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Abstract

The repair of critical-sized bone defects, resulting from tumor resection, skeletal trauma or
infection, remains a significant clinical problem. A potential solution is a tissue-engineered
approach that utilises the combination of human mesenchymal stem cells (hMSCs) with
synthetic biomaterial scaffolds, mimicking many of the biochemical and biophysical cues
present within the native bone. Unfortunately, osteocyte cells, the orchestrators of bone
maturation and homeostasis, are rarely produced within such MSC-seeded scaffolds, limiting
the formation of true mature cortical bone from these synthetic implants. In this contribution,

a bone morphogenic protein-6 (BMP6)-presenting osteon-like scaffolds based on electrospun
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poly(lactic-co-glycolic acid) (PLGA) fibrous scaffolds and poly(ethylene glycol) (PEG) based-
hydrogels is reported. BMP6 peptide is shown to drive higher levels of SMAD signalling than
the full-length protein counterpart. Osteon-mimetic scaffolds promoted the formation of
osteocyte-like cells displaying multi-dendritic morphology and osteocyte-specific marker,
E11/gp38 (E11), along with significant production of dentin matrix protein 1 (DMP1),
confirming maturation of the ososteocyte-like cells. These results demonstrate that osteon-like
scaffolds presenting chemo-topographical cues can drive the formation of mature osteocyte-
like cells from hMSCs, without the need for osteogenic factor media supplements, providing a
novel ex vivo production platform for osteocyte-like cells from human MSCs in cortical bone

mimics.
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1. Introduction

Bone repair is a complex cascade of biological events that depend on the coordination of
mesenchymal stem cells (MSC), adhesion, proliferation and osteogenic differentiation. [,
During this process, complex interplays between multiple signalling pathways, including,
critically, bone morphogenic proteins (BMPs), drive the differentiation of recruited MSCs cells
that reside within bone marrow into osteoblasts (bone-forming cells) and thereafter osteocytes
(mature bone-regulatory cells)? that participate in the creation and maturation of new cortical
bone, providing bone with an enviable regenerative capacity compared to other tissues — if the
defects are small.

In the case of critical-sized defects (>1-3 cm in size), this highly orchestrated and
‘encoded’ process, in which MSCs are first recruited to the injury site before undergoing
stagewise differentiation into mature bone-regulatory cells, is insufficient for ‘bridging the
gap’, requiring the assistance of a matrix (e.g. bone graft) or scaffold to capitulate with the
endogenous (or exogenous) MSCs to ‘engineer’ new bone in the defect . Bone grafts,
including autogenous or allogenic materials, are currently the clinically preferred choice for
bone repair, but the shortage of autograft tissue, risks of disease transfer and histo-
incompatibilities [, and mechanical-mismatch driven adjacent tissue degeneration (in the case
of metallic cages) P! are just some of their limitations. These limitations have prompted
researchers in the bone tissue engineering field to explore new approaches to overcome these

roadblocks to clinical translation, including most recently, the incorporation of biochemical
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and biophysical cues provided in native cortical bone during repair into engineered scaffolds,
especially those present in the osteon, the ‘functional unit’ of cortical bone [,

Biochemical cues in such scaffolds are provided by a multitude of growth factors,
differentiation factors or drugs. Of these, Bone Morphogenic Proteins (BMPs), multifunctional
growth factors within the transforming growth factor B (TGF-B) superfamily, are most
frequently used due to their unique osteoinductive potential and crucial roles in skeletal
development and maintenance 1. The canonical BMP signaling cascade initiates when BMPs
associate with type I and type Il BMP receptors to form a multimeric receptor ligand complex,
followed by phosphorylation of BMP-specific Smads, including Smad 1, 5 and 8, to regulate
the expression of the targeted genes, including Runx 2 and ALP "% 8l Of the known BMP
variants, BMP2, BMP6 and BMP9 have been shown to be the most potent inducers of
osteoblast differentiation from MSCs [’® °l Of these, although BMP2 has received FDA
approval for clinical use %, BMP6 has been shown to be more potent (both in vitro and in
vivo) 1. Regardless, despite the remarkable potential of BMPs for bone regeneration and
repair, broader clinical application is often hindered by their random folding, short half-life,
high prices and immunogenicity 10 112121 A viable alternative is a short peptide of the active
domains of the protein capable of replicating the signaling cascades induced by the full length
protein. Studies have shown that the biological activity of BMP-derived peptides is highly
influenced by their carriers and that carriers designed to sustain the bioactivity and release of
BMP peptides can lead to reduced effective dose sizes and reduced occurrence of side effects
compared to full length proteins 31,

Biophysical cues have been incorporated into such scaffolds using a multitude of
architectural and morphological mimicry of the native bone microenvironment. In particular,
many studies have proposed the use of electrospun nanofibres for synthetic bone grafts due to
their resemblance (in lengthscales and architecture) to native bone ECM structures and their
potential to be equipped with BMP proteins or peptides [*® 141, None of these works, however,
have successfully created scaffolds that replicate both the micro and nanostructural
organisation of an osteon [5¢ . Moreover, these works are yet to confirm effective in vitro
differentiation of MSCs in such scaffolds to bonafide osteocytes that display phenotypic
morphological features and marker expression (including transmembrane glycoprotein E11,
expressed in newly embedded osteocytes), and dentin matrix acidic phosphoprotein 1 (DMPL1,
required for osteocyte maturation) [6 whilst also better matching topographical and

mechanical property requirements of cortical bone.
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Recently, we 71 utilised electrospinning approaches as a simple and scalable method
of fabricating aligned nanofibers of PLGA encapsulating rod-shaped nano-sized
hydroxyapatite (HA) (PLGA-HA). By encoding axial orientation and spacing of the HA within
these aligned nanocomposite fibres, significant improvements in a mineral deposition under
simulated body fluid (SBF) conditions and in mechanical properties (in the axial direction)
were achieved. For the first time, we showed that when osteon-inspired chemical and
topographical cues are provided to MSCs in our electrospun mats, pro-osteogenic factors (e.g.
dexamethasone) were not required in the media to drive osteoblastogenesis. However, these
cells did not encase themselves in osteoid, and hence osteocytogenesis was not observed.
Clearly, the chemo-topographical cues from these aligned HA spatially encoded nanofibers
alone were not enough.

In this work, to better mimic the microenvironmental architectural and cytokine cues existing
in the osteon, hBMSCs were seeded onto a bilayered construct composed of aligned
nanofibrous PLGA-HA-based scaffolds and subsequently overlayed with a hydrogel activated
with a synthesised short peptide mimic of the receptor-binding domain of BMP-6 protein. An
outline of the conducted experiments is schematically represented in Figure 1. Panel A: First,
the bilayered scaffold was constructed after optimisation of each of the fabrication processes.
Electrospinning was utilised to fabricate aligned PLGA bioactive electrospun fibres reinforced
with highly oriented nHA that mimic the native bone in terms of ECM niche and matrix
structure. This outcome was obtained by tuning the polymer concentration, nHA morphology
and the electrospinning parameters, with the optimum detailed in 'Methods'. hBMSCs were
cultured on mono-layered scaffolds in media with different compositions including growth
medium (GM), complete osteogenic medium (OS) and OS medium in the absence of DEX
(OS-DEX). Panel B: Second, to enable sustained bioactivity of BMP6-derived peptides, the
cell-seeded PLGA-HA scaffold was combined with a layer of BMP6 peptide-non-conjugated
and -conjugated PEG hydrogel (using norbornene-thiol chemistry). An optimal dosage of
BMP6 peptide based on P-Smad 1/5/8 expression results was used for the fabrication of the
bilayered scaffold. As we have shown previously [*8], the biological activity of many short
chain molecules (peptides, GAGs, etc.) are best sustained and more potent when covalently
bound to macromolecular scaffolds (such as biopolymers). Thus, we employed thiol-end click
chemistry to conjugate our BMP6 peptide to polyethylene glycol (PEG)-star polymer (BMP6p-
PEG). The BMP6p-PEG hydrogel precursor was introduced as a thin coating on top of
hBMSCs pre-seeded on the PLGA-HA electrospun fibrous scaffold. By combining the

