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Abstract

Large bone defects are usually managed by replacing lost bone with non-biological prostheses or
with bone grafts that come from the patient or a donor. Bone tissue engineering, as a field, offers
the potential to regenerate bone within these large defects without the need for grafts or
prosthetics. Such therapies could provide improved long- and short-term outcomes in patients with
critical-sized bone defects. Bone tissue engineering has long relied on the administration of growth
factors in protein form to stimulate bone regeneration, though clinical applications have shown
that using such proteins as therapeutics can lead to concerning off-target effects due to the large
amounts required for prolonged therapeutic action. Gene-based therapies offer an alternative to
protein-based therapeutics where the genetic material encoding the desired protein is used and thus
loading large doses of protein into the scaffolds is avoided. Gene- and RNAi-activated scaffolds
are tissue engineering devices loaded with nucleic acids aimed at promoting local tissue repair. A
variety of different approaches to formulating gene- and RNAi-activated scaffolds for bone tissue
engineering have been explored, and include the activation of scaffolds with plasmid DNA,
viruses, RNA transcripts, or interfering RNAs. This review will discuss recent progress in the field
of bone tissue engineering, with specific focus on the different approaches employed by
researchers to implement gene-activated scaffolds as a means of facilitating bone tissue repair.

1. Bone Tissue Engineering

A variety of traumas and conditions can lead to situations in which large sections of bone
tissue are absent, including high energy traumas, bone cancer tumor resection, congenital
malformation, and debridement of infected bone tissuel=3. Bone tissue has the ability to heal
itself naturally, however, the natural healing mechanisms can be insufficient if the defect is
too large (generally = 2.5 cm)?. Such defects that are not expected to heal over the remainder
of the patient’s lifetime are termed “critical-sized defects”, and are typically treated with an
autograft, allograft, or a non-biological implant*. Current strategies for regeneration of
bone are limited to grafts or non-biological prostheses, and while these approaches can be
successful for both congenital defects and injuries, they can also have drawbacks such as
limited autograft volume, risk of disease transmission (allografts), risk of immune reaction
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(allografts), and long-term implant failure®8. Bone tissue engineering aims to match the
therapeutic efficacy of autografts while not being limited by graft availability constraints
and, when compared to allografts, also avoids the risks of rejection and disease
transmission’. The goal is to create a therapeutic that can: replace the lost tissue in the
defect; grow and change within pediatric patients; and does not require a secondary surgery
site for donor bone collection (as is the case for autografts)8:°.

Although research groups have attempted a myriad of methods aimed at bone tissue
regeneration, there are some common themes within this body of work. Collagen scaffolds
are very popular within the bone tissue engineering field and have been loaded with a variety
of additives, drugs, and proteins to enhance bone tissue formation1%-12, Collagen is a highly
biocompatible biopolymer that is naturally produced by cells, can support cell growth, and
can degrade through natural mechanisms, as reviewed elsewherel3. Scaffolds made from
collagen can take the form of hydrogels!4, porous sponges!®, and even 3D printed
constructs'8. Collagen is also a primary component of native bone tissue, and as such is able
to provide a basis for the regeneration of new bone tissue when added as a scaffoldl’. Other
commonly used materials include those derived from calcium phosphate (CaP), which can
be used both as the base material of a scaffold or as an additive to scaffolds primarily
comprised of other materials819. CaP-based materials can vary both in their stoichiometric
ratio of calcium to phosphate and in their conformational structure, creating different
mineral phases that have different physical properties?%. Some prevalent CaP-based
materials found in bone tissue engineering scaffolds include tri-calcium phosphate,
hydroxyapatite (HA), and octacalcium phosphate (OCP)21. CaP-based materials are of
particular interest for bone tissue engineering applications because the presence of CaP in
biomaterial scaffolds has been shown to stimulate osteogenic differentiation in mesenchymal
stem cells (MSCs), a property that could promote healing within a bone defect?2. Fabricating
scaffolds that mimic the natural bone environment by incorporating both collagen and CaP-
based materials is a common strategy, with the goal being to create an osteogenic
environment that enhances bone regeneration?3. While the material properties of scaffolds
are important in bone tissue engineering, growth factor additives have also been used to
further enhance their bone regenerative potential.

2. Gene-Based Therapies as Alternatives to Protein Therapy

The loading of scaffolds with therapeutic proteins is a common and effective approach to
promoting bone tissue repair. Growth factors such as fibroblast growth factors (FGFs),
platelet-derived growth factor (PDGF), bone morphogenetic proteins (BMPs), and vascular
endothelial growth factor (VEGF) all play roles in the natural healing of bone24-27. To date,
BMPs are the most commonly used proteins in bone tissue engineering due to their
demonstrated ability to induce bone regeneration and vascularization within bone defects
(signalling pathway shown in Figure 128), though VEGF, PDGF and FGFs are also
commonly explored’-24:29-32_ Combinations of BMPs, VEGF, and FGFs have also been
shown to enhance osteogenic differentiation synergistically33-36. However, due to the
continual dilution and degradation of therapeutic protein released from scaffolds after
implantation, large doses of these proteins are required to prolong their therapeutic effect3”.
These supraphysiological doses have been found to cause off-target effects, including
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inflammation, potentially increased malignancy risk, and ectopic bone formation in regions
adjacent to the desired site of bone regeneration38-43. Gene-based therapies that induce
expression of therapeutic proteins offer the ability to still exploit the therapeutic action of
proteins while precluding the necessity for supraphysiological doses due to the protein being
produced by locally transduced/transfected cells*4. Alternatively, using RNA interference
(RNAI) can induce similar pro-osteogenic effects to those of protein therapies through the
modification of gene expression?®.

The two main subcategories of gene therapy are viral gene therapy and non-viral gene
therapy. Viral gene therapy often entails the transduction of cells using attenuated viruses
encoding a desired protein (usually a growth factor). Although viral-mediated transduction is
an efficient process, clinical translation has been limited due to the risk of immune reaction
to the virus and the risk of insertional mutagenesis*®. Non-viral gene therapy uses other
(non-viral) vectors and cell-penetrating techniques to transfect cells that avoid the concerns
of insertional mutagenesis and immune reaction, however, they instead have the drawbacks
of often being cytotoxic and exhibiting poorer transgene expression compared to viruses®’.

Combining gene-based therapies with tissue engineering scaffolds often takes the form of
either (1) loading scaffolds with transfection/transduction vectors (termed gene- and RNA.-
activated scaffolds) that aim to transfect/transduce host cells 77 s/t upon implantation, or (2)
seeding cells (already transfected/transduced with desired gene(s)) onto scaffolds prior to
implantation. This review will focus on the first of these approaches, i.e. the use of gene-
and RNAi-activated scaffolds, rather than cell-seeded scaffolds (Figure 2). This technique
benefits from potentially leading to an “off-the-shelf” therapeutic that does not require the
more problematic and labor-intensive process of culturing and manipulating cells in the
clinic. Issues currently facing cell-based therapies include, cell source variability, lack of cell
handling standards, and the challenging logistics of transporting live cells#. Gene-activated
scaffolds can be loaded with agents that promote up-regulation of specific proteins and these
agents include: plasmid DNA (pDNA), viruses, and RNA transcripts. In addition, scaffolds
can be loaded with RNAs that promote down-regulation of anti-osteogenic proteins through
RNAI. Both types of scaffolds (gene-activated and RNAi-activated) will be described in
greater detail below.

3. Plasmid DNA-Activated Scaffolds

Activation of scaffolds with pDNA for bone tissue engineering typically requires some form
of delivery vehicle to protect naked pDNA from degradation and to improve its delivery into
cells and therefore increase transfection efficiency#®-. This section will focus on the
activation of bone tissue engineering scaffolds with pDNA using non-viral vectors. The most
common non-viral approaches to transfecting cells with pDNA involve the complexation of
pDNA with a cationic polymer such as polyethylenimine (PEI), chitosan, and
polyamidoamine (PAMAM)?#9:50, The resulting nano-sized complexes (nanoplexes) can
transfect cells through mechanisms that are depicted in Figure 3 (Route C), although
cytotoxicity is often concomitantly observed’. Less common non-viral transfection
techniques include complexation of pDNA with CaP nanoparticles or cell-penetrating
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peptides, though all have been shown to transfect cells successfully. These approaches will
be discussed in more detail in this section, and are summarized in Table 1.

