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Abstract

Recent challenges in repair of critical size bone defects necessitates the need for scaffolds with
accelerated bone defect repair. The higher surface area, complex porous architecture, and
appropriate mechanical properties offered by engineered interlocking block scaffolds enables their
use as bone grafts for critical size defect repair. Here, an interlocking scaffold system is designed
by incorporating the bone morphogenic proteins (BMP-2 and BMP-7) and co-culturing with
human osteoblasts (hFOB) and mesenchymal stem cells (MSCs). The complete release of BMPs
from the porous scaffolds is observed by day 16. We evaluate the long-term effect of BMPs on in
vitro bone regeneration at 9 weeks. A significant increase in the bone-related proteins and
osteogenesis-related Wnt-factors with BMPs coated samples is observed as compared to uncoated
samples, indicating that BMPs played an essential role in initial osteogenesis and ECM formation.
We also report significant increase in the mineralized bone nodules with BMPs coated samples
compared to without BMPs samples, suggesting that BMPs play a crucial role in mineralized ECM
formation. Furthermore, nanoindentation results demonstrate a 120% increase in the elastic
modulus at nine weeks with BMPs coated scaffolds indicating enhanced ECM formation. Thus,
BMPs play a crucial role in osteogenesis at the initial stages and the effect of BMPs persists beyond
the timescale of complete release at 16 days. This study provides valuable insight into the
mechanisms of the BMPs association with bone tissue formation and demonstrates the feasibility

of the interlocking scaffold system as a bone graft for bone defect repair application.



Statement of Significance

BMP-2 and BMP-7 are highly regarded as potent growth factors used for large bone defect repair
and can be used with porous scaffolds. It is unclear how and what role BMPs play over a long
period of time for bone defect therapies. Here, for the first time, we examined the change in the
nanomechanical properties of the newly formed bony tissue over nine weeks and report a 120%
increase in the elastic modulus at nine weeks with BMP coated scaffolds. In addition, alizarin Red
S staining images and gene expression results suggest that BMPs play a significant role in
mineralized ECM formation and influence osteogenesis initiation. This work provides a deeper

understanding of the mechanisms of the BMPs association with bone tissue formation.
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1. Introduction

Bone is a highly vascularized and dynamic natural nanocomposite that is constantly
remodeled throughout an individual's lifespan. Every year, more than 170 million new bone
fractures occur worldwide, making it the second most transplanted tissue after blood[1-3]. In
contrast to other tissues and organs, bone tissue usually has better self-healing ability. The
damaged part can regain its original structure and mechanical strength without leaving fibrotic
scars. However, when the range of bone defects exceeds the critical-size defect (CSD), bone
defects cannot heal by themselves and require reasonable clinical intervention[4] and the fracture
does not heal and forms a nonunion. Every year, roughly 100,000 cases of bone fractures in the
United States result in nonunion[5, 6]. Nonunion can be caused by various factors, including bone

tumor removal, previous radiation treatment, infection, and trauma which are common issues in



clinical treatment[7]. Because of the extent of the defect and disturbance in the usual processes
that allow osteogenesis and angiogenesis, the bone defect does not heal properly. Mechanical
fixation to prevent movement of bone at the defect site and to conduct bone autogenous bone
grafting is currently one of the existing standards of care for the treatment of a critical-size bone
defect[8]. However, this strategy involves surgeries at multiple anatomic sites and is linked with
higher risks of infection-related complications and pain. One alternate treatment involves bone
transport surgery[9], which is highly stressful and painful for individuals and can take several
months for recovery. Biomaterials-based procedures offer an alternative to traditional bone

grafting.

Bone regeneration is a complex process involving various growth factors, including bone
morphogenetic proteins (BMPs), vascular endothelial growth factor (VEGF), insulin-like growth
factor (IGF), and a few others[10]. Among these, BMPs are the most important osteogenic growth
factors shown to induce bone formation by inducing mesenchymal stem cells (MSCs) toward
osteoblastic differentiation[11]. The BMPs are multi-functional growth factors that play a vital
role in embryonic development and adult homeostasis by morphogenesis, differentiation,
proliferation, and apoptosis of various types of cells in the body. BMPs also promote angiogenesis
by prompting osteoblasts to produce VEGF[12]. BMPs are mostly known for cartilage and bone
formation. In 1965, Urist reported that bioactive components in the demineralized bone matrix
induce bone formation[13]. BMPs signaling occurs through both canonical Smad-dependent
pathways (BMP ligands, receptors, and Smads) and non-canonical Smad-independent signaling
pathways (p38 mitogen-activated protein kinase pathway, MAPK). Both canonical Smad-
dependent pathways and non-canonical Smad-independent signaling pathways express Runx2

gene expression to control osteogenesis[14-16].



For the treatment of the non-unions, BMPs are considered a favorable approach because
they are considered the most potent toward bone regeneration[17]. There are fifteen different
BMPs are found in mammals; among them, rhBMP-2 and rthBMP-7 are FDA approved. BMP-2
and BMP-7 have been tested in several preclinical studies showing the ability to induce bone
regeneration[18-20] and evaluated in clinical trials to treat various bone disorders such as non-
unions, open fractures, and osteonecrosis[21-25]. Clinical trials results suggested that BMP-2 and
BMP-7 are safe, significantly reduced the frequency of bone grafting procedures and effective in

non-union bone defect[21, 24, 26].

The Wnt and bone morphogenic protein (BMP) signaling pathways are important for many
biological events and complement each other for bone regeneration[27]. BMP-2 induces Wnt and
activates the B-catenin signaling pathway during endochondral ossification, and the B-catenin
signaling pathway regulates the early phases of chondrogenesis and osteogenesis[28]. BMP-2
promotes osteogenic differentiation by increasing the expression of LRP-5 and stabilizing -
catenin through the downregulation of B-Trcp[29, 30]. A substantial reduction of osteogenesis
occurs with B-catenin deficiency. The function of BMP-2 toward bone formation is inhibited by
DKK-1 overexpression[28, 31, 32]. Overall, the Wnt/ -catenin pathway is found to be very crucial

for osteogenesis and bone mass formation along with BMP signaling pathway.

