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Abstract

Synthetic biomaterials are widely used as bone graft substitutes, but their osteogenic ca-
pacity is limited as they lack osteogenic growth factors. This study aimed to enhance the
osteogenesis of a novel hydroxyapatite/aragonite (HAA) biomaterial by incorporating de-
cellularized bone matrix and bone morphogenetic protein (BMP)-2 and BMP-7 (BMP-2/7).
Human umbilical mesenchymal stem cells (MSCs) were able to proliferate and differentiate
on HAA. HEK-293T cells exogenously expressing BMP-2/7 successfully secreted BMP-2/7,
which was assessed by enzyme-linked immunosorbent assay. By establishing a co-culture
of MSCs with HEK-293T cells expressing BMP-2/7, we successfully created an artificial
allograft that integrates both synthetic biomaterials and functional organic components,
offering the potential to enhance osteogenesis. The decellularized (by freeze/thawing)
functional HAA was implanted between the tibia and anterior tibialis muscle in murine
models and assessed the induced bone formation via micro-computer tomography, his-
tology, and osteogenic markers mRINA expression by a reverse transcription-quantitative
polymerase chain reaction. A significant increase in new bone formation was seen in the
functional HAA implanted group. In conclusion, this study revealed that bone formation
following the HAA implantation can be enhanced by a functional decellularized matrix,
comprising BMP-2/7, via in vitro tissue engineering using MSCs and HEK-293T cells
expressing BMP-2/7.

Keywords: osteogenesis; biomaterials; bone morphogenic proteins; BMP2; BMP7;
mesenchymal stem cells; HEK293T cells; hydroxyapatite/aragonite; HAA

1. Introduction

Bone grafts play a significant role in the restoration of extensive bone defects result-
ing from trauma, disease, or surgical interventions. However, the conventional sources
of bone grafts, such as autografts and allografts, have limitations, including donor site
morbidity and the risk of immunological rejection [1]. This has spurred the exploration of
alternative solutions that can overcome these challenges while promoting effective bone
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regeneration [2—4]. In this context, the integration of synthetic scaffolds, particularly those
composed of hydroxyapatite (HA) and calcium carbonate (CaCO3), has garnered attention
for their biocompatibility and bioresorbable nature. Aragonite, which is one of the naturally
occurring crystal forms of CaCOj3, has very good biocompatibility but is not suitable for
bone graft on its own due to its fast biodegradation ability [5].

HA, a key component of natural bone, provides a biomimetic environment that
facilitates cell adhesion, proliferation, and differentiation [6-8]. However, conventionally
used synthetic HAs are primarily ceramics with crystalline structures that differ from that
of natural bone, and they tend to be slowly biodegradable. The addition of CaCOj3 to
HA can improve biodegradation and bone formation [9]. However, in comparison with
allografts, synthetic bone biomaterials lack organic components that may enhance tissue
integration and induce new bone formation. For instance, their osteogenic capacity is
limited as they lack osteogenic growth factors [10]. Therefore, the inclusion of osteogenic
growth factors such as bone morphogenic proteins (BMPs) in synthetic bone biomaterials
can address this concern.

BMP-2 is known for its ability to stimulate osteoblastic differentiation and enhance
bone regeneration, while BMP-7 exhibits multifaceted functions, including promoting
osteogenic differentiation and inhibiting adipogenesis [11-13]. The incorporation of BMPs
into synthetic bone biomaterials can induce osteogenic differentiation of mesenchymal stem
cells (MSCs) and promote bone matrix formation. Harnessing the potential of BMPs within
the context of tissue engineering offers a unique opportunity to accelerate and enhance the
osteogenic capabilities of synthetic scaffolds. There are various approaches to deliver BMPs
to induce bone formation. The first approach involves using a demineralized bone matrix
(DBM) from animal or human sources. DBM may contain approximately 22 ng BMP-2,
6 ng BMP-4, and 85 ng BMP-7 per gram of human bone [14,15]. The second approach is
to directly deliver recombinant BMPs to bone. However, the dose needed to reach clinical
effects is extremely high, 440 mg per case [16]. Further, high-dose BMPs may cause ectopic
bone formation and other risks. Another approach is to use carriers for the controlled
release of BMPs, which require sophisticated technologies [17]. Lastly, MSCs from the host
or a donor transformed with BMPs are a potential method for delivering BMPs to induce
bone formation. However, human MSCs have proven difficult to transform to express
BMPs [18].

It has been hypothesized in this study that artificial allografts can be developed by
engineering synthetic biomaterials to contain decellularized tissue made from human cells
transformed to have in vitro sources of BMPs. This was accomplished by establishing a
co-culture of novel HA /aragonite (HAA) scaffolds [5,19], composite bone grafts created by
incorporating aragonite into porous HA to enhance its biodegradation while maintaining
optimal osteogenic capacity, along with MSCs and the Human Embryonic Kidney (HEK)-
293T cells exogenously expressing BMP-2 and BMP-7 (HAA-MSC-HEK particles). The
transfection of HEK-293T cells with BMP-2 and BMP-7 expression plasmids (BMP-2/7)
resulted in the secretion of these proteins at high concentrations, which was confirmed by
ELISA. HEK-293T cells expressing BMP-2/7 were co-cultured with MSCs on HAA scaffolds.
After 3 days, the attachment cells to the scaffolds were assessed using ELISA, a real-time
quantitative polymerase chain reaction (RT-qPCR), and confocal microscopy. In the second
part of the study, HAA-MSC-HEK scaffolds were decellularized, sterilized, and implanted
into the tibia of mice. This is to evaluate in vivo the time-dependent bone formation by
micro-computed tomography (Micro-CT) imaging, histological staining of non-decalcified
tissue sections, and RT-qPCR analysis of osteogenesis-related gene expression.
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2. Materials and Methods
2.1. Human Umbilical Cord Mesenchymal Stem Cell (MSC) Isolation

Human umbilical cord tissue was obtained from Singleton Hospital (Swansea, UK)
with the full informed consent of anonymized donors (West Wales Research Ethics Commit-
tee REC11/WA /0040). After removing the blood vessels, the umbilical cord tissues were
washed with DMEM/F12 serum and antibiotic-free cell culture medium (ThermoFisher,
Waltham, MA, USA) (catalogue number [CAT#] 11320033) to remove the blood and then
sliced into 1-2 mm fragments. These tissue fragments were placed into a T25 culture flask
and incubated in a humid incubator at 37 °C with 5% CO, for 5 min to facilitate tissue at-
tachment. Following this, 2 mL of foetal bovine serum (FBS [Sigma-Aldrich, St. Louis, MO,
USA, CAT#F7524]) was added to the adhered tissue in the flask. After 24 h of incubation at
37 °C/5% COy, the FBS was replaced with 3 mL of the full serum medium (DMEM/F12
supplemented with 10% FBS and 1% penicillin/streptomycin [PS], CAT#P4333). Flasks
were monitored regularly for the emergence of new MSC outgrowths, and the full serum
medium was replaced every 3—4 days until cells were ready for subculture or use.