3.1 Gene-activation with pDNA nanoplexes:

Complexation of pDNA with cationic polymers is a well-studied non-viral gene therapy
approach, with PEI-pDNA nanoplexes being considered the gold standard®. Nanoplexes are
formed by mixing cationic polymer with anionic pDNA in solution after which, at specific
charge ratios, the two components spontaneously complex into nanoplexes. These
nanoplexes have been shown to be endocytosed by cells and decomplex, allowing pDNA
that has undergone nuclear translocation to induce expression of the gene it encodes. The
exact mechanisms by which this decomplexation and nuclear translocation occur are yet to
be fully understood®1-53, Nonetheless, the technique is successful in inducing the expression
of genes loaded within pDNA nanoplexes.

Khorsand et al. loaded PEI-pDNA (encoding BMP-2 and/or fibroblast growth factor-2
(FGF-2)) nanoplexes onto collagen scaffolds to test whether co-expression of the two growth
factors can synergistically enhance bone regeneration®*. /n vitro experiments with human
bone-marrow-derived mesenchymal stem cells (BMSCs) showed that co-delivery of
nanoplexes encoding BMP-2 and FGF-2 (in the absence of collagen scaffolds) resulted in a
2-fold higher expression of BMP-2 than BMSCs treated with a single gene®*. Using a
diabetic rabbit long bone model Khorsand et al. showed that co-delivery of the two nanoplex
formulations (loaded into collagen scaffolds) resulted in greater bone volume regeneration
within the defect (133.7 mm?3 new bone vs. 96.4 mm? and 82.2 mm3 for FGF-2 alone and
BMP-2 alone, respectively) and higher union rates®. In a subsequent study Khorsand et al.
then applied the co-delivery of PEI-pDNA (encoding BMP-2 and FGF-2) nanoplexes to a rat
diabetic model using a fibrin-collagen composite scaffold that was also loaded with vitamin
D3, and insulin®®. The composite scaffolds were comprised of a cylindrical outer shell
consisting of porous collagen loaded with nanoplexes that surrounded a cylindrical inner
core consisting of fibrin gel containing insulin-loaded poly-lactic-co-glycolic acid (PLGA)
microparticles and vitamin D3%°. When these scaffolds were implanted into diabetic rats,
they induced greater bone formation than controls as determined by micro-computed
tomography (LCT) and histology. The gene-activated scaffolds also induced gene expression
changes in local cells compared to controls lacking PEI-pDNA nanoplexes®®.

Malek-Khatabi et al. chose to control the release of nanoplexes from scaffolds by creating a
gene-activated scaffold that released nanoplexes in response to enzymatic activity from
infiltrating cells. To do this, they first modified an electrospun fibrous mat made from
polycaprolactone (PCL) by conjugating peptide sequences to the surface that are sensitive to
cleavage by matrix metalloproteinases (MMPs) which are involved in remodeling of the
extracellular matrix®”. They then fabricated nanoplexes made from chitosan and pDNA
encoding BMP-2 using a microfluidic system to improve the homogeneity of the resulting
nanoplexes. Finally, the resulting nanoplexes were loaded onto the modified scaffolds that
were then tested for their ability to: release nanoplexes in response to MMP exposure;
induce osteogenic differentiation of MSCs /n vitro; and stimulate bone regeneration in an /n
vivo rat calvarial defect model®6. Treatment with MMPs was able to induce MMP-cleavage
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specific release of the nanoplexes /n vitro (totaling 60% of loaded nanoplexes over 24
hours); and both /n vitro osteogenic differentiation and /7 vivo bone regeneration were
superior when the modified scaffolds versus unmodified gene-activated scaffolds and
controls were compared (~18 mm?3 of bone was regenerated after 10 weeks for modified
scaffolds vs. ~9 mm3 and ~4 mm3 for unmodified and controls, respectively)38.

Lackington et al. investigated scaffolds (made from collagen and HA) loaded with PEI-
pDNA nanoplexes that encoded an interleukin 1 receptor agonist (IL-1Ra) in order to inhibit
the inflammatory effects of IL-1 which can reduce osteogenic differentiation of
BMSCs%8-60_ |L-1 is a pro-inflammatory cytokine, the inhibition of which was found to
promote bone formation /n vive®l. Lackington et al. showed that treating BMSCs with IL-1
reduced their osteogenic differentiation and ability to deposit calcium, however, loading
nanoplexes encoding IL-1Ra into their scaffolds was able to protect seeded BMSCs from
these effects®®. In a series of studies, Raftery et al. explored a variety of nanoplex-based
approaches to gene-activating bone tissue engineering scaffolds®2-64, Initially, it was shown
that chitosan-pDNA (encoding BMP-2 and VEGF) nanoplexes loaded onto scaffolds (made
from collagen and HA) could induce BMP-2 and VEGF expression as well as osteogenic
differentiation in rat MSCs /n vitro (as evidenced by the enhanced capacity of MSCs to
deposit calcium). When tested in rat calvarial defects, these scaffolds outperformed scaffolds
loaded with single genes and empty scaffolds in terms of new bone volume as determined by
UCT (~17% new bone volume vs ~2% and 3% for single gene and empty scaffolds,
respectively) and new bone area as determined by histology®2. In a subsequent study,
Raftery et al. compared scaffolds (again made from collagen and HA) loaded with chitosan-
pDNA nanoplexes where the pDNA encoded the standard BMP-2 or a modified sequence
encoding “BMP-2-Advanced” where the codons were altered to optimize for translation®3.
Scaffolds loaded with chitosan-pDNA (encoding BMP-2 Advanced) nanoplexes were seeded
with rat MSCs /n vitro and induced greater calcium deposition compared to scaffolds loaded
with chitosan-pDNA (encoding standard BMP-2) nanoplexes®3. In addition, in 7 mm rat
calvarial defects, the scaffolds containing the BMP-2-Advanced plasmid promoted greater
bone volume regeneration than both empty scaffolds and scaffolds activated with the
standard BMP-2 plasmid (~12% new bone volume for BMP-2-Advanced vs. ~2% and ~3%
for empty and standard BMP-2 scaffolds, respectively)®2. Finally, Raftery et al., in an
attempt to avoid the typical cytotoxicity issues associated with cationic polymers#’, chose to
substitute chitosan with a cell penetrating peptide termed “GET” (g/ycosaminoglycan
binding to enhance transfection). Thus pDNAs encoding BMP-2 and VEGF were complexed
with GET to form nanoplexes that were subsequently loaded onto collagen-HA scaffolds
(Figure 4A)%4. In vitro studies with a series of cell types (MSCs, human umbilical vein
endothelial cells [HUVECs], C2C12 cells, human dermal fibroblasts, human articular
chondrocytes, and Ne4C cells) demonstrated transfection efficiency comparable to that of
commercial reagents with minimal toxicity®4. /7 vivo studies showed that, upon
subcutaneous implantation the gene-activated scaffold induced localized transfection, and in
a 7 mm rat calvarial defect the scaffold activated with both BMP-2 and VEGF could
stimulate complete bridging of the defect within 4 weeks (~38% new bone volume vs. ~13%
and ~22% for BMP-2 and VEGF alone, respectively, shown in Figures 4B, 4C)54,
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D’Mello et al. loaded PEI-pDNA (encoding FGF-2) nanoplexes onto porous collagen
scaffolds and seeded them with BMSCs®. It was found that the gene-activated scaffolds
induced ~4-fold greater secretion of FGF-2 and led to more proliferating cells than scaffolds
lacking the nanoplexes. D’Mello et al. also investigated the loading of PEI-pDNAS
(encoding VEGF and platelet-derived growth factor B (PDGF-B)) nanoplexes onto scaffolds
to enhance bone regeneration in a 5mm rat calvarial defect6. They found that the delivery of
PDGF-B alone resulted in complete bridging of the defect (~53% new bone volume), while
combination treatments and VEGF alone resulted in only partial regeneration in the defect
(5-10% new bone volume)®6.