confirmed osteoconductive and inductive cues of the aligned nanofibrous HA-loaded scaffold
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with the inductive cues provided by localised and sustained BMP6 growth factor signalling,
we aimed to assess the ability of these hierarchical scaffolds to promote osteocyte formation
and mature bone production from hBMSCs. Our results confirm that the provision of
biochemical and architectural cues to hBMSCs in spatially controlled niche-mimicking
environments present during bone repair drives the formation of human osteocyte-like cells
and supports neo-bone tissue formation under in vitro culture conditions, even in standard

hBMSC maintenance media conditions.

2. Results and Discussion

2.1. Validation of BMP6-derived peptide activity and unction

BMP6 proteins, like other members of the TGF- superfamily, bind to both type I and
type Il receptors, but unlike the TGF-f superfamily, BMP6 binding affinity is upregulated in
the presence of both receptor types [*°1. The phosphorylated receptor induces the Smad 1/5/8
phosphorylation, leading to the formation of heteromeric complexes with Smad4, which
translocate into the nucleus %, To confirm that the synthesised BMP6 peptide was active and
functional via these expected pathways, the nuclear localisation of phosphorylated Smad1/5/8
(P-Smad 1/5/8) in hBMSCs cultured with different dosages of BMP6 peptide (added to media)
was evaluated after 24 hours (Figure S1). Using 100 ng/ml of BMP6 protein first as the positive
control, P-Smad 1/5/8 nucleus localisation was abundant when the cells were exposed to 1
pag/ml of BMP6 peptide or higher dosage, while significant cytoplasmic localisation of P-Smad
1/5/8 was also observed when the cells were exposed to 40 ug/ml of BMP6 peptide.
Quantification of the level of nuclear localisation of P-smad 1/5/8 confirmed active BMP6
signalling pathway at dosage of 1ug/ml or greater. At these doses, signalling was equal to or

higher that the positive control.

hBMSCs respond very rapidly to BMP signalling Y and thus, the P-Smad 1/5/8
expression of h(BMSCs cultured with BMP6 protein and peptides was examined shortly after
incubation (3 hours) (Figure 3). Higher levels of P-Smad 1/5/8 were observed 3 hours after
incubation compared to similar samples that were incubated for 24 hourrs. This suggests the
rapid phosphorylation of Smad 1/5/8 is induced by the BMP6 peptide. The level of P-Smad
1/5/8 expression for nBMSCs incubated for 3 hours with 40 ug/ml BMP6 peptide was less than
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at the longer culture time (24 hours), whilst the cytoplasmic expression of P-Smad 1/5/8 also
decreased in the shorter incubation time. The substantial cytoplasmic localisation of P-Smad
1/5/8 for cells exposed to high dosages of BMP6 peptide after 24 hours is thus likely due to
rapid saturation of the BMP receptors on hBMSCs at such high BMP6 peptide dosage, leading
to dephosphorylation of P-Smad 1/5/8 and cytoplasmic localisation. The results for
cytoplasmic localisation of P-Smad 1/5/8 at high doses of BMP6 peptide are in agreement with
those of Chen and co-workers [?2 who probed the BMP-dependent mouse MSCs
differentiation activity and transcriptional responses into the BMP2 protein.

It is clear from the P-Smad 1/5/8 expression in different medium conditions that DEX
can increase Smad 1/5/8 phosphorylation 2%, However, regardless of medium conditions, a
high level of P-Smad 1/5/8 expression was obtained when cells were exposed to a high dosage
of BMP6 peptide (1 pg/ml), indicating the high affinity of the synthesised peptide for the

receptor and its ability to activate the Smad signaling pathway.

3.4.2. Effect of different dosage of synthesised BMP6 peptide on osteogenic differentiation
of hBMSC:s in different media conditions

Next, we utilised thiol-end click chemistry to conjugate the BMP6 peptide (terminated
with a cysteine) to the backbone of the PEG hydrogel (BMP6p-conjugated PEG) that will cover
the hBMSC layer, once seeded onto the electrospun scaffold (Panel B). Before investigating
the influence of the BMP6 peptide on the osteogenic differentiation of hBMSCs, the cell
viability in the presence of PEG hydrogel was first assessed (Figure S2). The live/dead assay
results of cultured h(BMSCs on TCP with a layer of PEG hydrogel on top showed that the cell
morphology remained unchanged and hBMSCs were viable after 24 hours of incubation in
different medium conditions.

The ability of osteoinductive molecules to induce bone regeneration is highly dependent
on the biophysical and architectural properties of their carrier. To investigate this, we
characterised the mechanical and morphological characteristics of the PEG-Nor/PEG-TH
hydrogels. The rheological and morphological properties of PEG-Nor/PEG-TH hydrogels with
4% (w/v) and 10% (w/v) of polymer content was assessed. The PEG-Nor/PEG-TH hydrogel
with 4% (w/v) polymer content showed the storage (elastic) modulus (G’) of 4kPa and loss

modulus (viscous) (G”) of 21Pa with pore sizes ranging from 120 nm to 300 nm. When the
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polymer concentration increased to 10% (w/v), G’ increased by two times (8 kPa), as expected
while the (G”) was increased to 47Pa. The Cryo-SEM images of this hydrogel show
interconnected pores, with sizes ranging from 26 nm to 120 nm. The BMP6 conjugated PEG-
Nor/PEG-TH hydrogel with 10% (w/v) polymer concentration showed slightly higher G’ (11
kPa) when compared to the non-conjugated PEG-Nor/PEG-hydrogels (Figure S3).

To assess whether the BMP6 peptide, when conjugated to the PEG hydrogels, can still
induce Smad signaling, the peptide was added to the medium during crosslinking of the gel. P-
Smad 1/5/8 expression of the hBMSCs cultured with BMP6-PEG with 1 pg/ml of BMP6 was
investigated after 24 hours. A high level of P-Smad 1/5/8 nuclei localisation was observed for
hBMSCs cultured in different medium conditions. Quantitative analysis of P-Smad 1/5/8
expressed in nuclei showed slightly higher expression for hBMSCs cultured with BMP6
conjugated hydrogels compared to when hBMSCs were incubated with a similar concentration
of free BMP6 peptide (i.e. simply added to the medium) (Figure S4). This suggests that the
BMP6 conjugated PEG hydrogel was able to sustain the bioactivity of the BMP6 peptide with
even higher affinity compared to the full length BMP6 protein, at a reduced peptide dosage. As
we have shown previously, the biological activity of many short-chain molecules (peptides,
GAGs, etc.) M are best sustained and more potent when covalently bound to macromolecular
scaffolds (such as biopolymers). For the remaining experiments, we selected the following
composition: PEG hydrogel composition with 10% (w/v) and the 1 pg/ml BMP6 peptide.

