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Abstract

The clinical translation of bioactive scaffolds for the treatment of large segmental bone
defects remains a grand challenge. The gene-activated matrix (GAM) combining gene therapy
and tissue engineering scaffold offers a promising strategy for the restoration of structure and
function of damaged or dysfunctional tissues. Herein, we have developed a gene-activated
biomimetic composite scaffold consisting of an electrospun poly(e-caprolactone) (PCL) fiber
sheath and an alginate hydrogel core which carried plasmid DNA encoding bone morphogenetic
protein 2 (pBMP2) and vascular endothelial growth factor (pVEGF), respectively. A peptide-
modified polymeric nanocarrier with low cytotoxicity and high efficiency serves as the non-
viral DNA delivery vector. The obtained GAM allows spatiotemporal release of pVEGF and
pBMP2 and promotes osteogenic differentiation of pre-osteoblasts in vitro. In vivo evaluation
using a critical-sized segmental femoral defect model in rats shows that the dual gene delivery
system can significantly accelerate bone healing by activating angiogenesis and osteogenesis.
These findings demonstrate the effectiveness of the developed dual gene-activated core-sheath
structured fiber-hydrogel composite scaffold for critical-sized bone defect regeneration and the

potential of cell-free scaffold-based gene therapy for tissue engineering.



WILEY-VCH

1. Introduction

Large bone defects resulted from trauma, infection and tumor resection represent a
challenging clinical problem worldwide.'! Due to the severely short supply of autografts,
various tissue engineering strategies have been developed aiming to create artificial bone grafts
to satisfy the pressing clinical need. Active participation of biomolecules greatly contributes to
the progress of bone tissue engineering.””) Especially, combinational use of vascular endothelial
growth factor (VEGF), and bone morphologic protein 2 (BMP2) has been substantially
employed for bone regeneration. BMP2 plays a central role in bone formation due to its high
osteoinductive potential.®) VEGF can not only promote angiogenesis but also drive the
maturation of osteoblasts and cartilage osteogenesis, thereby accelerating bone regeneration.!
The synergistic effect of VEGF and BMP2 in enhancing osteogenesis has been demonstrated
in growth factor delivery-based studies.[** 3! However, their employment in gene delivery for

vascularized bone regeneration is still in the early stage and require in-depth investigation.

Instead of a direct addition of growth factors, gene delivery-based strategy allows the
production of BMP2 and VEGF by transfected cells via the manipulation of therapeutic genes,
plasmid encoding BMP2 (pBMP2) and VEGF (pVEGF). Growth factors are normally delivered
in high or repeated doses due to very short biological half-life, which not only increases the
cost, but also possibly results in some unwanted side effects, such as heterotopic ossification,
cancer risks, hypotension and edema.l’! By contrast, gene delivery can achieve long-term
efficacy by allowing local protein expression through target cells at the defect site and extended
protein production over time. Therapeutic genes can be incorporated in a three-dimensional
scaffold to develop gene-activated matrix (GAM) for controlled gene delivery in clinical
applications.[”! The GAM serves as a depot for genes and provides protection from extracellular
barriers, including attack from the immune system and degradation by serum nuclease or
proteases.®] Moreover, the GAM allows localized gene delivery to cells with minimal off-target

effects as host cells can be recruited to the bioactive scaffold.

As 1s known, tissue formation is a complicated cascade of events that involve a time-
dependent expression of multiple signaling factors at specific locations, namely obeying a
spatiotemporal pattern.””) During the normal bone growth process, for instance, VEGF
expression was exposed within the first week to induce angiogenesis while BMP2 acts within
a duration of several weeks to promote osteogenic differentiation.'”) Thus, spatiotemporal
delivery of multiple growth factors has been frequently investigated and demonstrated its

[10-11

benefit in promoting tissue regeneration. I Likewise, it is believed that spatiotemporal gene
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delivery from biological scaffolds can orchestrate controlled protein expression to manipulate
cell proliferation, differentiation, matrix synthesis, and final tissue repair.l'?) Therefore, the
design of GAMs should mimic the natural process as much as possible by obeying
spatiotemporally controlled gene release to achieve efficient tissue regeneration. However, only
a few examples exist for bioactive scaffolds enabling spatiotemporal delivery of multiple

genes.[!?]