3D porous scaffolds with the appropriate mechanical properties are required for bone tissue
engineering[33, 34]. The scaffolds serve as mechanical support during tissue growth, and their
porous structure provides nutrient supply and helps waste removal[35]. Biocompatible polymers
reinforced with hydroxyapatite (HAP) are extensively used in bone tissue engineering because of
the similar compositions of the mineral phase of the bone[36]. HAP enhanced cell attachment, cell

proliferation, and osteogenic differentiation of stem cells[37, 38]. Inorganic fillers are also used to



improve the mechanical properties of the scaffold to facilitate bone tissue formation[39].
Montmorillonite (MMT) nano-clay is used as an inorganic filler to enhance the mechanical
properties of the scaffold[40]. Along with the mechanical properties of the scaffold, MMT nano-
clay also improves cell adhesion cell proliferation[41-43]. Interlocking block scaffolds provide a
large surface area, facilitating cell proliferation and osteogenic differentiation of mesenchymal

stem cells (MSCs)[44].

Dual growth factor delivery on bone regeneration significantly improves vascular growth
and bone growth[45]. The combination of BMP-2 with BMP-7 was shown to enhance bone
morphogenesis[46]. Therefore, developing a scaffold that could deliver a combination of BMP-2
with BMP-7 in a time-dependent manner would be a viable bone graft for bone healing. In the
previous study, we found that a combination of BMP-2 and BMP-7 enhanced osteogenic
differentiation, accelerated mineralization, shortened collagen formation time[44]. Based on
observations in the previous study, we hypothesized that cells seeded scaffolds exhibit mechanics
changes over time due to the maturation of ECM. To this end, we evaluated nanomechanical
properties of the cells seeded scaffolds using Berkovich indenter tip and correlated mechanical

properties changes with mRNA expression of bone-related genes, confocal and SEM imaging.

2. Materials and Methods

2.1 Modification of MMT clay

Na-MMT clay (SWy-2) was received from the Clay Minerals Society (Wyoming). The Na-
MMT clay is modified with 5-aminovaleric acid described in detail in previous studies [47, 48].
In brief, preheated (60°C) 5-aminovaleric acid solution was added to preheated (60°C) MMT

suspension and kept for stirring for one hour. After one hour, the obtained slurry was separated



using a centrifuge followed by drying at 70°C, grinding, and sieving to obtain a fine powder. The

5-aminovaleric acid was purchased from Sigma-Aldrich.

2.2 Preparation of in situ HAPclay

The in situ HAP clay was prepared following the detailed steps described in previous
studies[42, 49, 50]. Briefly, amino acid modified Na-MMT clay powder was poured into Na2HPO4
(J.T. Baker) solution and kept for stirring for 2 hours. Then, CaClz (J.T. Baker) solution was added
to the clay, NaxHPOu suspension, and kept for stirring for 8 hours at pH 7.4. The precipitate
obtained was separated using a centrifuge followed by drying at 70°C, grinding, and sieving to

obtain a fine powder.

2.3 Preparation of PCL/in situ HAPClay scaffolds

3D porous PCL/in situ HAPClay scaffolds were prepared following the steps described in
detail in previous studies[40, 44]. In brief, the PCL (Sigma Aldrich) solution was prepared by
dissolving 3.6 g (90%) of polymer in 40 ml of 1,4-dioxane (Sigma Aldrich). Another solution was
prepared by dispersing 0.4 g (10%) of in situ HAPclay in 20 ml of 1,4-dioxane. The in situ
HAPclay suspension was sonicated for 18 minutes for better dispersion of in situ HAPclay in
dioxane. Sonicated in situ HAPclay solution was added to the polymer solution and kept for
stirring for 2 hours. Then, the polymer HAPclay solution was poured into the 3D-printed molds.
Designing and preparation of 3D printed mold described in the previous study[44]. Further, the

freeze extraction method was used to obtain 3D scaffolds.

2.4 Preparation of scaffold sample for cell culture



PCL/ in situ HAPclay scaffolds were sterilized using a UV sterilization chamber for 45
minutes, followed by immersing in 100 % ethanol for 24 hours. Then the sterilized were washed
in PBS to remove the ethanol from the scaffolds. BMP 2 (Genscript) and BMP 7 (Biovision)
solutions were prepared by following the manufacturer's protocol at a concentration of 1pg/ml.
Sterilized scaffolds were immersed into the freshly made 1:1 BMP-2 and BMP-7 solution for 24
hours. After 24 hours, BMP-2 and BMP-7 coated samples were kept in the cell culture media for
24 hours before using them for cell culture experiments. Initially, a combination of 5 X 10*

osteoblast cells (WFOB) and 5 X 10* MSCs were seeded on each scaffold.

2.5 Cell lines and culture medium

The human osteoblast cell line (hFOB 1.19) was purchased from ATCC. The culture media
consisted of 90% HyQ Dulbecco's Modified Eagle medium DMEM-12(1:1) from Hyclone, 10%
fetal bovine serum (FBS) from ATCC, and 0.6% antibiotic solution (G418) from JR scientific.
Human mesenchymal stem cells (MSCs) were purchased from Lonza and maintained in
MSCGM™ Bulletkit™ medium. The Bulletkit™ medium was prepared by adding MSCGM™
SingleQuots™ (Lonza) to MSCBM™ (Lonza). We maintained cells at 37°C and 5% COz in a

humidified incubator.

2.6 ELISA Assays

The amount of BMP-2 and BMP-7 released in the PBS were determined using the ELISA
assay kits (BMP-2 Invitrogen kit, BMP-7 Invitrogen kit) following the manufacturers' instructions.

We collected the supernatant at every 24hr interval followed by adding fresh PBS.