To support the immunofluorescence staining results, the expression of Smad 1/5/8
genes were measured using gPCR (Figure S5). Compared to the hBMSCs treated with BMP6
protein or peptide in medium, the BMP6 conjugated PEG sample presented slightly higher
levels of Smad 1, 5 and 8. Highest expression of Smad 1, 5 and 8 genes in all medium
conditions were observed when hBMSCs were exposed to 40 pg/ml of BMP6 peptide,
indicating significant osteoinductive potential of the synthesised BMP6 peptide.

ALP expression, an early osteogenic marker, was next assessed for the hBMSCs
exposed to different dosages of free BMP6 peptide incorporated into the medium compared
with the PEG-BMP6 sample. Similar levels of ALP staining were observed for the cells
cultured with 1 pg/ml of free BMP6 peptide added to medium compared to 100 ng/ml of the
full length BMP6 protein. Interestingly, the BMP6-conjugated PEG samples exhibited the
highest ALP staining compared to positive controls in similar medium conditions (Figure S6).
The conjugation of BMP6 peptide to PEG-Nor/PEG-TH hydrogels is a promising strategy for
sustaining the bioactivity of BMP6 peptides and supporting osteogenic differentiation.
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ECM mineralisation is another critical indicator for hBMSCs osteogenic differentiation
241 To confirm the functionality of BMP6 peptide as an osteoinductive factor, the calcium
deposition of h(BMSCs exposed to different dosages of free BMP6 peptide in media and PEG-
BMP6 was investigated (Figure S7). The Alizarin red staining showed that the BMP6 peptide
alone significantly induced calcium deposition, in comparison to the BMP6 protein. It should
be noted that a high level of calcium deposition was observed for BMP6-conjugated PEG
hydrogel samples, even in medium lacking DEX or any osteogenic supplements, indicating the
BMP6-conjugated PEG maintains BMP6 peptide bioactivity. Quantitative analysis of calcium
deposition showed slightly higher calcium deposition for hBMSCs exposed to 1 pg/ml of
BMP6 peptide compared to 100 ng/ml of BMP6 protein. Calcium deposition from cells covered
with the BMP6-conjugated PEG hydrogel was significantly higher than those treated with 100
ng/ml of BMP6 protein or BMP6 peptide of similar dosage added into the medium. Moreover,
the BMP6p-conjugated PEG hydrogels deposited higher levels of calcium in OS-DEX
medium, as compared to TCP in complete OS medium.

Collagen 1 (Col 1) is a critical protein in the formation of new bone. We thus next
investigated production of Col 1. In this experiment, hBMSCs cultured with 100 ng/ml of
BMP6 protein in different medium condition was used as the positive control. The BMP6
peptide, when added to the medium, induced Coll secretion after 7 days (Figure S8).
Compared to the BMP6 protein, the BMP6p-conjugated PEG hydrogels expressed higher
levels of Col 1, further confirming these conjugated PEG hydrogels can sustain the bioactivity
of BMP6 peptides to drive Col 1 production.

To validate the effect of BMP6 peptide on osteogenic maturation of hBMSCs, the
production of late osteogenic protein markers osteopontin (OP) (Figure S9) and osteocalcin
(OC) (Figure S10), was assessed. The results from immunofluorescence staining of OP and
OC suggest that BMP6 peptide alone can promote maturation by driving high levels of OP and
OC protein production. Additionally, when the hBMSCs were cultured with BMP6p-conjugated
PEG hydrogel, staining for both OP and OC was high even in OS-DEX medium or GM. Notably,
OP and OC production by hBMSCs cultured with BMP6p-conjugated PEG hydrogels in OS-
DEX was higher than cells that were cultured with BMP6 protein in complete OS media. This
suggests that the BMP6 conjugated PEG hydrogels can maintain the BMP6 peptide bioactivity

even after long culture times, supporting osteoblast maturation (up to 21 days).
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2.2. Osteogenic differentiation of hBMSCs seeded bilayered electrospun fibers in

different media conditions

Osteogenic differentiation and maturation of hBMSCs on a bilayered scaffold, that
combined the PLGA-HA electrospun scaffold with the BMP6p-conjugated PEG hydrogel, in
the absence of DEX or any osteogenic supplements, was next assessed. Based on previous
results surveying different dosages of BMP6 peptides, 1 pg/ml of BMP6 peptide was
considered the optimal dosage for conjugation into the PEG hydrogels for further experiments.

ALP activity is critical in the early stages of hBMSC osteogenic differentiation. A high
level of ALP staining was observed for the samples cultured with BMP6p-conjugated PEG
hydrogels in all medium conditions (Figure 3). Interestingly, ALP expression for the PLGA-
HAS5-PEG-BMP6 sample in GM was significantly higher than those cultured on TCP in
complete OS medium. It is clear that there were significant differences between the ALP
expression in the samples cultured with BMP6p-conjugated PEG hydrogels compared to
controls. However, control samples showed slightly higher positive staining when compared
to TCP samples, suggesting that the ability of 3D PEG hydrogels to constrain or capture the
secreted ECM proteins provides advantage in terms of supporting ALP production. We
previously reported that these PEG-Nor/PEG-TH hydrogels are capable of capturing different
ECM proteins such as fibronectin, laminin and Col1 251,

Calcium deposition in the PLGA-PEG and PLGA-HAS5-PEG scaffolds increased by
almost 1 fold and 1.5 fold, respectively, when compared to TCP in complete OS medium
(Figure 4), attributed to hBMSCs responding to topographical cues of the electrospun scaffolds
with native bone mimicking features. A substantial amount of calcium was deposited on the
samples that were cultured with BMP6p-conjugated PEG hydrogels in all medium conditions,
due to the PEG hydrogel’s ability to sustain the bioactivity of BMP6 peptide. It is worth noting
that the PLGA-HA5-PEG-BMP6 samples in OS-DEX expressed significantly higher calcium
content compared to TCP in complete OS medium. This suggested the bilayered constructs are
able to induce ECM mineralisation (Col 1, OP and OC), even in the absence of DEX or any
osteogenic supplementation.

Following the calcium deposition analysis of the bilayered scaffolds by Alizarin red
staining, HA formation was further assessed using on Osteo-lmage mineralisation assay
(Figure S11). Similar to calcium deposition results, there was no notable HA on TCP except
in complete OS medium. The inclusion of the PEG hydrogel slightly increased HA formation
as compared to TCP, which may be attributed to the ECM protein capturing potential of these
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PEG hydrogels. The whole surface of the PLGA-PEG-BMP6 scaffold was covered with small
HA particles in OS medium, whilst in the case of the PLGA-HA5-PEG-BMP6 scaffold, it
induced substantial HA formation, even in OS-DEX medium. Large HA aggregates were
observed in the PLGA-HAS5-PEG-BMP6 samples, suggesting the formation of bone-like
nodules, even in GM. These results have further emphasised the potential of these bilayered
scaffolds to promote bone mineralisation in the absence of osteogenic supplements to culture
media.