In this study, we aim to develop a scaffold allowing spatiotemporal gene delivery of
pBMP2 and pVEGEF to promote vascularized bone regeneration. To achieve this, we combined
a unique cylindrical core-sheath structured fiber-hydrogel scaffold and gene-carrying
nanocomplexes to generate a bioactive GAM (Figure 1). Specifically, the scaffold consisted of
an electrospun poly(e-caprolactone) (PCL) fiber sheath and an alginate hydrogel core, which
incorporated pBMP2 and pVEGF, respectively. It is hypothesized that such a dual-gene
delivery scaffold could be used as a bone grafting implant substitute, providing a conducive
environment for new bone formation. The scaffold was systematically characterized to evaluate
its physical properties, gene release behavior, and in vifro osteogenesis capability. The in vivo
bone healing efficacy was evaluated using a critical-sized segmental femoral defect model in
rats. Our findings provide deep insight into the design and fabrication of GAMs that are
controllable, effective, and biocompatible, offering an effective therapeutic approach

specifcally for bone tissue engineering.
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Figure 1. Schematic illustration of the core-sheath structured fiber-hydrogel composite
scaffold carrying dual genes for critical-sized segmental bone defect repair. A PCL
electrospun fiber sheath was firstly prepared and modified with a polydopamine coating before
combining with the alginate hydrogel to form a composite scaffold. With well-defined
incorporation of pBMP2 and pVEGF, the developed GAM system was able to manipulate
spatiotemporal delivery of pVEGF and pBMP2 and to induce vascularized bone regeneration

in a rat femoral defect model.
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2. Results and discussion
2.1 Preparation and characterization of the core-sheath structured fiber-hydrogel GAM

Considering that tissue formation generally involves the time-dependent expression of
multiple signaling factors at specific locations,? it is of great significance to render a tissue
engineering scaffold to allow spatiotemporal growth factor delivery to bring maximum tissue
repairing effect.®™ % As an alternative indirect strategy to growth factor delivery, it is also
believed that gene delivery from scaffolds in a spatial and temporal manner can orchestrate
controlled protein expression to manipulate cell proliferation, differentiation, matrix synthesis,
and final tissue repair. In our study, spatiotemporal gene delivery was achieved within a fiber-
hydrogel scaffold with a unique core-sheath structure (Figure 1). Specifically, the scaffold
consisted of an electrospun PCL fiber sheath and an alginate hydrogel core. A polymeric non-
viral vector with high transfection efficiency and low cytotoxicity, poly (D, L-lactic-co-glycolic
acid)/polyethylenimine (PLGA/PEI) modified with the cell-penetrating peptide KALA
(PP@KALA), which was developed previously in our group,!'* was used as the gene carrier.
To achieve spatiotemporal gene delivery within the fiber-hydrogel composite scaffold, the
PP@KALA nanocomplexes carrying pVEGF (PP@KALA-pVEGF) were physically
encapsulated in the alginate hydrogel core, which can induce the fast release of pVEGF, while
PP@KALA nanocomplexes carrying pPBMP2 (PP@KALA-pBMP2) were immobilized to the
electrospun polydopamine (PDA)-coated PCL fiber sheath, which can allow a slower release
of pBMP2. With combined advantages, fiber-hydrogel composite scaffolds have gained their
popularity in biomedical applications, particularly in drug delivery, which were commonly
fabricated through a layer-by-layer stack of fiber mats and hydrogel layers or incorporation of
small fragments of fiber mats into hydrogel.'>] However, to our knowledge, the present study
is the first report in developing a cylindrical fiber-hydrogel composite scaffold for pDNA
delivery.

Figure 2A showed the morphology of the electrospun PCL fiber sheath with ® = 3 mm.
The inset cross-sectional image indicated that the thickness of the fibrous wall was
approximately 200-300 um. After treated with NaOH, the water contact angle of the PCL fibers
significantly decreased from 133.9° to 81.6° (Supplementary Figure S1), implying enhanced
hydrophilicity. A functional PDA coating layer was attached to the fiber surface followed by
the immobilization of PP@KALA-pBMP2 nanoparticles. Figure 2B demonstrated that a large
number of nanoparticles were successfully immobilized and uniformly distributed on the