Chakka et al. compared porous collagen scaffolds loaded with PEI-pDNAs (encoding
BMP-2 and FGF-2) nanoplexes to similar scaffolds loaded with the commonly used dental
pulp capping material, mineral trioxide aggregate (MTA)®7:68 in jn vitro cultures and an ex
vivotooth culture model®®. The Jn vitro experiment showed that the gene-activated scaffolds
induced expression of BMP-2 and FGF-2 in dental pulp stem cells (DPSCs) seeded onto the
scaffolds, resulting in greater mineralization than MTA-treated scaffolds®®. The ex vivo
study showed that the MTA-treated scaffolds created a necrotic layer while gene-activated
scaffolds did not9. Acri et al. investigated PEI-pDNA (encoding BMP-2 and FGF-2)
nanoplexes that were embedded within collagen scaffolds by mineralizing the scaffolds in
simulated body fluid in the presence of the nanoplexes!®. This approach improved bone
regeneration (~19% new bone volume for mineralized gene-activated scaffolds vs ~10% new
bone volume for regular gene-activated scaffolds) and the thickness of regenerated tissue
within a 5 mm rat calvarial defect. Additionally, it was found that a BMP-2 to FGF-2 ratio of
5:3 had the best regenerative outcomes in comparison to other ratios tested?8.

Some groups investigated using electrospinning, a technique that has been reviewed
extensively elsewhere’0.7, to create scaffolds that contain nanoplexes. In brief, the
technique involves using high voltages to emit jets of polymer solution that dry in flight as
they move towards a grounded collection surface, creating a collection of polymer strands
with diameters ranging from the microscale to nanoscale. Pankongadisak et al. loaded PEI-
pDNA (encoding BMP-2) nanoplexes into electrospun gelatin-PEG mats and investigated
their ability to induce osteogenic differentiation’2. The nanoplexes comprised poly(aspartic
acid) (pAsp), a commercial transfection reagent (ALL-Fect) and pDNA encoding BMP-2.
Two pre-osteoblast cell lines, MC3T3 and C2C12, were seeded onto the mats and greater
alkaline phosphatase (ALP) activity was observed for cells on mats containing the
nanoplexes in comparison to untreated cells and cells treated with nanoplex solutions,
indicating enhanced osteogenic differentiation’2. In a separate study, Xie et al. incorporated
PEI-pDNA (encoding BMP-2) nanoplexes into the core of electrospun PLGA fibers’3. This
was done by creating a coaxial electrospinning platform in which PLGA solution
surrounded a solution of PEI-pDNA nanoplexes as the solution jetted towards the collection
surface. Comparison of the gene-activated core-shell electrospun scaffolds to scaffolds
produced by direct mixing of the two solutions revealed that, upon seeding of human
periodontal ligament stem cells (PDLSCs), the core-shell scaffolds promoted greater BMP-2
expression, enhanced osteogenic differentiation, and prolonged BMP-2 expression’3,
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3.2 Gene-activation with CaP nanoparticles:

Using CaP nanoparticles complexed with pDNA has also been shown to be an effective
method of non-viral transfection, as reviewed elsewhere’*75, In brief, CaP nanoparticles
formed by precipitation /n vitro can complex with pDNA and be taken up by cells via a
variety of endocytotic pathways, as reviewed elsewhere’8. Tenkumo et al. loaded CaP
nanoparticles complexed with pDNA encoding BMP-2 onto scaffolds made from
nanohydroxyapatite (nHA) and collagen’’. When implanted subcutaneously in rats, these
scaffolds were able to transfect cells with the pDNA encoding BMP-2, leading to higher
levels of ALP activity than a commercial product or unloaded controls’’. Lee et al. used
multi-shell CaP/pDNA/PEI nanoparticles to gene-activate a bilayer scaffold intended for
improving regeneration of the osteochondral interface’8. This was done by crafting two
layers within the scaffold; one made from pure collagen (chondrogenic layer) and the other
made from a combination of collagen and nHA (osteogenic layer)’8. They then made multi-
shell nanoparticles by creating CaP nanoparticles, coating them with pDNA, coating these
particles with more CaP, then adding a layer of PEI78. The pDNAs encoded either TGF-B3
or BMP-2 and were incorporated into the chondrogenic layer or the osteogenic layer,
respectively’8. Lee et al. found that when their scaffolds were seeded with human MSCs in
vitro, gPCR analysis showed the cells began to differentiate toward either the chondrogenic
or osteogenic lineage depending on which layer the cells were in’8.

3.3 Gene-activation with other systems:

Recent research has demonstrated that other non-viral gene-therapy approaches involving
bone tissue engineering scaffolds, namely the use of microvesicles (MVs), OCP, and
ultrasound, have also shown promise in preclinical settings. A scaffold consisting of
demineralized bone matrix (DBM) loaded with MSC-derived microvesicles (MVs) and
coated with PEI and pDNA (encoding BMP-2) was developed by Liang et al’®. The MVs
were sequentially coated with PEI and pDNA, with the aim of reducing the cytotoxicity
associated with using typical PEI-pDNA nanoplexes; and then the MVs were loaded onto
DBM scaffolds’®. Liang et al. implanted their MV-loaded DBM scaffolds into two 77 vivo
models: a rat subcutaneous implantation model assaying ectopic bone formation and a rabbit
femoral condyle bone defect assaying bone regeneration potential. The MV-scaffolds were
compared against scaffolds loaded with standard PEI-pDNA nanoplexes and unloaded
scaffolds. In the subcutaneous model increased expression of osteocalcin (OCN) and
osteopontin (OPN) was observed along with an increase in collagen fiber accumulation;
while the femoral condyle model showed increased bone regeneration (~15% new bone
volume for MV-scaffolds vs. ~11% and ~10% for standard nanoplex scaffolds and empty
scaffolds, respectively) and blood vessel formation in the defects’. Nomikou et al.
investigated exerting more control over the transfection of local cells by employing an
ultrasound-responsive gene-activation technique®®. They did this by combining ultrasound-
sensitive microbubbles, C2C12 cells, and pDNAs (encoding BMP-2 and BMP-7) in
injectable collagen gels. These gene-activated and ultrasound-treated scaffolds increased
osteogenic differentiation when the cell-containing gels were cultured /n vitro and produced
ectopic bone formation when injected into mouse hindlimb muscle. Bozo et al. took the
unique approach of combining gene-activation with 3D printed scaffolds made from OCP8L,
The 3D printed OCP scaffolds were immersed in a sodium phosphate solution containing
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naked pDNA (encoding VEGFA) for 10 hours under agitation8L. The scaffolds were then
implanted in 3 different animal models: a rat subcutaneous model; a mouse subcutaneous
model; and pig tibial and mandibular bone defects. The subcutaneous models showed that
the scaffolds could biodegrade and transfect cells upon implantation with minimal
inflammation®L. Implantation of these scaffolds into the pig tibial and mandibular defects led
to scaffold integration and vascularized bone tissue regrowth.