To further assess the morphological properties and chemical composition of the
minerals that were produced during differentiation of hBMSCs on these bilayered scaffolds,
we utilised SEM and EDX analysis (Figure S12). The SEM images of mono-layered PLGA-
HAS5 samples seeded with hBMSCs showed the surface of the nanofibrous scaffolds were
completely covered with rough multi-layers of cells, ECM and mineral. The hBMSCs on
PLGA-HAGS scaffolds displayed a spindle-like morphology, sending out their projections to the
fibre layers, suggesting strong cell-matrix interation (Figure S12 a and b). The hBMSCs on
the PLGA-HAS5-PEG scaffolds displayed an osteoblastic morphology (Figure S12 ¢ and d)
and secreted apatite-like crystals (Figure S12 h). The EDX analysis of deposited minerals
confirmed the apatite formation was composed of calcium and phosphate ions, with the ratio
similar to native bone apatite. After BMP6 conjugation into the PEG hydrogel, cell
morphological characteristics substantially changed with the formation of dendritic processes
that were greater in length than the cell body (Figure S12 g and h), suggesting osteocyte
formation 1281, Interestingly, the cell body size of the osteocyte-like cells varied between 5 to
15 microns, which is very close to native human bone osteocytes 271,

We next investigated the expression of Col1, the most abundant organic component of
bone matrix. The bilayered scaffolds in the absence of BMP6 peptide produced high levels of
Coll1 when cultured in compelete OS medium for 7 days. (Figure 5a). Prior to the incorporation
of BMP6 peptide into the samples, very low levels of Coll were observed in OS-DEX or GM.
The PLGA-HA5-PEG scaffolds were the only samples that induced Coll production in OS-
DEX medium or GM after only 7 days (Figure 5a), attributed to the topographical cues of the
PLGA-HAS5-PEG scaffolds, promoting osteoblastic differentiation of hBMSCs 171,

Thereafter, the impact of BMP6p-conjugation to the PEG hydrogel on Coll production
was assessed (Figure 5b). The BMP6p-conjugated PEG hydrogel induced substantial Coll
production. Quantification of these results showed significantly higher levels of Col1 on both
PLGA-PEG-BMP6 and PLGA-HA5-PEG-BMP6 scaffolds in OS-DEX and GM medium,
when compared to TCP in complete OS medium. Interestingly, although the hBMSCs cultured
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with free BMP6 peptide in the medium were exposed to three times higher amounts of BMP6
peptide (1pug/ml of BMP6 peptide was added to the medium, while the cells were fed every 2—
3 days), compared to the bilayered scaffolds with conjugated BMP6 peptide, the bilayered
scaffolds displayed higher levels of Coll protein. This further confirmed the ability of these
novel bilayered scaffolds to support the bioactivity of BMP6 peptide, leading to substantial
ECM production and osteogenic induction at early stages of differentiation.

Maturation of osteoblast cells was further assessed after 21 days, using
immunofluorescence staining of OP (Figure 6) and OC proteins (Figure 7). Both PLGA-PEG
and PLGA-HAS5-PEG samples produced significantly higher levels of OP as compared to TCP
in complete OS medium (Figure 6a). However, after the incorporation of BMP6p-conjugated
PEG hydrogel, the bilayered scaffolds produced substantially higher OP levels compared to
the TCP sample in all medium conditions (Figure 6b). Interestingly, the OP produced on
bilayered scaffolds in GM was significantly higher than the TCP in complete OS medium. The
bilayered scaffolds, especially PLGA-HA5-PEG-BMP6, induced substantial levels of OC
protein (Figure 7a). There was a significant difference in OC expression of PLGA-HA5-PEG-
BMP6 in GM, lacking any osteogenic supplements compared to TCP in OS medium. Notably,
regardless of medium conditions, the BMP6 conjugated PEG hydrogels expressed significantly
higher OP and OC proteins compared to the samples that were cultured with free BMP6 peptide
in the same medium. It should be noted that the hBMSCs on bilayered scaffolds were exposed
to 10 times less BMP6 peptide compared to the cells treated with free BMP6 peptide in medium
after 21 days; every 2 days the cells treated with free BMPG6 peptide were fed with medium
containing 1 pg/ml of BMP6 peptide.

A comprehensive range of markers of osteogenic differentiation of hBMSCs, when
cultured on bilayered scaffolds were assessed by qPCR. The expression of early osteogenic
markers, including Runx2, ALP and Coll, as well as late osteogenic markers, including OP
and OC, was investigated. Runx2 is known as the key regulatory gene for differentiation of
mesenchymal progenitor cells to osteoblastic lineages via direct stimulation of downstream
target genes including Col1, OP and OC 28], Figure S13 shows that the incorporation of BMP6
conjugated PEG hydrogels into the scaffolds led to significantly higher Runx2 expression in
all medium conditions compared to the TCP samples in similar medium conditions after 7 days.
Notably, slightly higher Runx2 levels were observed after BMP6 conjugation into PEG
hydrogels compared to the samples cultured with free BMP6 peptide in the same medium.
However, considering the number of medium changes in the 7-day exposure period, these cells
were exposed to almost 3 times more BMP6 peptide compared to BMP6 conjugated PEG
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samples. Although it is reported that DEX can contribute to osteogenic differentiation of
hBMSCs by increasing Runx2 expression through the activation of WNT/B-catenin, TAZ and
MKP-1 signals 1, the PLGA-HA5-PEG-BMP6 bilayered scaffolds in OS-DEX medium
expressed a substantially higher level of Runx2 as compared to TCP in complete OS medium.
This may be attributed to extensive phosphorylation of Smad 1/5/8 by the BMP6 conjugated
PEG hydrogels that are known to recruit Runx2 to regulate the transcription of the osteogenesis
285,301 After 21 days, a similar trend was observed, regardless of medium conditions, but with
significantly less Runx2 being expressed, indicating osteoblast maturation 4,

Next, Coll (Figure S14) and ALP (Figure S15) gene expression was evaluated over
the same timepoints. Extensive upregulation of both Coll and ALP was observed when
hBMSCs were exposed to BMP6 peptide. The Coll and ALP expression on PLGA-HA5-PEG-
BMP6 scaffolds cultured in OS-DEX medium were 12 fold and 7 fold higher, relative to TCP
samples in complete OS medium. ALP and Coll genes, were significantly upregulated in
samples treated with BMP6 peptide in complete OS medium, highlighting the synergistic effect
of BMP6 peptide and DEX to promote the osteogenic differentiation of hBMSCs. This is in
line with previous research that demonstrated that the treatment of mouse C3H10T1/2
pluripotent stem cells with a combination of both BMP2 protein and DEX significantly
upregulated both ALP and Coll genes, as compared to treatment with each supplement alone
[32]_

Osteoblastic maturation of hBMSCs cultured on bilayered scaffolds was further
assessed by investigating changes in of late osteoblast-specific genes, OP (Figure S16) and
OC (Figure S17). At day 21, there was significant upregulation of OP and OC for PLGA-HA5-
PEG-BMP6 bilayered scaffolds, as compared to TCP samples in all medium conditions. The
level of OP and OC expression for bilayered scaffolds cultured in OS medium was 55 fold and
35 fold, respectively, higher than that of TCP cultured in similar medium condition.
Interestingly, even in medium lacking DEX, the PLGA-HA5-PEG-BMP6 expressed
significantly higher levels of both genes compared to TCP in complete OS medium, indicating
the osteogenic maturation of hBMSCs seeded in bilayered scaffolds, even in the absence of
DEX or any osteogenic supplements. This finding supports previous research that reported
BMP6 protein enhances gene expression level of Osterix, a transcription factor that regulates
the expression of ECM proteins, such as osteopontin (OPN) in human dental follicle cells

(hDFCs) cultured with in osteogenic induction medium without dexamethasone DEX 331,
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2.3. Osteocytogenesis of hBMSCs cultured on osteon-like scaffolds from bilayered

constructs.