surface of PDA-coated PCL fibers. When the fiber sheath was integrated with the hydrogel core
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to form a composite scaffold (Supplementary Figure S2), a seamless interface between the
hydrogel and the fibers after freeze-drying was observed (Figure 2C), which indicated that these
two components with different nature could be combined into one integrated scaffold. The
cross-sectional microscopic image at the fiber-hydrogel interface was shown in Figure 2D. It is
observed that the hydrogels partially infiltrated into the fiber network, resulting in a continuous,
integrated transition zone. Due to the dehydration process during sample preparation, the PCL
fibers were wrapped by the collapsed hydrogel, forming a core-sheath fiber architecture with
the increased fiber diameter (Figure 2D). Although this unique fiber architecture only appeared
after freeze-drying, the results demonstrated that the hydrogel was mechanically interlocked by
the porous and hydrophilic fiber network, suggesting successful fabrication of the core-sheath
structured fiber-hydrogel composite scaffold. Regarding mechanical strength of the composite
scaffold, it is the fiber sheath that made main contribution to a compressive strength of ~ 80
kPa while the hydrogel core could prevent the scaffold from large deformation or even collapse
under stress (Supplementary Figure S5). With the incorporation of plasmids, the fluorescent
image demonstrated the distribution of the plasmids both in the fiber sheath and hydrogel core
of the 3D GAM (Supplementary Figure 2).

The fiber-hydrogel GAM, which carried pVEGF in the hydrogel core and pBMP2 on the
PDA-coated fiber sheath, was expected to result in sequential gene delivery. Figure 2E showed
the gene release profile of pPBMP2 and pVEGF. The release of pVEGF showed an evident initial
burst within 3 days and reached a plateau around day 7, showing that physical encapsulation of
pVEGTF in the hydrogel core led to very fast release due to fast diffusion of the DNA molecules
and disintegration of alginate hydrogel. By contrast, pBMP2 was released at a slower rate
without an obvious initial burst release. In fact, pPBMP2 was released in a nearly zero-order
manner in the first 96 hours (inset of Figure 2E). A sustained release of pPBMP2 from the PDA-
coated fibers for more than 21 days was observed before reaching a final plateau phase. It is
presumed that there could be electrostatic interactions between negatively charged PDA and
positively charged nanocomplexes, '®! as well as Michael addition reaction between o-quinones
of PDA and amine and/or thiol groups of PEI and KALA in the nanocomplexes.!!”) The resulted
sequential gene release was expected to lead to a sequential protein production of VEGF and
BMP2 in target cells, which is consistent with the temporal pattern of protein expression in

natural bone formation.!'®]
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Figure 2. Characterization of the core-sheath structured fiber-hydrogel scaffold enabling
spatiotemporal gene delivery. (A)—(D) are the SEM images of a PCL electrospun fiber sheath,
PDA-coated fibers carrying PP@KALA-pBMP2 nanoparticles, the cross-section of fiber-
hydrogel composite scaffold, and the cross section of PCL fibers with an inset of a single fiber
in the composite scaffold, respectively. (E) The release kinetics of pPBMP2 (blue triangles) and
pVEGF (red circles) incorporated in the composite scaffold.

2.2 Transfection efficiency and cytotoxicity of PP@KALA

When it comes to gene delivery, an efficient delivery vehicle with minimal cytotoxicity is a
primary requirement. In addition to various excellent cationic polymers, inlcuding poly (B-
amino esters) (PBAEs),'” poly (amidoamine) (PAMAM),?® and chitosan,?!
composites/hybrids of different materials, for instance, peptide-modified polymeric carriers,
have shown their potential due to combined advantages and all-sided performance in gene

therapy.

In this study, we used a peptide-modified polymeric non-viral vector, PP@KALA, previously
developed by our group,'! which has an average particle size of ~ 200 nm, uniform
morphology, and good biocompatibility and biodegradability. To evaluate the transfection
efficiency of PP@KALA to treat MC3T3-E1 pre-osteoblasts, luciferase expression levels were
quantitatively determined (Figure 3A). Similar levels of luciferase expression were observed
in PP@KALA and PEI groups in the first two days. Peak levels were achieved at day 3 for both
groups, but PP@KALA exhibited a slightly higher level. At day 5, the luciferase expression in
PP@KALA group showed ~ 2.5 times higher than that of PEI group. Consistently, flow
cytometery analysis (Supplementary Figure S4) demonstrated higher efficiency of PP@KALA
than PEI, which is generally considered as a gold standard of transfection agent yielding high

transfection efficiency in most cell lines,?*! suggesting the enhanced transfection efficiency and
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more sustainable transfection capacity of PP@KALA. Notably, the transfection was carried out
in serum-containing media. Many commercial gene vectors (e.g., liposomes) have higher
efficiency in serum-free media, which cannot be replicated in vivo.[*! As PP@KALA showed

excellent serum stability, the translational potential of this vector is more compelling.

