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Abstract of the Dissertation
BMP-2 Gene Delivery using Electrospun Collagen/PLLA Scaffold with Surface
Adsorbed Transfection Complexes for Bone Formation
by
Xia Zhao
Doctor of Philosophy
in
Biomedical Engineering
Stony Brook University
2015
Bone tissue engineering provides an alternative to bone grafting. Our laboratory

previously developed two different types of electrospun scaffolds for bone tissue
engineering, including a DNA containing PLGA/PELA scaffold for delivering genes and
a collagen/PLLA scaffold for delivering cells. For this dissertation research, we firstly
fabricated a DNA containing PLGA/PELA electrospun scaffold using the same method
as previously developed, with the intent of delivering osteogenic growth factor genes for
bone regeneration. However, the scaffold shrunk severely after being submerged into
aqueous environment and failed to achieve high transfection efficiency in vitro.
Subsequently, we used the collagen/PLLA scaffold (originally developed for cell
delivery) and modified our approach by surface immobilization of DNA/lipid complexes
and showed superior transfection efficiency in Hela cells. Hence, BMP-2 gene delivery
was performed using this collagen/PLLA scaffold with surface adsorbed transfection

complexes on MC3T3 cells. Significant increase of mMRNA level of BMP-2 expression



was observed after 3 days of transfection and as were other preosteoblast
differentiation markers at the mRNA level by day 7. However, the BMP2 protein
expression was not detected and augmentation of mineralization was not observed in
vitro probably due to the cytotoxicity of the transfection reagent. In contrast, in an in vivo
setting, the BMP2 transfection complex immobilized collagen/PLLA scaffold
successfully transfected surrounding tissue with both mRNA level and protein level
expression. In addition, the BMP2 transfection complex loaded scaffold successfully
induced ectopic mineralization in mouse skeletal muscle. These results indicate that the
surface adsorption strategy is a promising approach to immobilize gene delivery

vehicles onto electrospun scaffolds for bone tissue engineering applications.
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1. Introduction

1.1 Overview

Loss of bone resulting from trauma, infection and tumor resection and skeletal
abnormalities is a worldwide problem severely affecting human health[1, 2]. Surgeons
use autografts or allografts to repair major damage to bone from accidents or disease.
An estimated 450,000 surgical bone grafts are performed each year[1]. However,
autografts are limited by poor quality and quantity of bones that can be harvested. Other
disadvantages include, donor site morbidity caused by additional surgical procedures
for harvesting, risk of infection, hematoma formation and chronic pain[1-3]. Allografts
have other limitations like transmission of diseases from donor to recipient or
immunogenic reactions[3]. Bone tissue engineering, which aims to develop viable,
clinically competitive approaches (e.g. scaffolds) for bone reconstruction, provides an
alternative to tissue grafting[4]. It requires that the scaffold be porous and conducive to
cell attachment and maintenance of viability and appropriate cell function. Such a
scaffold can be coupled together with a rich source of stem cells, osteoprogenitor cells
or even osteoblasts and selected osteoinductive growth factors[5]. In the last decade,
various bone tissue engineering approaches have been extensively studied and hold
great promise in treating bone tissue loss. However, to date, a vascularized

mechanically competent osteoconductive/inductive construct remains elusive.

The overall goal of the proposed research is to develop an implantable device

which combines gene therapy with a tissue engineering scaffold, for long-term



production of selected bone osteoinductive factors to treat bone tissue loss and/or

enhance endogenous regeneration.

1.2 Current progress in bone tissue engineering

A successful bone tissue engineering construct usually requires three
interdependent properties: 1) osteoconduction (extracellular matrix (ECM)/scaffold for
adhesion, migration, proliferation, and differentiation of cells), 2) osteoinduction (bone
morphogenetic proteins (BMPs) and other growth factors to induce osteogenesis), and
3) osteogenesis (stem cells and osteoprogenitor cells within the matrix/scaffold) to

produce new bone [2, 6, 7].

1.2.1 Extracellular matrix/scaffold

The ECM provides mechanical support for the bone tissue. It is vital to native
bone formation and maintenance. Artificial ECM/scaffold are usually generated for
developing a successful tissue engineering strategy. Many materials and scaffolding
procedures are being used to create artificial ECM. Table 1 lists the important factors

needed to be considered in scaffold design[6].



Environment Properties Architecture Material

In vivo vs in vitro Biocompatibility Porosity Biomimetic
material

Static culture vs Osteogenesis Pore size Natural vs

dynamic culture

synthetic

Growth factors Osteocompatibi Surface area to Bioactive vs

volume ratio
lity bioinert
Access to Osteoinduction Pore Factor

vasculature interconnectivity release

Temperature Osteoconductio Mechanical
n Strength

pH Mechanical
strength

Preformed vs
injectable
Surface texture
Degradation

rate

Table 1. Factors needed to be considered in scaffold design [6].

The materials commonly used can be divided into several categories including
metals, ceramics (i.e. B-Tricalcium Phosphate (3-TCP), hydroxyapatite, biphasic
calcium phosphate (BCP), octacalcium phosphate (OCP), and calcium-sulfate, etc.),
natural polymers (i.e. collagen, fibrin, gelatin, glysosaminoglycans (GAGs), and chitosan
et al), synthetic polymers(poly(e-caprolactone)(PCL), poly-L-lactide (PLLA), poly-

glycolide (PGA), poly lactide-co-glycolide (PLGA), etc.) and composites of these



materials [8, 9]. One major disadvantage of metals and ceramics is their lack of
degradability within a biological environment and their restricted processing capability.
In contrast, polymers have great design flexibility and thus have received considerable

attention and are more widely studied for bone tissue engineering applications [9].

Other than the diversity of materials, a number of different scaffolding methods
were developed for preparing porous 3D polymeric scaffolds for bone tissue
engineering. These techniques mainly include solvent casting and particulate leaching,
gas foaming, emulsion freeze/drying, electrospinning, rapid prototyping, thermally

induced phase separation and 3D printing etc. [9, 10] and currently are all being tested.

1.2.2 Osteoprogenitor cells within matrix/scaffold

In order to stimulate efficient bone regeneration, an adequate supply of cells
(mesenchymal stem cells (MSCs) and osteoprogenitors) is critical. Enhanced repair of
large bony defects in animals have been achieved by implanting scaffolds loaded with
MSCs of diverse species [11-15]. Moreover, a few clinical trials were conducted with
transplanted scaffolds containing human bone marrow-derived MSCs to treat large
bone defects and obtained promising results [16, 17]. However, due to difficulties of the
ex vivo enrichment, in addition to donor-dependent disadvantages regarding the bone
forming capacity, further investigations are needed to fully realize the therapeutic
applications of MSCs. Utilization of MSCs from sources other than bone marrow, such
as peripheral blood [18], fat [19], muscle, traumatized muscle tissue after debridement

[20], or even ESCs (embryonic stem cells) [21] are also under extensive investigation.



1.2.3 BMPs and other growth factors

A number of key molecules that regulate the complex bone regeneration process
have been identified, including BMPs, platelet-derived growth factor (PDGF),
transforming growth factor-p (TGF-f), insulin-like growth factors (IGFs), vascular
endothelial growth factor (VEGF) and fibroblast growth factors (FGFs), just to name a
few [22]. BMPs have been the most extensively studied among these molecules
because of their potent osteoinductive properties. They act on the chemotaxis and
mitogenesis of MSCs and other osteoprogenitor cells, and induce their differentiation to
osteoblasts[23]. Since the discovery of BMPs, a number of animal and clinical trials
have shown the safety and efficacy of their use as osteoinductive bone-graft substitutes
for bone regeneration[2]. Further, with the use of recombinant DNA technology, rhBMP-
2 (INFUSE, Medtronic) and rhBMP-7 (OP-1, Stryker) have also been commercially

available for clinical use for over a decade now[24].

Despite extensive research and development of growth factor products for bone
regeneration, the clinical application of these proteins is still limited by difficulties of
controlled and sustained delivery. These soluble proteins have a very short half-life in
vivo due to rapid diffusion and proteolytic degradation, leading to dosages that are far
above physiological levels, thereby incurring higher costs[25]. In addition, problems of
unwanted ectopic bone formation, bone resorption and heightened soft tissue reactivity

were also reported[24].

1.3 Gene therapy in bone tissue engineering



Other than direct protein delivery, gene therapy is another promising approach
for growth-factor delivery in the field of bone tissue engineering[25]. Instead of
delivering proteins with their aforementioned disadvantages, gene therapy transfers
genetic material into the target cells, allowing expression of bioactive factors from the
cells themselves for a prolonged time. Gene therapy can be performed by either an in
vivo or ex vivo strategy. The in vivo method delivers the desired gene directly into the
target tissue; in contrast, the ex vivo technique requires the target cells to be harvested,

expanded in culture, transfected and implanted back into the host[25].