To recreate the 3D microenvironment seen by bone cells in the osteoid, osteon-like
scaffolds (~ 1mm diam., slightly larger than a native osteon (ave. ~ 0.3 mm) but of the same
order of magnitude) with concentric layers of hBMC-seeded PLGA-HA electrospun mats
covered with BMP6p-conjugated PEG hydrogel were formed by simply rolling up our
bilayered constructs. Furthermore, to assess whether physiologically-relevant stimuli would
further promote osteocytogenesis in these osteon-like constructs, we next designed and
fabricated a ‘plug-n-play’ prototype bioreactor system (Figure S18a) that allowed us to layer
several osteon-like scaffolds whilst also exposing MSCs in concentric layers to maintenance
or osteogenic medium for 21 days. To investigate the architecture of osteon-like scaffolds
cultured in the bioreactor for 21 days, Micro CT analysis was performed. The micro CT images
of acellular bilayered scaffolds incubated in GM (Figure S18b) and OS media (Figure S18c)
showed a stable osteon-like architecture, maintaining the initial shape of the lumen structure
surrounded by multilayers of PLGA-HA5-PEG-BMP6 matrix. This further confirmed that
using this methodology no specialised equipment and processing conditions are necessary for
the fabrication of multilayered tubular structures. Compared to more complex methods such as
3D printing or stress-induced rolling membrane (SIRM)B4, tissue roll for analysis of cellular
environment and response in 3D environment °!, by examining the 2D strip after unrolling,
the need for complex equipment and expensive materials is eliminated.

In-vitro assessments of osteon-like scaffolds cultured in this bioreactor system were
carried out after 21 days of incubation in GM and OS medium (Figure 8). Both scaffolds were
cultured in GM and OS medium, and maintained their multilayered tubular structure, with
multilayers of cell-laden sections (actin labelled ‘green’) of the scaffold forming the outer
layers of the tubes, resembling osteon lamellae.

Consequently, we analysed the E11 expression in osteon-like scaffolds to investigate
the potential for osteocyte formation. E11 positive cells were observed throughout, for both
osteon-like scaffolds cultured in GM or OS media. Enlarged images of E11 positive cells
highlights the multi-dendritic osteocyte morphology with long processes, projecting from cell
bodies with a high degree of connectivity between neighbouring cells, suggesting that the
osteon-mimetic environment created by our system can promote osteocyte formation in the

media lacking DEX or any exogenous osteogenic supplements after 21days.


https://doi.org/10.1101/2022.06.28.497866

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.28.497866; this version posted July 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

We next conducted immunofluorescent staining for osteocyte markers in cross-sections
of the osteon-like scaffolds after 21 days. Interestingly, both osteon-like scaffolds cultured in
GM and OS stained positive for dentin matrix protein 1 (DMP1) (Figure S19), a regulatory
gene for osteocyte maturation and phosphate metabolism 8], These images further confirmed
that an integrated layer of cells forms along the surfaces of the neighbouring osteon-like
lamellae of the scaffolds, showing significant potential for cell-cell communication across the
multiple cultured osteon-like scaffolds in these bioreactors. The higher magnification images
of osteon-like scaffolds shows (Figure S19) cells with multiple branching dendrites, stained
positive for both E11 and DMP1 markers, projecting from cell bodies with a high degree of
connectivity between neighbouring cells and even penetration of cells into the neighbouring
layers of the scaffold, resembling the osteocyte lacuno-canalicular network in native cortical
bone.

Since DMP1 is acidic protein that presents in the gap region between collagen type 1
fibrils during mineralization, regulating calcium binding and hydroxyapatite formation E71, we
investigated the apatite formation of these osteocyte cells on sections of osteon-like scaffolds
(Figure S20). Osteo-Image results demonstrate that, although some hydroxyapatite was
formed on the surface of scaffolds, hydroxyapatite followed the E11 and DMPL1 localisation,
forming the interconnected networks. It has been shown previously that DMP1 can nucleate
the formation of hydroxyapatite in vitro via a multistep process that begins with DMP1 binding
calcium ions and initiating mineral deposition 8. This report has been confirmed further by
He et al. **1 who reported that the negatively charged DMP1 fibril forms a stable structure by
binding with calcium phosphate nanoparticles and protects the nascent mineral nuclei from
further growth and precipitation. The observations throughout our scaffolds can thus be
attributed to the nucleation of mineral at specific sites by DMP1, preventing spontaneous

calcium phosphate precipitation in areas in which mineralization is not desirable.

3. Conclusion

A novel modular tissue engineering approach for the fabrication of a bilayered scaffold,
composed of aligned PLGA-HA nanofibers and a BMP6 peptide-conjugated PEG-Nor/PEG-
TH hydrogel, was described and validated. Firstly, the synthesised BMP6 peptides were shown
to induce P-Smad 1/5/6 expression at even higher levels than the full length of the BMP6
protein. Secondly, the conjugation of the BMP6 peptide at low dosage to the PEG hydrogel
enabled their sustained bioactivity for up to 21 days of hBMSC culture, along with their support
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of osteogenic differentiation by driving higher levels of both early and late osteogenic genes
compared to full length BMP6 protein. Thirdly, the incorporation of the BMP6-functionalised
hydrogels into bilayered scaffolds was shown to substantially increase ALP activity and
calcium deposition of hBMSCs, as compared to TCP samples under all medium conditions.
Moreover, the expression of major bone-specific transcription factors, including Runx2, Col1,
OP and OC, on these hBMSC-seeded bilayered scaffolds were significantly higher in medium
lacking DEX or any osteogenic supplements compared to TCP samples in complete OS
medium. Finally, the maturation assessment of differentiated hBMSCs within the osteon-like
scaffolds in our modular bioreactors confirmed the formation of osteocyte-like cells with
dendritic processes similar to native osteocytes, secreting E11 and DMP1 osteocyte markers,
even in medium lacking any osteogenic supplements after 21 days of culture. This facile ex
vivo culture model thus provides a novel production platform for osteocyte-like cells from

human MSCs and the creation of ‘plug-n-play’ cortical bone mimics ex vivo.

4. Experimental Section

4.1. Materials

PLGA (LA/GA = 75/25, Inherent Viscosity 0.55-.75 Dl/g in CHCL3) was purchased from
LACTEL USA. Calcium nitrate and ammonium phosphate dibasic were purchased from Sigma
Aldrich (Australia). 8-arm PEG-NH: (10 kDa) (Jenkem) and 4-arm PEG-TH (10 kDa) were
purchased from JenKem. Cysteamine was provided by Alfa Aessar. Human bone marrow
mesenchymal stem cells (Lonza), low glucose DMEM and FBP (Gibco, 10567-022), All other

chemicals were purchased from Sigma Aldrich (Australia), if not otherwise mentioned.