2.2. HAA Particle Preparation

An HAA mix was prepared by combining a 1:1 molar ratio of tetracalcium phosphate
(Cay[PO4],0 [TTCP], Matexcel, Shirley, NY, USA, CAT#CER-0016) and calcium hydrogen
phosphate (CaHPOy,, Sigma-Aldrich, CAT#1021441000), then further mixing it with a 1:1
weight of CaCOs5 (Sigma-Aldrich, CAT#21061). This powder, mixed with 10% gelatine
(Sigma-Aldrich, CAT#9000-70-8) for 5 min, was spread thinly over clingfilm and left to dry
overnight at 30 °C. The dried HAA ground using a mortar and pestle was passed through
a multi-layered sieve to obtain particles within the 200-300 um range. The resultant micro-
scale particles were crosslinked in 0.1% glutaraldehyde (Sigma-Aldrich, CAT#111-30-8)
solution for 10 min, washed thrice with distilled water, soaked in phosphate-buffered
saline (PBS, Gibco, Waltham, MA, USA, CAT#2156340), and dried by incubating at 60 °C
overnight. The treated HAA particles were transferred into glass vials and autoclaved, then
immersed aseptically in DMEM/F12 serum-free medium for 24 h ahead of use.

2.3. AlamarBlue Assay

The AlamarBlue assay (ThermoFisher, CAT#10099022) was used to assess the viability
of MSCs when cultured with HAA. The MSCs were cultured in a 96-well plate without
or with 20-30 HAA particles, and the medium was changed every 3 days. The effect of
HAA on MSC viability was assessed every 24 h for 144 h by replacing the culture medium
with 10% AlamarBlue (made in the full serum medium), incubating cultures for a further
4 h and reading the relative fluorescence units (RFU) using excitation (ex)560 nm and
emission (em)590 nm in a FLUOstar Omega microplate reader (BMG LABTECH, Ortenberg,
Germany) [20].

2.4. CCK-8 Assay

The viability of MSCs incubated without or with HAA was also assessed every 2 days
for 6 days by replacing the culture medium with 10% Cell Counting Kit (CCK)-8 reagent
made in the full serum medium (CCK-8 test kit [Sigma-Aldrich, CAT#B34304]), incubating
for a further 4 h, before reading the optical density (OD) at 450 nm using a FLUOstar
Omega microplate reader.

2.5. Scanning Electron Microscopy

The scanning electron microscope (SEM) was used to analyse MSCs co-cultured with-
out or with HAA for 10 days. The MSCs fixed with a 2.5% glutaraldehyde made in PBS
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for 10 min were dehydrated via immersing for 15 min sequentially once in 30% ethanol,
50% ethanol, 70% ethanol, and 90% ethanol and twice in 100%. The dehydrated samples
were rinsed once in 50% hexamethyldisilane (made in PBS), washed once in 100% hexam-
ethyldisilane for 20 min and then incubated in 100% hexamethyldisilane overnight. The
dried samples were coated with chromium using the Quorum Q150T ES (Quorum Tech-
nologies, Lewes, UK) and imaged using an S-4800 scanning electron microscope (Hitachi
High-Tech, Maidenhead, UK) [5].

2.6. Transfection of HEK-293T Cells

HEK-293T cells were transiently transfected with either pVAX1-BMP-2, pVAX1-
BMP-7 or pVAX1-BMP-2/7 expression plasmid (Addgene, Watertown, MA, USA) using
jetOPTIMUS® reagent (1 pL reagent per 1 ug plasmid DNA) (VWR, Lutterworth, UK), as
per manufacturer’s instructions (PolyPlus Transfection, Illkirch-Graffenstaden, France) [20].
At least 24 h after the transfection, the secretory BMP-2, BMP-7 or BMP-2/7 in the full
serum spent medium was assessed by using Human BMP-2 (R&D Systems, Minneapolis,
MN, USA, CAT#DY355) and Human BMP-7 (R&D Systems, USA, CAT#DY354) DuoSet
ELISA Kkits.

2.7. Preparation of a HAA + MSC + HEK Bone Graft for Implantation
2.7.1. Co-Culturing of HEK-293T /MSCs on HAA

A total of 10-15 mg of HAA particles (200-300 uM in size) per well were added to
wells of a 96-well plate, then 2 x 10° cells of a 1:1 ratio of MSCs and HEK-293Ts expressing
BMP-2/7 in 100 pL culture medium were added to each well. The culture medium was
replaced with the full serum medium every 3 days, and the formation of scaffold nodules
was observed by microscopy. After 1 week, the scaffold nodules were harvested into
microfuge tubes. Also, on days 1, 7, and 14, cells cultured with HAA scaffold were stained
with 50 ug/mL Hoechst 33342 (Invitrogen, Carlsbad, CA, USA, CAT#H1399) and 4 uM
Calcein AM (Invitrogen, CAT#2387265) and then imaged the fluorescence staining by
confocal microscopy.

2.7.2. Decellularization of HAA Scaffolds Co-Cultured with MSC-HEK Cells

The harvested HAA scaffold nodules were decellularized by subjecting them to 3 cy-
cles of freezing at —80 °C for 4 h and thawing at room temperature [21,22]. The decellular-
ized scaffolds were then dried using the Scanvac Coolsafe 110 freeze dryer (LaboGene A/S,
Allered, Denmark).

2.7.3. Estimating BMP-2/7 Levels in Decellularized HAA Scaffolds

The decellularized HAA scaffolds were hydrated in 500 uL PBS/well and the con-
centrations of BMP-2 and BMP-7 in the cultured medium were quantified using Human
BMP-2 DuoSet ELISA and Human BMP-7 DuoSet ELISA, respectively, according to the
manufacturer’s instructions. The OD at 450 nm was recorded using the FLUOstar Omega
microplate reader.