The cytotoxicity of PP@KALA was investigated by CCK-8 assay. The results in Figure
3B suggested cells in all groups had a steady proliferation. However, the viability of PEI-
transfected cells decreased at day 5 compared to the untransfected cells (blank), while
PP@KALA group exhibited even higher cell viability than the blank, demonstrating the
superior biocompatibility of PP@KALA. It is probably due to the favorable effect of KALA
peptide, which has exhibited the capability to enhance cell proliferation.**! In the results of
GFP expression (Figure 3C), it was found that the two gene carriers showed obviously different
effect on the morphology and intracellular fluorescence distribution of transfected MC3T3-Els.
GFP-positive cells in PP@KALA group showed elongated and well-spread morphology,
whereas the PEI-transfected cells were in round or even abnormal shapes and many sand-like
GFP spots were observed. Previous reports have demonstrated that PEI-associated cytotoxicity
might derive from plasma-membrane destabilization and cellular organelles damage, which

would then cause cell shrinkage, inhibited mitosis and vacuolization of the cytoplasm.!*’!

For further observation of cell morphology, immunofluorescence staining was performed.
Figure 3D revealed that MC3T3-E1 cells treated by PP@KALA exhibited a typical spindle or
polygonal morphology with well-developed F-actin stress fibers and intensely stained focal
adhesions. Instead, PEl-treated cells appeared much smaller with minimal spreading
morphology and less organized F-actin fibers and focal adhesions. Semi-quantitative analysis
of cell morphology revealed that the average surface area of cells transfected by PP@KALA
was approximately 7-fold larger than that of PEI-treated cells and the average cell aspect ratio
was 2-fold higher at day 1 and day 3 post-transfection (Figure 3E-F). It was possibly because
the positively charged surface of PP@KALA nanocomplexes could enhance actin
polymerization ?%! and KALA peptide, a cell-penetrating peptide, has a major impact on

(245, 27) The first contacts between the cell-penetrating

membrane fluidity and internalization.
peptide and the cell surface take place through electrostatic binding with cell surface
proteoglycans GlucosAminoGlycan (GAG) platform, followed by actin remodeling and a
selective activation of Rho GTPases, which comprise a family of molecular switches that
control signaling pathways.[*® Thereafter, the ‘onset’ of internalization of peptide carriers was

triggered.”’®! The immunostaining results are consistent with the cytotoxicity study and GFP
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expression analysis, demonstrating that PP@KALA with outstanding cell compatibility and

enhanced transfection efficiency could be a superior gene carrier for osteoblasts.
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Figure 3. Transfection of MC3T3-E1 cells with PP@KALA nanocomplexes. (A) Luciferase
expression. (B) Cell viability and proliferation. (C) GFP expression. (D) Immunofluorescent
staining for vinculin (green), F-actin (red), nuclei (blue) at day 1 and day 3 post-transfection.
(E) Cell surface area and (F) cell aspect ratio of the transfected cells measured based on images
of (D). The data were plotted with mean + standard deviation (n = 50). *p <0.05, **p <0.01,
and ***p <0.001.

2.3 Therapeutic gene delivery of pPBMP2 and pVEGF by PP@KALA

To stimulate osteogenic potential, MC3T3-E1 cells were transfected by PP@KALA
nanocomplexes carrying pBMP2 and pVEGF either individually or in combination
(PP@KALA-pDual). The results (Figure 4A-B) showed that BMP2 and VEGF were secreted
from transfected MC3T3-E1 cells for a sustained period of more than 7 days in both PP@KALA
and PEI groups. Higher protein levels at day 3 than that at day 7 post-transfection indicated that
PP@KALA-induced transfection led to fast transcription and translation. Encouragingly,
higher levels of protein expression were produced by PP@KALA-treated cells than PEI-treated
cells, demonstrating that PP@KALA-induced transfection could give rise to the effective

production of target proteins.
10
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To evaluate the functionality of BMP2 and VEGF produced by transfected cells in
promoting osteogenic differentiation, the alkaline phosphatase (ALP) activity and gene
expression of osteogenesis-related markers were characterized. Figure 4C revealed that all
groups showed increased ALP activity from day 7 to day 14. Cells transfected by PP@KALA
exhibited higher ALP levels than PEI-treated cells in the case of single gene delivery. For dual-
gene delivery, no significant differences were shown between PP@KALA and PEI groups. In
addition, it was observed that delivering pPBMP2 led to the highest levels of ALP activity,
possibly indicating that transgene expression of BMP2 was a major contributor to enhanced

ALP activity of transfected MC3T3-E1 cells.