Gene therapy approaches entail the use of either viral or non-viral vectors to
deliver the therapeutic gene, or even naked DNA. Predominantly, viral vectors are used
and include adenovirus, adeno-associated virus, herpes simplex virus, lentivirus and
retroviruses. Viral vectors are extremely efficient at delivering the therapeutic gene and
with high levels of infection, but have the disadvantages of immunogenicity, toxicity and
mutagenicity[26]. On the other hand, non-viral vectors tend to be polymeric or lipid
based, and in comparison to viral vectors, they are easy to manufacture and have low
cost and low immunogenicity. However, their biggest disadvantage is their low
transfection efficiency and this needs to be improved, especially for in vivo applications

[27].

Using a gene therapy approach, the delivery of growth factor, particularly BMPs,
for bone regeneration has already produced promising results in animal studies [28, 29].
Lieberman et al used an adenovirus vector to deliver BMP-2 into MSCs and these cells

successfully healed large segmental femoral defects in nude rats [30]. In another study,



periosteal cells transduced retrovirally with BMP-7 were seeded onto PGA matrices and
implanted into bone defect site. This approach successfully enhanced the repair of
critical-size rabbit cranial defects[31]. However, these studies were accomplished using
viral vectors, despite their disadvantages described above. To circumvent this, our
laboratory is currently developing non-viral approaches to deliver genes for bone

regeneration.

1.4 Current progress of bone tissue engineering study in our laboratory

For over a decade, our laboratory has utilized electrospinning to fabricate
polymeric scaffolds for cell, drug and gene delivery [32-35]. Electrospinning is a
versatile technique used to generate tissue engineering scaffolds due to its ability to
produce micro and nanofibers from polymeric solutions or melts[36]. By applying a high
electric field between a syringe tip and a grounded collector, the polymer solution or
melt is slowly extruded out of the syringe tip and is collected typically on a rotating
drum. Specifically, when the force surpasses the surface tension of the polymer
solution at a critical voltage, an unstable, electrically charged jet is pulled out from the
syringe tip and falls onto the collector. During this extrusion process, almost all of the
solvent is evaporated, and a single continuous fiber is formed on top of the collector.
Over time, the collected fiber eventually accumulates into a nonwoven fibrous sheet[36]

(Figure 1).
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Figure 1 Electrospinning apparatus in creating nonwoven, nanofibrous scaffolds[37].

Such electrospun scaffolds are of great interest and widely studied for tissue
engineering applications due to their various advantages in comparison to other types of
scaffolds; first, they can mimic the nanoscale structure of the ECM; second, their
nonwoven, nanofibrous nature constructed from biodegradable polymers leads to high
porosity, high surface to volume ratio and controllable degradation; third, they are
simple and easy to fabricate and bioactive molecules can be easily incorporated, and
fourth, by fine-tuning a number of factors (e.g. polymer solution composition, surface
tension, electric field strength), it is possible to precisely control the composition and
morphology of the scaffolds for desired biocompatibility, biodegradability and

functionality[36].

A number of natural and synthetic materials have been electrospun into fibrous
meshes for bone tissue engineering applications, including collagen[38], chitosan[39], silk
fibroin[40, 41], poly(L-lactic acid) (PLLA)[42], poly(lactide-co-glycolide acid) (PLGA)[43],

poly(caprolactone) (PCL)[44], and blends of these materials[45-47]. Our laboratory has



also reported on previous studies using PLGA[33], PLLA and collagen[37] to develop
electrospun bone tissue engineering scaffolds. Specifically, PLGA has been used as a
base polymer, due to its excellent biocompatibility and biodegradability as well as its
ability to be easily modified to combine with natural polymers, including extracellular
proteins, growth factors or even drugs in order to provide different functionality to the
scaffolds [48-50]. PLLA also demonstrated good biocompatibility, superior material
properties, and slow degradation rate, which are all favorable for bone applications [35,
51-58]. For example, a PLLA electrospun scaffold retained less than 40% of original
intensity after 4 weeks of subcutaneous implantation as detected by gas permeation
chromatography [59]. An electrospun PLLA/PCL mixture scaffold demonstrated about 50%
of weight loss after 21 days of degradation in vitro [60]. Futher, modulation of the material
composition and parameters of electrospinning can also alter the degradation property of
the scaffold. The ideal optimal material/mechanical properties of the electrospun scaffold
should match those of the bone tissue that needs to be regenerated. To achieve this,
incorporation of hydroxyapatite (HA) and creation of fiber alignment improve the
mechanical properties of electrospun scaffolds [61, 62]. Moreover, it was reported that
low M.W. PLLA (M.W. 20000) could enhance the differentiation of MC3T3-E1 cells [58].
Type | Collagen is also another candidate molecule for scaffold incorporation as it is the
main component of mammalian connective tissue, accounting for approximately 90% of
bone ECM protein content [63]. Furthermore, collagen contains RGD sequences, which
mediate reciprocal interactions between ECM molecules and intracellular cytoskeleton

via integrins [64]. However, collagen’s poor bulk properties and high expense (when



purchased in its pure form) limit its utility as the sole component in tissue engineering

scaffolds, and thus, it is usually used together with PLGA or PLLA base polymers [47].

Previously, our laboratory fabricated two types of 3D non-woven highly porous
electrospun scaffolds for the application of bone tissue engineering: one is composed of
PLGA/PLA-PEG-PLA (LEL) and DNA for osteoinductive gene delivery purpose[33]; the
other is composed of PLLA and small amount of collagen for osteogenic cell delivery
purpose[34]. The PLGA/LEL/DNA scaffold was the first electrospun tissue engineering
scaffold that demonstrated successful plasmid DNA incorporation, release and in vitro
delivery of bioactive DNA capable of transfection and expression. Specifically, the
released DNA from the scaffold exhibited enhanced transfection efficiency in comparison
to equivalent amounts of naked plasmid DNA. However, the transfection efficiency of the
released DNA was lower than the one further complexed with transfection reagent
Fugene 6 (~4%), and much lower than the same amount of original plasmid complexed
with Fugene 6 (~20%). [33]. Based on these results, it was hypothesized that the
transfection efficiency of the scaffold could be enhanced by seeding cells directly onto it.
In addition, direct seeding of cells on this scaffold can enable us to determine the cell
compatibility property of the scaffold. Hence, the first specific aim of this study further
investigated the in vitro transfection efficiency and cell compatibility of this type of

electrospun scaffold.

Our laboratory was also the first one to develop collagen incorporated PLLA
electrospun scaffolds for the enhancement of preosteoblast differentiation. The collagen
(<1 wt %) containing PLLA scaffolds developed supported robust cell attachment,

sustained cell proliferation and differentiation, and greatly enhanced cell penetration in

10



comparison with pure PLLA scaffold[34]. The superior cell compatibility of the
collagen/PLLA scaffold encouraged us to further explore the feasibility of modifying this
scaffold, so that it can serve as a gene delivery system as well, for the ultimate goal of
generating an effective bone tissue engineering construct. Therefore, in the second and
the third specific aims of this study, the collagen/PLLA scaffold was modified by surface
adsorption of transfection complexes and rhBMP2 gene delivery efficacy was

investigated using this modified scaffold in vitro and in vivo, respectively.

1.5 Specific Aims & Hypotheses

Specific Aim 1: Development, characterization and evaluation of the in vitro
transfection efficiency of DNA containing PLGA/PEG-PLA composite electrospun

scaffold.

Hypothesis 1: DNA incorporated in a PLGA/PEG-PLA composite electrospun

scaffold will successfully be released and will retain its bioactivity.

Hypothesis 2: Cells plated onto the DNA containing PLGA/PEG-PLA composite

electrospun scaffold will be successfully transfected.

Specific Aim 2: Evaluating the ability of an electrospun collagen/PLLA scaffold
with surface adsorbed BMP-2 DNA transfection complexes to deliver BMP-2 DNA and

stimulate preosteoblast differentiation in vitro.

11



Hypothesis: Preosteoblast cells plated onto the electrospun collagen/PLLA
scaffold with surface adsorbed BMP-2 DNA transfection complexes will be successfully

transfected and undergo differentiation.

Specific Aim 3: Assessing the ability of the electrospun collagen/PLLA scaffold
with surface adsorbed transfection complexes to deliver BMP-2 DNA and stimulate

ectopic bone formation in vivo.

Hypothesis: The implanted electrospun collagen/PLLA scaffold with surface
adsorbed BMP-2 DNA transfection complexes will be successfully delivered into

surrounding tissue and induce ectopic bone formation.

12



2. Specific aim 1

Development, characterization and evaluation of the in vitro transfection

efficiency of DNA containing PLGA/PEG-PLA composite electrospun scaffold.