2.7.4. Fabrication of Implanting Material

The harvested decellularized HAA particles were processed using a freeze-drying
method and subsequently packed into perforated plastic moulds. The material was then
compressed into cuboidal blocks measuring 2 x 2 x 2 mm?3, with an estimated density of
13.3 mg/mm3 [23].
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2.7.5. In Vivo Model Preparation

The in vivo tests were performed, as described, at Huazhong University (Wuhan,
China) (Research Ethics Approval; IACUC#3294). A total of 36 mice (C57BL/6]) aged
9 weeks (Shulaibao Biotechnology Co., Ltd., Wuhan, China) were randomly divided into
three groups (Table 1). After grouping, ear punching was performed for identification and
recording purposes. The mice were housed in the animal experimental facility, and the
animal cages were cleaned every 3 days. The mice were provided with food and water on
a scheduled basis, and their activity was observed.

Table 1. Experimental mouse groups. Reprinted from Ref. [24].

Groups Control HA'A + MSC . ‘ HAA + MSC + HEK '
(HAA) (Decellularized MSC Matrix)  (Decellularized MSC + HEK BMP2/7 Matrix)
Day 7 4 4 4
Day 14 4 4 4
Day 28 4 4 4

2.7.6. Implantation

The mice were anaesthetized with 0.3% sodium barbiturate (Sigma-Aldrich, CAT#4390-
16-3). The fur on both hind limbs was carefully shaved and disinfected with 0.2% Iodophor
Sanitizer (Jiangxi Caoshanhu Disinfection Supplies Co. Ltd., Nanchang, China). The muscle
gap in the anterior tibial region was dissected until the tibia was adequately exposed,
facilitating the implantation of the HAA scaffolding block into each leg. The muscle and
skin were carefully sutured and disinfected with 0.2% Iodophor Sanitizer. After anaesthetic
recovery, the mice were returned to labelled cages for ongoing care and maintenance at
Huazhong Science and Technical University Animal Centre (Wuhan, China).

2.7.7. Sample Harvesting

At each specific time point (days 7, 14, and 28), a cohort of 4 mice was selected
for each experimental group (HAA, HAA + MSC, and HAA + MSC + HEK). Following
humane euthanasia via cervical dislocation, the left tibia and surrounding muscle were
harvested, then fixed and stored in 4% formaldehyde in PBS for further analysis. The right
tibias were used for RNA extraction and real-time quantitative polymerase chain reaction
(RT-gPCR) analysis.

2.7.8. Micro-CT Analysis

Following fixation, each left tibia was wrapped in parafilm and scanned using a
SkyScan 1176 X-ray microtomography system (Bruker MicroCT, Kontich, Belgium) at a
voltage of 58 kV and a current of 431 pA. The scanning process employed an image pixel
size of 9 and a rotation of 0.3, with a high-resolution exposure time of 1000 ms [5]. The
appendages were unwrapped and returned to a 10% formalin solution and stored at a
temperature of 4 °C. The resultant samples were prepared for histological staining and
analysis. The obtained CT data were used for 3D modelling and quantitative analysis of
new bone formation.

2.7.9. RT-qPCR Analysis

The right tibias harvested from the mice were processed immediately upon collection.
The gastrocnemius muscles and fibula were removed, and the tibia, along with the sur-
rounding tissue around the scaffold, was trimmed, then 1 g of tissue fragments was rapidly



J. Funct. Biomater. 2025, 16, 361

6 of 20

frozen using liquid nitrogen and crushed by mortar and pestle. The crushed tissue was
homogenized using the VCX150 sonicator (Sonics & Materials Inc., Newtown, CT, USA).

The extraction of RNA from the homogenized tissue was performed using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA,
CAT#4374966), as per the manufacturer’s protocol. Briefly, 2 pg of isolated RNA was
converted to cDNA by incubating the reaction mixture in a Thermal cycler (T100TM BIO-
RAD, Watford, UK), for 10 min at 42 °C, followed by 10 min at 25 °C, 120 min at 37 °C
and 5 min at 85 °C. The concentration and purification of the cDNA were assessed using
a Nanodrop One spectrophotometer (Thermo Fisher Scientific, Loughborough, UK). The
cDNA was stored at—20 °C for later use [25].

The expression levels of BMP-2 and BMP-7 in the cDNA were estimated using qPCR.
The forward and reverse primers (100 uM) were diluted at a ratio of 1:20 with nuclease-
free water (Merck, Beijing, China, CAT#7732-18-5) (Table 2). The cDNA samples were
also diluted at a ratio of 1:20 with nuclease-free water. The master mix was prepared by
combining 1 uL of the diluted cDNA sample with 1 pL of nuclease-free water, and 5 pL of
2X SYBR Green (SYBR™ Green PCR Master Mix, Thermo Fisher Scientific, Loughborough,
UK, CAT#4309155) per well for future usage. The forward and reverse diluted primers were
subsequently mixed at a 1:1 ratio. In each well of the plate, 8 puL of the master mix and 2 pL
of the primer mixture were loaded at 4 °C. The reaction was run using the CFX Connect™
PCR (BIO-RAD, UK) as outlined in Table 3, and the plate was configured for real-time
reaction monitoring. The relative change in the target gene expression was calculated using
the 27444 method, where ACq is the difference between the quantification cycle (Cq)
of the target gene and the Cq of the reference gene GAPDH and AACq is the difference
between ACq of untreated and ACq of treated [25].

Table 2. RT-PCR Forward and Reverse Primers. Reprinted from Ref. [24].

Primer Name Sequence
FORWARD: 5-TGTATCGCAGGCACTCAGGTCA-3’
BMP-2 REVERSE: 5CGGGTTGTTTTCCCACTCGT-3'
FORWARD: 5-TTCGTCAACCTCGTGGAACA-3'
BMP-7 REVERSE: 5'-ACGTCTCATTGTCGAAGCGT-3'
CAPDEL FORWARD: 5'-CTCATGACCACAGTCGATGCC-3'

REVERSE: 5-GGGATGACCTTGCCCACAG-3’

Table 3. qPCR Running Conditions. Reprinted from Ref. [24].