4. Virus-Activated Scaffolds

The use of viruses for gene therapy is well established and is the oldest gene therapy
technique available2. By exploiting the innate ability of viruses to introduce new genetic
material to target cells, scientists have been able to manipulate viruses with the aim of
efficiently and safely altering the genetic makeup of cells and organisms82. Specifically,
modifications have been made to viral genomes to incorporate genes of interest while also
curtailing their pathogenicity®4-86. The result is a delivery system that uses a virus’s natural
ability to penetrate cell membranes and direct genetic material to the nucleus to induce
expression of the genes it carries (Figure 3, Route C). Typically, nuclear translocation after
penetration of the cell membrane is vastly more efficient with viral gene therapy approaches
than non-viral, pPDNA-based approaches. This is due to virus’ ability to ensure that the viral
genome is efficiently trafficked to its intracellular destination, while non-viral gene therapy
methods often lack these advantages®’88. Adenoviruses, lentiviruses, and adeno-associated
viruses (AAVs) are the most commonly used viruses for gene therapy, though a variety of
viruses are used in viral gene therapy, as reviewed elsewhere83:89. However, viral gene
therapy is not without its risks, namely the risk of insertional mutagenesis and the potential
for immunoreactivity in response to the administration of the virus to a patient. When
retroviruses insert their genetic payload into the genomes of host cells, the site of insertion
can result in the dysregulation of oncogenes and thus encourage the development of cancer,
making retroviral gene therapy a potentially risky avenue for gene therapy®. Research has
also shown that introduction of viruses into patients can lead to toxic innate immune
responses; or strong adaptive immune reactions (rendering the virus ineffective), especially
when a patient has been previously exposed to the wild type version of therapeutic virusL.
Despite the risks, viral gene therapy has shown encouraging results in recent literature
(summarized in Table 2) and remains among the most reliable methods of transducing cells
with genes of interest. The application of viruses to tissue engineering scaffolds to create
gene-activated scaffolds has shown promise, with efficient production of the protein of
interest being reported ubiquitously and enhancement of bone regeneration being regularly
observed in in vivo studies.

In a series of studies, Zhang et al. explored the use of adenoviral vectors loaded into porous
scaffolds with the aim of enhancing bone regeneration92-94, Throughout these studies, they
examined the effects of loading adenoviruses that independently encode BMP-7 and PDGF-
B, both singly and in combination. In their 2012 study, Zhang et al. loaded adenoviruses
encoding BMP-7 onto mineralized silk fibroin scaffolds to stimulate more efficient bone
regeneration®2, To create the scaffolds they lyophilized silk fibroin solutions then loaded a
combination of adenovirus solution and simulated body fluid onto the scaffolds before a 7
day incubation92. The resulting gene-activated mineralized silk fibroin scaffolds were found
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to: induce BMP-7 expression in human BMSCs for up to 21 days, maintain normal
proliferation of the seeded cells, and enhance their differentiation into osteoblasts®2. These
scaffolds were also implanted into a mouse 3 mm calvarial defect model and after 4 weeks
they were shown to have increased the volume of regenerated bone in comparison to the
empty defect and scaffolds lacking adenoviral vectors (~5.2 mm3 regenerated vs. ~1.1 mm3
and ~2.3 mm3 for empty defect and scaffold alone, respectively)?2. Zhang et al. then loaded
adenoviruses encoding PDGF-B into silk-mesoporous bioactive glass (MBG) scaffolds made
by mixing MBG particles with silk solution and then lyophilizing the resultant product®3. It
was found that the viruses were released for up to 3 weeks, leading to improved /n vitro
MSC recruitment, and that inclusion of the viruses aided in enhancing bone regeneration in a
3 mm mouse calvarial defect when compared to scaffolds loaded with viruses encoding
green fluorescent protein (scaffold control) and empty defects (~5 mm?3 new bone vs. ~1.9
mm3 and ~1.1 mm3 for scaffold control and empty defect control, respectively)®3. In a
subsequent study, Zhang et al. (2015) loaded two adenoviral vectors, one encoding PDGF-B
and the other encoding BMP-7, onto their silk-MBG scaffolds to enhance periodontal bone
regeneration through recruitment of cells via PDGF-B signalling and promoting osteogenic
differentiation with BMP-794. /n vitro studies showed that silk-MBG scaffolds loaded with
adenoviruses encoding PDGF-B alone induced more rapid recruitment of human periodontal
ligament cells than those with adenoviruses encoding BMP-7 alone, while scaffolds loaded
with adenoviruses encoding BMP-7 alone induced greater osteoblast differentiation than
those loaded with PDGF-B alone%4. Zhang et al. also tested scaffolds containing adenoviral
PDGF-B alone, adenoviral BMP-7 alone, and a combination treatment in a dog periodontal
defect model%. They found that combining the two adenoviral vectors in a single scaffold
resulted in a synergistic healing of the defect in comparison to the scaffolds containing just
one adenoviral vector?,

Some research groups have opted to load viruses into their scaffolds in specific ways to
control their release or spatially control their presence. In an innovative approach, Xue et al.
loaded AAV encoding BMP-2 into ice-based microparticles that were then mixed with poly-
L-lactic acid (PLLA) dissolved in chloroform before being cast into scaffolds?. The AAVs
were shown to be released from the scaffolds over approximately 2 weeks /n vitro and
maintained increased levels of BMP-2 expression in seeded BMSCs over that time. This
induced expression of BMP-2 was associated with increased BMSC osteogenic
differentiation as measured by osteocalcin and bone sialoprotein expression, and resulted in
new bone formation in a mouse ectopic bone formation model®®. Rowland et al. loaded
doxycycline-inducible lentiviral vectors encoding IL-1Ra, TGF-p3, BMP-2 onto cartilage-
derived matrix (CDM) scaffolds to create a biphasic osteochondral scaffold that inhibited
inflammatory processes mediated by IL-1 that lead to scaffold degradation®. Specifically,
they created a two-piece CDM scaffold comprised of two hemispheres, an outer shell and an
inner core that were then coated with poly-L-lysine to enhance the adhesion of the lentiviral
vectors. To create a biphasic scaffold that spatially controls the differentiation of seeded
cells, the lentiviral vectors encoding BMP-2 and TGF-B3 were independently coated onto
the inner core piece (to induce osteogenic differentiation) and the outer shell piece (to induce
chondrogenic differentiation), respectively. They found that transduction with IL-1Ra
reduced IL-1-mediated degradation of the scaffold; and that the inner core piece and the
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outer shell piece promoted osteogenic and chondrogenic differentiation, respectively.%6 Hu
et al. immobilized adenoviral vectors encoding BMP-2 onto gelatin sponges via biotin-
avidin linkages and compared these scaffolds to scaffolds loaded with adenoviral vectors
encoding BMP-2 that were not immobilized in an 8 mm diameter rat calvarial defect
model®7. It was found that the scaffolds containing immobilized adenovirus exhibited
transduction specific to the defect site, while the scaffolds containing free adenovirus
displayed transduction both within the defect site and in regions around the defect site (up to
8 mm away)¥’. Additionally, the scaffolds containing immobilized virus were able to induce
more bone regeneration than the free virus-loaded scaffolds (~58% vs. ~22%) in the defect
according to uCT analysis®’.

Yang Zhang et al. (2016) opted for a simpler approach in which a solution of adenovirus
encoding hypoxia-inducible factor-1a (HIF-1a) was loaded onto gelatin sponges that were
subsequently implanted into bone defects within rats®8. The group chose HIF-1a to
stimulate osteogenesis and angiogenesis, and found that the use of virus-loaded scaffolds led
to enhanced blood vessel formation and mineralization of the bone defect. Kog et al. loaded
adenoviruses encoding VEGF onto porous scaffolds made from chitosan and HA to
stimulate the generation of vascularized bone tissue®. /n vitro studies demonstrated that
their adenovirus-loaded scaffolds could successfully transduce human osteoblast cells, and
maintained expression of VEGF for at least 13 days®°. When these scaffolds were implanted
subcutaneously in rats, they found that the scaffolds were able to recruit host endothelial
cells, showing the potential for local VEGF expression to assist in vascularizing regenerated
bone tissue®?.