2.7 DNA quantification



Cell viability was performed by measuring DNA content according to the manufacturers'
protocol (AccuBlue® Broad Range dsDNA Quantitation Kits). Briefly, the cell-seeded scaffolds
were washed with PBS, and each scaffold was digested in 500 pl of cell lysis TE buffer. Then,
scaffolds were kept at -80 °C followed by three freeze-thaw cycles at =80 °C and 37 °C. Further,
the cells supernatants were collected after centrifugation. Finally, 10 ul of each diluted sample was
mixed with 200 pl of working solution and incubated for 30 min at room temperature in the dark.
The fluorescence was measured at 350 nm excitation/460 nm emission using a fluorescence

microplate reader (BioTek).

2.8 Scanning electron microscopy

The tissue-cultured scaffold samples were washed with PBS and fixed with 2.5%
glutaraldehyde followed by ethanol series treatment (10%, 30%, 50%, 70%, and 100% v/v) for
dehydration. The samples were dried using hexamethyldisilazane after alcohol treatment. The
samples were then carbon-coated and mounted on SEM stubs for observation using the JEOL JSM

6490LV scanning electron microscope.

2.9 Gene expression studies

Total RNA from the cell-seeded scaffolds was isolated and quantified using Direct-zol
RNA MiniPrep kit (Zymo Research) and Nanodrop ND 2000 (Nanodrop products), respectively.
Then, cDNA was prepared using 2 pg/ul of RNA, random primers, and M-MLV reverse
transcriptase (Promega) in PCR thermal cycler (Applied Biosystems). Real-time polymerase chain
reaction (PCR) experiment was performed using a 7500 Fast Real-Time PCR system (Applied
Biosystems). Forward primer, reverse primer, SYBR Green dye, and cDNA were added to make

a final volume of 20 pl and run using a thermal profile with a holding stage (2 min at 50 °C, 10 min



at 95 °C) and a cycling stage (40 cycles of 15 s at 95 °C, and 1 min at 60 °C). The mRNA
expressions of Runt Related Transcription Factor 2 (RUNX2), Osteopontin (OPN), Osteocalcin
(OCN), Bone sialoprotein (BSP), Alkaline phosphatase (ALP), LRP5, Wnt5a, and -catenin were
quantified and normalized to housekeeping gene glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH). For all the genes 2D 0 days sample were used as a control. Target gene expressions
were analyzed using the comparative Ct method (2722Y). The sequence of primers used is shown

in supplementary Table 1.

2.10 Analysis of nanomechanical response

Displacement controlled nanoindentation experiments on the hydrated scaffolds, cell-
seeded scaffolds without BMPs coating, and cell-seeded scaffolds with BMPs coating in cell
culture medium were performed using Berkovich diamond indenter fluid tip (three-sided
pyramidal; 100-200 nm tip radius) using Hysitron Triboscope nanomechanical instrument
(Minneapolis, MN) equipped with multimode AFM (nanoscope Illa controller and J-type piezo
scanner system) (Veeco Metrology, Santa Barbara, CA). Cell-seeded porous scaffolds were placed
inside the custom-designed 3D printed holder and flushed with cell culture medium for the
experiment. Subsequently, samples were placed onto the nanoindentation sample stage, and the
whole tip-sample-fluid assembly was heated and maintained at 37°C. For the entire duration of the
experiments, extreme care was taken to ensure that the scaffolds were wholly immersed in the cell
culture medium. Indentation experiments were performed at maximum indentation depths of 500,
1000, and 2000 nm, respectively, at loading and unloading rates of 25 nm/s.

The load-displacement curve of each test was carefully analyzed to separate scaffolds, cells, and
mineralized ECM indentation responses. Contact stiffness was calculated by applying power-law

fit to the initial unloading portion of the load-displacement curve and analytically differentiating

10



the power-law relation, following the Oliver-Pharr method [51]. Reduced modulus was calculated
from the stiffness and contact area measurements using Hysitron analysis software. The elastic
modulus for each indent was further determined from reduced modulus and is given by the
following relation:

1 _(1—192)+(1—19i2)

Er Es Ei

where, E,=reduced elastic modulus; Es=elastic modulus of sample; E;=elastic modulus of
indenter; ¥;= Poisson's ratio of indenter; J5= Poisson's ratio of the sample. In this work, we used
the diamond indenter tip of elastic modulus 1141 GPa and Poisson's ratio of 0.07. Using Poisson's
ratio of 0.5, as also commonly used in literature, we calculated elastic moduli of biological cells.
In this work, all the experiments are performed under fully immersed conditions. For all the
samples, at least 30 indents were made under each set of experimental conditions. We used
triplicate samples in the experiments to ensure repeatability and reproducibility. In this work, at a
particular depth, variation in elastic properties arises due to the presence of different constituents
(porous scaffolds, cells, and mineralized ECM) possessing different physical/biological
characteristics, thereby expected to exhibit their unique mechanical behavior. Under such a
scenario, a range of modulus values was plotted to indicate the difference in elastic properties of

cells, cell scaffolds, and Mineralized ECM.

2.11 Alizarin Red S Staining (ARS) and Quantification Assay

Cell-seeded scaffolds were fixed with 4% paraformaldehyde for 30 mins and washed with
PBS three times (5 min each wash) to remove the residual fixative agent. Further, scaffolds were
stained with Alizarin Red S dye (2 g/100 mL deionized water, pH = 4.10 to 4.15 and kept for 2

min 30 sec. After 2 min 30 sec, the scaffold was washed using cell culture grade water many times
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to remove excess dye. Z-stacks of the samples were obtained using a Zeiss Axio Observer Z1
microscope equipped with an LSM700 laser-scanning module. Images were taken using a 639 nm
laser light source. For image analysis, Imaris software was used. For quantification, stained
samples were immersed into 700 uL of 10% acetic acid solution and incubated at room temperature
for 5 min to solubilize the stain, and absorbance of the released Alizarin Red S stain was measured

at 405 nm.

