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Abstract

Nanoclay (Nanosilicates, NS) is appearing as an intriguing 2D nanomaterial for bone tissue
engineering with multiple proposed functions, e.g., intrinsic osteoinductivity, improving
mechanical properties, and drug release capacity. However, the mechanism of NS for /n vivo bone
regeneration has been hardly defined so far. This knowledge gap will significantly affect the
design/application of NS-based biomaterials. To determine the role of NS in osteoblastic
differentiation and bone formation, we used the mouse calvarial-derived pre-osteoblasts (MC3T3-
E1) and a clinically-relevant mouse cranial bone defect model. Instead of a hydrogel, we prepared
biomimetic 3D gelatin nanofibrous scaffolds (GF) and NS-blended composite scaffolds (GF/NS)
to determine the essential role of NS in critical low-dose (0.5 pg per scaffold) of BMP2-induced
cranial bone regeneration. In contrast to “osteoinductivity”, our data indicated that NS could
enable single-dose of BMP2, promoting significant osteoblastic differentiation while multiple-
dose of BMP2 (without NS) was required to achieve similar efficacy. Moreover, our release study
revealed that direct binding to NS in GF scaffolds provided stronger protection to BMP2 and
sustained release compared to GF/NS composite scaffolds. Consistently, our /n7 vivo data indicated
that only BMP2/NS direct binding treatment was able to repair the large mouse cranial bone
defects after 6 weeks of transplantation while neither BMP2, NS alone, nor BMP2 released from
GF/NS scaffolds was sufficient to induce significant cranial bone defect repair. Therefore, we
concluded that direct nanoclay-drug binding enabled sustained release is the most critical
contribution to the significantly improved bone regeneration compared to other possible
mechanisms based on our study.
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1. Introduction:

The incidence and repair of large bone defects remains a persistent challenge in clinical
surgery today [1, 2]. Autogenous bone grafting is the gold standard avenue for treatment,
though it is significantly limited by availability and the risk of donor site morbidity [1, 3, 4].
Biomaterial-mediated growth factor (for example, bone morphogenetic proteins, BMPs)
delivery is a promising alternative tissue engineering strategy to combat the limited
availability of autologous bone grafts [5]. However, the serious side effects derived from
high doses of exogenous drugs, including FDA-approved BMP2 [6-8], have urged us to
develop innovative biomaterials and drug delivery techniques to promote strong endogenous
bone regeneration [9-14].

Nanoclay (also known as Laponite XLG or Nanosilicates, NS), synthetic smectite (Na
*0.7[(SigMgs sLig 3)020(0OH)4] "0.7), is emerging as an intriguing two-dimensional (2D)
nanomaterial for bone tissue engineering, while the potential mechanisms are largely
unknown and even controversial based on current reports [15-21]. One unique feature of NS
is its potential osteoinductivity, because NS can induce osteogenic differentiation of human
mesenchymal stem cells (hMSCs) /n vitro without use of any other osteoinductive factors,
e.g., BMPs or dexamethasone [16]. This pro-osteoblastic activity of NS is possibly because
of the nontoxic degradation products, e.g., Mg2*, Si (OH) 4, and Li* as well as the
interactions with cellular components [15, 22-26]. It is very attractive and advantageous for
bone tissue engineering if NS has intrinsic osteoinductive activity. However, no study has
reported that NS alone can induce ectopic bone regeneration so far. Our most recent study
revealed that NS had very limited osteogenic activity on mouse pre-osteoblast cells in vitro
and failed to induce ectopic bone formation, while NS can significantly improve BMP2-
induced ectopic bone regeneration in mice [18]. Therefore, the main contribution of NS to
bone formation needs to be further studied.

Other than the potential pro-osteoblastic activity, some groups reported that the mechanical
properties of scaffolds with NS showed a marked increase by virtue of the strong polymer-
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nanoclay interaction [17, 19]. The improved stiffness may contribute to elevated hMSCs’
osteogenic differentiation and bone regeneration since mechanical properties of biomaterials
play a vital role in stem cell osteogenic differentiation [27-30]. Unfortunately, the majority
of current studies on NS were focused on hydrogel materials [17, 19-21] which are not ideal
for investigation of the role of NS in bone repair due to the poor mechanical properties, and
the lack of interconnected macro-pores and biomimetic nano/microstructures.