5. RNA Transcript-Activated Scaffolds

Messenger RNA (mRNA), the active component in RNA transcript-activated scaffolds, has
been receiving substantial attention for its use in Moderna’s and Pfizer’s COVID-19
vaccines®. RNA transcript-activated scaffolds for bone tissue engineering employ mRNAs
which encode desirable growth factors to facilitate bone growth at an injured site?®. The
incorporation of chemically modified bases in the mRNA transcript is a useful technique to
further enhance the stability and translation efficiency of the transcript!02:192, The main
advantage of RNA transcript activation is that high levels of growth factor expression are
possible in cells non-mitotic or slowly replicating cells compared to that of pDNA-based
transfection since the RNA is functional in the cytoplasm and thus does not have to breach
the nuclear envelope to be expressed (Figure 3, Route A)*®. In support of this, high levels of
growth factor production from a RNA transcript-activated scaffold have led to significantly
increased bone growth as compared to pDNA-based systems93, However, one major
drawback of using chemically modified mRNA (cmRNA) is that the modified bases used for
their synthesis are expensive to produce, thus scaffolds using this technology may cost
significantly more than pDNA-activated scaffolds.

CmRNA is synthesized using /n vitro transcription (IVVT), which involves transcribing a
template strand of DNA into cmRNA using an RNA polymerase and synthetic ribonucleic
bases that differ from traditional ribonucleic bases due to strategic chemical modifications.
One of the synthetic ribonucleic bases used is pseudo-uridine in place of uridine, which
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significantly increases the translation efficiency of the cmRNA while reducing its
immunostimulatory properties'%3. Another technique that has led to increased success with
RNA transcript-based therapy is incorporating a 5’ cap, examples of which include the anti-
reverse cap analog (ARCA)194, CleanCap%, and Vaccinia enzymatic capping©8.

A review of the recent literature covering transcript-activated scaffolds for bone tissue
engineering reveals that most studies used RNA transcripts encoding BMP-2 and that the
outcomes related to bone tissue engineering were generally favorable with treatment groups
incorporating cmRNA (summarized in Table 3)103.107-109 1 2015, Elangovan et al. loaded
collagen sponges with PEI-based nanoplexes that contain either cmRNA encoding BMP-2 or
pDNA encoding BMP-2 to directly compare the osteogenic potency of cmRNA transcript-
activated scaffolds versus pDNA-activated scaffoldsl?3. The cmRNA consisted of an ARCA
5’ cap, a 120-base pair polyadenylated tail, and either 100% substitution of uridine and
cytidine with pseudouridine and 5-methyl-cytidine or 25% substitution of uridine and
cytidine with 2-thiouridine and 5-methylcytidine (Figure 5A). The 100% substituted
cmRNA reduced interferon-a (IFN-a) expression /in7 vitro, so this version was used for
subsequent experiments. When the scaffolds were implanted in a 5mm rat calvarial defect
for four weeks, the RNA transcript-activated scaffolds were the only groups to significantly
increase bone formation as determined by uCT analysis (Figures 5B, 5C). The increase in
bone volume was 3.94-fold and 1.94-fold for the cmRNA transcript-activated scaffold and
the pDNA activated scaffolds, respectively, as compared to the sham group93, In a similar
study, Khorsand et al. (2019) compared the osteogenic potency of pDNA encoding BMP-9
to cmRNA encoding BMP-9 using BMSCs and a rat calvarial defect model19, The cmRNA
was modified with 100% pseudouridine and 5-methylcytidine substitution and capped with
an ARCA. The resulting cmRNA and pDNA were complexed with PEI and loaded
independently into perforated collagen membrane scaffolds. ALP activity was significantly
enhanced in the BMSCs treated with the cmRNA-loaded scaffolds as compared to untreated
BMSCs on day 7, whereas on day 11 the ALP activity for BMSCs treated with either the
cmRNA-loaded or pDNA-loaded scaffolds was significantly increased compared to
untreated BMSCs10, In the rat calvarial defect model, significantly more bone volume was
formed for both the cmRNA (~60%) and the pDNA treated (~54%) groups as compared to
the control (15%).

Khorsand et al. also used cmRNAs independently encoding BMP-2 and BMP-9 to compare
their ability to induce osteogenic differentiation in BMSCs /n vitro and regenerate bone in 5
mm diameter rat calvarial defects1l, The cnRNA was synthesized as described in the
previously discussed research by Elangovan et al103, BMSCs transfected with cnRNA
encoding BMP-9 showed increased calcium deposition and ALP expression based on
alizarin red staining and gPCR analysis, respectively, as compared to BMSCs transfected
with cmRNA encoding BMP-9. Four weeks after implanting porous collagen scaffolds
activated with either of the two cmRNA species into the rat calvarial defect, analysis with
UCT showed that both treatments regenerated more bone than the empty defect (~28% new
bone formed for both BMP-2 and BMP-9, 4.5% for empty defect) but were not significantly
different from each other111,

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laird et al.

Page 12

Balmayor et al. investigated cmRNA (encoding BMP-2) capped with ARCA and modified
by 25% substitution of the cytidine and uridine bases with 2-thiouridine and 5-methyl-
cytidine, respectivelyl07. Instead of using PEI as a transfection agent, lipids and iron oxide
silica core-shell nanoparticles were used for lipofection and magnetofection, respectively.
The /n vitroresults indicated that magnetofection promoted superior levels of transfection in
rat BMSCs and rat adipose-derived MSCs (AMSCs), however, both transfection methods
similarly stimulated calcium deposition as indicated by alizarin red staining in the AMSCs.
In a rat femoral defect model, histology analysis showed that the addition of 2.5 ug of lipid-
cmRNA (encoding BMP-2) loaded in a fibrin gel significantly increased the area of bone
formed in the defect as compared to gels lacking the cmRNA.

Instead of investigating other BMPs, Zhang et al. worked on improving the efficacy of
cmRNA encoding BMP-2198_ Specifically, they tested three different 5 untranslated regions
(UTRs): anormal 5 UTR, minimal 5* UTR, and a translation initiator of short 5> UTR
(TISU). The TISU is a sequence contained within the 5> UTR region of an mRNA that
enables translation without ribosomal scanning, so mMRNA containing short (~12 base pairs)
5° UTR regions can be efficiently translated112. The cmRNA possessing the TISU
significantly increased BMP-2 secretion by both HEK293 and MC3T3-E1 cells as compared
to cmRNAs containing the normal 5 UTR region or the minimal 5 UTR region. A
significant increase in bone formation was found in a femoral rat defect model 8 weeks after
implantation of a scaffold loaded with 15 pug of the cmRNA (encoding BMP-2) possessing
the TISU 5" UTR as compared to defects treated with noncoding cmRNA (~13% new bone
volume vs. ~5% for non-coding cmRNA). This work demonstrates that research invested in
optimizing cmRNA construct formation may further improve RNA transcript-activated
scaffolds designed for bone tissue engineering.

6. RNAIi-Activated Scaffolds

In contrast to gene-activated scaffolds, described in prior sections (Sections 3-5), which are
designed to promote up-regulation of select proteins, RNAi-activated scaffolds that contain
interfering RNAs are designed to modulate expression of targeted proteins at the level of
transcription through RNA interference (Figure 3, Route B)#249.113_ Common types of
interfering RNAs include microRNAs (miRNAs or miRs), small interfering RNAs
(siRNAs), and short hairpin RNAs (shRNAs)14, siRNAs and shRNAs usually operate by
targeting a specific mRNA for degradation while miRNAs can affect the expression of more
than one gene through a variety of mechanisms that can be cell type dependent#>114.115,
Additionally, endogenous miRs can be inhibited by treatment with oligonucleotides (termed
“antagomiRs”) that are complementary to the miR targeted for inhibition16. The usual
effect of RNAI treatment of cells is the down-regulation in expression of those proteins
encoded by the targeted mMRNAs. This can have downstream effects on the expression of a
range of non-targeted proteins, resulting in phenotypic changes to the cell that also affect the
local environment. Findings from recent research on RNAi-activated scaffolds for bone
tissue engineering are summarized in Table 4.