In this specific aim, a PLGA/PEG-PLA composite electrospun scaffold was
fabricated using the same method developed by our laboratory previously[33]. The main
difference of this scaffold from the previous developed is the use of the diblock
copolymer PEG-PLA instead of the triblock copolymer PLA-PEG-PLA. DNA release
study was performed and the integrity of the released DNA was analyzed using gel
electrophoresis and in vitro cell transfection study. Finally, cells were plated directly on
the scaffold for testing the cell compatibility and the in vitro transfection capability of the

scaffold.

2.1 Materials and Methods

2.1.1 Materials

75:25 PLGA was purchased from Birmingham Polymers (Birmingham, AL, USA,
Cat. No.A144-75), with an inherent viscosity of 0.69dL/g in CHCIs. PEG-PLA (5K-5K)
diblock copolymer (intrinsic viscosity: 0.55dL/g in CHCI3) was kindly provided by Dr.
Benjamin Chu’s (Department of Chemistry, Stony Brook University) laboratory. MC3T3-
E1 cells were purchased from ATCC (Manassas, VA, USA). GFP containing plasmid
pECFP-C1 (4.7kb) was purchased from Clontech (Mountain View, CA, USA) and
amplified through E. coli culture using a Qiagen (Valencia, CA, USA) Giga Prep kit.

Picogreen DNA reagent was obtained from Molecular Probes (Eugene, OR, USA).

13



Nuclear fast red reagent is obtained from ScyTek Laboratories (Logan, Utah, USA).
Fugene HD transfection reagent was purchased from Roche Applied Science

(Indianapolis, IN, USA).

2.1.2 Electrospinning and morphology of the electrospun scaffolds

The general method for scaffold fabrication was followed as previously described
by our laboratory[33]. PEG-PLA block copolymer (0.12g) was dissolved in 2.68g N, N-
dimethyl formamide, to which 200ul GFP plasmid solution (5mg/ml, dissolved in water)
were added. The solution was stirred to stabilize for half an hour, after which 1.2g PLGA
(LA/GA 75:25) was slowly added to generate a 33% w/w polymer solution with the mass
ratio of PEG-PLA block copolymer to PLGA 1:10. After transferring the polymer solution
to a 5ml syringe fitted with a metal spinneret via a tubing, the syringe and the spinneret
was set up in the electrospinning apparatus. The scaffold was electrospun at about
22kV with a solution flow rate of 30ul/min. And the distance between the spinneret and
the rotating collection drum (covered with aluminum foil) was fixed at ~15cm. Scaffold
without any DNA was fabricated and served as a control. Following electrospinning, the

scaffolds were peeled off the aluminum foil and then cut into 1.5%1.0cm? sections.

The morphology of the scaffolds was studied using scanning electronic
microscopy (SEM) by coating with gold and visualized by a LEO 1550 Field Emission
SEM at an acceleration voltage of 10kV. The porosity of each membrane was estimated

by using

14



porosity=(1-p/po)x100%[65], where p is the density of electrospun scaffold and po
is the density of PLGA. To calculate the p of the scaffolds, three 1.0x1.0 cm? sections
were randomly cut from each scaffold, and then the weight, area and thickness of each
section were measured. The average p of the three sections were taken as the final p

for each scaffold.

2.1.3 DNA release assay

The electrospun scaffold was cut into 1.5%1.0cm? sections (n = 6), and each
section was incubated individually in an Eppendorf tube containing1ml TE buffer at
37°C. At 2, 24, 48, 72, 96 and 120hr, scaffold sections were taken out and transferred to
tubes containing fresh buffer and the collected release samples were stored at -20°C
until the end of the assay. The amount of DNA released into TE buffer was quantified
using PicoGreen Assay, which uses a fluorescent dye to stain double stranded DNA
only. The DNA solution was excited at 485nm and the emitted fluorescence was
measured at 530nm using a microplate reader (CytoFluor Series 4000, Perseptive

Biosystems).

2.1.4 Gel electrophoresis

The structural integrity of the released DNA was determined by 0.8% agarose gel
electrophoresis and visualized by ethidium bromide staining. The release samples from
1.5%1.0 cm? scaffold sections (n = 6) collected at 2 hours, day 1, day 3 and day 5 of
release were pooled and precipitated using ethanol, and then dissolved in 10ul of water.

5ul of the precipitated DNA samples were loaded into a gel.

15



2.1.5 Cell culture and released DNA bioactivity

MC3T3-E1 cells were cultured in a-MEM supplemented with 10% BCS and 1%
penicillin-streptomycin at 37°C, 5%C0O2 and 95% humidity. 1x10° MC3T3 cells were
plated on a 24-well plate one day prior to transfection. On the day of transfection,
following manufacture’s protocol, 2ug of original GFP plasmid or released GFP plasmid
were dissolved in 94 ul of water and then 6 pl of Fugene HD transfection reagent was
added to the DNA solution to make 100ul lipid/DNA complexes. The mixture was
vortexed for 1 second immediately after the addition of the transfection reagent, then
incubated in room temperature for 15 minutes. 25 ul of the complexes were added to
each well of cells in the 24-well plate. For control groups, 2ug of naked original or
released GFP was added directly into the 24-well plate. 3 days after transfection, the
cells were photographed using a Zeiss microscope (Axiovert200), then treated with
trypsin and resuspended in 500 pl of medium for FACS sorting to determine the

transfection efficiency.

2.1.6 Cell behavior on the PLGA/PELA scaffold

DNA containing scaffold and control scaffold were cut into 1.0%1.0cm? scaffold
sections and placed on the bottom of a 24-well plate. 1x10° cells were suspended in 30
ul of medium and carefully pipetted onto each 1.0x1.0cm? scaffold section. The droplet
of cells on the scaffold was incubated in an incubator for 1 hour and then 500pl of
medium was added into each well. After 3 days, the scaffold sections were taken out of

the plate, fixed with 4 % paraformaldehyde and stained with nuclear fast red reagent.

16



Subsequently, the stained scaffold sections were embedded into OCT embedding

medium and cut into 8 ym sections and photographed using a Zeiss microscope.

2.1.7 Transfection efficiency of the scaffold

Seven different test groups were performed to compare transfection efficiency as
listed below.

Group 1: no GFP DNA scaffold only (scaffold only).

Group 2: no GFP DNA scaffold with transfection reagent Fugene HD supplement
in cell culture medium (scaffold+Fugene HD).

Group 3: no GFP DNA scaffold with GFP plasmid supplemented in cell culture
medium (scaffold+GFP).

Group 4: no GFP DNA scaffold with GFP plasmid/Fugene HD complexes
supplemented in cell culture medium (scaffold+GFP/Fugene HD complexes).

Group 5: GFP DNA containing scaffold only (GFP scaffold).

Group 6: GFP DNA containing scaffold with Fugene HD reagent supplemented in
cell culture medium (GFP scaffold+ Fugene HD).

Group 7: GFP DNA containing scaffold with additional GFP plasmid/Fugene HD
complexes supplemented in cell culture medium (GFP scaffold+GFP/Fugene HD

complexes).

For group 1 & 5, the same procedure of cell seeding was utilized as the above
section (4.1.1.5). For group 2 & 6, 3, 4 & 7, an additional 1.5 ul Fugene HD reagent, 2ug
of GFP plasmid DNA and 25ul of the GFP plasmid DNA/lipid complexes were added to

each well, respectively, after the procedure of group 1 & 5. For evaluation of

17



transfection efficiency, cells were trypsinized for 5 min and resuspended in 500 pl of

medium for FACS analysis.

2.1.8 Statistics

A one-way ANOVA coupled with a posthoc test was used to determine significant

differences between the various groups in the transfection analysis.

2.2 Results

2.2.1 Fabrication and morphology of the scaffolds

The size of the scaffolds following electrospinning measured ~30x13cm. The
thickness of the GFP DNA containing scaffold and the no DNA scaffold was
0.328+0.023mm and 0.305+0.019mm, respectively. Based on this size, and the starting
amount of DNA, we calculated that the amount of DNA contained in a 1.5x1.0cm?
scaffold to be about 3ug. SEM analyses showed that the general appearance of the
DNA containing scaffold (Fig. 1a) was identical to that of the control scaffold without any
DNA (Fig. 1b). Both scaffolds had a porous morphology with the fiber diameter around
micron size. The porosity of the GFP DNA containing scaffold and the no DNA scaffold
was ~80.5% and ~82.3%, respectively. The two scaffolds were both observed uniform

without any "melts" or drops shown on them.

2.2.2 DNA release profile

We performed a release study over a maximum of 5 days. Similar to our previous

study[33], a burst release was observed with ~60% of released DNA in the first 24 hours
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followed by a steep decrease that occurred over time. Collectively, ~70% of plasmid
DNA was released over 5 days, corresponding to about 2.2ug from each 1.5%1.0cm?

scaffold section (Fig. 2).