Step Temperature Time
Initial denaturation 95 °C 5 min
Denaturation 95 °C 15s
Annealing %39 60 °C 15s
Extension 72 °C 1 min
95 °C 15s
Melt curve 58 °C 1 min
95 °C 15s

2.7.10. Histology of Undecalcified Samples

The left limb from each group at a particular time point (days 7, 14, and 28) was em-
bedded in polymethyl methacrylate (PMMA) following serial dehydration. The embedded
samples were cut into 10 um sections using the EXAKT 300 CP microtome (Band System,
Norderstedt, Germany), and undecalcified sections were subjected to Masson-Goldner’s



J. Funct. Biomater. 2025, 16, 361

7 of 20

trichrome staining [26]. These processes were outsourced from AICA Sci-tech Ltd. (Beijing,
China). The histological sections were then imaged using a light microscope (Zeiss; Carl
Zeiss Microscopy GmbH, Jena, Germany). The overall gross appearance of the specimens
was imaged using a TM-DM10 imaging system (TOMLOYV, Los Angeles, CA, USA).

2.8. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics software v.28.0 (IBM Corp.,
Armonk, NY, USA) and GraphPad Prism 9.5.0 (GraphPad Software Inc., San Diego, CA, USA).
All data are presented as mean =+ standard deviation (SD). T-tests were used when comparing
two groups in parametric, and a 2-way analysis of variance (ANOVA) was performed with
Tukey’s post hoc test. A p-value < 0.05 was considered statistically significant.

3. Results
3.1. Scaffold Production and Biocompatibility

When MSCs seeded in 96-well plates were approximately 80% confluent, they were
co-cultured with HAA particles for 10 days. The cells migrated from the 96-well to adhere
to the scaffold particles, were then fixed, dehydrated, dried, and subjected to SEM imaging.
The surface of the HAA particles appeared to be rough and irregular under microscopic
examination (Figure 1a,b). There were visible pores and crevices distributed throughout
the surface. We observed numerous MSCs migrating from the 96-well plates and adhering
and aggregating on the surface of these scaffold particles, with cell extensions penetrating
the interstices of the scaffold surface (Figure 1c). The three-dimensional (3D) structure
of the HAA particles vividly highlights the aggregation of MSCs onto the scaffold and
their migration to the non-contact surface of the particles, demonstrating the migratory
capacity of MSCs and showcasing their excellent interfacial affinity for HAA. Figure 1d
shows that the surface of the HAA scaffold particles became densely covered with cells
after co-culturing them with the cells for approximately two weeks.

oun | S4800 2.0kV 9.4mm x200 SE(M)

Figure 1. Visualizing the HAA scaffold surface structure using SEM [24]. HAA scaffold samples were
fixed with 4% glutaraldehyde and dehydrated ahead of SEM analysis. Images denote the surface
structure of the HAA scaffold at X200 (a) and x1000 (b) magnification. (c) The MSCs were cultured
on the HAA scaffold for 10 days, as illustrated by the fibrous structures stretched across the surface.
(d) A small number of cells adhered to the surface of HAA initially. The length of the scale bar
represents 50 pm (a,b) or 200 pm (c,d). Reprinted from Ref. [24].
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The HAA is made of HA, TTCP, and CaHPOy [15]. Following printing, the structure
retains its integrity through gelatine crosslinking, which forms a stabilizing matrix that
holds the powdered components together prior to the hydroxyapatite-forming reaction. Bi-
ologically, gelatine enhances the scaffold’s compatibility with tissue by mimicking collagen,
the main organic component of bone, and improving its capacity to bind osteoinductive pro-
teins such as BMPs. In addition, the formation of HA through the reaction between TTCP
and CaHPO, provides the scaffold with strong osteoconductive properties, promoting cell
adhesion, proliferation, and new bone formation.

The AlamarBlue and CCKS8 assays were employed to assess the biocompatibility of
HAA with MSCs. The results indicated no difference (Figure 2). According to the Alamar-
Blue assay, no statistically significant difference was observed between the proliferation of
MSCs and MSCs with HAA, suggesting that the presence of the HAA particles was not
cytotoxic (Figure 2a). Similarly, the CCKS test indicated no difference in MSC viability
in the absence or presence of HAA (Figure 2b). These assays have suggested that HAA
possesses favourable biocompatibility with MSCs, thus confirming that the material is
non-cytotoxic and, therefore, can be used to support cell growth in vitro.

a b .. *
250,000 — k%K ® MSC+HAA I 1
® MSC+HAA [ A MSC D
200,000 o MSC &
2 (]
N ® o A
S 150,000 — A] [® 2
£ 8
100,000 - S 4
50,000 - H m ﬁ @
0 Lo HI ]‘1 T T T T T 0 T T
0 24 48 72 96 120 144 2 4 6
Time (hours) Time (days)

Figure 2. The effect of HAA scaffold on MSCs viability. The viability of MSCs co-cultured with
HAA scaffold was assessed via the AlamarBlue assay (a) and CCK-8 test (b). Each bar represents
the mean value of the test performed in quadruplicates, and error bars indicate standard deviation
(SD). A two-way ANOVA was conducted to determine the statistical significance of the overall
effect. The MSC + HAA group exhibited a significantly higher proliferation rate compared to the
MSC-only group on day 6 in the CCK-8 assay (p < 0.01). Consistently, the MSC + HAA group showed
significantly greater proliferation than the MSC group on day 7 in the Alamar Blue assay (p < 0.05).
(*, p <0.05; **, p < 0.01). Reprinted from Ref. [24].

