells.

As an anchor protein in focal adhesion that plays the role of
a mechano-sensor during cellular adhesion and spreading,
vinculin was reported to be the regulator of stem cell differen-
tiation mediated by the substrate properties, such as stiffness
and the nano-scale structure. We assumed that the distinct
actin fiber organization on hierarchical and non-hierarchical
scaffolds was reflected by the distribution of vinculin in cells
cultured on different structures. Hence, BMSCs cultured on
scaffolds for 3 days in normal medium were immunostained
against vinculin. As expected, a higher fluorescence signal was
captured in cells cultured on the SF@MBG@Col scaffold
(Fig. 4C), with the appearance of relatively brighter signals
inside the cells. In comparison, green fluorescence was hardly
seen in cells seeded on SF and SF@MBG, indicating the lack
of focal adhesion formation and a poorly stretched cytoskele-
ton. Also, western blot along with its semi-quantification
showed a significant difference in the expression of vinculin in
BMSCs seeded on the hierarchical scaffold compared with the
other groups (p < 0.01) (Fig. 4D).

YAP is another emerging mediator of cellular activity that is
affected by mechanical and structural cues presented by the
substrates.?® In order to explore the potential effect of the hier-
archical micro-nano structure on the YAP activity in co-cul-
tured BMSCs, immunofluorescence was carried out to explore
the localization of YAP in the cells seeded on different
scaffolds. After co-culturing with the scaffold for 7 days in
normal media, distinct localization of YAP within the cell was
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identified as shown in Fig. 4E, with the higher signal found in
the nuclear sites of BMSCs seeded on the micro-nano scaffold.
In comparison, a relatively lower signal was found in the
nuclear site of the cells seeded on micro scaffolds, which was
also reflected via the differences in western blot (p < 0.01)
(Fig. 4D). Such a difference implied that the structure cue
could participate in the activation of the YAP pathway within
the cells to exert further effects.

The relevance of YAP/vinculin activity on the osteogenic
effect of progenitor cells has been reported.*®*' As osteogenic
markers, Runt-related transcription factor 2 (RUNX2) and
osteocalcin (OCN) were potentially affected by multiple path-
ways, such as integrin and stiffness-related vinculin/YAP path-
ways in the current scenario. Therefore, in order to access the
general osteogenic effect of different scaffolds, western blot
was performed to compare the expression level of RUNX2 and
OCN in BMSCs seeded on different scaffolds for 7 days in
osteogenic medium. Consistent with a previous study, as
shown in Fig. 4F, significant higher levels of RUNX2 and OCN
were identified in the SF@MBG@COL scaffold when compared
with micro scaffolds (p < 0.01). A higher osteogenic marker
expression has been found in the group with a micro-nano
cue, indicating the final osteogenic effect of the hierarchical
biomimetic structure.

Recently, studies on the biological effect of specific micro-
or nano-structures on cells have come under the spotlight. A
three-dimensional ~ nanofibrous,*>**  aligned  fibrillar
4445 and nano-scale topology*®*” have been reported
to exhibit significant impacts on the interaction between cells
and materials from the point of adhesion, spreading, prolifer-

structure

15800 | Nanoscale, 2019, 11, 15794-15803

ation and further differentiation, potentially involving several
pathways. In our work, the study of the mechanism behind the
cytological effect of biomimetic hierarchical scaffolds remains
on a comparatively shallow level. However, the current study
provided the first hint on the potential mechanism of the
osteogenic effect induced via the 3D micro-nano hierarchical
scaffold and an overall advantage was noticed in our micro-
nano structure which promotes the adhesion, spreading, pro-
liferation and osteogenic differentiation of BMSCs through
enhancing integrin, vinculin and YAP activities.

The in vivo performance of the scaffold was evaluated by
using a rat cranial critical bone defect model. The scaffolds
were applied to fill the space of the bone defect, as shown in
Fig. 5A, and bone formation within the defect was character-
ized with the help of micro-computed tomography (u-CT) at 8
and 12 weeks after the surgery. Histological analysis was con-
ducted to observe the details of regeneration within the defect
site at the points of 4 and 12 weeks post-surgery. Due to the
osteoinductive effect of structural cues, a distinct regenerative
pattern was expected between the hierarchical scaffold and
non-hierarchical ones, as shown in Fig. 5B, which could
indeed be verified by both micro-CT analysis and pathological
evaluation.