2.2.3 Integrity of the released DNA

Following successful demonstration of DNA release from the scaffold, the
integrity of the released GFP DNA plasmid was verified using gel electrophoresis.
Results from this analysis showed that the migration of the released DNA (Fig. 3)
appeared different than the control plasmid (unincorporated DNA). The lower band of
each release sample migrated slower than the control plasmid DNA, but the top band of
each sample was at the same position as the control. There was also some released
DNA that remained in the loading well of the gel. The intensity of bands in lane 4 is
much higher than other lanes, which is consistent with the release data showing
maximum release occurred at day 1. As there was no "smear" (indicative of degraded
DNA) observed in any of the released DNA samples, the results indicate that the

released DNA was structurally intact.

2.2.4 Bioactivity of released DNA

Next, we wanted to investigate whether the released DNA retained its bioactivity,
in the context of GFP expression in MC3T3 cells. The released GFP DNA plasmid
preserved its expression capability (Fig. 4), although the transfection efficiency of
DNA/Fugene HD complexes decreased from 50% to 14% (Fig. 5). The transfection

efficiency of released GFP only, released GFP complexed with Fugene HD, original
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GFP only; original GFP complexed with Fugene HD and cells only with no DNA is
0.045+0.070, 14.1+1.1, 0.013+£0.010, 50.1+2.7, and 0.028+0.028, respectively. Group 2
and 4 have significant difference with each other and group 1, 3 and 5 (p<0.001),

respectively. There is no significant difference between group 1, 3 and 5 (p>0.05).

2.2.5 Cell behavior on the scaffold

Cells plated onto the scaffold were only located on the surface of the scaffold and
didn’t infiltrate into it over 3 days (Fig. 6). Cells seeded on the scaffold were small
(~1um and even smaller than the fiber diameter) and round, meaning the viability of the
cells growing on the scaffold was very low. In addition, the morphology of the scaffold
significantly changed and the porosity dramatically decreased when used in the culture
conditions. The control scaffold and the cells seeded on it had the same change and

morphology and thus was not shown.

2.2.6 Transfection efficiency of the scaffold

The transfection efficiency of cells plated directly on the GFP containing scaffold
was evaluated and compared to those on no GFP scaffold and other transfection
approaches: group 1: scaffold only, group 2: scaffold+Fugene HD, group 3:
scaffold+GFP, group 4: scaffold+GFP/Fugene HD complexes, group 5: GFP scaffold
only, group 6: GFP scaffold+Fugene HD, group 7: GFP scaffold+GFP/Fugene HD
complexes. The transfection efficiency of each group (1-7) is 0.22%, 0.03%, 0.28%,
2.08%, 0.37%, 0.57% and 2.85%, respectively. Group 4 (scaffold+GFP/Fugene HD

complexes) and 7 (GFP scaffold+GFP plasmid/Fugene HD complexes) have significant
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difference with group 1 (scaffold only), 2 (scaffold+Fugene HD), 3 (scaffold+GFP), 5
(GFP scaffold+GFP) and 6 (GFP scaffold+Fugene HD), respectively (p<0.01), but do
not have significant difference between each other (p>0.05). There is also no significant
difference between any two of Group 1(scaffold only), 2 (scaffold+Fugene HD), 3
(scaffold+GFP), 5 (GFP scaffold+GFP) and 6 (GFP scaffold+Fugene HD) (p>0.05). The
overall transfection efficiency of the PLGA/PELA scaffold is lower than 3%, despite
using the additional lipid/DNA complexes or not. But with the complexes (group
4(scaffold+GFP/Fugene HD complexes) & 7 (GFP scaffold+GFP plasmid/Fugene HD

complexes)), the transfection efficiency is significantly higher than other groups.

2.3 Discussion

The electrospun PLGA/PELA scaffold with or without GFP plasmid had a porous
morphology and a fiber diameter about a micron, similar to the DNA containing
PLGA/LEL scaffold fabricated by our laboratory previously[33]. But when submerged
into TE buffer or cell culture medium at 37°C, the scaffold shrunk to ~1/3 of its original
size with much smaller pore sizes and much bigger fiber diameter as shown by Figure
6. The shrinkage of electrospun scaffolds in aqueous environments and the change of
pore size are very common events and have been widely reported [65, 66]. To achieve
a successful bone tissue engineering construct, pore size must be within a particular
range as pores have to be large enough for cellular in-growth, nutrient and waste
exchange [67] yet be small enough to maximize surface area for optimal cell binding to
the substrate[68]. In this study, the significant change in porosity is probably the main

reason that prevents penetration of cells into the scaffold as demonstrated in Figure 6.
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Multiple bands of the control or released DNA shown in the gel represent the
various conformations of the plasmid. The predominant band of the control is likely the
linear plasmid according to the ladder and the top one may represent nicked/relaxed
circular plasmid[69]. The top bands of the released GFP DNA plasmid remained at the
same position as the control, which may indicate that the released DNA of
nicked/relaxed conformation retained its size and presumably its structural integrity (this
part of the released DNA has survived both the electrospinning process and the post-
processing conditions of scaffold incubation and sample precipitation). However, the
released DNA of linear conformation is behind the linear band of the control, indicating
that this part of released plasmid might have been changed and lost its bioactivity,
which is consistent with the transfection result using Fugene HD, showing a decrease of
transfection efficiency from 50% to 14% using the same amount of GFP plasmid DNA.
In addition, the released DNA sticking in the gel loading well indicates either the size of
the released DNA is too big (probably complexed with the PLGA or PELA polymers) to

migrate through the gel or the released DNA has no negative charge any more.

Cells plated on the GFP containing scaffold did not show very good viability based
on their morphology shown in Figure 6, which appear small and round. The size of the
cells is even smaller than the diameter of the fibers. Further quantitative proliferation
assays are needed to confirm the cell viability plated on the scaffold. Probably the
shrinkage of the scaffold also played a role in this low viability effect. As the scaffold
shrunk, the cells adhered on it may be “squeezed” and thus damaged leading to loss of

viability.
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The transfection efficiency of the GFP DNA scaffold is higher than that of the no
DNA control scaffold (group 1), no GFP DNA scaffold with Fugene HD (group 2) and no
GFP DNA scaffold with additional GFP (group 3). This illustrates that first, the GFP DNA
scaffold has the ability of delivering the GFP plasmid into cells plated on it; second, the
gene delivery efficiency of GFP scaffold is higher than naked DNA delivery; and the GFP
plasmid is bioactive, that is capable of being transcribed. However, the transfection
efficiency of the GFP scaffold was still at a very low level (~0.37%). This efficiency is
slightly lower than GFP scaffold with Fugene HD reagent supplemented in cell culture
medium (group 6, 0.57%), and much lower than just using scaffold (with or without DNA)
with supplemental lipid/DNA complexes in cell culture medium (group 4 or 7, 2.08% and
2.85%, respectively). In summary, these results indicate that the DNA containing
electrospun scaffold has a very limited transfection capability, and gene delivery using
lipid/DNA complexes is much more efficient (7-9 fold). Overall, the transfection efficiency
of all of these approaches is very low (lower than 3%), which may be due to the low cell

viability resulting from scaffold shrinkage or damage of the plasmid DNA.

2.4 Conclusion

A DNA incorporated PLGA/PELA based scaffold has been successfully
fabricated. The scaffold has a porous structure with an overall fiber size about a micron.
DNA is successfully released from the scaffold and partially retains its size integrity,
transfection efficiency and bioactivity. However, cells plated on the scaffold did not

migrate into the scaffold and probably did not survive, as a result of scaffold shrinkage.
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Based on these results, another type of electrospun scaffold previously
fabricated by out laboratory[34] mainly using a different type of polymer, PLLA, which is
not known to shrink as PLGA does in an aqueous environment (i.e. culture medium)