To better understand the role of NS in three-dimensional (3D) polymer scaffolds for bone
tissue engineering, we recently developed a novel NS-modified 3D gelatin nanofibrous
scaffold (GF/NS) by a thermally induced phase separation technique together with the
particle leaching method (TIPS&P) with defined macro-pore structures and collagen-like
nanofibers [18]. NS significantly improved Young’s modulus of the composite scaffolds,
while maintaining similar macro and micro-structure with the neat gelatin scaffolds. Besides
the improved mechanical properties, GF/NS scaffolds displayed significantly higher
absorbance of proteins compared to the neat GF scaffold [18], which is likely attributed to
the strong NS-drug binding ability [31]. These composites scaffolds (GF/NS) not only
promoted the osteoblastic differentiation /n vitro but also significantly improved BMP2-
induced ectopic bone formation in mice. In fact, NS has demonstrated strong drug binding
and sustained release capacity for many types of molecules [19, 31-33] because of a high
specific surface area and charge anisotropy [15, 34, 35]. Therefore, we still don’t know the
primary mechanism of NS for the improved bone formation although our previous work
suggests that NS-enabled drug binding and improved mechanical property of scaffolds are
more important than the intrinsic osteoinducitivity in the ectopic bone formation mouse
model.

The critical knowledge gap mentioned above will significantly impede NS-based
biomaterials design and consequent application in bone tissue engineering. To determine the
primary role of NS in osteoblastic differentiation /n vitro and bone formation /n vivo, we
used the mouse calvarial-derived pre-osteoblasts (MC3T3-E1 cells) and a clinically-relevant
mouse cranial bone defect model in our current study. The essential roles of NS-enabled
drug binding/sustained release and improved mechanical properties in critical low-dose
BMP2 (0.5 pg per scaffold)-induced mouse cranial bone regeneration were determined on
both 3D GF and NS-incorporated composite scaffolds (GF/NS). Instead of the primarily
studied hydrogel systems, our 3D scaffolds with defined macro-pores and bone-matrix
mimicking nanofibrous structures provided us an advantageous tool to better study NS’s
functions in bone regeneration.

Materials & Methods

Materials

Gelatin from bovine skin (225 Bloom, type B), ethanol, 2-(N-morpholino)-ethanesulfonic
acid hydrate (MES hydrate), A-(3-Dimethylaminopropyl)-/A -ethylcarbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), 1, 4-dioxane, cyclohexane, molecular
biology grade water, and p-glycerophosphate salt were purchased from Sigma (St. Louis
MO, USA). Hexane and Bovine Serum Albumin (BSA) were purchased from Fisher
Scientific (New Jersey, USA). Recombinant human BMP2 (rhBMP2) and BMP2 Mini
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ABTS ELISA Development Kit were bought from Peprotech (Rocky Hill, NJ, USA).
Nanoclay was kindly gifted by Southern Clay Products, Inc. (Louisville, USA).

2.2 Preparation of 3D gelatin nanofibrous (GF) and GF/NS Scaffolds

3D GF scaffolds were prepared according to our previous works [18, 36, 37]. In brief, 40 °C
50% v/v ethanol/water mixed solvent was used to dissolve gelatin type B to make a 10% w/v
uniform gelatin solution. The porogen (150 to 300 um sized paraffin spheres, PS) was
prepared in advance for GF scaffolds. Then 10% wi/v gelatin solution was poured into PS
template and immediately transferred into a =80 °C freezer for overnight phase separation.
The frozen samples were then immersed into ethanol and 1, 4-dioxane for 24 h, respectively,
followed by —80 °C overnight, and then 48 h lyophilization. The Gelatin-PS composite
scaffolds were cut into 5mm width and 1mm height discs by Premier Biopsy Punch
(Plymouth Meeting, PA, USA) and soaked in hexane to remove PS. Residual hexane was
exchanged by fresh cyclohexane every 2 h for 8 h. Finally, samples were lyophilized for 48 h
and kept dry in a desiccator for future experiments.

For the preparation of GF/NS scaffolds, NS (12 mg/mL) was dissolved in 50% v/v ethanol/
water mix solution. After that, NS solution was mixed with 13.33% w/v gelatin solution at a
ratio of 1:3 (v/v) and poured into paraffin spheres followed by the same procedures utilized
for GF scaffolds preparation. The final concentration of NS and gelatin B here was 3mg/mL
and 10% (w/v), respectively. MES buffer (0.05 M, pH 5.3) together with EDC and NHS was
used for GF and GF/NS scaffolds chemical crosslinking. The crosslinking progress was
carried out for 24 h in ice-cold acetone at the ratio of acetone/cross-linking agents (90/10).
The crosslinking process was stopped by immersing the scaffolds into glycine solution, and
then scaffolds were washed in distilled water 3 times, frozen at —80 °C overnight, and finally
lyophilized for 48 h.

2.3. Surface characterization GF and GF/NS scaffolds

Surface microstructure and morphologies of 3D GF and GF/NS scaffolds were characterized
by a Hitachi S-4800 Scanning Electron Microscopes. Samples were sputter coated with gold
and imaged at an accelerating voltage of 5 kV. The Energy Dispersive X-Ray Spectroscopy
(EDS) spectra was recorded with the Hitachi S-4800, with an installed IXRF EDS system
for EDS imaging.