Zhang et al. investigated using a custom polymer to create nanoplexes with miR-26a that
were then encapsulated in PLGA microspheres and loaded onto a PLLA fibrous scaffold1’.
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They chose miR-26a because of prior work citing its osteogenic potentiall18-120; and they
also conducted mechanistic experiments that determined its role in osteogenic differentiation
by targeting glycogen synthase kinase-3@, which, upon inhibition, improves bone mass and
bone mineral density?. It was found that incorporation of miR-26a nanoplexes
encapsulated in slow-releasing PLGA microspheres outperformed fast-releasing scaffolds
and those lacking miR-26a in a mouse ectopic bone formation model (~4.3 mm?3 vs. ~1.6
mm?3 and 0 mm3 for fast releasing and lacking miR-26a, respectively) and bone regeneration
in a5 mm mouse calvarial defect model (~100% vs. ~39% and ~22% for fast releasing and
lacking miR26a, respectively)11’. In a separate study, Meng et al. created injectable RNAI-
activated scaffolds by incorporating nanocapsules containing miR-21 into carboxymethyl
chitosan (CMCS)121, They chose miR-21 because of its reported promotion of osteogenic
differentiation122123 The miR-21 was loaded into cationic polymeric nanocapsules using an
in situ polymerization process. After mixing the resulting solution with CMCS powder, the
gene-activated injectable scaffold was tested /n vitrofor its ability to induce osteogenic
differentiation and /7 vivo for its ability to regenerate bone in a rat tibial bone defect. In both
cases, the scaffolds with encapsulated miR-21 significantly outperformed scaffolds with
non-coding miR controls in terms of /n7 vitro mineralization and osteogenic gene expression.
In vivo studies demonstrated that the miR-21-activated scaffolds led to superior defect
bridging compared to the non-coding controls after 4 weeks (~45% new bone volume vs.
~32% for non-coding controls)121,

Targeting endogenous miRs is another way for interfering RNAs to induce desired effects in
targeted cells. James et al. fabricated silk films loaded with anti-sense miR-214 to target
endogenous miR-214 for inhibition24, They did this because reports have shown that
knocking down miR-214 enhances bone production and osteogenesis, possibly due to it
targeting a key transcription factor involved in the differentiation of osteoblasts24-126, They
found that seeding human MSCs onto silk scaffolds containing anti-sense miR-214 resulted
in lower viability, but higher osteogenic gene expression and greater calcium deposition than
the sham and negative controls1?4, Castafio et al. also chose to pursue inhibition of an
endogenous miRNA that inhibits osteogenic differentiation27128' miR-133al2°, To do this,
they complexed an inhibitor of miR-133a (antagomiR-133a) with nHA particles that were
then incorporated into a collagen-nHA scaffold!29. They targeted miR-133a for inhibition
because it inhibits the expression of Runx2, which is a mediator of osteogenic differentiation
(shown in Figure 1)28.129, Human MSCs seeded onto antagomiR-133a-activated scaffolds
showed lower levels of miR-133a expression, higher Runx2 expression, and higher ALP
activity, which indicated successful osteogenic differentiation?2,

Future Directions and Conclusion

It is clear from the numerous studies described here that there are a variety of approaches to
gene- and RNAi-activation of scaffolds that can lead to successful /n vitro transfection and
improved /n vivobone regeneration outcomes. Which approach is best, however, is yet to be
determined as research in this area has thus far been focused on proving the functionality of
new systems rather than comparing outcomes resulting from these different methods. Future
work that directly compares these diverse approaches may lead to a consensus approach that
can be used as the standard that all new gene- and RNAi-activated scaffolds can be
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compared to. Having such a standard would be useful for the field by allowing more
accurate comparisons between studies that vary in terms of the species of animal, the type of
model, and scaffold material used in these studies.

The gene-activated scaffolds described here are mainly single-gene approaches; with the
occasional exceptions where 2 genes have been employed. Only a few of the approaches
described here exert any temporal control over the release of the transfecting reagents loaded
onto scaffolds. While these approaches have shown success, they are still far from
mimicking the numerous time-dependent signals that define natural bone healing?’. /n vitro
work has demonstrated that temporal control over growth factor exposure can lead to
improved osteogenic differentiation, yet thus far there have been no attempts to replicate
these findings with gene-activated scaffolds. Future work employing gene-activated
scaffolds designed to exert temporal control over the expression of specific genes to more
closely mimic the natural bone healing process and determine whether that mimicry
enhances bone regeneration would be of great value to the field of bone tissue engineering.

Most of the research investigating activating scaffolds with gene-based therapies for bone
tissue engineering has been focused on DNA-based approaches, be it with pDNA or viruses
comprising DNA genomes. As discussed above (Sections 3 and 4), these approaches require
nuclear translocation of the DNA payload to function (Figure 3, Route C). In contrast, the
RNA-based approaches described here are active in the cytosol of cells and thus do not
require nuclear translocation (Figure 3, Routes A and B). These systems have been relatively
under-researched, and further work should be done to capitalize on their cytosolic activity.
Research has shown that pDNA-based non-viral gene therapy with nanoplexes may rely
upon the cationic polymers to help the pDNA penetrate the nuclear membranel30, An
avenue of investigation that should be further explored is the use of novel or modified
polymers as vectors for use in gene- and RNAi-activated scaffolds for bone tissue
engineering; where such polymers maintain the therapeutic efficacy of classical non-viral
vectors while also causing reduced cytotoxicity. Furthermore, the recent FDA approval and
demonstration of the efficacy of RNA-based COVID-19 vaccines serves as a testament to the
power of RNA transcripts as therapeutic agents. With the international acceptance and
application of this technology through those vaccines, it is possible that a bone regenerative
therapeutic based on activation of scaffolds with RNA transcripts could be more easily
approved than therapeutics activated with viruses.

Finally, future research into scaffolds activated with gene-based therapies for bone tissue
engineering should compare the bone regenerative abilities of the systems they develop to
the protein-based approaches that they are trying to replace. There is a paucity of direct
comparisons to currently available bone regenerative therapeutics that are used in the clinic.
Gauging how close gene-activated scaffolds are to the current standard of care could be
useful to investigators by providing insight on whether to guide research towards improving
protein production, targeting specific cells, modifying release profiles, or combinations
thereof.

The studies described here are evidence of the immense potential of gene- and RNAI-
activated scaffolds for bone tissue engineering. While these scaffold systems are not yet
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ready to replace grafts and implants as therapies for critical-sized bone defects, progress is

be

ing made towards translating this technology into a new class of bone regenerative

therapeutics. Differentiation of cells /n vitro with these strategies is now the norm, and focus

ha
an
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Figure 1:
Schematic of BMP signalling that leads to osteogenic differentiation28. BMPs induce Smad-

dependent and non-Smad-dependent signaling. In the Smad-dependent pathway, Smad (1, 5,
or 8) is phosphorylated, complexes with Smad 4, then translocates to the nucleus where co-
factors are recruited (including Runx2) for the regulation of osteogenic gene expression. In
the non-Smad-dependent pathway, TAK1 recruits TABL to stimulate activation of MKK3/6
which in turn activates p38a/p. p38a/p phosphorylates Runx2, DIx5, and Osx, all of which
regulate osteogenic gene expression. BMP: Bone morphogenetic protein; BMPR: BMP
receptor.
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Figure 2:
Schematic illustrating the main approaches to incorporating gene-based therapies into