Gene expression levels of three osteogenic markers in transfected cells, including runt-
related transcription factor 2 (Runx2), osteocalcin (OCN), and osteopontin (OPN), were
assessed by real-time quantitative reverse transcription-polymerase chain reaction (RT-qPCR)
(Figure 4D). At day 14, expression levels of all three markers in PP@KALA-treated cells,
particularly Runx2 and OCN genes, were significantly up-regulated compared with PEI-treated
cells. It is noted that the combinational delivery of pBMP2 and pVEGF did not exhibit
superiority over single delivery of pBMP2. The main reason might be associated with the
difference in pPBMP2 dosage used in transfection, which can affect the protein production
profiles and related signaling pathways. For pDual group, only a half dose of pBMP2 was
delivered relative to single gene transfection, to keep a constant total pDNA dosage. As a key
regulator in osteogenesis, BMP2 induced osteogenic differentiation effectively and directly. For
another, some studies have demonstrated that synergistic effect of BMP2 and VEGF is not

1291 In addition, the outcome can be

always at work unless with appropriate BMP2/VEGF ratios.
different when pBMP2 and pVEGF are sequentially delivered rather than simultaneously
delivered into the target cells. Nevertheless, the results identified the potential of PP@KALA
for therapeutic delivery of pPBMP2 and pVEGF to osteoblasts in a highly efficient and safe

manner to promote osteogenesis in vitro.

11



WILEY-VCH

BN PP@KALA-pBMP2

m=pogranpenr: B meearanpest G 1201 1 PP@KALA-pYEGF

>

= PP@KALA-pDual B PP@KALA-pDual
2000 5 m peﬁvsepp B PP@KALA-pDual —x*
100+ = PEI-pBMP2

B9 PEI-pVEGF x *
B8 PEI-pDual —

150090 = PEI-pBMP2

B3 pPE|-pDual E¥ PE|-pDual

@
=]
1

* %

B
o
1

BMP-2 Expression (pg/ml)
VEGF Expression (pg/ml)
2
s
ALP activity (U/gprot)
a
(=]

1

N
=]
1

Day 3 Day 7

o
I

D * %
%
—_ * %k
1.5 [
k%
@ 0.8
o =) @
£ 1.0 o
N5 z & £ 46
x = oS ot o
- o zc
2 o =] a o e
x T ° O T 0.4- e
o i 0.5 e ) B
bl ey e e
|-'=| o 0.2 !
. = 0.0- £ 0.0-
U o A DR TN 1 N LIS S b ok M b ok D
A P g PRI S S L g
N & 2 & £ R © Q 1 R
EAE e W AR e W e W &% oF e S O OV
N {_P'\'P *?V <& & < “-P\.. ‘é}\, & < ??’ Q *.P*\'P. “3&? {y,\» QQ q?a <Q
Q?@ Qq@ ??© ?q@ ?Q@ Q‘?@ Q?@ ?9@ Q?@

Figure 4. Therapeutic gene delivery of pBMP2 and pVEGF by PP@KALA
nanocomplexes. (A) BMP2 and (B) VEGF protein expression of the transfected cells at day 3
and day 7 post-transfection. (C) ALP activity at day 7 and day 14 post-transfection. (D) mRNA
expression of representative osteogenic genes, Runx2, OCN, and OPN, expressed by the
transfected cells at day 14 post-transfection. The data were plotted with mean + standard

deviation (1 = 3). *p <0.05, **p <0.01, and ***p <0.001.