2.12 Statistical analysis

All the experiments were carried out in triplicates (n = 3) unless otherwise mentioned, and
the data are presented as Mean value of triplicates + standard derivation. The statistical
significance (p-value) between the two groups is done using Student's unpaired #-test. In contrast,
multiple comparisons are made using two-way ANOVA followed by an appropriate post hoc test
(GraphPad Prism v8.4.2). Differences between the two groups were considered statistically

significant when probability, *p < 0.05.

3. Results and discussion

3.1 Release Kinetics of BMPs

The amount of BMP-2 and BMP-7 released from the scaffolds is measured by ELISA assay. Fig.
1 A represents the percentage of cumulative content of released BMP-2 and BMP-7 over time from
the scaffolds. We observed an initial burst of release in the first 24 h; about 40% of BMP-2 and
BMP-7 releases occurred in the first 24 hr, followed by a slower release. According to literature,
nonbonded interactions between components of the scaffold and BMPs govern the rate of BMPs

release [52-54]. Since scaffold constituents are distributed homogeneously among samples, a slight
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variation in the amount of BMP-2 or BMP-7 released from scaffolds was observed. However,
because of difference in numbers of amino acids (BMP-2, 114 and BMP-7, 139) [55, 56] and
functional groups in BMP-2 and BMP-7, a difference in release rate from the scaffolds was
observed. Finally, after 15-day for BMP-7 and after 16-day for BMP-2, complete release was

observed from the scaffolds.
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Fig. 1. Cumulative percentage release of BMP-2 and BMP-7 over time from the scaffolds in PBS
(A), The proliferation of hMSCs and hFOB (DNA content) on BMPs coated and without BMPs
scaffold samples at day-7, day-14, day-21, day-42, and day-63 (B). *p < 0.05, **p < 0.01, and
*x*p < 0.001 indicate a significant difference between BMPs coated and without BMPs scaffold

samples.

3.2 Coating with the BMPs enhanced the proliferation of hMSCs and hFOB

The hMSCs and hFOB were cultured on scaffolds for 63 days on both without BMPs and
with BMPs coated nanoclay based porous scaffolds. The DNA quantification data showed a steady
increase in DNA content in both culturing conditions over time. However, the amount of DNA

was significantly higher in BMPs coated scaffolds than without BMPs scaffolds, as shown in Fig.
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IB. In addition, the cell proliferation with BMPs coated samples showed an increase in DNA
content, with some statistical significance (#p < 0.05) compared to day-7 without BMPs samples,
indicating the effect of BMPs on hMSCs and hFOB proliferation. In contrast, at day-21 and later,
BMPs coated samples exhibited a large increase in cell proliferation at statistically significant

levels (**p < 0.01).

3.3 Cell Morphology

SEM micrographs of dry PCL/in situ HAPclay scaffold are shown in Fig. 2(A—C). The
images indicate interconnecting porous microstructure. These scaffolds seem to have pore sizes in
the range of less than 10 pm—300 um. SEM micrographs of PCL/in situ HAPclay scaffold seeded
with human MSCs and osteoblast cells for nine weeks are shown in Fig. 2(D-I). These images
indicate attachment, spreading of cells on the scaffold, and formation of mineralized extracellular
matrix (ECM) by the cells on these composite scaffolds. The red arrows indicate the mineralization
on the scaffolds seeded with human MSCs and osteoblast cells. In addition, SEM micrographs
show enhanced ECM formation on BMPs coated samples Fig. 2(G-I) compared with uncoated

samples Fig. 2(D-F), indicating the effect of BMPs on mineralization.
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PCLfin situ HAPclay scaffold

PCL/in situ HAPclay scaffold
seeded With MSCs and hFOB

PCL/in situ HAPeclay scaffold coated
with BMPS seeded With MSCs and hFOB

Fig. 2. SEM micrographs of PCL/ in situ HAPclay scaffolds (A-C) showing the
interconnecting porous structure of the scaffold, SEM micrographs of hMSCs and hFOB cultured
on bone-mimetic nanoclay scaffolds after 63 days indicating cell attachment, spreading, and
mineralization on (D-F) without BMPs coated and (G-I) BMPs coated scaffold. As seen,
attachment, spreading of cells on the scaffold, and formation of mineralized extracellular matrix
(ECM) by the cells is observed on these composite scaffolds. The red arrows indicate the
mineralization on the scaffolds seeded with human MSCs and osteoblast cells. Enhanced ECM

formation is observed on BMPs coated samples (G-I) compared with uncoated samples D-F).

15



3.4 Osteogenic differentiation of hMSCs and hFOB and ECM formation on nanoclay-based

scaffolds amplified by BMPs.

To evaluate the effect of BMPs on ECM formation on MSCs and hFOB cells seeded
nanoclay-based scaffolds, we examined the expressions of ECM formation-related genes (OPN,
OCN, and BSP). OPN, OCN, and BSP are bone markers, and the expression of these markers
increases during osteoblast maturation and ECM formation. Fig. 3(A-C) represents the quantitative
real-time PCR of OPN, OCN, and BSP expression, respectively. We found increased gene
expression levels of ECM formation-related markers over time for both, without, and with BMPs
coated scaffolds. However, a significant increase in ECM-related markers was observed with
BMPs coated scaffolds. After 63-days almost ~2-fold increase in OPN level (A), ~2.5-fold increase
in OCN level (B), and ~1.5-fold increase in BSP level (C) was observed in BMPs coated scaffolds
compared with without BMPs coated scaffolds. They indicated the effect of BMPs on
mineralization. To evaluate the effect of BMPs on osteogenic differentiation on MSCs and hFOB
cells seeded nanoclay-based scaffolds, we examined the expressions of osteogenic differentiation-
related genes (ALP and Runx2). Fig. 3(D, E) represents the quantitative real-time PCR of ALP
and Runx2 expression, respectively. ALP is an osteogenic marker, indicating the early stage of
osteoblastic differentiation, while Runx2 is a transcription factor that regulates osteoblastic
differentiation. In the early stage of differentiation of MSCs, Runx2 has been shown to promote
the differentiation of mesenchymal cells into osteoblasts; however, with the maturation of
osteoblast, levels of Runx2 reduce. ALP expression has also been shown to downregulate during
the maturation of osteoblasts and the formation of an extracellular matrix (ECM). We observed an
increase in ALP and Runx2 expression at 7-days and 14-days, indicating osteogenic differentiation