was employed and further modified for BMP-2 gene delivery and bone formation.
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Figure 1. PLGA/PELA scaffold morphology. SEM images showing: a) GFP DNA
containing scaffold. b) Scaffold with no DNA.
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Figure 2. DNA release from electrospun scaffolds. Six pieces (1.5cmx1 cm each)
of GFP DNA scaffold were incubated in TE buffer at 37°C, and PicoGreen quantification
were performed in triplicate for each sample. Values are meantS.D., n=6 scaffolds.
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Figure 3. Integrity of released plasmid DNA. Lane 1: molecular weight marker
(1kb); lane 2: unincorporated control plasmid DNA, lane 3, 4, 5 and 6: 2h 1d, 3d, and 5d
released DNA.
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Figure 4. Expression of released GFP transfected by Fugene HD visualized by
fluorescence microscopy. Left: MC3T3 cells in 24-well plate transfected by released
GFP/Fugene HD complexes (500ng DNA/well). Right: MC3T3 cells in 24-well plate
transfected by original GFP/Fugene HD complexes (500ng DNA/well).
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Figure 5. Transfection efficiency of released and unincorporated GFP delivered
without any vector (naked plasmid) or complexed with Fugene HD transfection reagent
and quantified by FACS. Values are meantS.D., n=4. 1: naked GFP plasmid released
in TE buffer; 2: GFP released in TE buffer complexed with Fugene HD; 3: naked original
GFP; 4: Original GFP complexed with Fugene HD complexes; 5: No GFP, cells only.
Group 2 and 4 have significant difference with each other and group 1, 3 and 5
(p<0.001), respectively. There is no significant difference between group 1,3 and 5
(p>0.05).
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Figure 6. Morphology of MC3T3 cell seeding on the GFP DNA containing
PLGA/PELA scaffold for 3 days stained by nuclear fast red reagent.
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Figure 7. Quantification of GFP scaffold transfection efficiency as determined by
FACS. Values are meanzS.D., n=3 . 1: No GFP scaffold only; 2: No GFP scaffold w/
Fugene HD; 3: No GFP scaffold w/ original GFP plasmid ; 4: No GFP scaffold w/
original GFP/Fugene HD complex; 5: GFP scaffold only; 6: GFP scaffold w/ Fugene HD;
7: GFP scaffold w/ Original GFP/Fugene HD complex. Group 4 and 7 have significant
difference with group 1, 2, 3, 5 and 6, respectively (p<0.01, * labeled), but do not have
significant difference between each other (p>0.05). There is also no significant
difference between any two of Group 1, 2, 3, 5 and 6 (p>0.05)
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3 Specific aim 2

Evaluating the ability of an electrospun collagen/PLLA scaffold with surface
adsorbed BMP-2 DNA transfection complexes to deliver BMP-2 DNA and stimulate

preosteoblast differentiation in vitro.

The original description of the fabrication of electrospun collagen/PLLA scaffold
and its investigation on cell behavior was previously reported by our laboratory[34]. In
this specific aim, the previously fabricated scaffold was cut into sections and soaked in
transfection complex solutions to absorb the complexes. Then cells were plated onto

the transfection complex containing scaffold to test its transfection efficacy in vitro.

3.1 Materials and Methods

3.1.1 Transfection of Hela cells using collagen/PLLA scaffold with surface

immobilized B-gal plasmid DNA/lipid complexes

3.1.1.1 B-gal plasmid DNA/lipid complex synthesis and immobilization

DNA/lipid complexes were formed by mixing plasmid with TrueFect-Lipo™
Transfection reagent (United Biosystems, Rockville, MD). To make 125ul of lipid/B-gal
DNA complexes, 1ug B-gal plasmid DNA was dissolved in 121yl of water and then 4l
of the reagent was added into the DNA solution. The mixture was vortexed immediately
after the addition of the reagent for 1 second. Complexes were subsequently incubated
at RT for 15 min before immobilization (substrate-mediated) or addition to culture media

(bolus). Scaffold was punched into round discs using a puncher (diameter of 7mm) and
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sterilized by dipping into absolute alcohol for 15 minutes. After being removed out of the
alcohol, the scaffold sections were air dried over night. Then each scaffold disc was
submerged into and entirely covered by 50ul of lipid/DNA complex suspension in an
Eppendorf tube for 5 hours. Subsequently the scaffold discs were transferred to a 96-
well tissue culture plate with or without air drying before proceeding to the next

transfection step.

3.1.1.2 Transfection

To initially test our scaffold, we used a common cell line (Hela). These cells were
cultured in DMEM with 10% (v/v) FBS, 1% (v/v) penicillin streptomycin at 5% COz2,
37°C, and 95% humidity. For transfection, cells were seeded on the dried or undried
scaffold discs at a density of 3x10%cells/well for 48 h. For positive control, scaffold discs
without any complex immobilization were placed onto the 96-well plate. Then, the same
amount of cells suspended in 100ul medium were mixed with 50ul of lipid/DNA complex
suspension and plated onto each scaffold disc. For negative control, 3x10* cells were
seeded onto each scaffold disc placed on the bottom of the 96-well plate. All

experimental conditions were performed in triplicate.

48 hours after transfection, the cells were fixed on the scaffolds with 10%
formalin. The expression of 3-galactosidase was visualized by staining with X-gal
solution for 24 hours. Upon removing of the X-gal solution the cells were counter
stained with nuclear fast red reagent for 5 min and washed twice with distilled water.
The scaffold discs were then dried and photographed using a Zeiss microscope

(Axiovert 200 equiped with a digital camera).
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The obtained images were processed using Matlab to quantify the transfection
efficiency. First, the images were converted from RGB to HSV colorspace. Then, typical
areas of low and high saturation of red and blue color were chosen to define the H and
S threshold values of each color. Using the color threshold, the total pixels of red color
and blue color was calculated and the pixel ratio of blue color and the sum of red and

blue color was calculated as the transfection efficiency.

Transfection efficiency = total pixels of blue color / (total pixels of red color+total

pixels of blue color)

3.1.2 Induction of preosteoblast differentiation by transfection of MC3T3 cells
using collagen/PLLA scaffold with surface immobilized BMP2 plasmid DNA

transfection complexes

3.1.2.1 Cell culture

Following the preliminary experiments using Hela cells, preosteoblastic MC3T3
cells were then used as our model for osteogenic differentiation and were cultured in
aMEM (a modified Eagle medium) supplemented with 10% FBS and 1%

Penicillin/Streptomycin at 37°C with 5% CO..

3.1.2.2 Preparation of transfection complexes

BMP2 transfection complexes were prepared using Xfect Transfection Reagent
(Clontech, CA) following manufacture's protocol. To make 80ul of BMP2 transfection

complexes, 2ug BMP2 plasmid was diluted by the Xfect Reaction Buffer to a total
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volume of 40pl, and 0.6l Xfect Polymer was also diluted in the Xfect Reaction Buffer to
40ul. The polymer solution was added to the DNA solution and the mixture was

vortexed for 10 seconds and then incubated at RT for 10 min.

3.1.2.3 Transfection

The collagen/PLLA scaffolds were cut into discs using a hole puncher (diameter
of 14mm), sterilized by submerging into 70% EtOH for 15 min, and then washed three
times with PBS. The sterilized scaffold discs were placed into 24-well plates one piece
per well and 80ul of BMP2 transfection complexes (equals to 2ug DNA) (experimental:
represented by "BMP2 scaffold" group)or PBS (negative control: represented by
"scaffold only" group) were added into each well for an overnight incubation at RT.
Subsequently, the transfection complexes or PBS were removed and 2x10* MC3T3
cells were seeded onto each scaffold section. After the transfection, cells were
incubated in mineralization medium (500pl/well) composed of aMEM supplemented with
10% FBS, 1% Penicillin/Streptomycin, ascorbic acid (100 pg/ml) and 3-

glycerophosphate (100 mM) [34]. The medium was changed every 2-3 days.

3.1.2.4 Quantitative real-time PCR

After 3 and 7 days of transfection, cells were subjected to total RNA extraction
using an RNAeasy Mini Kit (QIAGEN, Valencia, USA). Cells plated onto collagen/PLLA
scaffold discs without transfection complex immobilization served as a control.
Quantitative real-time PCR (qRT-PCR) was carried out with QuantiTect SYBR Green

RT-PCR Kit (QIAGEN, Valencia, USA) following the standard protocol for the
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LightCycler system (Roche, Indianapolis, USA). BMP2, RUNX2 and OSX were assayed
as target osteoblast differentiation marker genes. GAPDH served as a housekeeping
gene. The copy number ratio of the target gene relative to the reference gene was
obtained first for control and experimental group and then the ratio of the control
"scaffold only" group was normalized to 1 for comparing the experimental "BMP2

scaffold" group. This experiment was performed in triplicate.

3.1.2.5 ELISA

On day 3, day 7 and day 14 of transfection, cell culture medium was collected
from each well and stored at -20°C until all the time points were collected and assayed
for quantitative determination of BMP-2 protein levels using a Quantikine BMP2
immunoassay kit (R&D systems, MN) following manufacture's protocol. This experiment

was performed in quadruple.

3.1.2.6 Alizarin Red staining.

Alizarin Red S staining was performed to determine the amount of mineralized
matrix produced by the cells[70]. On day 14, day 21 and day 28 of transfection, cells
were fixed in 4% paraformaldhyde for 15 min and stained in 40mM Alizarin Red-s
reagent at pH 4.2 for 10 min at RT. After 5 times of wash by water, the cells were
photographed and then destained for 15 min with 500 pl of 10% (w/v) cetylpyridinium
chloride(CPC) dissolved in 10mM sodium phosphate (pH 7.0). Subsequently, the
extracted stain was transferred to a 96 well plate and measured at 562 nm in a plate

reader[71]. This experiment was performed in quadruple.
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3.1.2.7 statistics

One-tailed Welch's t-test which do not assume equal variances was used to
determine significant difference between control and BMP2 scaffold group for qRT-

PCR, ELISA and Alizarin Red staining at each time point.