scaffolds for bone tissue engineering. Scaffolds can be activated with pDNA, RNA
transcripts, viruses, and interfering RNAs (or RNAI) to induce gene expression changes that
promote bone regeneration.
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Schematic diagram illustrating the mechanisms of transfection from scaffolds activated with
pDNA, viruses, interfering RNAs, and RNA transcripts. RNA transcripts have the simplest
transfection mechanism (Route A), where they can be translated into osteogenic protein
immediately after entering the cytosol. Interfering RNAs follow a different transfection
mechanism (Route B), where after entering the cytosol they can inhibit the anti-osteogenic
activity of targeted mMRNAs and miRNAs. Viruses commonly used in gene-based therapy
and pDNA follow similar routes within the cell (Route C), where after endosomal escape
they must reach the nucleus. After entering the nucleus, the encoded genes can be
transcribed into mRNA that is then translated into osteogenic protein.
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Figure 4:
Scaffolds activated with GET-pDNA nanoplexes were shown to regenerate bone in rat

calvarial defects. (A) Schematic diagram of gene-activation with GET-pDNA nanoplexes.
(B) Representative PCT scans of rat calvarial defects 4 weeks post-implantation. (C)
Quantitative analysis of bone regeneration. Bone volume fraction was determined using pCT
to compare bone regenerated within the defect to the total volume of the defect. Area of new
bone was determined by analysis of histology sections. Vessel density average was
determined by fluorescence microscopy after staining for endothelial cells. Data plots
represent mean = SD (n = 8). Significance indications are as follows: * represents p < 0.05,
** represents p < 0.01 and *** represents p < 0.001. Adapted with permission from Raftery
et al b4
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Figure 5:

Collagen sponge scaffolds activated with PEI-cmRNA (encoding BMP-2) nanoplexes were
found to enhance bone regeneration in rat calvarial defects. (A) Schematic of cmnRNA
highlighting specific components: the ARCA 5’ cap (to enhance translation and stability),
substitution of uridine and cytidine (to reduce inflammation), and the polyadenylated tail (to
enhance stability). (B) Representative uCT scans of rat calvarial defects 4 weeks post-
implantation. (C) Quantitative analyses of bone regeneration. Bone volume/total volume was
determined by calculating new bone volume within the total volume of the defect and
connective density was determined by comparing connectivity within the regenerated bone.
Data plots represent mean + SD (n = 7). Significance indications are as follows: * represents
p < 0.1 and ** represents p < 0.01. Adapted with permission from Elangovan et al.103
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Table 1:
Summary of gene-activated scaffolds utilizing pDNA
Material Cell Types and Method of Scaffold Loading Results Citation
Animal Models #
Used
Mineralized collagen sponge | human BMSCs, Nanoplexes in solution with Scaffolds mineralized with nanoplexes 18
loaded with PEI-pDNAs rats simulated body fluid were induced greater bone regeneration and
(encoding BMP-2 + FGF-2) incubated with collagen thickness; a 5:3 ratio of BMP-2to
nanoplexes scaffolds over the course of 5 | FGF-2resulted in greater bone
days, with the solution being regeneration than other tested ratios
replaced each day
Porous collagen scaffolds human BMSCs, Nanoplex solutions were Scaffolds containing nanoplexes 54
loaded with PEI-pDNAs rabbits injected into collagen encoding both genes induced greater
(encoding BMP-2 + FGF-2) scaffolds then lyophilized expression of BMP-2 /n vitroand
nanoplexes produced greater bone regeneration and
union rates /in vivo
Porous collagen scaffolds human BMSCs, Nanoplex solutions were Gene-activated scaffolds with vitamin 55
loaded with PEI-pDNAs rats injected into scaffolds then D3 and insulin microparticles resulted in
(encoding BMP-2 + FGF-2) lyophilized more ectopic bone formation than other
nanoplexes surrounding a experimental combinations, all gene-
fibrin gel core containing activated experimental groups induced
insulin-loaded PLGA more gene expression changes in local
microparticles and vitamin cells than non-gene-activated groups
D3
Electrospun PCL scaffolds rat MSCs, rats Nanoplex solutions were Nanoplexes were released in response to 56
loaded with chitosan-pDNA added to electrospun MMP activity; nanoplex incorporation
(encoding BMP-2) scaffolds conjugated with resulted in enhanced osteogenic
nanoplexes MMP-sensitive peptides and differentiation /n vitro, MMP-conjugated
incubated overnight nanoplex-loaded scaffolds stimulated
greater /nn vivo bone regeneration in the
long term
Porous collagen-HA rat BMSCs Nanoplex solutions were Gene-activated scaffolds prevented loss 58
scaffolds loaded with PEI- added to scaffolds of mineralization caused by IL-1
pDNA (encoding IL-1Ra) treatment
nanoplexes
Porous collagen-HA rat MSCs, rats Nanoplex solutions were Scaffolds enhanced /n vitro calcium 62
scaffolds loaded with added to scaffolds deposition and induced bone
chitosan-pDNA (encoding regeneration /n vivo
BMP-2 and VEGF)
nanoplexes
Porous collagen-HA rat MSCs, rats Nanoplex solutions were Scaffolds containing chitosan-pDNA 63
scaffolds loaded with added to scaffolds nanoplexes induced significant calcium
chitosan-pDNA (encoding a deposition /n vitro and outperformed the
truncated BMP-2) bone regeneration of naked plasmid-
nanoplexes activated scaffolds /in vivo
Porous collagen-HA human MSCs, Nanoplex solutions were Scaffolds implanted into bone defects 64
scaffolds loaded with GET- MC3T3 cells, added to scaffolds were able to be infiltrated by host cells,
pDNA (encoding BMP-2 and | C2C12 cells, induced transient localized transfection,
VEGF) nanoplexes human dermal and completely repaired the defect
fibroblasts, human
articular
chondrocytes,
HUVECs, Ne4C
cells, rats
Porous collagen scaffolds human BMSCs Nanoplex solutions were Gene-activated scaffolds induced greater 65
loaded with PEI-pDNA injected into scaffolds then FGF-2 expression and had more
(encoding FGF-2) lyophilized proliferating cells
nanoplexes
Porous collagen scaffolds human BMSCs, Nanoplex solutions were Scaffolds loaded with nanoplexes 66
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Material Cell Types and Method of Scaffold Loading Results Citation
Animal Models #
Used
Porous collagen scaffolds MC3T3 cells, Nanoplex solutions were Gene-activated scaffolds induced 69
loaded with PEI-pDNA DPSCs, tooth injected into scaffolds then expression of loaded genes, had
(encoding BMP-2 and culture model lyophilized enhanced mineralization, and did not
FGF-2) nanoplexes induce the necrotic layer observed in
MTA-loaded scaffolds
Electrospun gelatin-PEG C2C12 cells, Nanoplex solutions were Scaffolds containing nanoplexes induced 72
mats containing ALL-Fect- MCT3T cells added to gelatin-PEG osteogenic differentiation
pAsp-pDNA (encoding solution and electrospun
BMP-2) nanoplexes
Electrospun PLGA human PDLSCs Nanoplex solutions were Core-shell scaffolds containing 73
containing PEI-pDNA coaxially electrospun to nanoplexes had greater expression of
(encoding BMP-2) create core-shell fibers witha | BMP-2, greater osteogenic
nanoplexes shell of PLGA and a core of differentiation, and these effects lasted
PEI-pDNA nanoplexes longer than standard scaffolds with
nanoplexes
nHA-collagen scaffolds rats pDNA functionalized CaP Gene-activated scaffolds were able to 77
loaded with CaP nanoparticle solutions were transfect local cells upon implantation
nanoparticles functionalized injected into nHA-collagen resulting increased ALP activity
with pDNA (encoding scaffolds
BMP-2)
Bilayer collagen-nHA human MSCs Multi-shell particles were Bilayer scaffolds were able to stimulate 78
scaffolds loaded with multi- loaded onto the collagen/nHA | differentiation /n vitro towards the
shell CaP particles layer of the scaffold, then a desired lineage for each layer
containing pDNAs (encoding collagen solution containing
TGF-B3 or BMP-2) other multishell particles was
applied onto the first layer to
create a sec
ond layer
DBM scaffold loaded with rat MSCs, rats, MVs were coated layer by DBM scaffolds loaded with PEI/pDNA- 79
PEI-pDNA (encoding rabbits layer with PEI and pDNA coated MVs enhanced OCN and OPN
BMP-2)-coated MVs (encoding BMP-2), then the expression, and collagen fiber deposition
coated MV solution was when implanted subcutaneously; the
added to the DBM scaffolds scaffolds improved bone regeneration
and angiogenesis when implanted into a
bone defect
Injectable scaffolds made C2C12 cells, mice | Solutions of collagen, cell Gene-activated and ultrasound- 80
from collagen solution, cell suspension, microbubble stimulated scaffolds showed osteogenic
suspension, polymeric suspension, and pDNA were differentiation /n vitro and increased
microbubble suspension, and mixed together ectopic bone formation /n vivo
pDNA (encoding BMP-2 and
BMP-7)
3D printed OCP scaffolds rats, mice, pigs Scaffolds were immersed ina | Gene-activated scaffolds did not induce 81

loaded with pDNA (encoding
VEGFA)

sodium phosphate solution
containing naked pDNA and
incubated under agitation for
10 hours

inflammation when implanted
subcutaneously, integrated into
mandibular and tibial bone defects, and
restored stability to the defects
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Table 2:

Summary of gene-activated scaffolds utilizing viruses.

Page 29

Material Cell Types Method of Scaffold Loading Results Citation
and Animal
Models Used

Mineralized silk fibroin human Solution of adenovirus was added to Scaffolds maintained expression of 92
scaffolds loaded with BMSCs, mice a silk fibroin scaffold in combination BMP-7 for 21 days, induced
adenoviruses encoding with simulated body fluid and differentiation /n vitro, and induced
BMP-7 incubated for 1 week bone formation /in vivo
MBG-silk scaffolds human MSCs, MBG particles were mixed with silk Virus was released for up to 3 weeks; 93
loaded with adenoviruses mice solution, lyophilized, and then loaded | enhanced MSC recruitment was
encoding PDGF-B with adenovirus solution observed; improved bone regeneration

occurred in mice
MBG-silk scaffolds human MBG particles were mixed with silk Combining adenoviral vectors 94
loaded with adenoviruses periodontal solution, lyophilized, and then loaded | encoding PDGF-B and BMP-7
encoding PDGF-B and ligament cells, with adenovirus solution enabled synergistic wound healing in
BMP-7 dogs terms of gum tissue and bone growth
AAV vector encoding human Virus encoding BMP-2 was encased Cells within scaffolds underwent 95
BMP-2 loaded onto a BMSCs, mice in ice-based microparticles that were osteogenesis; enhanced bone
porous PLLA scaffold then mixed with dissolved PLLA and | formation in vivo was observed

cast into scaffolds

Doxycycline-inducible human BMSCs | Lentivirus encoding TGF-B3 and IL-1Ra reduced inflammation- 96
lentiviral vectors BMP-2 were loaded onto the shell mediated degradation of scaffolds;
encoding IL-1Ra, TGF- and core components of the scaffolds, | region-specific incorporation of
B3, or BMP-2 loaded onto respectively, that had been coated in BMP-2 and TGF-3 led to regional
cartilage-derived matrix poly-L-lysine after which scaffolds differences in differentiation
(CDM) scaffolds were washed and seeded with cells
Biotinylated adenovirus rats Virus and gelatin sponges were Immobilization of adenovirus via 97
encoding BMP-2 linked biotinylated independently, then biotin:avidin resulted in transgene
to biotinylated gelatin linked by combining the two expression being limited to the defect
sponges via biotin-avidin components in an agueous site in a rat calvarial defect; the
interaction environment in the presence of avidin | immobilized virus outperformed free

virus loaded into similar scaffolds in

terms of both transduction and bone

regeneration
Adenovirus encoding rats Adenovirus solution was added to a Virus-induced expression of HIF-1a 98
HIF-1a loaded onto gelatin sponge induced generation of new bone and
gelatin sponge scaffolds blood vessels
Chitosan/HA scaffolds human Chitosan and HA were mixed and Seeded osteoblasts were able to 99
loaded with adenovirus osteoblasts, lyophilized, then adenovirus solution produce VEGF; scaffolds recruited
encoding VEGF rats was loaded onto the resulting sponges | host endothelial cells /in vivo
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Summary of gene-activated scaffolds utilizing RNA transcripts.

Table 3:

Page 30

encoding BMP-2 or
BMP-9

BMP-2 or BMP-9 and lyophilized

Material Cell Types and Method of Scaffold Loading Results Citation
Animal Models
Used
Collagen scaffold Human Collagen sponge loaded with either | cmRNA increased transfection efficiency, 103
loaded with PEI- BMSCs, rats cmRNA or pDNA encoding protein secretion, and bone formation
c¢cmRNA (encoding BMP-2 complexed with PEI and
BMP-2) nanoplexes lyophilized
Fibrin gel loaded with Rat BMSCs, rat | Cells were transfected with Magnetofection outperforms lipofectamine 107
c¢cmRNA nanoplexes AMSCs, rats c¢cmRNA encoding BMP-2 through in terms of transfection, magnetofection
and cmRNA-activated lipofectamine or metallic particles. was slightly better than lipofectamine at
particles that encode In vivo, cmnRNA was loaded in inducing osteodifferentiation; bone
BMP-2 lipoids with C12-EPE in a fibrin formation significantly improved with
gel cmRNA lipoids based compared to control
Collagen sponge MC3T3s, Three 5 UTR modified cmRNA TISU 5’UTR improved BMP-2 protein 108
loaded with cmRNA HEK293T, rats constructs with lipofectamine secretion /n vitro and bone formation /n
(encoding BMP-2) lyophilized in sucrose solution vivo
nanoplexes loaded into collagen sponge
Perforated collagen Human Perforated collagen matrix loaded cmRNA improved ALP expression and 110
matrix loaded with BMSCs, rats with either cnRNA or pDNA calcium deposition in hBMSCs in vitro,
PEI-cmRNA encoding BMP-9 complexed with however, they were equivalent with respect
(encoding BMP-9) PEI and lyophilized to promoting bone formation
nanoplexes
Collagen sponge Human Collagen sponge loaded with PEI- cmBMP-2 improved ALP expression in 111
loaded with cmRNA BMSCs, rats cmRNA nanoplexes encoding hBMSCs in vitro. In vivo, the two genes

were not significantly different, however,
they both enhanced bone formation /n vivo
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Table 4:

Summary of gene-activated scaffolds utilizing interfering RNAs.
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scaffolds loaded with
antagomiR-133a

with nHA, then mixed with collagen
solution before freeze-drying

Material Cell Type/ Method of Scaffold Loading Results Citation
Animal Model

PLLA fibrous scaffold Mouse miRNA nanoplexes were Scaffolds containing slow-releasing 117
loaded with PLGA osteoblasts, encapsulated in PLGA miR nanoplexes induced greater
microspheres containing mouse MSCs/ microspheres, then microsphere ectopic bone formation and greater
miR-26a-loaded mice solutions were added to the fibrous calvarial bone regeneration than fast-
nanoplexes PLLA scaffolds releasing and bolus miR nanoplex

treatments
CMCS gel containing human MSCs/ CMCS powder was added to miRNA | Injectable scaffolds induced 121
miR-21-loaded rats nanocapsule solutions, mixed, then osteogenic differentiation /n vitro and
nanocapsules incubated on ice promoted greater bone formation /n7

vivo
Silk films loaded with human MSCs Anti-sense miR-214 was mixed with | Silk scaffolds loaded with miR 124
anti-sense miR-214 Xfect RNA Transfection Reagent induced lower viability, higher

and then added to prepared silk films | osteogenic gene expression, and

higher calcium deposition in seeded

cells
Porous collagen-nHA human MSCs AntagomiR-133a was complexed Cells seeded on antagomiR-133a- 129

loaded scaffolds showed enhanced
osteogenic differentiation
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