4.2. Maintenance and Expansion of hBMSCs

The hBMSCs (Donors 4287, 7219 and 8006, Lonza, Switzerland) at passage 2 and expanded
in growth medium (GM), which was o Minimum Essential Medium (a-MEM, GlutaMAX
Supplement, no nucleosides, TFS) supplemented with 10% fetal bovine serum (FBS),
penicillin (100 units/mL) and streptomycin (100 ug/mL) (P/S) (Gibco, Australia), 1% sodium
pyruvate and 0.25% ascorbic acid. The cells were cultured under standard conditions
(humidified, 37 °C, 95% air, 5% CO2). Media was changed every second day until 80%


https://doi.org/10.1101/2022.06.28.497866

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.28.497866; this version posted July 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

confluence. hBMSCs were subcultured using TrypLE™ Express (Life Technologies, CA,

USA) and replated at 4000 cells.cm™2. All the experiments were performed at passage 5.

4.3. Peptide Synthesis, Purification and Characterisation

The BMP6-peptide mimics the receptor-binding domain of the BMP-6 protein synthesised by
using Fmoc chemistry at the 0.2 mmol scale. 20% piperidine in N, N’-dimethylformamide
(DMF) was used for deprotection of the Fmoc group. Subsequent Fmoc protected amino acids
were coupled to the free amino group using O-(benzotriazole-1-yl)-N, N, N’, N'-
tetramethyluronium hexafluorophosphate (HBTU) as the coupling reagent. After each
deprotection and coupling step, the resin was washed with DMF (~5 mL) 6 times for 3 min.
After coupling the last amino acid, excess reagents were removed by washing 6 times in DMF
for 5 min, followed by five washing steps using DCM for 2 min (~5 mL). The resin was then
vacuum dried for 2 hours prior to cleavage. Peptides were cleaved from the resin and
deprotected in trifluoroacetic acid (TFA) with 2.5% deionised water and 1.25% dithiothreitol
(DTT, Research Products International) and 1% triisopropylsilane (TIPS) under nitrogen flow
for 2 hours. Peptides were then precipitated in 20 mL per gram of resin of ice-cold diethyl ether
and centrifuged at 4 °C at 4400 rpm for 5 min. The residue was washed with diethyl ether
before resuspension in deionised water. The solution was frozen with liquid nitrogen and
lyophilised overnight to yield a fluffy white powder.

The base amino acid sequences for the BMP6 peptide were as per reported
(YVPLPCCAPTKLNAISVLYF) 4 Then we employed thiol-end click chemistry, adding a
cysteine group to the N-terminus of the peptide to conjugate our BMP6 peptide to a
polyethylene glycol (PEG)-star polymer. The chemical composition and the molecular
structure of the synthesised cysteine-terminated BMP-6 peptide are shown in Figure S21.
Synthesised peptides were then purified and characterised using high-pressure liquid
chromatography (HPLC) (Figure S22) and matrix-assisted laser desorption ionisation
(MALDI) mass-spectroscopy (Figure S23). The integration of peaks from the HPLC result for
the BMP6 peptide showed the peptide purity. The presence of impurities in peptides can lower
or alter their binding capability 25 4% therefore, a high-quality peptide product (with greater

than 90% purity) is required for accurate results in binding assays and in vitro studies.
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4.4. High-Performance Liquid Chromatography

High-performance liquid chromatography (HPLC) (Agilent Technologies 1260 Infinity) in an
acetonitrile/water gradient under acidic conditions on a Phenomenex Luna 5um C18 (2)
column (5 um pore size, 100 A particle size, 150 x 4.6 mm) was used to check the presence of
the main peak representing peptide and other components (impurities). Preparative HPLC with
Phenomenex Luna 10 um C18 (2) column (10 um pore size, 100 A particle size, 150 x 21.2

mm) column was used to separate peaks and purify the peptide.

4.5. Matrix-Assisted Laser Desorption/lonisation Time-Of-Flight Mass Spectrometry

Matrix-Assisted Laser Desorption/lonisation Time-Of-Flight Mass Spectrometry (MALDI-
TOF MS) measurement was performed on a Bruker Autoflex 11 MALDI-TOF mass
spectrometer. The purified peptide was dissolved in water at 1 mg ml~. A stock solution of the
matrix was prepared by dissolving 10 mg of HCCA-ALPHA-cyano-4-hydroxycinnamic acid
in 1 mL of water. The sample and matrix solutions were combined in the ratio of 100 to 10 pl,
respectively. A 1 ul aliquot of the mixture was then applied to the Prespotted Anchor Chip
MALDI plate and air-dried at ambient temperature (20 °C). The measurement was performed
at an acceleration voltage of 19 kV in positive ion reflection mode. Suitable values for laser
power, gain, and shots were determined for each sample to produce the best quality data (best
resolution, reduced fragmentation, and ion statistics).

4.6. Synthesis and Characterisation of PEG-based Hydrogels

4.6.1. PEG Functionalisation

Norbornene-functionalised PEG was synthesised (PEG/Nor) as described elsewhere 111,
Briefly, the 8-arm PEG-NH2 (Mw 10 000) was dissolved in dichloromethane (DCM). In a
separate flask, norbornene carboxylic acid (5 Equiv.) was activated by HBTU and HOBT (4
Equiv.) in DMF for 3 min at room temperature. DIEA (6 Equiv.) was added to the activated
acid solution and further reacted for 5 min under nitrogen. The mixture was then added
dropwise to the flask containing 8-arm PEG-NH; and allowed to react overnight under
nitrogen. Afterwards, the reaction was filtered and concentrated under rotary evaporation,
followed by precipitation in ice-cold diethyl ether. The filtered PEG-Nor powder was then

dissolved in water and lyophilised. PEG-Nor was dialysed against the water with a molecular
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cut-off of 5 kDa for 3 days before being used. The degree of functionalisation (>85%) was

measured using proton Nuclear magnetic resonance spectroscopy (NMR).

4.6.2. PEG/Nor-PEG/TH Hydrogel Formation

8-arm norbornene functionalised PEG was cross-linked with 4-arm PEG-thiol in the presence
of lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as a photoinitiator under UV light
(intensity of 180 mW/cm™1) for 10 seconds at room temperature. A stock solution of 30% (w/v)
PEG-norbornene and 10% (w/v) PEG-thiol and 5 mM LAP was prepared. The thiol to
norbornene ratio was 1:1. LAP was added to a final concentration of 0.08% (w/v). PBS buffer
was used to make up the solution to the final desired PEG-norbornene concentration. For BMP6
peptide conjugated gels, peptides were added to the gel solution to make up different
concentrations (0.1, 0.5, 1, 2 and 10 pg/ml). The concentration of LAP was kept at 0.05%
(Wiv).

4.6.3. Nuclear magnetic resonance spectroscopy

Quantitative *tH NMR (300 or 500 MHz) spectra for PEG-norbornene were acquired on a
Bruker NMR 300 Hz Ultrasheild ((Bruker Chemical Analysis, PL, USA). Samples for NMR
analysis were prepared by dissolution of 10 mg of product in D20 or CDCIs on a glass vial
(Sigma-Aldrich). After complete dissolution, samples were transferred to NMR tubes. The
degree of substitution of norbornene on PEG macromers was calculated from the integral of
the methylene resonance from PEG (6 = 3.7 ppm) and the double bond from norbornene (& =
6.0 and 5.9 ppm), normalising the number of contributing protons. Integration of the peaks for
PEG and norbornene confirmed that the degree of functionalisation of the PEG with
norbornene was 88%. Data analysis was performed using Mnova NMR software (Mestrelan

Research, Galicia, Spain).