2.4 In vitro evaluation of the dual gene-activated matrix to promote osteogenic

differentiation

To assess if the GAMs were capable to promote osteogenesis in vitro, calcium deposition
and osteogenic gene expression were characterized. Calcium deposition is an indicator of
osteogenic differentiation in the later stage, which could be visualized by alizarin red S staining.
Four groups of scaffolds were prepared in this study: gene-free PCL/alginate scaffolds (P/A),
PCL/alginate scaffolds with the core carrying pVEGF (P/A-pVEGF), PCL/alginate scaffolds
with the sheath carrying pBMP2 (P/A-pBMP2), and PCL/alginate scaffolds carrying dual genes
of pVEGF and pBMP2 (P/A-pDual).

The optical images of the stained scaffolds (Figure 5A) and related semi-quantitative
analysis (Figure 5B) revealed that the MC3T3-E1 cells cultured on the gene-activated scaffolds
produced more calcium nodules than those on gene-free scaffolds. Especially, P/A-pDual

induced the highest level of calcium deposition. Interestingly, P/A-pVEGF showed a higher
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level of calcium deposition than the P/A-pBMP2, possibly suggesting that VEGF signaling

plays an essential role in promoting the maturation and mineral production of osteoblasts.*!

Osteogenic differentiation was further evaluated by the mRNA expression of specific
osteogenic markers and the angiogenic marker (Figure 5C). At day 7, significantly upregulated
levels of ALP and VEGF in P/A-pDual group were observed, demonstrating the effect of dual
gene delivery to stimulate early osteogenic differentiation and angiogenesis. Overall, increased
gene expression levels were detected at day 14. A significant increase in Runx2 expression was
observed in P/A-pBMP2 and P/A-pDual group, indicating that the incorporation of pBMP2
could be a major contributor to enhanced gene expression of Runx2, which is the earliest
transcriptional regulator responsible for bone formation. Concerning the VEGF gene expression,
obviously up-regulated levels were obtained in P/A-pVEGF group (~ 6 fold) and P/A-pDual
group (~ 3.5 fold) at day 14. It should be noted that VEGF mRNA expression in this assessment
can be derived from exogenous transgene expression induced by the GAM as well as
endogenous secretion from osteoblasts. Collectively, the results of the expression profiles of all
six genes at day 7 and day 14 indicated that P/A-pDual had a superior capacity to stimulate
osteogenic differentiation of MC3T3-E1 cells in vitro. Interestingly, dual gene delivery
exhibited its advantages over single delivery in P/A scaffold-based 3D system rather than
PP@KALA-based 2D system, which can be attributed to the spatiotemporal release pattern and
larger surface area for cell growth provided by the scaffold. More specifically, pVEGF and
pBMP2 were simultaneously delivered into osteoblasts when cells were treated by PP@KALA
nanocomplexes, whereas they were sequentially delivered into cells cultured in P/A-pDual
scaffold, resulting in a protein expression manner in accordance with the native bone growth
process. In addition, compared with the very limited surface in 2D monolayer culture, the 3D
scaffold provided much a larger surface area for cell growth, which gave rise to prolonged

transgene expression and thus better osteogenesis capability.
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Figure 5. In vitro osteogenesis capability of the dual gene-activated scaffold. (A) Alizarin
red staining for assessing calcium deposition on P/A, P/A-pBMP2, P/A-pVEGF and P/A-pDual
scaffolds at day 7. (B) Semi-quantitative analysis for calcium deposition. (C) mRNA expression
of ALP, Runx2, COL1, OCN, OPN and VEGF markers in cells cultured on various scaffolds.
The data were plotted with mean + standard deviation (n = 3). *p <0.05, **p<0.01, and
**%p <0.001.

2.5 In vivo evaluation of the dual gene-activated scaffold to accelerate critical-sized bone

regeneration

Due to the great capacity of manipulating spatiotemporal release of pVEGF and pBMP,
and the effectiveness to stimulate target genes expression in vitro, P/A-pDual was taken forward
for in vivo implantation. The assessment of in vivo transgene expression was performed
(Supplementary Figure S6). It is found that a large number of endogenous cells readily either
adhere to or infiltrate throughout the implanted scaffold. The PP@KALA nanocomplexes
carrying cyS-tagged pDNA are observed within the scaffold, revealing that the scaffold is

14
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retaining the plasmid at the defect site. The presence of GFP positive cells demonstrates that

host cells can be transfected in vivo.