3.2 Results

3.2.1 Transfection of Hela cells using collagen/PLLA scaffold with immobilized -

gal plasmid DNA/lipid complexes

Cells seeded on the scaffold discs with or without adsorbed lipid/DNA complexes
after 48 hrs grew along the fibers and had the same spindle-shaped morphology (Fig.
1), which is consistent with our precious study[34]. Results from the transfection
experiments show that the scaffold with undried lipid/DNA complex immobilization
retained the transfection ability of the complexes and had a transfection efficiency of
37+7% (Fig. 1b, e & g). This efficiency is lower than the control (Fig 1c & f), which had
cells seeded on the collagen/PLLA scaffold transfected by lipoplexes supplemented in
the medium, with 90+5% cells transfected (Fig. 1g). The experimental group with dried
immobilized lipid/DNA complexes did not have any positive 3-gal expression (Fig. 1d),
as was the case with the negative control (Fig. 1a), i.e., the transfection efficiency of

both of the two groups is 0 (Fig. 19g).

3.2.2 Induction of preosteoblast differentiation by transfection of MC3T3 cells
using collagen/PLLA scaffold with immobilized BMP2 plasmid transfection

complexes
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3.2.2.1 Real time PCR analysis of mRNA level of gene expression

To confirm the effective transfection of MC3T3 cells by the BMP2 transfection
complex immobilized scaffold (BMP2 scaffold), and the osteogenic differentiation
induced by the expressed BMP2 protein, expression of BMP2 and the marker genes of
osteogenesis including OSX and RUNX2 was evaluated by real-time PCR (figure 2).
Significant (more than 40 fold and 10 fold) increase of BMP2 mRNA level was observed
on day 3 and day 7 of transfection, showing that the MC3T3 cells were successfully
transfected by the BMP2 scaffold, which means that the adsorbed BMP2 plasmid
transfection complexes retained their bioactivity after immobilization. A 1.5 fold increase
of MOSX mRNA level was observed on day 3 of transfection, which is significantly
different from the control. About 3 fold increase of OSX and RUNX2 mRNA level (3.20
and 2.97, respectively) was observed on day 7 of transfection, however, the increase is
not statistically significant in comparison with control, which means that the delivered
BMP2 gene may not induce osteogenic differentiation, as measured by these molecular

marker genes (Figure 2).

3.2.2.2 ELISA

To confirm that the protein product of the delivered and expressed BMP2 gene
was secreted and present in the cell culture medium, ELISA was performed (Figure 3).
In contrast to the real-time PCR results, no significant BMP2 protein expression was
detected. A number of possibilities can account for these results and they are: (1) no

BMP2 protein secreted into the cell culture medium; (2) the secreted BMP2
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concentration was very low to be detected via ELISA; and (3) the secreted BMP2

protein was rapidly degraded.

3.2.2.3 Alizarin red staining

Similar to the ELISA results, the Alizarin red staining for mineralization of extra
cellular matrix did not show significant difference between the experimental group and

the control group at all time points tested (Figure 4).

3.3 Discussion

3.3.1 Transfection of Hela cells using lipid/B-gal complex loaded collagen/PLLA

scaffold

The undried lipid/DNA complexes were adsorbed onto the collagen/PLLA
scaffold and showed robust transfection efficiency, in contrast to the dried immobilized
lipid/DNA complexes whose transfection efficiency was nonexistent. One reason may
be that the drying process destroyed the structure of the lipid/DNA complexes and thus

affected the transfection capability of the complexes.

The transfection efficiency of the undried GFP scaffold was lower than that of the
positive control. This phenomenon may have resulted from the loss of the complexes
which were not adsorbed onto the scaffold discs in comparison with those added in the

positive control.

The mechanism of the adsorption process is not clear. The adsorption between

the scaffold and the lipid/DNA complexes may be due to some surface interactions
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including electrostatic interaction, hydrophobic interaction, hydrogen bonding and Van
der Waals force[72]. It is known that the lipid/DNA complexes are positively charged.
We observed that the scaffold had some electrostatic charges on its surface after the
electrospinning process. So it is highly possible that the adsorption is mainly driven by
electrostatic force. Another possibility is that the porous structure of the scaffold held
some of the complex suspension inside the pores like a sponge and the complexes
were released into the cell culture medium again during the transfection. Further
investigation is needed to verify the exact immobilization mechanism but it is beyond the

main scope of this thesis.

3.3.2 Transfection of MC3T2 cells using BMP2 transfection complex loaded

collagen/PLLA scaffold for induction of preosteoblast differentiation

In this study of induction of osteogenic differentiation by BMP2 transfection
complex adsorbed electrospun collagen/PLLA scafffold, conflicting results were
obtained. On one hand, MC3T3 cells were successfully transfected by the BMP2
scaffold with significant upregulation of BMP2 at the mRNA level, showing the
transfection complexes were successfully immobilized on the surface of the
collagen/PLLA scaffold and retained their bioactivity. On the other hand, the BMP2
protein level was not detected, and the mineralization of extracellular matrix was not
enhanced by the cell transfection using the BMP2 scaffold. This conflicting observation
may result from the cytotoxicity of the transfection reagent. During our experiments we
observed that the transfection reagent was very toxic to the MC3T3 cells and following

transfection. Specifically, by day 3 after transfection, few cells were left on the scaffold
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as visualized by nuclear fast red staining (data not shown). Hence, we speculate that
even though the cells were successfully transfected, a large number of cells died and
the BMP2 protein produced by the cells that were still alive was diluted by the cell
culture medium and thus it was not detectable by ELISA. Although the mRNA level of
OSX and RUNX2 were upregulated, they were not significant enough to compensate for
the effect of cell loss on mineralization. Thus there was no enhancement of
mineralization detected at the later time points (days 14-28). Another speculation is that,
although there was BMP2 protein expressed by the transfected cells, the protein was
quickly degraded by the proteases in the cell culture medium. It was previously reported
that BMP2 has a very short half-life of 7-16 min in vivo[73]. If the same is true in vitro,
then the protein level of BMP2 may not be detectable on the time points that we tested

(day 3, 7 and 14) after transfection.

Alizarin Red S is widely used for calcium mineral histochemistry because of its
selectivity to calcium salts [74]. However, Alizarin Red S staining itself is not sufficient
enough to prove the calcium mineral is specifically hydroxyapatite and has the correct
mineral phase, similar to the native bone mineral[75]. Further analysis using energy-
dispersive X-ray spectrometry (EDS), X-ray diffraction (XRD), FTIR etc. is needed to
determine elemental composition, crystallinity, and other properties of the formed
mineral[75]. Because there is no augmentation of mineralization found between the

control and transfected BMP2 plasmid group, further analyses were not performed.

Although the protein level of BMP2 and augmentation of mineralization were not

detected in vitro most likely due to the cytotoxicity of the Xfect transfection reagent, it
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may not be as potent in vivo because the in vivo environment is different. Moreover, the
Xfect transfection reagent creates biodegradable nanoparticles with plasmid DNA
according to the manufacturer. Compared to other commercially available transfection
reagents including the TrueFect-Lipo™ Transfection reagent, which produces lipoplexes
with plasmid DNA, the product is easy to use and compatible to serum in the tissue
culture medium whereas lipid based transfection reagents are not compatible to serum.
Taken the above two reasons together, we choose this Xfect transfection reagent for

our in vivo study.