4.7. Cryo-SEM Imaging

The samples for cryo-SEM were prepared using the high-pressure freezing (HPF) method as
described before 2. The samples were then transferred under vacuum to the cold (<100 K)
pre-chamber of the Gatan Alto 2500 cryo-preparation and coating station. Inside the cryo-
preparation chamber, samples were fractured with a Gatan precision cold rotary fracture knife
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(ALT 335) to provide a clean surface uncontaminated by atmospheric water. Samples were
routinely sublimed at —105 °C, sputter-coated in the cryo-preparation chamber with Pt for
240 seconds at 10 mA (circa 5-10 nm thickness), then transferred to the Polaron LT7400 cryo
prep chamber that was attached to a Philips XL30 field emission scanning electron microscope
(FESEM) for imaging. The samples were sublimed (within the cryo prep chamber) for 45 min
at —80 °C before being placed into the SEM chamber at —190 °C and imaged using an

accelerating voltage of 2 kV.

4.8. Rheometry

In situ dynamic rheometry was performed with parallel-plate geometry on an ARG2 rheometer
(TA Instruments). UV light at 365 nm (10 mW cm? ) was directed through a flat quartz plate
through the sample, while time sweep measurements were made at a 100 um gap, 10 Pa stress
and 10 rad s. The gel point was taken as the storage/loss moduli crossover point, which

indicates a conversion in the vicinity of the precise gel point.

4.9. Preparation of the nHA and Nanofibrous Scaffold

The rod shape nHA was synthesised based on a previously published method from our group
[431 Briefly, a 50 mL aliquot of 0.5 mol L™! Ca(NOs), was heated to 70 °C, and the same
amount of 0.3 mol L' (NH4)2HPO4 was added dropwise for 1 hour while stirring and
maintaining the pH above 9 and the temperature at 70 °C. The resulting solution was further
allowed to stir for one hour at the same temperature. The formed nHA was then washed by
centrifugation at 1000 rpm for 5 minutes, exchanging the supernatant and resuspending the
particles several times using Milli-Q water until a neutral pH of the washing solution was
obtained. It was then dried in an oven at 50 °C overnight before powdering.

PLGA nanofibers and PLGA-nHA nanocomposites were fabricated using an electrospinning
technique based on a previously published method from our group M. First, PLGA was
dissolved in CHCL3/DMF (7/3 viIv) with a 20% (w/v) concentration. The mixture was stirred
vigorously for 2 hours at room temperature before the spinning. For fabrication of PLGA-HA
nanocomposites, different amounts of nHA (0, 1, 5, 10, 15 and 20 wt% based on PLGA
content) were uniformly dispersed in DMF for 20 minutes under sonication. Then half of the
PLGA was dissolved in DMF, and the nHA was mixed into this solution under magnetic
stirring for 1h. Finally, the rest of PLGA was dissolved in the solution, and it was stirred for

1 more hour. The solution was ejected from a 5 mL syringe with a steel needle (inner diameter:
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12 mm) using a programmable syringe pump (Top 5300, Japan) at a rate of 0.7 mL/h. A high
voltage of 18 kV was applied to the solutions while aligned nanofibers were collected between

two copper blade arms.

4.10. Characterisation of the nHA, PLGA and PLGA-HA Nanocomposites

The surface morphology of the scaffolds was examined by scanning electron microscopy
(SEM HITACHI SU3500) with energy-dispersive X-ray spectroscopy for elemental analysis.
The specimens were sputtered with a thin layer of iridium to reduce the surface charging of the
samples. The SEM was operated at 15-20 KV to observe the surface features of the scaffolds.
Transmission electron microscopy (JEOL JEM-1010 TEM) was used to observe the

morphology of nHA and its dispersion into the matrices.

4.11. Cell Culture and Osteogenic Differentiation

Before cell culture on PLGA and PLGA-HA substrates, they were placed on a tissue culture
plate and incubated for 15 min in 70 vol % ethanol and rinsed with phosphate buffer saline
solution (PBS tablets, Thermo-Fisher, Australia) three times and once with low a-MEM, after
which they were placed in new tissue culture plates. Then, h(BMSCs were seeded on the surface
of the scaffolds at 4 x 10* cells/cm? for 24 hours under standard cell culture conditions. After
the cell attachment, the surface of cell-seeded scaffolds was covered with a layer of either non-
conjugated or conjugated BMP6 peptide PEG-based hydrogels to fabricate the bilayered
scaffolds. The culture media was then changed to either the complete osteogenic differentiation
media (OS) (a-MEM, 10% fetal bovine serum, 1% penicillin-streptomycin, 100 nM
Dexamethasone + 100 pM Ascorbic acid 2-phosphate + 10 mM B-glycerolphosphate) or the
OS medium lacking Dexamethasone (OS-DEX). The medium was changed every 2-3 days
during 7, 14 and 21 days of in vitro culture.

4.12. Cell Viability

Cell seeding on sterilised PLGA-based substrates was performed at a density of
10000 cells/em? and in FBS free medium (a-MEM and 1% penicillin-streptomycin).
Quialitative evaluation of the presence of viable cells was accomplished using a Live/Dead
viability kit (Thermo Fisher Scientific L7013) after culture for 24 hours. Samples were


https://doi.org/10.1101/2022.06.28.497866

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.28.497866; this version posted July 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

incubated with the staining solution at 37 °C for 30 min in a 24-well plate, and the cells were

imaged under an Operetta fluorescence microscope (Operetta, Perkin Elmer).

4.13. Morphological Observation of hBMSCs on Nanocomposite Fibres

After 21 days of hBMSC differentiation, cell morphology was observed by SEM with an
accelerating voltage of 15-20 kV. The hBMSCs cultured on nanofibres were washed with PBS,
fixed with 2.5% glutaraldehyde and then rinsed with water. The samples were dehydrated
through a series of graded alcohol solutions and then air-dried overnight. Before observation,

the cells were coated with iridium using a Q150TS Quorum coater.

4.14. Immunofluorescence Staining

At the predetermined time points, the cultured cells were washed and subsequently fixed with
4% paraformaldehyde for 10 min, followed by cell permeabilisation and blocking of non-
specific protein-protein interaction using a 1% bovine serum albumin (BSA)/10% normal goat
serum in solution 0.1% (w/v) Triton 100-X solution for 5 min. After PBS rinsing, samples were
blocked in a 0.1 PBS-Tween for 1 hour. The blocked samples were incubated with Phospho-
Smad 1/Smad5/Smad9 (D5B10) Rabbit mAb (Cell Signalling Technology 13820), osteoblast-
specific marker protein primary antibody Collagen | (Coll) (Anti-Collagen 1 antibody
ab34710), osteopontin primary antibody (OP) (Anti-Osteopontin antibody ab8448) and
osteocalcin primary antibody (OC) overnight at 4 °C. Following incubation with the primary
antibody, the samples were washed and incubated with a secondary antibody: Goat Anti-Rabbit
lgG H&L (Alexa Fluor® 568, Life Technologies, Australia) for Col I, Goat Anti-Rabbit 19G
H&L (Alexa Fluor® 647, Life Technologies, Australia) for OP and Donkey Anti-Rabbit for
OC. Subsequently, Phalloidin 488 (Life Technologies, Australia) and Hoechst 33342 were used
to stain F-actins and nuclei, respectively. The cells were visualised via LSM Zeiss 710 confocal
microscope or the confocal Operetta (Operetta, Perkin Elmer). For immune staining of
osteocyte markers, primary antibodies against E11 (1:1000 ab10288, Abcam) and DMP1
(1:1000 ab103203, Abcam) were diluted using the antibody dilution buffer (1% BSA + 0.05%
Tween-20). Following overnight incubation with the primary antibody, the samples were

washed and incubated with secondary antibodies for 1 hour at room temperature.
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4.15. Alkaline Phosphatase Activity Staining

To characterise the osteogenic differentiation of hBMSCs on the bilayered scaffolds, the
samples were stained for alkaline phosphatase (ALP). After 7 days in the respective culture
conditions, the samples were washed with PBS and stained with a solution containing Fast Blue
B and naphthol AS-MX ALP solution. The samples were eventually fixed using 4%
formaldehyde.