As indicated in the 3D reconstruction image of the defect
area (Fig. 5C), remarkable differences in bone coverage within
the defect space were found; the SF@MBG@Col group exhibi-
ted significantly more new bone formation at both weeks 8
and 12. Also, the addition of MBG endowed the SF@MBG
group with a superior capacity in promoting regeneration over
the SF group. As verified by the 3D analysis of the defect area

This journal is © The Royal Society of Chemistry 2019
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bone, LB as the lamellar bone, SC as the scaffold and FT as fibrous
tissue.

(Fig. 5D-F), the corresponding tendency was found in these
groups, with the hierarchical micro-nano groups showing a
significantly higher bone volume to total volume ratio (BT/TV),
bone mineral density (BMD) and trabecular number (p < 0.05).
However, it is worth noting that a significant difference in the
regeneration pattern between the hierarchical and non-hier-
archical groups was identified. Such a difference arised
because the SF@MBG@Col scaffold tended to promote the
regeneration not only from the edge of the defect, but also
from the inner area of the space that was in non-contact with

This journal is © The Royal Society of Chemistry 2019
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the broken ends of the defect. We can infer that, apart from
promoting the regeneration from the surrounding edge, the
hierarchical micro-nano group was capable of inducing in situ
regeneration within its biomimetic structure and completing
the healing process with an inside-out style.

The regeneration of a bone defect is a complex process, in
which, overgrowth of the regenerated bone, also known as
ectopic bone formation, could potentially cause more pro-
blems.*® The use of ectogenic bioactive factors or progenitor
cells accounts for a substantial part of such unpleasant out-
comes. The structural cues of the biomimetic scaffold could
represent a potential alternative in this field due to their
in situ regeneration and more controllable, natural-like regen-
erative process.

Histological analysis was further conducted to observe the
topical details within the defect area. As shown by the HE
staining images (Fig. 5G), at week 4, the scaffold remained
intact in the implant site and the bone-scaffold interface was
imaged to study the specific response. Compared with the
clear boundary between the bone and scaffold in the groups of
SF and SF@MBG, significant ingrowth of new bone was identi-
fied in the SF@MBG@®@Col scaffold, indicating its superior bio-
compatibility and capacity to induce early-stage osteogenesis.
At 12 weeks after surgery, the scaffolds degraded completely. A
similar trend was shown which is consistent with the micro-
CT results. In the SF@MBG®@Col group, uniform and continu-
ous formation of new bone that covers the defect area was
observed. In contrast, for the other groups, the defect areas
were mainly filled with fibrous tissue (FT) and only partially
regenerated bone, indicating inferior regenerative outcomes.
Masson’s trichrome staining also demonstrated a similar
trend (Fig. S3Af). Since the mature collagen appeared red
under Masson’s trichrome staining, the significant advantage
of SF@MBG@Col scaffolds was seen as indicated by the
uniform regenerated bone with the newborn bone (NB) located
at the center while mature lamellar bone (LB) covering the
outer layer at 12 weeks. This phenomenon shared a higher
similarity with the structure of normal calvarium. In compari-
son, the defect space implanted with SF and SF@MBG
scaffolds was found to be filled with scattered newborn bone
and FT. Moreover, deposition of collagen in regenerated tissue
was visualized using immunohistochemistry (Fig. S3BT), which
indicated both superior early stage osteointegration and later
stage bone formation.

Conclusions

In this study, a biomimetic hierarchical scaffold inspired by
natural bone formation was built through reinforcing the silk
fibroin porous scaffold with nano-collagen and nano-bioglass
from both inside the pore space and within the pore wall,
relying on the ionic interaction between the carboxyl group
from silk fibroin and the amine/calcium group from collagen/
bioglass, bringing remarkably enhanced mechanical pro-
perties and structural integrity along with optimized biological

Nanoscale, 2019, 11, 15794-15803 | 15801
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performance. A four times elevated compressive modulus was
found on the SF@MBG®@Col scaffold, as well as a dramatic
impact on the adhering and spreading conditions of co-cul-
tured cells reflected by the nearly three times expanded spread-
ing area. Moreover, the structural cues presented by the hier-
archical structure were found to affect the fate of progenitor
cells and guide them to the osteogenic pathway. By evaluating
the mechanism, the enhanced activity of osteogenic differen-
tiation was found to be associated with the higher stiffness
and hierarchically organized structure, which affected the fate
of progenitor cells through the enhanced activities of integrin,
vinculin and YAP. Furthermore, more uniform and rapid bone
regeneration induced by structural cues over traditional non-
hierarchical ones was identified. Overall, these results demon-
strated a novel strategy for building biomimetic scaffolds
through the application of integrated biomimetic compo-
sitions to achieve bone regeneration through structural cues.
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