of MSCs for both samples. Later, at 21-days, 43-days, and 63-days, the expressions of ALP and
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Runx2 were downregulated, indicating the maturation of osteoblast and ECM formation. With
BMPs at 7-days, we observed a ~4-fold increase in Runx2 (D) and ALP (E) levels and ~3-fold
increase at 14-days in Runx2 (D) and ALP (E) levels, compared with uncoated samples, indicating
osteogenic differentiation of MSCs amplified by BMPs. BMPs play an important role on Runx2
level elevation through the Smad-dependent pathway. Then, an elevated level of Runx2 enhanced
the osteogenic differentiation of MSCs and pre-osteoblast to mature osteoblast and enhanced bone
formation[57]. With the maturation of osteoblast, the Runx2 level decreased[58]. Our results
suggest the elevation of the Runx2 in the early stage is related to the osteogenic differentiation of
MSCs and hFOB. Later, attenuation of the Runx2 level is associated with the maturation of the
osteoblast and ECM formation. Fold increase in gene expression levels with BMPs coated samples

is shown in Supplementary Table 2.

3.5 Osteogenesis in nanoclay-based scaffolds is mediated by the Wnt/p-catenin signaling pathway,

enhanced by BMPs.

The Wnt/B-catenin signaling pathway plays a very important role in osteogenesis. To
evaluate the effect of BMPs on the Wnt/B-catenin signaling pathway during osteogenesis on the
nanoclay-based scaffolds, we analyzed the expressions of Wnt/B-catenin pathway-related genes
(LRP5, Wnt5a, and B-catenin) in both scaffold systems. Fig. 3F describes the Wnt-5 expression
level on with/without BMPs coated scaffolds over time. We observed a ~1.7-fold increase at day
7 and ~1.8-fold increase at day 14 in Wnt-5a expression level on BMPs coated samples compared
with uncoated samples; then, for both samples, expression level decreases. Fig. 3G describes the
LRP-5 expression level on with/without BMPs coated scaffolds over time. We found a ~1.5-fold

increase at day 7 and ~1.8-fold increase at day 14 in LRP-5 expression level on BMPs coated
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samples compared with uncoated samples; then, for both samples, expression level decreases. Fig.

3H describes the B-catenin expression level over time with/without BMPs coated scaffolds.
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Fig. 3. Osteogenic differentiation of hMSCs and hFOB and ECM formation on nanoclay-based
scaffolds enhanced by BMPs. Quantitative real-time PCR of gene expression for ECM formation-
related markers A) OPN, B) OCN, and C) BSP. Quantitative real-time PCR of gene expression for

osteogenic differentiation-related markers D) Runx2, and E) ALP. Osteogenesis in nanoclay-based
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scaffolds is mediated by Wnt/B-catenin signaling pathway, enhanced by BMPs. F) Quantitative
real-time PCR of gene expression for Wnt-related factors LRP-5, G) Quantitative real-time PCR
of gene expression for Wnt-related factors Wnt-5a, and H) Quantitative real-time PCR of gene
expression for Wnt-related factors B-catenin. Wnt-pathway I) illustrating how BMPs induced Wnt-
pathway by inhibiting ubiquitination of B-catenin, and enhanced osteogenesis. *p < 0.05, **p <
0.01, ***p < 0.001 indicate a significant difference between BMPs coated scaffold and without
BMPs coated scaffolds at 7-days, 14-days, 21-days, 42-days, and 63 days. *p < 0.05, $5p < 0.01,
$%%p < 0.001 indicate a significant difference between without BMPs 7-days with 14-days, 21-days,

42-days, and 63-days. p < 0.05, *p < 0.01, *p < 0.001 indicate a significant difference between

with BMPs 7-days with 14-days, 21-days, 42-days, and 63-days.

We observed a ~1.8-fold increase at day 7 and a ~2.5-fold increase at day 14 in B-catenin
expression level on BMPs coated samples compared with uncoated samples for both samples, then,
for both samples, expression level decreases. Fig. 31 describes the effect of BMPs on activation of
the Wnt/B-catenin signaling pathway and upregulation of Wnt-related factors and ultimately
enhance the osteogenic differentiation and bone formation. The activated Wnt/B-catenin pathway
inhibits cytoplasmic degradation of B-catenin while promoting nuclear translocation of B-catenin,
upregulating the bone-specific genes. B-catenin regulates the early stages of osteogenic
differentiation and reduces bone maturation. We observed upregulated expressions of Wnt-related
factors (LRP5, Wnt5a, B-catenin) at 7-days and 14-days while the expressions of all genes
evaluated went down at 21-days and later on, indicating the maturation of bone. The number of
fold increase in gene expression levels with BMPs coated sample compared with uncoated samples

is shown in Supplementary Table 2.