4.16. Alizarin Red Staining

Alizarin red staining was performed to evaluate the amount of ECM produced by hBMSCs
qualitatively and quantitatively. After 21 days of culture, the scaffolds were fixed in 4%
formaldehyde for 10 min. Then, the scaffolds were washed with distilled water and stained
with ARS (0.1%) for 30 min at room temperature. After washing several times with distilled
water, the scaffolds were examined under an upright optical microscope (IX51 Inverted
Microscope, Olympus, Japan). The deposited calcium was then dissolved by 10%
cetylpyridinium chloride monohydrate (Sigma-Aldrich, U.S.A.) and quantified using a
microplate reader at 540 nm wavelength. Acellular scaffolds in water or medium were analysed

as the control to rule out the effects of n-HA on calcium deposition outcomes.

4.17. Osteo-Image Staining

Osteo-Image (Lonza, Walkersville, USA) was used as a specific stain for hydroxyapatite (HA).
The samples were washed once with PBS and subsequently fixed with 4% formaldehyde for
10 min, followed by washing twice with Osteo-Image wash buffer (diluted 1:10 in deionised
water). An appropriate amount of diluted staining reagent (diluted 1:100 in staining reagent
dilution buffer) was added to each sample, and the mixture was incubated for 30 min, protected
from light. Then, the staining reagent was removed, and the samples were washed three times

with the wash buffer. The samples were analysed under a confocal microscope.

4.18. Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction

After 7, 14 or 21 days of differentiation on PLGA-based substrates, total RNA was extracted
using NucleoSpin RNA Set for NucleoZOL (Macherey-Nagel) according to the manufacturer’s
protocol. cDNA was generated from 200 ng of RNA using SuperScript Il First-Strand


https://doi.org/10.1101/2022.06.28.497866

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.28.497866; this version posted July 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Synthesis SuperMix (Invitrogen, Life Technologies). The cDNA was stored at —20 °C until
further analyses. RT-PCRs were prepared on a total volume of 10 uLL with 5 uLL SYBR green
(Thermo-Fisher), 0.2 uM forward and reverse primers, and 100 ng cDNA and DEPC treated
water. For no-RT controls, an equivalent volume of DNase and RNase-free water (Sigma) was
used in place of RT Enzyme Mix. A CFX96™ [VD Real-Time PCR system (BioRad) was used
with a thermal cycle of 50 °C for 2 min, 95 °C for 2 min, and then 95 °C for 15 s and 60 °C for
30 s for a total of 40 cycles. Ct values of RT-PCR were normalised against the housekeeping
gene and analysed using the AACt model [47]. The expression of bone-associated genes,
including Smad 1/5/8, ALP, Col1, Runt-related transcription factor 2 (Runx 2) and osteopontin
(OP) and osteocalcin (OC) was confirmed via quantitative RT-PCR. The primer sequences
used for RT-PCR were Smad 1 forward, GGCGGCATATTGGAAAAGGAGTT; Smad 1

reverse, GTTGCAGTTCCGACTTTGCACA. Smad 5,
GAGTGGAGAGTCCAGTCTTACCTC; Smad 5,
TTGTGGCTCAGGTTCCTAAACTGAAC. Smad 9 forward,
AGACATATAGGAAAGGGTGTGCACTT; Smad 9 reverse, TGCAGTTCCGGCTCTGCA
Runx2 forward, AGTGATTTAGGGCGCATTCCT; Runx2 reverse,

GGAGGGCCGTGGGTTCT. ALP forward, GGGAACGAGGTCACCTCCAT,; ALP reverse,
TGGTCACAATGCCCACAGAT. Coll forward, CCTGCGTGTACCCCSCTCA; Coll
reverse, ACCAGACATGCCTCTTGTCCTT. OP forward, ACCTGAACGCGCCTTCTG; OP
reverse, CATCCAGCTGACTCGTTTCATAA. oC forward;
AGCAAAGGTGCAGCCTTTGT, OC reverse; GCGCCTGGGTCTCTT GAPDH forward,
ATGGGGAAGGTGAAGGTCG; GAPDH reverse, TAAAAGCAGCCCTGGACC.

4.19. Microcomputed Tomography (Micro CT)

Micro CT analysis was carried out using SkyScan 1172 high-resolution micro-CT imaging
system. Micro CT images were taken at a resolution of 18 um with no filter, under a voltage of
100 kV and a current of 100 pA. 3D models of the samples were created as needed using CTVol
software provided by Skyscan.

4.20. Bioreactor Fabrication

Bioprinting manufacturing technology is employed using the SLA bioprinter (Formlabs Form
2 Starter Pack) to print the customised bioreactor device. High Temp Resin (heat deflection
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temperature (HDT) of 238 °C @ 0.45 MPa) was used. The printed constructs were post-cured

with a 405 nm light source for 60 minutes.

4.21. Statistical Analysis

Statistical significance was calculated by one-way ANOVA to assess the statistical significance (p
< 0.05) of the differences between results. For differentiation experiments, analysis of ALP activity
assay, ALP, Alizarin Red and Osteo-Image staining was quantified from a minimum of 12 images
recorded from 3 samples (triplicates), repeated with three donors. Three biological replicates were
performed for all other cellular experiments, and the data were pooled together (n > 9).

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Driving Osteocytogenesis from Mesenchymal Stem Cells in Osteon-like Biomimetic
Nanofibrous Scaffolds
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Figure 1. Panel A: Schematic illustration of aligned PLGA electrospun fibres reinforced with
rod-shape nHA mimicking the ECM structure of native bone. Panel B: Schematic

representation of bilayered scaffold comprised of electrospun nanofibres and BMP6 peptide-
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conjugated PEG hydrogel. The hierarchical structure of typical bone was retrieved from

and the transverse section of bone from: https://commons.wikimedia.org/wiki/
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Figure 2. Immunohistochemistry expression of P-Smad 1/5/8 after 3 hourrs treatment of
hBMSCs with different dosages of BMP6 peptide in GM, OS-DEX an OS. P-Smad 1/5/8 are
labelled in green and the cell nuclei are labelled in blue. Scale bars, 200 um; *P<0.05.
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Figure 3. ALP staining of hBMSCs cultured on TCP, PLGA and PLGA-HADS in the presence
of non-conjugated PEG hydrogel or BMP6 conjugated hydrogel in different medium
conditions for 7 days.
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0.05.
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F-Actin

Figure 8. After 21 days, the osteon-like scaffolds were stained for E11 osteocyte markers.
The osteocyte-like cells with multi-dendritic mulphology that stained positive for E11 was

observed for both scaffolds were cultured in GM and OS .
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