2.4. Cell culture and cell viability study

Minimum Essential Medium Alpha (1X) (a-MEM, Gibco, Waltham, MA), supplemented
with 10% fetal bovine serum (FBS), 100 mg/mL streptomycin sulfate, and 100 U/mL
penicillin was used as the normal Growth Medium. Mouse calvarial-derived pre-osteoblasts
(MC3T3-EL, from ATCC) were cultured in Corning® T-75 flasks under a humidified
atmosphere with 5% CO, at 37 °C. Growth medium was changed twice per week. MC3T3-
E1 cells were passaged when they reached around 90% confluence. Passages between 9 and
10 were used for this research. To induce MC3T3-EL1 cells osteoblastic differentiation, cells
were cultured in an osteoconductive medium (the normal growth medium containing 50
pg/mL L-ascorbic acid and 2.5 mM B-glycerophosphate salt).
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Cytotoxicity of NS on MC3T3-E1 cells was quantitatively measured using a CellTiter 96®
AQeous One Solution Cell Proliferation Assay (MTS) according to the product instructions
(Promega, Madison, W1, USA). In short, 1x10* MC3T3-E1 cells were seeded into each
well. On day 0, 1 and 4, the growth medium was removed, and fresh serum-free medium
containing 20% MTS reagent was added into each well and incubated at 37 °C for2 hin a
humidified and dark 5% CO, atmosphere. Reacted medium of each sample was then
transferred into a 96-well plate. Absorbance of samples was read at 490 nm using a
SpectraMax M2e Microplate Reader (Molecular Devices, San Jose, CA, USA).

Cell morphologies of MC3T3-E1 on day 0 and day 4 were visualized by staining with
fluorescent Phalloidin-FITC (Life Technologies, OR, USA) and DAPI (Sigma, St. Louis
MO, USA) according to the manufacturer’s manual. In brief, cells were fixed for 15 min by
3.7% methanol-free formaldehyde and then permeabilized in 0.1% TritonX-100 for another
15 min. After that, cells were stained with fluorescent Phalloidin and DAPI for 40 and 5
min, respectively. Samples were then observed under confocal microscopy (Zeiss LSM 710,
Germany).

2.5 Alkaline phosphatase (ALP) activity

1x10* MC3T3-E1 cells were seeded into a 24-well plate with growth medium and incubated
at 37 °C containing 5% CO,. After overnight incubation, the growth medium was replaced
with an osteoconductive medium. After 7 days cell culture, the ALP activity was quantified
and qualified with an EnzoLyte pNPP Alkaline Phosphatase Assay Kit (AnaSpec, San Jose,
CA, USA), following the product manual [38, 39]. In brief, samples were rinsed with DPBS
and lysed for 5 min at room temperature. Collected lysate was transferred into a centrifuge
tube, incubated on ice for 10 min under mild shaking, and centrifuged for 10 min at 2500xg
under 4 °C. The supernatant/standard solution (50 uL) was mixed with p-nitrophenyl
phosphate (room temperature) and incubated at 37°C for 30 min. ALP activity was then
tested at 405 nm and normalized against total protein content, which was measured by a
BCA kit (Thermo Scientific™, Waltham, MA, USA) based on the user instructions. In short,
25 uL collected supernatant (same from the former ALP activity experiment)/standard
solution was homogeneously mixed with 200 uL of BCA working solution, incubated at 37
°C for 30 min, and measured at 562 nm.

ALP histochemistry was evaluated using an Alkaline Phosphatase Staining Kit (Sigma, St.
Louis MO, USA) follow the product instruction. Cells were fixed by Citrate-Acetone-
Formaldehyde mixed solution for 30 s and followed by 45 s rinse with distilled water. The
fixed cells were then stained by a diazonium salt/Naphthol AS-BI Alkaline solution for 15
min in dark at room temperature, rinsed for 2 min by distilled water. The ALP staining
images were taken via a camera (Canon PSSX420I1S, Japan).

2.6 Alizarin red S (ARS) staining and quantification

ARS staining was used to detect the calcium-rich deposits by cells according to our previous
protocols [37] with a minor modification. Briefly, after 21 days of cell culture, cells were
rinsed with DPBS and fixed in 70% ice-cold ETOH for at least 1h, washed with distilled
water and stained by 40 mM ARS solution (Sigma, pH to 4.2 by 1M hydrochloride acid) for
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10 min at room temperature under shaking. For the quantification of the ARS staining, 10%

wi/v cetylpyridinium chloride (CPC) (Sigma St. Louis MO, USA) was prepared and added 1

mL/well and incubated for 30 min to elute the stain. The eluted dye was measured at 550 nm
using a microplate reader (Molecular Devices, San Jose, CA, USA).