3.6 Mineralized bone nodule formation is enhanced in the BMPs coated samples.
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To assess the effect of BMPs on mineralization, we performed an Alizarin Red S assay. Scaffolds
seeded with hMSCs and hFOB (without BMPs), scaffolds seeded with hMSCs, and hFOB coated
with BMP-2 and BMP-7 (with BMPs) at one week, three weeks, six weeks, and nine weeks
samples were stained with Alizarin Red S; the results are shown in Fig. 4A. Positive Alizarin Red
S staining was observed for all the samples, indicating mineralized nodule formation. A significant
difference in mineralization was observed between without BMPs and with BMPs samples. For
all the samples, mineralized nodule formation increases over time. At nine weeks, maximum
mineralized ECM formation was observed with BMPs coated samples, whereas the least amount
of ECM formation was observed at one week with no BMPs coated samples. In Fig. 4A, the 3D
view shows how ECM formation increases in each sample with time progression. A significant
increase in ECM formation was observed from three weeks to six weeks and six weeks to nine
weeks for both samples, which was further confirmed by quantification of the released ARS (Fig.
4B). Thus, the Alizarin Red S assay data indicates that BMPs enhance the mineralized bone nodule

formation.
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Fig. 4. Confocal images and quantitative analysis to evaluate the effect of BMPs on mineralization.
A) Confocal images with Alizarin Red S-stained scaffolds seeded with hMSCs and hFOB (without
BMPs), scaffolds seeded with hMSCs, and hFOB coated with BMP-2 and BMP-7 (with BMPs) at
one week, three weeks, six weeks, and nine weeks. 3D view showing the amount of mineralized
ECM formation on each scaffold. Bar = 100 um. As seen, ECM formation increases in each sample
with time progression B) Graph shows quantification of ECM from the images showing more ECM
formation with BMPs scaffolds. *p < 0.05, **p < 0.01, ***p < 0.001 indicate a significant
difference between BMPs coated scaffold and without BMPs coated scaffolds at one week, three

weeks, six weeks, and nine weeks.

3.7 Mechanical properties of the scaffolds decrease with the hydration period progression.

First, we investigated the mechanical properties of scaffolds in a hydrated state using
instrumented indentation, focusing on the effect of hydration time on elastic modulus and
indentation hardness. Here the depth-controlled nanoindentation tests were performed on scaffolds
that had been hydrated for various periods, with indentation depths of 500 nm, 1000 nm, and 2000
nm. Fig. 5 (B-D) represents the load-displacement indentation curves for hydrated scaffolds at
various indentation depths. In contrast, Fig. 5 (E-G) display Young's modulus and indentation

hardness for the hydrated scaffold as a function of imposed indentation depth and hydration period.

It can be seen from Fig. 5. (B-D) that the maximum indentation loads for scaffold hydrated
for a similar period increases with the increasing indentation depth. However, the maximum
indentation load for equivalent indentation depths decreases as the scaffold hydrates. In general,
wet environments alter the mechanical characteristics of polymers, owing to the plasticizing effect

of water[59]. Earlier studies from our group have shown that organomodified nanoclay particles
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alter the crystallinity of polymer nanocomposites. Adding HAP nanoparticles to PCL composite
scaffolds changes the degradation rate [60-62]. It has also been observed that the incorporation of
calcium phosphate-based nanoparticles also impacts polymer chain configuration [62]. The
gradual decrease in the PCL/in situ HAPclay scaffold's mechanical properties observed here,
therefore, can be attributed to its degradation in an aqueous environment from one week to nine

weeks of hydration.

The elastic modulus and indentation hardness corresponding to each indentation
represented the local behavior of the scaffold around the indented site. The interspersed lamellar
structure with interconnected porosities is an intrinsic feature of PCL composite scaffolds
containing in situ HAPclay[40]. Therefore, the range of elastic modulus and indentation hardness
of the scaffolds in the hydrated condition obtained here fluctuated moderately. It has also been
observed that the scaffolds' elastic modulus and indentation hardness decreases as the depth of the
applied indentation increases. The material behavior observed here could be due to the indentation
size effect (ISE) induced by intrinsic structural characteristics of materials, which causes hardness
and elastic modulus to decrease as indentation depth increases. Several reasons for ISE have been
proposed in recent decades, including the well-known strain gradient plasticity hypothesis[63],
contact surface variation[64], dislocation nucleation[65], and microfracture mechanisms [66].
However, in this case, the SEM images (Fig. 2(A-C)) for the scaffold demonstrate that the porous
scaffold structure contains small nano-pores and macroscopic defects such as big macro-pores.
Therefore, when the penetrating indenter travels a greater depth in the scaffold, it is more likely to
encounter a large sub-surface macro-pore or voids, causing a more rise in depth of penetration at

a lower indentation load and thus affecting a larger area of contact, resulting in a lower modulus
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value. In contrast, the low penetration depth resulted in a smaller contact area; therefore, the

modulus calculated would be on the higher side, as shown in our results.

At the 500 nm penetration depth, the indenter captures the indentation response of a
relatively small layer of scaffold surface; therefore, it appears that it is capturing the mechanical
properties of the mixture of scaffold constituents. As a result, the elastic modulus value achieved
here by 500 nm indentation depth is larger than the elastic modulus values acquired here by 1000
nm and 2000 nm indentation depth. However, indentation depths of 1000 nm and 2000 nm
penetrate deeper into the scaffold and capture the impacts of the porosity on the mechanical
properties of the scaffold, resulting in capturing the bulk properties of the scaffold system. In
addition, all the unloading curves demonstrate considerable hysteresis compared to the loading
curves in load-displacement plots, demonstrating that large plastic deformation occurs during the

nanoindentation process.
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Fig 5. A) Schematic showing steps of coating with BMP-2/BMP-7, co-culture hMSCs/hFOB followed by

the workflow of nanoindentation experiment. Initially, BMP-2/-7 coated scaffolds are seeded with hMSCs

and hFOB. Further, the change in nanomechanical properties of the cells seeded scaffolds was determined

using a Berkovich diamond indenter fluid tip using Hysitron Triboscope nanomechanical instrument.

Typical nanoindentation load—depth curves of hydrated scaffolds at 500 nm (B), 1000 nm (C), and 2000

nm (D) indentation depths. (E), (F) and (G) represent the elastic modulus (E) as a function of indentation

depth of 500 nm, 1000 nm, and 2000 nm, respectively.