3.2. Expression of BMP-2/7 in HEK-293T Cells

HEK-293T cells were selected for expressing BMP-2/7 as these cells were shown
to express BMP-2/BMP-7 in the past [27,28]. HEK-293T transfected with the BMP-2 ex-
pression plasmid, but not an empty vector, secreted 26.038 + 5.594 ng/mL at 48 h and
23.89 &+ 0.722 ng/mL at 96 h of BMP-2 (Figure 3a). HEK-293T transfected with the BMP-2/7
expression plasmid also secreted 48.242 & 0.793 ng/mL at 48 h and 40.001 + 1.654 ng/mL
at 96 h of BMP-2 (Figure 3a). Figure 3b depicts HEK-293T cells transfected with the BMP-7
expression plasmid secreted 131.038 £ 16.906 ng/mL at 48 h and 92.121 £ 2.238 ng/mL at
96 h of BMP-7 in the medium. HEK-293T cells transfected with the BMP-2 /7 expression plas-
mid also secreted 116.626 & 2.279 ng/mL in the medium at 48 h and 96.111 £ 2.368 ng/mL
at 96 h of BMP-7 (Figure 3b).
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Figure 3. Analysis of BMP-2 and BMP-7 secretion from HEK-293T cells. HEK-293T cells were
transfected with the plasmid encoding BMP-2, BMP-7 or BMP-2/7 and analysed the secretion
of BMP-2 and BMP-7 after 48 h and 96 h of transfection by using BMP-2 or BMP-7 ELISA. (a) The
concentrations of secreted BMP-2 in HEK expressing BMP-2 or BMP2/7 and the HEK-control (without
plasmid) group. (b) The concentrations of secreted BMP-7 in HEK expressing BMP-7 or BMP2/7 and
the HEK-control (without plasmid) group. BMP-2/7 group showed significantly higher BMP-2 and
BMP-7 secretion compared to the control, BMP-2 group had significantly higher BMP-2 secretion
than the control (p < 0.0001), BMP-7 group also had significantly higher BMP-2 secretion than the
control (p < 0.0001). (***, p < 0.001; ****, p < 0.0001). Reprinted from Ref. [24].

3.3. Characterization of the HAA + MSC + HEK Bone Graft by Confocal Microscopy

Cells cultured on the HAA scaffold are shown in Figure 4. On the first day following
attachment of MSCs and HEK 293-T cells (expressing BMP-2/7) to the HAA scaffold
surface was incomplete. By day 7, increased cell proliferation resulted in more extensive
cell attachment to the scaffolds. By day 14, nearly the entire scaffold was enveloped by cells
in all samples. Calcein AM fluorescence staining of cells is shown in green, whereas the
scaffold autofluorescence is shown in red.

Day 1 Day 7 Day 21

108 um

X10 . DAPI . Calcein . Autofluorescence

Figure 4. Morphological changes in MSCs adhering to HAA scaffold in full serum medium. The cell
morphology of MSCs and HEK 293T cells co-cultured on HAA scaffolds in a normal growth medium
for 1,7, or 21 days was imaged by confocal fluorescence microscopy. The blue for DAPI fluorescence,
green for Calcein fluorescence, and red for the scaffold autofluorescence. The length of the scale bar
represents 100 pm. Reprinted from Ref. [24].

3.4. The Surface Morphology and BMP-2/7 Levels in the Decellularized HAA Scaffold

SEM was employed to elucidate the microstructural details of the osteogenic scaffold
surfaces. The images effectively illustrate the surfaces of scaffolds bearing adherent cells
which formed multiple layers, highlighting discernible morphological differences. At a
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magnification of 2000 x (Figure 5a,b), distinctive fibre-shaped and spherical structures were
observed. In the decellularized samples, the collagen fibres exhibited a slender appearance
compared to their previous aspect, and the spherical structures were no longer apparent.
After decellularization, the normal cellular structures disappeared, leaving behind some
residual decellularized fragment-like tissue. The ELISA outcomes for the decellularized
osteogenic scaffolds indicate a significant presence of both BMP-2 and BMP-7 (Figure 5c,d).
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Figure 5. The effects of HAA + MSC + HEK decellularization on the scaffold morphology and
BMP-2/7 levels. MSCs and HEK-293T cells co-cultured with the HAA scaffold for 14 days underwent
visualization by the SEM before (a) and after (b) decellularization. ELISA was used to assess the
secreted BMP-2 (c) and BMP-7 (d) levels in the spent cell culture media of HAA + MSC and HAA +
MSC + HEK cultured for 3 days before decellularization. The length of the scale bar represents 200 pm.
The HAA + MSC + HEK group showed significantly higher BMP-2 and BMP-7 levels compared to
the HAA + MSC group (p < 0.0001). (****, p < 0.0001). Reprinted from Ref. [24].

3.5. Analysis of Micro-CT of the Implanted HAA + MSC + HEK Bone Graft

The gross appearance of sections of the implants (HAA scaffold control, MSCs cultured
onto HAA [HAA + MSC] or MSCs and HEK?293-T cells expressing BMB2/7 cultured onto
HAA [HAA + MSC + HEK]) in tissue is shown in Figure 6. The surface views reveal the
presence of the scaffold material, which remains visible, along with callus formation at
various time points, specifically on days 1, 7, 14, and 28. Notably, the group implanted
with the HAA + MSC + HEK bone graft exhibited a more pronounced yellowish stain,
indicating the presence of the osteogenic scaffold. This was characterized by richer tissue
colouration due to a greater influx of migrating cells.

Micro-CT imaging demonstrated varying degrees of callus formation around os-
teogenic scaffolds of different compositions in different groups within the tibiae of mice
(Figure 7). The quantity of bone formed and the quality and density of newly formed
callus varied across different time points. Overall, there was a progressive increase in
new bone formation across all groups. Compared to the HAA group, the HAA + MSC
and HAA + MSC + HEK groups displayed richer and denser peri-nodular osteogenesis,
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validated through subsequent software-based quantitative analyses. Additionally, it was
observed that in the HAA group, osteogenic scaffolds exhibited higher density, shrinking
in size over time with minimal changes in density. Conversely, the HAA + MSC and HAA
+ MSC + HEK groups showed lower osteogenic scaffold density, implying cellular and
soft tissue ingrowth. This suggests that osteogenic scaffolds subjected to cell adhesion
and decellularization processes attracted cell adhesion and ingrowth, with the decrease in
density indicating a faster degradation rate compared to the unmodified HAA scaffold.

HAA HAA+MSC HAA+MSC+HEK

Day1

Day7

Day 14

Day 28

Figure 6. Overall observation of new bone formation in mice models. The observation on the whole
of new bone formation following implanting of HAA, HAA + MSC, and HAA + MSC + HEK at days
1,7, 14, and 28. The length of the scale bar represents 2 mm. Reprinted from Ref. [24].