2.7 Quantitative gene analysis

2.8.

2.9.

The osteogenic biomarkers including Runt related transcription factor 2 (Runx2),
osteocalcin (OCN), and bone sialoprotein (BSP) were analyzed on day 7 using real-time
PCR. Quantitative gene expression analysis was carried out according to the product
instructions. Briefly, total cellular RNA was extracted using a miRNeasy Mini Kit (Qiagen,
Valencia, CA). The concentration of total RNA was measured using a NanoDrop™ One
spectrophotometer (Thermo Scientific, Pittsburgh, PA). Equivalent amount of RNA was
processed to generate a complementary strand of DNA (cDNA) using an iScript™ cDNA
Synthesis Kit (Bio-Rad Hercules, CA). Runx2, OCN, and BSP were expressed on a CFX
Connect™ (Bio-Rad Hercules, CA) utilizing the iQ SYBR® Green Supermix Kit (Bio-Rad
Hercules, CA). Gene primers of Runx2 (qMmuCED0049270) and OCN
(gMmuCEDO0041364) were purchased from Bio-Rad (Hercules, CA), while the
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and BSPwere
synthesized at the University of lowa (Table S1).

rhBMP2 release from GF and GF/NS scaffolds

The influences of NS binding ability for in vitro BMP2 release were studied on GF+BMP2,
GF/NS+BMP2, and GF+BMP2/NS scaffolds. NS was prepared in molecular biology grade
water. Prior to the sterilization of GF and GF/NS scaffolds, NS (1 mg/mL final
concentrations in scaffolds) was premixed with rhBMP2 (Peprotech, Rocky Hill, NJ, USA,
100 ng per scaffold) overnight to ensure binding of the protein to NS. The BMP2/NS mix
solution was blended with collagen | (2.5 mg/mL, Bedford, MA, USA) and a total of 10 uL
collagen+BMP2/NS mix solution was loaded onto GF scaffolds. The same amount of
collagen+BMP2 mixture without NS was added onto GF and GF/NS scaffolds as controlled
groups. Following gelation at 37 °C for 30 minutes, bovine serum albumin in 1X DPBS
(release buffer) was added to the scaffolds+BMP2 and placed in a 37 °C shaker. The BMP2
release supernatants were removed and replaced with fresh release buffer at specific time
points. After 28 days of release, a human/murine/rat BMP-2 ELISA kit (Peprotech, USA)
was used per our previous protocol [37] to detect rhBMP2 release from the scaffolds.

In vivo bone regeneration

Laboratory animals’ care and use were followed by the protocols approved by the office of
the Institutional Animal Care and Use Committee (IACUC) of the University of lowa.
Inbred C57BL/6NHsd female mice (6 weeks, ENVIGO) were used to create the large size
cranial bone defect model (~3 mm in diameter) for /n vivo bone regeneration study [40, 41].
Img/mL NS (final concentration in scaffolds), 0.5 ug BMP2/scaffold or BMP2/NS mix (the
same preparation procedure as section 2.8) was homogeneously suspended in 10 pL of
collagen | and then loaded into gelatin nanofibrous scaffolds (GF) and NS-blended
composite scaffolds (GF/NS). 30 mice were used in this animal study, divided into 6 groups
(n =5) and treated as the groups: GF, GF/NS, GF+BMP2, GF/NS+BMP2, GF+NS, and GF
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+BMP2/NS. 6 weeks after surgery, all the mice were euthanized, and the retrieved samples
were fixed in 10% neutral formalin for two days and then transferred into 70% cold-ethanol
for further analysis.

Radiographic analysis was carried out on the fixed constructs using a Zeiss Xradia 520 Versa
(Pleasanton, CA). A microCT (u«CT, SkyScan 1272, Bruker) analysis was used to study new
bone formation at the defect place. Micro-computed tomography was done utilizing
SkyScan software, where specimens were mounted upright and scanned 180 degrees at 0.6-
degree intervals, with a resolution of 16 pm. Image reconstruction and volume analysis were
done via NRecon software and CTAnalyser software, respectively. Bone volume (BV)/
Tissue volume (TV) was used to calculate new bone formation via CTAnalyser software. 3D
volume rendering and 3D imaging of the defect area were completed using the CTvox
software. A singular CT threshold was applied to all samples when calculating BV/TV.

Hematoxylin and Eosin (H&E) stain was used for histological analysis. Briefly, the samples
were decalcified in 15% EDTA (Fisher Scientific, New Jersey, USA) for 2 days and kept in
70% ethanol. After that, the samples were embedded into paraffin wax, and cross-sections of
5 um were cut from the middle of scaffolds. These sections were H&E stained and observed
under a microscope.