3.8 Mechanical properties of the cells seeded scaffolds increase over time.
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Fig. 6 (A-F) shows a typical load-displacement indentation graph for scaffolds seeded with
hMSCs and hFOB without BMPs. The elastic modulus values derived from load-displacement
plots for indentation depths of 500 nm, 1000 nm, and 2000 nm are shown in Fig. 6 (G) (H) and (1),
respectively. As illustrated in Fig. 6(A-F) for scaffolds seeded with hMSCs and hFOB, the
maximum indentation load and elastic modulus at 500 nm, 1000 nm, and 2000 nm indentation
depth increase over time as the cells in the scaffolds start forming ECM and maturation of ECM
occurred from one week to nine weeks. However, as the indentation depths increase, the elastic

modulus decreases for the scaffolds cell-seeded for an equal period of time.

The data points in Fig. 6 (G) (H) and (I) show that the elastic modulus of the scaffold varied
substantially across all indentation depths. Considering that each scaffold constituent is distributed
randomly throughout the whole scaffold volume, the lower values of elastic modulus mainly
indicate the region of the clay matrix with a low proportion of hard inclusions. Conversely, higher
elastic modulus values mainly indicate the region of the clay matrix with a large proportion of

small hard inclusions.

Because most biological samples, particularly biological cells and tissues, are neither ideal
solids nor ideal liquids, they display both elastic and viscous responses and are hence referred to
as viscoelastic[67]. Based on the wide range of elastic moduli values obtained for all indentation
depths, three distinct zones of indentation response may be identified: soft, semi-hard, and hard.
The elastic modulus in the range of 2.5 MPa to 7 MPa represents the microscopic mechanical
behavior of bone cells on a scaffold (porous matrix) tested for all indentation depths. The soft
region demonstrated here shows a soft cellular material like deformation response, consistent with
the previously described cell indentation results[68]. Furthermore, the intermediate range of elastic

modulus (15 to 50 MPa for 500 nm and 1000 indentation depth, and 12 to 18 MPa for 2000
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Fig 6. Nanoindentation load-displacement curves, elastic modulus (E) of scaffolds seeded with

hMSCs and hFOB. Representative nanoindentation load-displacement curves from semi-hard

areas of cells seeded scaffolds at indentation depths of 500 nm, 1000 nm, and 2000 nm are shown

in (A), (C), and (C), respectively. The representative nanoindentation load-displacement curves

from the hard regime of cells seeded scaffolds at indentation depths of 500 nm, 1000 nm, and 2000

nm are shown in (D), (E), and (F), respectively. The elastic modulus values at 500 nm, 1000 nm,

and 2000 nm indentation depths are shown in (G), (H), and (I), respectively.
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indentation depth) represents a mechanical characteristic of a mixed zone made up of cell scaffold
matrix and small-sized hard mineral inclusions (semi-hard region). The elastic moduli values in
the semi-hard region represent the transition region between the soft cellular matrix and stiff
mineral matrix. Finally, the higher range of elastic moduli (35 to 85 MPa for 500 nm and 1000
indentation depth, and 22 to 35 MPa for 2000 indentation depth) represents a scaffold matrix zone
that exhibits stiff deformation behavior of large-sized rigid minerals inclusions. Considering the
mineral formation over time (shown in Fig. 4) in conjunction with the elastic modulus values
presented in Fig. 6, we can conclude that small rigid mineral inclusion in the scaffold matrix at the
microscopic scale can substantially influence the overall bulk mechanical characteristics of the

scaffold system.

The elastic modulus values obtained from nanoindentation of BMP coated scaffold shows
a trend similar to that of BMP uncoated scaffold, where maximum indentation load and elastic
modulus for all indentation depths increased over time as the cells in the scaffolds began to form
ECM and maturation of ECM occurred from one week to nine weeks. Fig. 7 (A—F) represents
typical load-displacement graphs for nanoindentation on scaffolds seeded with hMSCs and hFOB
with BMPs. Fig. 7 (G) (H) and (I) show the elastic modulus values derived from load-displacement
plots of nanoindentation tests for indentation depths of 500 nm, 1000 nm, and 2000 nm,
respectively. Fig. 7 (A-F) shows that for scaffolds seeded with hMSCs and hFOB with BMPs, the
peak indentation load and elastic modulus for all indentation depth (500 nm, 1000 nm, and 2000

nm) increase with time as the cells in the scaffolds continues to generate ECM over time.

Here, similar to scaffolds seeded without BMPs, a wide range of elastic modulus of the
scaffold is observed (for all indentation depths), indicating three different indentation response

zones: soft, semi-hard, and hard. The soft material zone identified here has an elastic modulus
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Fig. 7. Nanoindentation load-displacement curves, elastic modulus (E) of scaffolds seeded with hMSCs
and hFOB coated with BMP-2 and BMP-7. Representative nanoindentation load-displacement curves from
semi-hard areas of cell-seeded scaffolds at indentation depths of 500 nm, 1000 nm, and 2000 nm are shown
in (A), (B), and (C), respectively. Representative nanoindentation load-displacement curves from the hard
regime of cells seeded scaffolds are shown in (D), (E), and (F) for the indentation depths of 500 nm, 1000
nm, and 2000 nm, respectively. The elastic modulus values at 500 nm, 1000 nm, and 2000 nm indentation