HAA+MSC HAA+MSC+HEK

Figure 7. Micro-CT scans of bone and calluses of mice post-operation. The new bone formation
following implanting of HAA, HAA + MSC, and HAA + MSC + HEK at days 1, 7, 14, and 28 was
analysed by micro-CT. In the control group, the implants were absorbed slowly and showed stronger
density. The implanted HA/CC exhibited greater density and lacked the pores resulting from
decellularization, hindering osteocyte infiltration and reducing the absorbability and degradation of
the implanted material. The length of the scale bar represents 2 mm. Reprinted from Ref. [24].

Various qualities of bone formation in mice implanted with HAA-based bone grafts
were assessed by micro-CT (Figure 8). The tissue (Figure 8a) and bone volumes (Figure 8b)
were shown to peak on day 14, with a significant difference between the HAA and HAA +
MSC groups (p = 0.0005). The value for bone volume subsequently decreases by day 28;
on the other hand, statistically significant differences were observed between the control
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MicroCT Value (TV)

HAA scaffold and HAA + MSC (p = 0.0002) and HAA + MSC + HEK (p = 0.0166). The
percentage of bone volume in tissue volume (BV/TV) showed no significant differences
between groups across the time points (Figure 8c). However, the overall trend indicates a
consistent increase in BV /TV percentage across all groups over time.
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Figure 8. Micro-CT analysis of the quality of bone formation in mice implanted with HAA-based
bone grafts. Various qualities (a—f) of bone formation were assessed by micro-CT amongst the test
groups of mice consisting of the control HAA, MSC + HAA, and HEK + MSC + HAA groups on days
7,14, and 28 post-implantation. The qualities of bone formation explored are tissue volume (TV (a)),
bone volume (BV (b)), bone volume/tissue volume (BV/TV (c)), trabecular thickness [Tb.Th (d)),
trabecular number (Tb.N (e)), and trabecular separation (Tb.Sp (f)). Statistically significant differences
are marked as *, p < 0.05; **, p < 0.01, ***, p <0.001. Reprinted from Ref. [24].

In regard to trabecular thickness (Tb.Th), no statistically significant difference (p > 0.05)
was observed among the groups on either day 7 or day 14 of the study (Figure 8d). How-
ever, a notable trend emerged, showing an increase in Tb. Th measurements across the
three time points. Day 28 was the sole time point at which significant differences material-
ized (p = 0.0015). Further analysis utilizing Tukey’s multiple comparisons tests revealed
significant disparities, specifically between the HAA and HAA + MSC + HEK groups
(p =0.0015).

The analysis also showed changes in trabecular number (Tb. N, Figure 8e) and trabec-
ular separation (Tb.Sp, Figure 8f), wherein the Tb.Sp at day 28 exhibited contrasting results
to bone volume (Figure 8b). Specifically, the HAA group exhibited a significant difference
compared to the HAA + MSC + HEK group (p = 0.0034) and HAA + MSC group (p = 0.0017).
This disparity in Tb.Sp, which was inversely related to osteogenesis, reflects larger gaps
between trabeculae, indicative of lower-quality callus formation. These findings suggest
favourable osteogenic outcomes in the HAA + MSC + HEK group.

Based on the application of analytical software, HAA particles can be readily iden-
tified and distinguished in early-stage specimens using micro-CT. HAA particles appear
as discrete high-density granules, whereas osteogenesis is characterized by a continuous,
lower-density band-like region of newly formed bone. By integrating the results of Fig-
ure 8b,d, it can be concluded that the HAA + MSC + HEK group generated more bone tissue
and internal trabecular structures, indicating that this group exhibited superior overall
osteogenic capacity.
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3.6. Histological Observations

Masson—Goldner’s trichrome staining was used to assess the progress of osteogenesis
in the various experimental groups at different time points (Figure 9). Little difference was
observed among the HAA, HAA + MSC, and HAA + MSC + HEK groups on days 1 and
7. Notably, at these time points, voids could be seen at the scaffold implantation sites due
to the scaffold washing out during section staining, accompanied by mild tissue reactions
and cell aggregations, demonstrating similar patterns across the groups. However, by
days 14 and 28, all three groups showed cellular ingress at the scaffold sites, displaying
fibrous proliferation and new bone formation indicated by green staining. Increased
deposition of collagen fibres (indicated by green staining) by day 28 suggests a progression
in cellular differentiation or increased osteoblastic activity, despite the emergence of smaller
voids. Inter-group differences were notably manifested, with increased green staining and
reduced voids in the HAA + MSC and HAA + MSC + HEK groups compared to the control,
indicating less cellular ingress at the implantation sites in the control group compared to
the other two groups. as indicated by green arrows, corresponding to scaffold degradation
and resorption within the host tissue. In contrast, no prominent voids were observed in
the HAA + MSC and HAA + MSC + HEK groups at the same time points, as indicated by
the red and blue arrows, respectively. This indicates that implants in these groups were
more readily absorbed and that the scaffold area was increasingly occupied by host or
transplanted cells. Moreover, in the day 28 sections, the regions indicated by blue arrows
exhibited higher cellular density and more intense purple staining compared to those
marked by red arrows, indicating a greater extent of osteochondral tissue formation and
enhanced osteogenesis in the HAA + MSC + HEK group.

HAA HAA+MSC HAA+MSC+HEK
3 : 5 : A i 2

- =

Day 1

Day7

Day14

Day28 ¢

Figure 9. Analysing time-dependent osteogenesis by Masson—Goldner’s trichrome-staining. Masson-
Goldner’s trichrome staining of tibial scaffold grafts in three groups mentioned above on day 1, 7, 14,
and 28 following the implantation. Muscle fibres are stained in red, cell nuclei in a grey-blue hue,
and fibres and newly formed bone are highlighted in green. Scale bars (200 um) are shown in yellow
in each image. The length of the scale bar represents 200 um. Reprinted from Ref. [24].
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Toluidine Blue staining of tibial scaffold grafts revealed comparable osteogenic con-
ditions among the HAA, HAA + MSC, and HAA + MSC + HEK groups on days 1 and
7 (Figure 54). Similarly, unstained voids appeared at the implantation sites due to the
detachment of scaffold material during staining. We observed increased cellular ingress,
fibrous proliferation and heightened osteogenic activity in these areas, implying a greater
potential for subsequent new bone formation. Inter-group comparisons indicated that both
the HAA + MSC and HAA + MSC + HEK groups exhibited increased cellular ingress and
deeper bluish-purple staining in the later stages compared to the HAA group. Groups im-
planted with cell-processed material demonstrate enhanced cell attraction and phagocytic
absorption. Moreover, the increased presence of stimulated cells secreting fibrous tissue
suggested potential osteoblastic differentiation.