3.4 Conclusion

The electrospun collagen/PLLA scaffold with surface adsorbed lipid/DNA
complexes is able to transfect Hela cells seeded onto the scaffold efficiently. In addition,
the electrospun collagen/PLLA scaffold with surface adsorbed BMP2 nanoparticle
transfection complexes is able to successfully transfect MC3T3 cells seeded onto the
scaffold and BMP2 mRNA was produced. However, BMP2 protein secretion and
enhancement of osteoblast differentiation was not detected probably due to the

cytotoxicity of the transfection reagent used.
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Figure 1. In vitro transfection using collagen/PLLA scaffold with surface adsorbed
DNA/lipid complexes and quantified transfection efficiency. a) Negative control, cells
plated on collagen/PLLA scaffold only, without any adsorbed DNA/lipid complexes. b)
Cells transfected by seeding on collagen/PLLA scaffold with surface adsorbed 3-gal
plasmid/lipid complexes. c) Cells plated on collagen/PLLA scaffold transfected by -gal
plasmid/lipid complexes supplemented in cell culture medium. d) Cells transfected by
seeding on collagen/PLLA scaffold with dried surface adsorbed 3-gal plasmid/lipid
complexes. e€) Higher magnification of cells from condition b). f) Higher magnification of
cells from condition c). g) Quantified transfection efficiency of condition a), b), ¢) and d).
Scale bar: 50um.
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Figure 2. mRNA level of BMP2, RUNX2 and OSX after transfection using control
scaffold at day 3, BMP2 scaffold at day 3, control scaffold at day 7, and BMP2 scaffold
at day 7. The copy number ratio of the target gene (BMP2, RUNX2 and OSX) relative to
the reference gene (GAPDH) was obtained first for control and experimental group and
then the ratio of the control "scaffold only" group was normalized to 1 for comparing the
experimental "BMP2 scaffold" group. * represents p<0.05 comparing to control.
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Figure 3. Quantitative determination of BMP2 protein concentration in cell culture
medium at different time points (day 3, 7, and 14) post-transfection using ELISA.
Control: collagen/PLLA scaffolds with MC3T3 cells seeded on them. BMP2: BMP2
containing collagen/PLLA scaffolds with MC3T3 cells seeded on them.
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Figure 4. A) Alizarin red staining of transfected cells seeded on control scaffold
and BMP2 containing scaffold on post-transfection day 14, 21 and 28. Cells in each
column are in the same condition. B) Alizarin red staining elute using 10% CPC and
detected by a spectrometer at 562nm.
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4 Specific aim 3
Assessing the ability of the electrospun collagen/PLLA scaffold with surface
adsorbed transfection complexes to deliver BMP-2 plasmid and induce ectopic bone

formation in vivo.

In this specific aim, the collagen/PLLA scaffold with surface adsorbed BMP2
transfection complexes was implanted in vivo using a mouse thigh muscle pouch model
for induction of ectopic bone formation. B-gal was used as a reporter gene for evaluating
the transfection. X-gal staining, gqRT-PCR, IHC, microCT and Alizarin red staining was

performed for analyzing the gene delivery and bone formation process.

4.1 Materials and methods

4.1.1 Experimental and control groups

The groups, animal numbers for each analysis and time points are summarized
in Table 1. Each animal represents two samples because the surgery was done
bilaterally as described below. The five groups are: 1) "scaffold only", 2) "scaffold+3-gal
complexes", 3) "scaffold+BMP2 complexes”, 4) "BMP2 complexes injection", and 5)
"scaffold+BMP2 protein". On day 3 and 7, X-gal staining was performed on group 1&2,
gRT-PCR and IHC were performed on group 1, 3 and 5 samples. On day 14 and 28,

microCT and histology analysis were performed on all five group samples.

4.1.2 Animals and surgery
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Male (28-31 day) Swiss Webster mice (Charles River, USA) were used to test
the in vivo gene delivery efficacy of the collagen/PLLA scaffold with surface adsorbed
transfection complexes [76, 77]. Scaffolds were cut into circular discs using a hole
puncher with diameter of 7mm, submerged into 70% EtOH for 15 minutes, and then
washed three times using PBS. One day before surgery, the DNA (B-gal or rhBMP-2)
transfection complexes were prepared and immobilized onto the scaffold discs as
described in section 3.1.2.2 and 3.1.2.3. To prepare the positive control discs, 1ug
rhBMP2 protein (R&D systems) was dissolved in 10ul water and immobilized onto each
scaffold disc. On the day of surgery, the mice were anesthetized by an intraperitoneal
injection of ketamine/xylazine (100mg/10mg per kg). The fur on the target area of each
leg was shaved with a clipper. A 2—3 mm skin incision overlying the gracilis (figure 1)
was made using scissors[78]. Then a muscle pouch was generated on the musculature
along the muscle fibers and a collagen/PLLA scaffold disc with or without surface
adsorbed transfection complexes was inserted into the muscle pouch. The skin
incisions were closed by suturing[79]. For the BMP2 transfection complex injection
group, 50yl of transfection complex solution was injected directly in to the target area of
the surgery. At post-surgery day 3, 7, 14, and 28, the mice were sacrificed, and the
scaffolds and surrounding tissue or the tissue around the injection site were harvested

for analysis (Table 1).

4.1.3 Embedding and sectioning of harvested tissue

The specimens were fixed in 4% paraformaldehyde at 4 °C for 24 hrs. After

rinsing at RT in PBS with 5% sucrose, the specimens were cryoprotected through the
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following steps: 1) infiltrated by increasing concentrations of sucrose by mixing 5% and
20% sucrose in PBS in ratios of 2:1, 1:1, 1:2, each for 30 min at RT, 2) then with 20%
sucrose in PBS at 4 °C overnight, 3) infiltrated in a mixture of 2 parts 20% sucrose to 1
part Tissue-Tek O.C.T. (Sakura Finetek Co. Ltd., Tokyo, Japan) embedding medium for
30 min at RT. All of the above fixation, rinses and infiltrations were done with gentle

rotation [80].

After fixation and cryopreservation, the specimens were embedded in infiltration
mixture (2:1 20% sucrose : O.C.T.) and frozen in liquid nitrogen cooled isopentane [80].
The samples were then cut into 20 um sections on a cryostat and placed on glass

slides.

4.1.4 X-gal staining

Tissue/scaffold sections were stained with X-gal reagent containing 1 mg/ml X-
gal, 2 mM MgClz, 5 mM KsFe(CN)s, 5 mM KsFe(CN)s at 37 °C overnight, and then
mounted in AQUA-POLY/MOUNT (Polysciences, Inc. PA USA) mounting medium after
washing and observed under a Zeiss Axiovert 200M microscope. Minimum 6 sections

were analyzed for each sample.

4.1.5 Quantitative real time-PCR (qRT-PCR)

MRNA expression of the transfected BMP2 and its downstream genes, RUNX2,
0OSX, OSC, COL1A1, were detected using qRT-PCR. Total RNA samples were
extracted from the harvested day 3 and day 7 specimens of control "scaffold only" and

experimental "scaffold+BMP2 complex" groups using an RNAeasy Mini Kit (QIAGEN,
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Valencia, USA). qRT-PCR was carried out with QuantiTect SYBR Green RT-PCR Kit
(QIAGEN, Valencia, USA) following the standard protocol for the LightCycler system
(Roche, Indianapolis, USA). GAPDH was chosen as a housekeeping gene. The primers
used for each gene are shown in Table 2. The copy number ratio of the target gene
relative to the reference gene was obtained first for each control and experimental
group and then the ratio of the control group was normalized to 1 for comparing the

experimental group. The PCR reaction was run three times for each sample.

4.1.6 Immunohistochemical analysis of rhBMP2 protein expression

To investigate if the BMP2 protein was successfully expressed by the in vivo
transfection using the transfection complex loaded collagen/PLLA scaffold, the scaffolds
with surrounding muscles were harvested for immunohistochemical analysis on day 3
and day 7 after implantation/injections. The "scaffold only" group served as a negative
control. After embedding and sectioning of the harvested tissue as described previously,
the sections were permeabilized with 0.2% Triton X 100 in PBS for 10 min, blocked with
3% horse serum in PBS for 30 min, and then incubated with goat rhBMP-2 antibody
(R&D systems) (1:500 dilution) at 4 °C overnight in blocking solution. Subsequently,
after washing, the sections were incubated with a peroxidase labeled rabbit anti-goat
secondary antibody (1:1000 dilution), and then visualized using a AEC substrate kit

(Vector Laboratories, Burlingame, CA, USA) according to the manufacturer's protocol.

4.1.7 Micro-computed tomography (microCT) analysis of bone formation
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MicroCT analysis was conducted on samples harvested after 14 and 28 days of
scaffold implantation and analyzed by micro-computed tomography. Following
harvesting, the tissue/scaffold specimens were fixed in 4% paraformaldehyde at 4 °C for
24 hrs. Then, they were transfered into a custom-made, 8-sector partitioned chamber
filled with 70% ethanol. The chamber was loaded in the micro-CT apparatus for

scanning.

4.1.8 Alizarin Red staining

Alizarin red staining was performed on the day 14 and day 28 samples following
surgery and scaffold implantation. After the microCT analysis, these samples were
washed by PBS, and cyropreserved and embedded as described in section 4.1.3.
Subsequently, the sections were stained with 40mM Alizarin Red solution for 10
minutes at room temperature[71], washed by ddH20, mounted using AQUA-
POLY/MOUNT (Polysciences, Inc. PA USA) mounting medium and observed under a

Zeiss Axiovert 200M microscope Minimum 6 sections of each sample were analyzed.

4.1.9 Statistics

One tailed student's t-test was used to determine significant difference between
control and BMP2 scaffold group for gRT-PCR at each time point. One way ANOVA

was performed on microCT data on both time points.