2.10 Statistical analysis

All analyses were performed with Origin version 9.1 software. Data were presented as
means + standard deviation. The means for three or more parallel groups were analyzed by
one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001 were identified as statistically
significant between individual groups.

3. Results

3.1 Cytotoxicity of NS on MC3T3-E1 cells.

The cytotoxicity of the NS on MC3T3-E1 cells was quantitatively measured by MTS assay
after culturing for 0, 1, and 4 days. As the data showed, cells exhibited similar viability on
day 0 (2 hours after the NS treatment, Fig. 1A). The cell viability was positively correlated
with the incubation time. However, after 1 day incubation, significant cytotoxicity of NS on
the viable cells was observed when treated at a high concentration (1000 pg/mL) compared
to the control group (P < 0.001). On day 4, significant cytotoxicity was observed at all the
tested concentrations of NS in contrast to the control group, which is consistent with our
previous report that NS has mild cytotoxicity on hMSCs after 3 days’ culture. Therefore, the
low concentration of NS was chosen as 50 pg/mL to minimize the cytotoxicity in the
following in vitro studies. Cell morphology of MC3T3-EL1 cells was imaged after treating
with or without 50 ug/mL of NS for 2 hours (Day 0) and 4 days (Day 4) (Fig. 1B & C).
Confocal imaging demonstrated no obvious differences in cell morphology between
treatment and control group on day 0. However, after 4 days of incubation, compared to the
control group (Fig. 1C1), a significant amount of NS aggregation was noticed (Fig. 1C2),
where the white arrow indicated adherence and internalization of NS nanoparticles in
MC3T3-E1 cells.
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3.2 Effects of NS on BMP2-induced osteogenic differentiation

To study the effects of the NS and BMP2 on MC3T3-EL1 cells osteogenic differentiation, we
investigated the ALP activity and mineralization degree /in vitro. After 7 days culture, the
single-dose of BMP2 (OC+BMP2 x1), multiple-dose of BMP2 (OC+BMP2 x2), and
BMP2/NS mix one-time treatment (OC+BMP2/NS mix x1) groups showed significantly
higher ALP activity compared to the OC alone group, although the NS single-dose treatment
(OC+NS x1) group did not raise the ALP much (Fig. 2A, B).

To further study the effects of NS on MC3T3-E1 cells osteogenic differentiation, we
measured the mineralization of cultured cells through Alizarin Red S staining and CPC
quantification after 3 weeks of cell culture (Fig.2C, D). Consistent with our ALP activity
data, considerably higher mineralization of MC3T3-E1 cells was found on the BMP2
multiple treatment group (OC+BMP2 x6) and OC+BMP2/NS mix x1 group compared to
that from the OC control group, while there was no significant difference between the BMP2
multiple treatment groups (OC+BMP2 x2 and OC+BMP2 x6) and BMP2/NS one time
treatment group (OC+BMP2/NS mix x1). These results suggest that the NS binding with
BMP2 played a crucial role in BMP2-induced osteogenic differentiation.

3.3. Gene expression

After 7 days incubation in OC medium, the quantitative gene expression of osteogenic
markers Runx2, OCN, and BSP was evaluated to further demonstrate the effect of the BMP2
and NS to enhance osteogenic differentiation. Runx2 protein does not show any significant
difference between all the samples, but there was an up-regulation trend of all 4 treatment
groups, compared with the OC control group (Fig. 3, left). The OC+BMP2 x1, OC+BMP2
x2, and OC+BMP2/NS mix x1 groups demonstrated significantly higher BSP expression
compared to the OC control group, although the OC+NS x1 group did not up-regulate much
(Fig. 3, right). Consistent with ALP activity and CPC quantification data (Fig. 2), both OC
+BMP2 x2 and OC+BMP2/NS mix x1 groups demonstrated significantly higher mature
osteogenic marker OCN expression. Moreover, no significant difference was found between
the BMP2 multiple treatment group (OC+BMP2 x2) and BMP2/NS one time treatment
group (OC+BMP2/NS mix x1) (Fig. 3, middle), further indicating the necessity of NS
binding with BMP2 for BMP2-induced osteogenic differentiation.

3.4. Characterization of GF and GF/NS scaffolds

SEM images showed neat 3D GF scaffolds have interconnected macroporous structure (10%
gelatin, pore size=150 to 300 um, Fig.4 A) and collagen-like nanofibrous microstructures
(Fig.4 B-C). After NS incorporation, the interconnected pore structure (Fig.4 D, containing
3 mg/mL NS in 10% gelatin) and nanofibrous microstructure (Fig.4 E-F) were maintained
after freeze-drying, which was similar to the previous reports [18, 37]. The EDS analysis
results of the GF and GF/NS scaffolds revealed the presence of higher Na, Si, and Mg (Table
1) in GF/NS scaffolds.