depths are shown in (G), (H), and (I), respectively.
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ranging from 3 MPa to 7.5 MPa, representing the microscopic mechanical behavior of bone cells
on a porous scaffold matrix. Furthermore, the intermediate elastic modulus range (35 to 100 MPa
for 500 nm and 1000 indentation depth, and 18 to 28 MPa for 2000 indentation depth) constitutes
a mechanically distinctive semi-hard zone. Lastly, in the hard regime, the range of elastic modulus
(85 to 190 MPa for 500 nm and 1000 indentation depth, and 40 to 55 MPa for 2000 indentation
depth) observed characterizes the scaffold matrix made up of very stiff minerals inclusions. The
semi-hard and hard regions report a nearly two-fold increase in the elastic modulus in scaffold
coated with BMPs compared with scaffold uncoated with BMPs at nine weeks. Fig. 8 (A-C)
summarizes the young's modulus values determined from nanoindentation tests performed on
hydrated scaffolds, cell-seeded scaffolds without BMPs, and cell-seeded scaffolds with BMPs at
indentation depths of 500 nm, 1000 nm, and 2000 nm. A 67.4%, 24.5% and 12.3% increase in
elastic modulus of semi-hard regions is observed with the addition of BMPs at 500 nm, 1000 nm
and 2000 nm indentation (Supplementary Table 3). A 120.4%, 69.2% and 54.2% increase in elastic
modulus of hard regions is observed with the addition of BMPs at 500 nm, 1000 nm and 2000 nm
indentation (Supplementary Table 3). The values presented here are an average of over 100
nanoindentation test data points for each indentation depth, with standard deviations indicating the
range of values where the elastic modulus converges. To begin, in the case of hydrated scaffolds,
the elastic modulus values consistently decreased with increasing hydration period for all
indentation depths. Thus, the results presented here greatly accord with our previous studies on the
degradation of the scaffold in aquatic environments[60], where the degradation of the scaffold and
reduction of mechanical integrity is suggested to result in substantially reduced compressive
strength and modulus over time. As shown in Fig. 8, For the cell-seeded scaffold with and without

BMPs, the elastic modulus values increased with time (from one week to nine weeks) for all
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Young’s Modulus (MPa)

indentation depths. However, the cell-seeded scaffold with BMPs showed significantly higher
elastic modulus and improved mechanical strength than those without BMPs over time. A 120%
increase in elastic modulus at 500 nm indentation on scaffolds coated with BMPs indicates more
ECM formation, significantly enhancing the overall mechanical characteristics of scaffolds over
time, making them more suitable for possible uses in critical bone defect treatment. In addition,
for a given indentation depth, peak loads increase over time for both BMP coated and uncoated
scaffolds. The peak loads for hard regions in BMP coated scaffolds are significantly higher (~201
uN) as compared to uncoated scaffolds (~89 uN) at 1000 nm after 9 weeks. Significant increases
are also observed in other regions. Simultaneously, elastic modulus at 9 weeks increases for BMP

coated scaffolds from ~47 MPa to 80 MPa for hard regions at 1000nm (Supplementary Table 4).
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Fig. 8. Elastic modulus (E) of the hydrated scaffold, scaffolds seeded with hMSCs and hFOB,
scaffolds seeded with hMSCs and hFOB coated with BMP-2 and BMP-7 at two weeks, three

weeks, six weeks, and nine weeks (A), (B), and (C) at indentation depths of 500 nm, 1000 nm, and
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2000 nm, respectively. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate a significant difference

between BMPs coated and without BMPs scaffold samples.

This is consistent with increased mineralized nodule formations and ECM formations
shown in Fig. 4. These in turn result from enhanced osteogenic differentiation of osteoblasts
mediated by the Wnt/B-catenin signaling pathway, enhanced by BMPs. Thus, the cascade of events
initiated by the BMPs impacts bone growth at time intervals much longer than the BMP presence
in the scaffolds.

In our previous work, we observed that, with the co-culture of osteoblast and MSCs cells and
combination of BMP-2, BMP-7 with a unique interlocking scaffolds, initiation of ECM formation started
as early as three days, where with the control, without BMP-2 and 7 sample, ECM formation was not
observed before day 11[21]. In this study, samples without BMP-2 and 7 were kept as a control. As shown
in the figure 2, 3, 4, 6, 7, enhanced ECM formation was observed with cells seeded scaffolds with BMPs
compared with cells seeded scaffolds without BMPs. In the figure 4, quantification of ECM showing the
amount of ECM formed with uncoated scaffolds at nine weeks is less than the ECM formed with BMPs
samples at six weeks. Results demonstrate that with the combination of BMPs, accelerated bone healing

was observed as compared with uncoated scaffolds.

4. Conclusion

In this study, we report changes to nanomechanical properties of scaffolds over a period of
nine weeks during osteogenesis with the influence of BMPs on nanoclay interlocking scaffolds.
The changes in the elastic modulus of the scaffolds are measured with the formation of ECM over
time. The mechanical properties observed at different indentation depths (500 nm-2000 nm) are

measured using displacement controlled nanoindentation. Furthermore, the indentation results
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showed that scaffolds degrade in culture media and the elastic modulus reduces over time. In
contrast, in cells seeded scaffolds, the cells form ECM, and elastic modulus increases over time.
In addition, BMP-2/BMP-7 coated scaffolds showed higher elastic modulus values (with as much
as 120% increase) indicating enhanced ECM formation in BMPs coated samples. BMPs enhanced
cell proliferation is observed in the nanoclay based scaffold. Gene expression studies indicate a
significant increase in the bone related protein and osteogenesis with BMPs coated samples
compared to without BMPs samples, indicating that BMPs play an essential role in osteogenesis
and ECM formation. In addition, alizarin Red S staining images show a significant increase in the
mineralized bone nodules with BMPs coated samples compared with without BMPs samples
suggesting that BMPs play a crucial role in mineralized ECM formation. The BMP release
experiments indicate that 100% release occurs at about 2.3 weeks. Interestingly, the data obtained
on mechanical properties as well as gene expressions indicate substantial increase at well past the

2.3-week period.

In summary, we report changes in the nanomechanical properties during osteogenesis and
bone tissue formation in BMP coated porous scaffolds over extended time periods up to nine
weeks. Furthermore, the results indicate that the formation of ECM enhances the elastic modulus
of the scaffolds. The role of BMPs in ECM formation lasts much longer (at nine weeks) than the
release rate in the scaffolds (100% at 2.3 weeks). Thus, BMPs play a crucial role on initial stages
of osteogenesis in the scaffolds. This study provides valuable insight into the mechanisms of the
BMPs associated with bone tissue formation through the activation of the Wnt/B-catenin signaling
pathway and upregulation of Wnt-related factors. Thus, an initial burst of BMPs can influence
long term bone formation without the need for continuous BMP release. Hence this study has

potential therapeutic applications for bone regeneration.
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