Thereafter, the gene-delivering scaffold’s potential of clinical translation was evaluated
in a segmental femoral defect rat model (Figure 6A). It is a challenging model due to the large
defect volume and the poor self-healing capacity, but provides persuasive findings for in vivo
evaluation of bone repair.!! Blank group (defect models without scaffold implantation) and
P/A group (gene-free scaffolds) were used as control for comparison. After 8 weeks of
implantation, the specimens were analyzed using uCT. Representative images of 3D
reconstruction and 2D sagittal-view cross-sections (Figure 6B) clearly showed that minimal
bone repair was observed in the blank defect which had a critical size of 5 mm, while in P/A
group, a small amount of new bone was formed. By contrast, manifest bone healing was
observed in the P/A-pDual group. Particularly, the defect was successfully bridged at cortical
bone layer. The quantitative analysis of BV/TV showed that there was no significant difference
between the blank and P/A group. However, the implantation of P/A-pDual led to a significantly
higher level of new bone volume than the other two groups (~ 7-fold higher than blank, ~ 4-
fold higher than P/A, ***p <0.001) (Figure 6C). The results of BMD analysis further confirmed
the capacity of P/A-pDual for accelerated new bone formation, which agrees with the BV/TV
data.

Histological analysis by Hematoxylin and eosin (H&E) staining was performed to assess
bone regeneration. Representative images captured at the end and the central region of defect
sites were shown in Figure 7. After 4 weeks, newly formed bone along the defect end was
observed in scaffold-implanted groups. In P/A group, new bone tissue was only formed at the
peripheral region of native bone fracture. The central area of defect was mainly filled with
fibrous tissue, showing the limited capacity of gene-free scaffolds to induce new bone formation.
In P/A-pDual group, a larger amount of newly formed woven bone was observed both at the
end and central region. The light pink color suggested the immaturity of regenerated bone at
defect site. Encouragingly, many blood vessels surrounding the new bone were observed in
P/A-pDual group, which could probably further promote bone remodeling. After 8 weeks, good
continuity between the newly formed bone and host bone was achieved in P/A group and P/A-
pDual group. Especially, P/A-pDual group displayed better osteointegration at the defect end
and allowed reconstitution of marrow cavity around the bridged bone. Nevertheless, the higher
magnification images in the central region of defect clearly revealed different bone regeneration

outcomes in scaffold-implanted groups. Only a small number of in-situ formed bone islands,
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which were immature and unmineralized (light pink), were populated with fibrous tissue in P/A
group. P/A-pDual group demonstrated a significantly larger amount of lamellar bone, which
was mature and mineralized (dark pink). On the contrary, defect remained unhealed in the blank

group, but was only filled with fibrous tissue and sporadically distributed bone islands.

Masson’s trichrome (MTC) staining was performed to further evaluate regenerated bone
tissue at the central regions of defect site (Figure 7). After 4 weeks, almost no new bone tissue
was formed in the blank group. By contrast, a visible amount of red calcified bone tissue was
found in P/A-pDual group. Abundant new collagen fiber bundles, evidently distributed
osteocytes and blood vessels were also observed, indicating that bone regeneration was
progressing well. After 8§ weeks, the amount of newly formed bone increased in all groups.
However, only a limited amount of new bone tissue was observed in the blank group, suggesting
alow level of bone healing. In P/A-pDual group, thick and organized collagen fibers and a large
amount of red-stained bone tissue was observed, indicating the calcification and maturation of
new bone. Haversian canals were observed in the lamellar bone. Osteocytes were embedded in
lacunae and osteoblasts were lined along the bone surface, demonstrating an active metabolic
activity at the regenerated tissue site. In addition, bone marrow was reconstituted around the

bridged bone (Supplementary Figure S7), suggesting the later stage of bone remodeling.

To further study the therapeutic effect of the dual-gene delivery scaffold and provide more
detailed information for the in vivo bone regeneration, immunofluorescence staining was
performed to analyze the expression of angiogenic marker (alpha smooth muscle Actin (o-
SMA)) and osteogenic markers (Collagen Type I (COL1) and OCN) (Figure 8). a-SMA,
expressed in the smooth muscle cells of vessels around endothelial cells, was utilized to locate
newly formed blood vessels. P/A-pDual group showed the highest positive expression level of
a-SMA among all the groups, implying the angiogenic effect of pVEGF delivery. Moreover, it
was found that blood vessels formed in P/A-pDual group were small and in round shape with a
thick vascular wall, indicating a high maturity. By contrast, blood vessels formed in blank and
P/A group tended to show an elliptical shape with a thin vascular wall, indicating a relatively
low maturity. The results were in accordance with those obtained from in vitro analysis,
indicating that the dual-gene delivery scaffold induced a lasting pro-angiogenic effect through
controlled release of pVEGF during the bone healing process. For osteogenic markers, P/A-
pDual group showed the highest expression levels when compared with the other two groups.
OCN serves as a later osteogenic maker regulating bone mineralization. It was observed that