3.5. In-vitro Release Study of BMP2 from scaffolds

The release curves of BMP2 from GF+BMP2, GF/NS+BMP2, and GF+BMP2/NS are
displayed in Fig. 5. Compared to GF+BMP2/NS group, a significantly higher initial burst
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release was found in both GF+BMP2 and GF/NS+BMP2 groups (Fig. 5A), followed by a
continuous release during the duration of the experiment (28 days, Fig. 5B). Interestingly,
the overall release profiles of the GF+BMP2 and GF/NS+BMP2 groups were similar, while
significantly higher total amounts of BMP2 were noted from GF+BMP2/NS scaffolds than
both the GF+BMP2 and GF/NS+BMP2 groups (~26500 pg vs ~17000 pg). These data
indicated that direct NS binding with BMP2 could support the long-time continuous/
sustained release of BMP2 from the 3D GF scaffolds. Moreover, the NS was able to protect
the fragile protein from fast degradation compared to the simple loading of BMP2 alone,
since the same amount of BMP2 was incorporated in three groups (100 ng per scaffold).

3.6. BMP2 binding with NS Significantly Promote Endogenous Bone Regeneration

NS has shown varied proposed functions, e.g., osteoinductivity, improving mechanical
properties and drug binding abilities based on both others’ [15, 18, 24, 31] and our work
(Fig. 5). Although our previous work suggests that NS-enabled drug binding and improved
mechanical property of scaffolds are more important than the intrinsic osteoinductivity in the
ectopic bone formation mouse model, we still don’t know the exact mechanism of NS for
the improved bone formation. To better understand the role of NS in a 3D gelatin
nanofibrous scaffold for bone regeneration, new bone formation on the neat GF and GF/NS
scaffolds was studied by using the mouse calvarial defects (with or without rhBMP2, BMP2
alone or NS binding with BMP2).

After 6 weeks of implantation, the GF+BMP2/NS group demonstrated a significantly higher
amount of newly formed bone in the defects than other groups. The macro-views of H&E
stained slides show the locations of the scaffolds, bone defects, new bone formation and
adjacent tissues (upper panel, Fig. 6). The radiographic testing results revealed that no
obvious new bone tissues were formed in all of the implanted scaffolds, even those
supplemented with a low dose of BMP2 (0.5ug per scaffold, lower panel, Fig. 6), except the
GF+BMP2/NS group.

Higher magnification (10x) histological images confirmed that very few bone-like tissues
(pink color) were observed inside the transplanted scaffolds (purple color) in GF, GF/NS,
GF+BMP2(0.5ug), GF/NS+BMP2(0.5ug), GF+NS(1mg/mL) groups, while significantly

higher new bone formation was detected in GF+BMP2/NS groups (4/5, Fig. 7F), which is
consistent with our radiographic examination observation (lower panel, Fig. 6).

Consistently, as seen by uCT results, no significant bone formation was observed in the GF,
GF/NS, and GF+BMP2 group. However, NS binding with BMP2 group (GF+BMP2/NS)
induced newly formed bone tissue completely covering the defects (Fig. 7h, right panel).
Quantitatively, bone defects implanted with GF+BMP2/NS had ~14.5% increase in new
bone formation, whereas the GF group with a much lower BV/TV only had a ~0.64 %
increase, the GF/NS group had a ~1.6% increase, and the GF+BMP2 group revealed a ~
1.48% increase (Fig. 71).

Hence, our /n vivo results indicated that supplement of an extremely low dose of rhBMP2
(0.5 pg/scaffold) was not able to induce mouse cranial bone formation even with the
incorporation of NS in scaffolds, although we previously reported that the GF/NS scaffolds
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significantly improved BMP2-induced ectopic bone formation in mice (1.5 g BMP2 per
scaffolds)[18]. NS-enabled drug binding/sustained release plays an essential role in the
promotion of endogenous bone formation in the mice cranial bone defect model.

4. Discussion

One advantage for NS’s application in regenerative medicine and drug delivery is its high
biocompatibility and low cytotoxicity [18]. However, our /in vitro data indicated NS had
significant cytotoxicity on MC3T3-EL1 after 4 days of culture even at the lowest tested
dosage (50 pug/mL). This suggested mouse preosteoblasts (MC3T3-E1) were more sensitive
to NS treatment compared to hMSCs since NS had no significant detrimental effects on
hMSCs at 100 pg/mL based on previous reports [18, 24]. Cell morphology images also
confirmed that NS adheres to the cell surface and is internalized, which might restrict
cellular functionality in long term cell culture. Therefore, we chose the low dose (50 pg/mL)
of NS for the /n vitro experiments to minimize the cytotoxicity of NS on cell differentiation.
Our data indicate 50 pg/mL of NS was capable of improving BMP2-induced osteoblastic
differentiation. However, much higher dose of NS had to be used to achieve the sustained
release of proteins/small molecules and reduce the burst release. Based on our preliminary
tests, 1000 pg/mL was the minimal dose required for sustained release of BMP2, which
therefore was used for /n vivo studies. Interestingly, 1000 pg/mL of NS didn’t cause
inflammatory/toxic side effects as it did /n vitro cell culture. Therefore, our data confirmed
that NS had good biocompatibility which was possibly because of the interaction with the
plenty of extracellular matrix/proteins /n vivo. This data suggested the importance of /n vivo
studies for understanding the mechanism of NS in bone regeneration.