3.7. Expression of Osteogenic Markers: BMP-2 and BMP-7

The gene expression of osteogenic biomarkers Runx2 (Figure 10a), BMP-2 (Figure 10b)
and BMP-7 (Figure 10c) was analysed by RT-qPCR at days 7, 14, and 28 after implantation
HAA, HAA + MSC, and HAA + MSC + HEK (Figure 10). All three biomarkers, Runx2,
BMP-2, and BMP-7, exhibited consistent increases in expression, with the HAA + MSC +
HEK group displaying the highest expression of Runx2, BMP-2, and BMP-7 on day 28 of
the study. All three osteogenic biomarkers—RunX2, BMP-2, and BMP-7-showed highest
expression on day 28, correlating with the peak BV /TV (Figure 8c) and Tb.Th (Figure 8d)
observed in the HAA + MSC + HEK group acaot the time point.
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Figure 10. Analysis of the expression of the osteogenic markers: BMP-2 and BMP-7 in the implanted
tissues. Total RNA was isolated from the implanted region in the right tibia on days 7, 14, and 28 of
the post-implantations. The gene expression of Runx2 (a), BMP-2 (b), and BMP-7 (c) were analysed
via RT-qPCR. The expression values are normalized to the expression of the housekeeping gene
GAPDH. **** p < 0.0001. Reprinted from Ref. [24].

4. Discussion

In this study, we successfully prepared BMP-2/7-secreting HEK-293T cells after exoge-
nously expressing BMP-2/7 in them, which were co-cultured with human umbilical cord
matrix MSCs on HAA to form an in vitro engineered construct. After decellularization, this
construct was assessed both in vitro and in vivo to evaluate the osteogenesis capacity in
comparison with the HAA + MSC group and HAA control group. MSCs were transduced
with BMP-2/7 genes using the lentivirus method (Figure S1), but the resulting BMP2 or
BMP7 expression in the transduced MSCs was lower than anticipated (Figure S2). As
a result, HEK-293T cells were selected as an alternative expression platform. Micro-CT
results revealed that the overall trend indicated an increase in new bone formation in all
three groups as time progressed. In comparison to the HAA group, the HAA + MSC and
HAA + MSC + HEK groups exhibited a more abundant and denser bone formation sur-
rounding the implants (Figure 7), and these findings were further validated in subsequent
osteogenic gene expression and histology analysis. In the micro-CT analysis, the HAA
group served as a reference for evaluating the osteogenic capacity of a scaffold material
lacking both cells and active osteogenic factors. In similar experiments conducted by our
group, the sham group presented in the Emma’s study more clearly demonstrated that
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the absence of scaffold material leads to impaired bone defect healing [19]. The micro-CT
results further indicated that the presence of cell-active components in the experimental
groups contributed to enhanced bone regeneration outcomes.

Human allograft has long been recognized as the most suitable alternative for autolo-
gous bone graft substitutes. Allografts not only contain inorganic and organic bone matrix
but also growth factors, especially BMPs [29]. BMPs in bone tissue are not in their free form
but are stored in bone matrix and osteoid. They are released during bone turnover, where
the bone matrix is resorbed by osteoclasts; the BMPs are then released to act upon stem cells
to induce bone regeneration [29,30]. To use free-form recombinant human BMPs clinically,
very high doses are required [31]. To mitigate the need for such high doses, integrating
BMPs into the bone matrix to mimic an allograft is preferable. In this study, we aimed to
enhance MSCs to express BMPs and incorporate them into their extracellular matrix. Ade-
noviruses, retroviruses, lentiviruses and adeno-associated viruses (AAVs) are commonly
used as viral transduction of human MSCs [32]. They are highly efficient, but there are
concerns about the safety of integrating viral vectors and the potential immunogenicity of
viral antigens. [33] Nonviral delivery methods may offer a safer alternative to viral delivery,
but they are often associated with extremely low transfection efficiency and high toxicity,
which make them a less favourable technique for engineering MSC therapies [33-35].

Our findings have shown that human MSCs are particularly difficult to transfect
with plasmids encoding the genes for BMP-2/7. This is consistent with the existing lit-
erature where it has been reported that rAAV gene vector transfection of human bone
marrow stromal cells (hBMSCs), with transfection efficiencies reportedly ranging from
8% to 52% [34,35]. This is lower than the transfection efficiency observed in other cell
types using viral transfection methods [36]. To address this issue, HEK-293T cells were
selected as they are highly amenable to various transfection methods including chemical,
physical, and viral approaches. Their robust nature allows for an efficient uptake and
expression of exogenous DNA, RNA, or other molecules that could achieve more than 95%
transfection [37,38].

Throughout our experimental process, we noticed remarkably high efficiency of BMP-
2/7 gene transfection using HEK cells; ELISA analyses revealed that both BMP-2 and
BMP-7 were released into the culture medium. Thus, we hypothesized that by establishing
a co-culture of HEK-293T and MSCs, the BMP-2/7 expressed would be able to integrate
into the extracellular matrix. Consistent findings suggest that allografts are successful
bone graft substitutes [39,40]. Allografts could provide both organic and inorganic bone
matrix for host bone regeneration after implantation. The drawback of using allograft
clinically is their limited resource, as well as the potential of disease transmission and
allergic responses [41]. However, in comparison to transplant-engineered synthetic bioma-
terials with living stem cells which require strict regulatory control, it will be more practical
to mimic an allograft where no living cells are required. HEK-293T are an immortalised
cell line derived from human embryonic kidney tissue. HEK-293T is a sublineage of the
original HEK293 cell line, transfected with a plasmid carrying the SV40 T-antigen origin
of replication that can lead to large copy numbers of mRNA transcripts to produce large
quantities of recombinant proteins. The studies addressed the safety concerns associated
with HEK cells by employing decellularization or more advanced methods to remove
immunogenic antigens from HEK cells. This innovative approach requires further experi-
ments to validate its effectiveness, and determine potential genetic safety, and necessitates
longer-term experimental observations for confirmation and potential improvement.