OCN protein was abundantly distributed in P/A-pDual implanted defect, while showing much
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lower levels in the blank and P/A group. Likewise, blank and P/A groups showed poor COLI
expression, whereas P/A-pDual implanted defect exhibited evidently distributed COLI1 in a
well-organized and oriented manner, indicating a higher degree of mineralization. These
immunofluorescence staining results were in accordance with the uCT and histological analysis,
showing that the spatiotemporal delivery of pBMP2 and pVEGF by P/A-pDual significantly

promoted angiogenesis and osteogenesis, thus finally led to accelerated bone healing.

Despite the promising findings, there are potential limitations with the present study. Since
the ratio of VEGF to BMP2 can affect bone remodeling,”?®! how to precisely control the
expression of growth factors via well-defined release of incorporated genes in terms of the
timeline and amount may still be a challenge and would need further in-depth investigation. In
addition, future studies should be directed to explore the mechanism of gene manipulation
involving multiple cell types (such as bone marrow stem cells, endothelial cells, osteoclasts and

fibroblasts) in the complicated in vivo environment to promote clinical translation.
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Figure 6. (A) Schematic illustration of the critical-size femoral segmental defect model. The 5-
mm defects were treated with none (blank), gene-free scaffold (P/A) and dual gene-activated
scaffold (P/A-pDual). Scale bar, 2 mm. (B) Representative pCT images of 3D reconstruction
and 2D sagittal-view cross sections of bone repair after 8 weeks of implantation. (C)
Quantitative pCT analysis of new bone volume to tissue volume ratios (BV/TV) and BMD.
Scale bar =5 mm. The data were plotted with mean + standard deviation (n = 3). *p <0.05 and

%5 < 0,001
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Figure 7. Histological analysis of bone repair after 4 weeks and 8 weeks of implantation by
H&E staining and MTC staining. HB: host bone; NB: new bone; MB: mature bone; MC:
marrow cavity; L: lamellar; V: vessel; white circles: osteocytes; white arrows: Haversian canal.
The dotted square marked the location of bone defect end. The black and green scale bars are

200 pm and 50 um, respectively.
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Figure 8. (A) Immunofluorescence staining images of the tissue sections, showing the
expression of angiogenic marker a-SMA, and osteogenic markers, OCN and COLI in the
defect area. The nuclei were stained with DAPI. Scale bar, 100 um. (B) Semi-quantitative
analysis of the protein expression using ImageJ. The data were plotted with mean + standard

deviation (n = 3). *»<0.05, **» <0.01, and ***p <0.001.
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3. Conclusions

The objective of this study was to develop a bioactive fiber-hydrogel composite scaffold
to enable spatiotemporally defined gene delivery for vascularized bone regeneration. An
efficient non-viral vector, PP@KALA, was developed, which not only promoted proliferation
and spreading of pre-osteoblasts, but also induced effective growth factor production via the
manipulation of therapeutic genes, pPBMP2 and pVEGF. A biomimetic composite scaffold
consisting of an alginate hydrogel core and an electrospun PCL fiber sheath was fabricated.
pVEGF and pBMP2 were incorporated into the core and sheath respectively and released from
the scaffold in a sequential manner. The dual gene-activated core-sheath structured composite
scaffold could promote osteogenesis in vitro, evidenced by increased calcium deposition and
osteogenic gene expression, and enhance bone regeneration in a critical-sized segmental
femoral defect model. The present spatiotemporal gene delivery scaffold should be a promising

candidate as a bone graft for large bone defect treatment.

Experimental Section

Experimental details are provided in the Supporting Information.
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Short summary:

A dual gene-activated biomimetic composite scaffold consisting of an electrospun poly(e-
caprolactone) (PCL) fiber sheath carrying plasmid DNA encoding bone morphogenetic protein
2 (pBMP2) and an alginate hydrogel core carrying plasmid DNA encoding vascular endothelial
growth factor (pVEGF) was developed to enable spatiotemporally defined gene delivery for

critical-sized segmental bone defect regeneration.
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