NS is especially attractive for bone tissue engineering since it has demonstrated potential
inherent osteoinductivity as some studies suggested [15, 16, 42]. However, our recent
findings indicated that NS failed to induce ectopic bone formation when it was blended into
3D GF scaffolds [18]. It was known that the composite scaffolds with higher mechanical
properties were capable of improving BMP2-induced ectopic bone formation [18] as ectopic
bone formation ability is the gold standard to evaluate if the materials have osteoinductive
ability [43, 44]. We strongly believe that NS contributes to the improved bone regeneration
primarily through other ways than its inherent osteoinductivity in mice. To further
understand the mechanism of NS in bone regeneration, we used the mouse calvarial-derived
preosteoblast MC3T3-E1 instead of hMSCs. Consistent to our previous report, NS alone was
not capable of significantly improving osteoblastic differentiation of MC3T3-E1.
Importantly, ALP activity, matrix mineralization, and gene expression results revealed one
dose of NS directly mixed with BMP2 could significantly improve osteoblastic
differentiation. As the control, multiple doses of BMP2 were required to achieve sufficient
differentiation without mixing with NS because BMP2 like other proteins degraded and lost
bioactivity very quickly in aqueous solution [38]. Therefore, super high dosage of BMP2
needed in the applications subsequently could cause severe side-effects which represents a
significant clinical challenge [45, 46]. This interesting data suggested that direct interaction
with NS was important to maintain/improve the bioactivity of BMP2 for osteoblastic
differentiation. Our release data further confirmed that NS not only provided sustained
release but also protection of BMP2 because significantly more bioactive proteins were
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detected from NS binding group compared to other groups without direct binding with NS.
Consistent to our previous report, GF/NS composite scaffolds also slightly reduced the burst
release of BMP2 at the early stage possibly because of NS-endowed high affinity [18], while
much less effective than the direct binding group.

Compared to ectopic bone formation model, orthotopic cranial bone defect model is more
clinically relevant for us to explore the role of NS in bone tissue regeneration. Although our
previous study [18] indicated that NS didn’t show the osteoinductivity as it did to hMSCs /in
vitro[15, 16, 24, 42], one possible reason was that NSs were blended with gelatin and
embedded in the cross-linked scaffolds which could prevent the direct interactions between
the nanoclays with surrounding cells as they did in the solution /n vitro. The direct
interaction with stem cells was one of the potential mechanism that NS could promote
hMSCs osteogenic differentiation [15]. Thus, we fabricated both NS blended GF/NS
composite scaffolds and GF neat scaffolds loaded with NS solution (GF+NS) to study if NS
could induce bone formation in our cranial bone defect model. Notably, neither of these two
groups could induce significant new bone formation without exogenous BMP2 addition.
Consistent with the release profiles /n vitro, our in vivo data also showed a trend of more
new bone formation in the GF/NS+BMP2 group than the GF+BMP2 group, although not
significantly. This difference is possibly because we used a much lower dose of BMP2 (0.5
ug per scaffold) in the current cranial bone defects rather than the ectopic bone regeneration
we previously reported (1.5 ug BMP2 per scaffold). Importantly, the highest new bone
formation in GF+BMP2/NS group highlighted that NS direct binding with BMP2 was much
more important and essential for NS improved bone regeneration compared to its other
contributions, including the improved mechanical properties and degraded chemicals from
the composite scaffolds. Thus, our data strongly demonstrated that NS-mediated drug
binding/protection and sustained release played the primary role in nanoclay-improved bone
regeneration.