Several vaccines employed in Europe and the United States during the COVID-19
pandemic were developed using genetically modified organisms (GMOs) derived from
HEK cells, suggesting that HEK cell-based GMOs may hold promise for broader clinical
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applications in the future [42]. Notably, the present animal study did not reveal any
significant interspecies immunological responses. Moreover, countries such as Japan and
members of the European Union have already established legal frameworks permitting the
clinical use of various GMO-based therapies [43].

This can be produced through the engineering of osteogenic stem cells on biodegrad-
able biomaterials, followed by decellularization to leave behind only the extracellular
matrix [15]. These biomaterials should be biodegradable and have a composition similar
to that found in natural bone [44]. In this context, HAA is a very suitable biomaterial to
produce artificial allografts [5]. By combining human umbilical cord matrix MSCs and HEK
BMP-2/7 transfected cells with HAA, an in vitro bone engineering construct was produced.
Following decellularization, the construct was tested non-toxic, containing BMP-2/7 at a
similar level as allograft, and promoted bone regeneration in the in vivo tests.

The decellularization process of allograft is well-established [45,46]. This method is
also extended to engineered bone, ligament, and tendon [47,48]. We applied a simple decel-
lularization process for this study with satisfactory results; however, further optimization
and refinement of methodologies may be employed for future studies and potential clinical
applications [49,50]. The decellularized allograft products were implanted on the surface of
the tibia of murine models without bone defects, this study aimed to demonstrate enhanced
osteogenesis rather than the effect of bone defect repair [51-53]. Evidence suggests that
there is a special type of osteogenic stem cells in the periosteum which can form new bone
rapidly [54,55]. Our results showed that osteogenesis was significantly enhanced in the
HAA + MSC + HEK group than in the HAA group when they were implanted on the
surface of the tibia. However, further studies using bone defect models and large animals
may be required.

The transfection methods require further refinement and optimization, ideally by
directly transfecting MSCs through improved plasmid design, exploring more efficient
promoters, and selecting cell lines with enhanced BMP expression levels [56]. Secondly,
reliance on small animal models like rodents poses challenges in directly translating results
to human scenarios. Employing moderately larger models in future studies could aid the
improvement of simulation accuracy. Finally, while scaffold granules offer enhanced cell
adhesion, they lack the spatial structures found in 3D-printed scaffolds [57,58]. Research
indicates that spatial structure influences bone cell behaviour, underscoring the need for
3D-printed scaffolds with controlled structures [59,60]. These advancements would better
align with clinical trial requirements and enhance translational potential.

In this study, we utilized a complex structure incorporating transfected HEK293T cells
to facilitate the sustained release of osteoinductive factors such as BMP-2/7. While the
initial gene delivery efficiency may be lower compared to the direct application of mes-
enchymal stromal cells (MSCs), the use of HEK293T cells offers several distinct advantages.
These include high reproducibility, human-like post-translational modifications, and the
ability to function as a controllable delivery system for therapeutic proteins. Additionally,
this approach allows for the generation of decellularized scaffolds containing bioactive
extracellular matrix components, thereby eliminating the need for living cells and reducing
associated immunogenic and regulatory concerns.

Although MSCs are widely recognized for their regenerative capacity, they are subject
to donor variability, differentiation uncertainty, and viability constraints. By contrast,
the HEK293T-based strategy, despite its relative complexity, enables a more standardized
and potentially better method for bioactive scaffold generation. Further optimization
of transfection efficiency and structural design is expected to enhance performance in
future applications.
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5. Conclusions

This study demonstrated that the integration of MSC and HEK cells expressing BMP-
2/7 with HA /CC scaffolds enhances osteogenesis, indicated by increased bone formation
and elevated osteogenic gene expression. Micro-CT and histological analyses confirmed
that BMP-2/7 expressing HEK cells significantly improved bone density and distribution.
The scaffold’s bioactive properties, combined with BMP-2 and BMP-7, enabled a reduced
BMP dosage while maintaining efficacy. Future studies should focus on evaluating the
scaffold performance in load-bearing or critical-size defect models, larger animal models,
and 3D-printed scaffolds to better simulate human applications for bone defect treatment.
Future studies should also focus on comparing HAA with other calcium phosphate-based
materials, such as 3-TCP, which would be useful in determining whether similar osteogenic
responses can be achieved across different material compositions.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/jfb16100361/s1; Figure S1: Analysing the expression of BMP-2
and BMP-7 by Confocal microscopy and flow cytometry in MSCs through lentiviral transduction.
MSCs were transduced with lentiviral particles carrying BMP-2/GFP or BMP-7/mCherry, which are
co-expressed by using the internal ribosome entry site (IRES) and a single promoter (EFlc). After
48 h, the fluorescent protein expression was visualised by Confocal microscopy (a,c) and quantified
by flow cytometry (b,d). (a,c), images of GFP (corresponding to BMP-2) and mCherry (corresponding
to BMP-7), respectively, the magnification is 20x. (b,d), The flow cytometry histogram showing
the percentage of MSCs that were successfully transfected by GFP (BMP-2) and mCherry (BMP-7),
respectively. The plots represent three independent experiments. Figure S2: Analysing the expression
of BMP-2/7 by ELISA in MSCs transfected with lentivirus carrying BMP-2 or BMP-7. The lysates of
MSCs transduced for 48 hours without (MSCs) or with BMP-2 (MSCs-BMP2 under CMV promoter or
MSCs-BMP2 under EF1« promoter) or BMP-7 (MSCs-BMP7 [CMV]/MSCs-BMP7 [EF1«]) lentiviral
particles were used in ELISA to assess BMP-2 (a) or BMP-7 (b) expression. Figure S3: Analysing the
secretion of BMP-2/7 in MSCs transduced with lentivirus carrying BMP-2 or BMP-7 by ELISA. The
cultured media of MSCs transduced for 48 hours without (MSCs) or with BMP-2 (MSCs-BMP2 [CMV])
or BMP-7 (MSCs-BMP7 [CMV]) lentiviral particles were used in ELISA to assess BMP-2 (a) or BMP-7
(b) secretion. Figure S4: Toluidine Blue staining of the implanted tibial scaffolds. Toluidine Blue
staining of osteogenesis at the tibial scaffold implantation sites in mice across different experimental
groups and time points. Chondrocytes and osteogenic cells appear bluish-purple against a pale blue
background. Scale bars (200 pm) are shown in yellow.
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