A biocompatible and facile drug delivery system is key for the success of the biomaterial in
regenerative medicine, especially bone tissue engineering. Compared to other non-
degradable nanoparticles or complicated polymeric micro/nanoparticles, NS is a fascinating
2D nanomaterial for bone regeneration. Some intriguing features include: (1)
biocompatibility as many studies indicated [15, 16, 24, 42]; (2) easy processability with
polymer scaffolds; (3) biodegradable, especially its’ pro-osteoblastic degradation mineral
ions which is advantageous for osteoblastic differentiation and bone repair while a lot of
nanoparticles, e.g., mesoporous silica nanoparticles (MSNs) and graphene oxide have
limited degradability with much higher cytotoxicity and safety concern [16, 47]; (4) easy
and mild condition for drug loading, as it can be used to load and prolong the half-life of
bioactive molecules; (5) versatility of drug types for delivery, namely drugs/proteins
regardless of their charges, as hydrophobic and hydrophilic compounds can bind with NS
due to its large surface area and the existence of anisotropic charges [17, 19, 31, 48, 49]; (6)
the drug release rate is tunable by adjusting the ratio or content of NS, and the drug release
extent was proved to be negatively correlated with the NS concentration [31]. The
biomaterials-based cell-free strategy is the ultimate goal for tissue engineering since it is
more straightforward and less complicated and more translational-able than cell-based
therapy [50]. Combination of the potent drug release/pro-osteoblastic ability of NS and
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biomimetic 3D scaffold make the cell-free bone regenerative strategies more realistic which
promote bone regeneration by activating and harnessing the endogenous reparative cells and
signals.

Overall, our work indicated that the direct binding of NS with BMP2 and enabled
subsequently sustained release is the primary reason among other contributions for the
nanoclay-promoted bone regeneration by using a clinically relevant mouse cranial bone
defect model and biomimetic 3D scaffolds.

5. Conclusions

In this study, we investigated the potential mechanisms underlying the roles of NS to
osteoblastic differentiation and new bone formation. Our /n vitro results confirmed that NS
was biocompatible and NS direct binding with BMP2 not only provided sustained release
but also protected the bioactivity of BMP2. Our data from the cranial bone defects models
further indicated, compared to NS-improved mechanical properties and intrinsic
osteoinductivity, NS direct binding with BMP2 enabled sustained and prolonged drug
release is much more important for NS enhanced bone regeneration in mice, especially when
supplemented with critically low-dose of BMP2 (0.5 ug per scaffold). Most importantly, we
give a better knowledge of the roles of NS in new bone formation and provide a safe, low-
cost, and efficient delivery system for bone regeneration.
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Fig. 1.

Cgll viability and morphology of MC3T3-EL1 cells after treatment by NS. Cell viability (A)
was evaluated after the cells were cultured in growth medium containing with different
concentrations of NS for 0, 1, and 4 days (n = 3). Confocal images were taken of MC3T3-E1
cells after treating with (50 pg/mL) and without NS for 2 hours (B1, C1) and 4 days (B2,
C2), respectively. Cytoskeletons were shown in green (Fluorescein Phalloidin), while the
cell nuclei were blue (DAPI). Scale bar = 50 um. Arrows indicate aggregations of NS to the
cell surface. Results are expressed as mean * standard deviation (SD) (***p < 0.001 vs.
growth medium control).
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Fig. 2.
Effects of NS on MC3T3-E1 cells osteogenic differentiation. (A) ALP staining, (B) ALP

quantification, (C) Alizarin Red S staining and (D) CPC quantification of MC3T3-E1 cells
after treatment with different inductive factors in osteoconductive (OC) medium. Data are
expressed as mean £SD, n = 3. (*P < 0.05, **P < 0.01, ***P < 0.001 vs. OC control)
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Osteogenic marker gene expressions (Runx2, OCNand BSP) were quantified by real-time
PCR assay after 7 days’ culture. Results are presented as mean+SD (n =3, *v < 0.05; **p <

0.01 vs. OC control)
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Fig.4.
Characterization of nanofibrous scaffolds. (A-F) SEM images of GF and GF/NS scaffolds at

low (scale bars=500 um, left panel) and high (scale bars=10 um, middle and right panel)
magnifications.
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Fig.5.

In vitrorelease curves of BMP2 from scaffolds. (A) Release profile of early-stage (3 days)
(B) long term release properties (28 days). All of the results were represented as means +
SD,n=3.(**p <001, *p < 0.05vs. GF+BMP2/NS)
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Fig.6.

Digital photos and radiographic testing of the histology samples. GF, GF/NS, GF
+BMP2(0.5ug), GF/NS+BMP2(0.5ug), GF+NS(1mg/mL), and GF+BMP2/NS after 6 weeks
of implantation (n=4~5).
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Fig.7.
H&E staining and PCT analysis of the restored calvaries after 6 weeks post-implantation /n

vivo. (A-F) H&E stained tissue sections acquired from the mouse cranial defects (Scale
bars=200um). (G-H) puCT top view and cross-section image of cranial defects. (1)
Quantification measurement of BV/TV /n vivo after implanting different scaffolds. All of the
results were expressed as means + SD (n=4~5, ***P < 0,001 vs. GF control).
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EDS analysis results

Content of Elements by Weight (%)

Samples
(0] Na Mg Si Total

GF 49.15 50.62 0 0 0.23 100
GF/NS 5452 4288 017 094 169 100
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