4.2 Results

4.2.1 X-gal staining
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To easily identify transgene expression after in vivo implantation of the
transfection complexes loaded scaffolds, the 3-gal gene was used as a reporter gene.
Three days and seven days after the implantation, the expression of the 3-gal gene was
visualized by X-gal staining for B-galactosidase activity. The results of this X-gal staining
analysis are summarized in Table 3. In the experimental group "scaffold+3-gal
complexes", all of the 4 samples at day 3 and both of the 2 samples at day 7 displayed
blue staining. However, 2 out of 4 samples and 3 out of 4 samples of the control group
"scaffold only" also had similar blue staining on day 3 and day 7, respectively. Typical
pictures of each group at each time point are shown in Figure 2. The blue staining of
both the "scaffold only" group and the "scaffold+f-gal complexes" group located
surrounding the scaffold. Because some of the control group showed very strong
background staining of x-gal on both day 3 (Figure2 A, B) and day 7(Figure 2 E, F), the

staining procedure needs further optimization to eliminate the background color.

4.2.2 Real time-PCR

The mRNA level of the rhBMP2 gene after in vivo transfection was detected
using real time-PCR. The mRNA level of the mouse RUNX2, OSX, OSC and COL1A1,
which are downstream genes of BMP2 and server as markers for osteogenesis, were
also determined. RNA isolated from the "scaffold only" group served as a negative
control. The result of this analysis is shown in Figure 3. The mRNA level of rhBMP2 in
"scaffold+BMP2 complex" group was 5 and 10 times higher than the control on day 3
and day 7, respectively, indicating the rhBMP2 plasmid that was adsorbed on the

surface of the Collagen/PLLA scaffold was successfully transfected and expressed by
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cells of the surrounding tissue. However, the mRNA level of mMRUNX2 gene and
mCOL1A1 gene were not upregulated and showed no statistical difference with control.
Mouse OSX and OSC mRNA expression was not detected, indicating that mOSX and

mOSC were not expressed in the surrounding tissue of the scaffold (data not shown).

4.2.3 Immunohistochemistry analysis of BMP2 protein expression

In agreement with the highly increased BMP2 mRNA level after in vivo gene
transfer using the "scaffold+BMP2 complex", strong BMP2 protein expression was also
detected on day 7 by immunohistochemistry analysis. Table 4. summarizes the results
of this IHC analysis. The typical pictures of each group at each time point are shown in
Figure 4. All of the samples of "scaffold only" (A/B), "scaffold+BMP2 complexes" (C/D),
"scaffold+BMP2 protein" (E/F) groups did not display any rhBMP2 staining on day 3. In
contrast, 4 out of 4 samples of "scaffold+BMP2 complexes" group (I/J) showed positive
rhBMP2 staining on day 7, whereas 3 out of 4 samples of "scaffold only" group (G/H)
did not . Only 1 out of 4 samples of "scaffold only" group displayed background red
color staining on day 7, probably due to nonspecific staining (data not shown). The red
staining of BMP2 protein mainly located surrounding the scaffolds as shown in Figure 4

G&H.

4.2.4 microCT

The microCT analysis revealed there was much higher amount of bone formation
in positive control group with very big variance on day 28, however, the increase of

bone formation is not statistically different from other groups. Other groups also did not
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show statistically significant amount of bone formation on day 28 (Figure 5). All of the

groups did not demonstrate statistically significant bone formation on day 14 (Figure 5).

4.2.5 Alizarin Red staining

Alizarin red staining demonstrated similar result with the microCT analysis. The
positive rate of this staining is summarized in Table 5 and typical images of each group
on each time point are shown in Figure 6. On day 14, mineralization was observed in 1
out of 4 specimens of "scaffold only" group and except this, no mineralization was found
in other control groups including "scaffold+p-gal complexes" and "BMP2 complex
injection" group. On day 28, no mineralization was found in all of the three control
groups. Mineralization was identified in 3 out of 4 specimens of the positive control
"scaffold+BMP2 protein" group on day 14 and 1 out of 4 specimens on day 28.
Significantly large calcium nodules (~200um) only presented in the positive control
group in 1 out of 4 specimens on both day 14 (Figure 6 G, H, I) and day 28 (Figure 6 O,
P, Q), respectively. Mineralization was also observed in 1 out of 4 specimens with the
experimental "scaffold+BMP2 complexes" group on day 14 and 3 out of 4 speciments
on day 28 (Table 5), showing that the electrospun collagen/PLLA scaffold with surface
immobilized BMP2 transfection complexes successfully induced bone formation. All of
the scaffold sections implanted in skeletal muscles were wrapped by fibrous envelops
on both day 14 and day 28 (Figure 6) whereas this fibrous envelope did not appear on
day 3 and day 7 (Figure 4). Mineralization/calcium nodules were found on the outer

edge of the fibrous tissue.

4.3 Discussion
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In 1965 Dr. Urist discovered that demineralized bone matrix implanted into
skeletal muscle had a bone morphorgenetic property [81]. Through a serious of studies
he found that robust cartilage and bone was induced from the interior of the
demineralized bone after implantation into skeletal muscles of different kinds of animals
[81-84]. The inductive substance was found localized in-between the collagen fibers of
the demineralized bone and later on was named BMP[83]. Since then, numerous
studies emerged to investigate the bone inductive property of BMPs and among those
the animal muscle pouch model became a popular model for in vivo ectopic bone
formation studies [85-88]. In this study, this animal model was also used to investigate
the rhBMP2 gene delivery efficacy of the transfection complex loaded electrospun

Collagen/PLLA scaffold.

In this specific aim, rhBMP2 gene was successfully delivered into mouse skeletal
muscle using Collagen/PLLA scaffold with surface adsorbed transfection complexes.
The delivered rhBMP2 gene was transcribed into mRNA, and translated into rhBMP2
protein by day 7 of implantation. The synthesized rhBMP2 protein mainly distributed
around the scaffold. Mineralization was histologically detectable at day 14 and day 28
following implantation of scaffolds. However, statistically significant radiographic
evidence of ectopic bone was not observed in any group of animals. Implantation into
skeletal muscle of scaffold only and scaffold immobilized with 3-galactosidase
transfection complexes (both negative control conditions), as well as injection of BMP2
transfection complexes (experimental condition) did not produce mineralization/bone,

both histologically and radiographically.
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This proof of concept study demonstrated the feasibility of rhBMP2 gene delivery
into skeletal muscle using transfection complex loaded Collagen/PLLA electrospun
scaffold to produce bioactive rhBMP2 protein, and to induce ectopic bone formation and
mineralization. Under the present condition, in terms of induction of mineralization, the
gene delivery efficacy of the collagen/PLLA scaffold system is better than the direct
transfection complex injection approach, though still not as good as the rhBMP2 protein
delivery (the gold standard) procedure using the same scaffold. To produce bone, this
electrospun collagen/PLLA scaffold gene delivery system needs
improvement/optimization and further evaluation in generally three aspects, i.e. gene
delivery efficiency, biocompatibility of the tissue engineering scaffold and the

combination strategies of the gene delivery system and the tissue engineering scaffold.

First, the gene delivery efficiency of this scaffold delivery system needs to be
improved to produce greater amount and/or more suitable release of rhBMP2 protein for
bone induction. As a non-viral gene delivery system, the low delivery efficiency is
always a problem of this kind of systems when compared to the viral gene delivery
systems [89-92]. To improve the delivery efficiency, the transfection complex
composition and concentration, and the immobilization means need to be optimized.
This study used the polymer-DNA nanoparticle gene delivery system as a vector. The
other common non-viral gene delivery vector is liposome mediated [90, 93, 94], which
has been shown to be able to produce comparable transfection efficiency close to viral
vectors [90]. Switching the gene delivery system to liposome vectors provides one

possibility to improve the gene expression level of rhBMP2. The xfect mESC
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transfection reagent used in this study was specifically designed for transfection of
mESC in vitro. The transfection complex synthesis condition and transfection condition
suggested by the manufacturer's protocol was only optimized for the in vitro transfection
of mESCs. In this study, the cell type for transfection, the in vivo transfection
environment are both different from the in vitro conditions provided by the
manufacturer's protocol. Hence the transfection complex preparation conditions and the
amount of complexes being added to the scaffold needs further optimization. The
immobilization means utilized by this study was simply physical attachment between the
complexes and the electrospun scaffold. No chemical bonds were involved in the
attachment between the complexes and the scaffold. Covalent bonds can be applied for
enhanced attachment for a more sustained release of the nanoparticles in order to
improve the transfection efficiency[72]. Recently a layer by layer technique [91, 95-97]
was used to immobilize PEI and DNA on the surface of electrospun scaffold for gene
delivery. Using this technique, the loading efficiency of several ug DNA per mg scaffold
was obtained and significant enhancements in wound healing were produced[91]. This
technique can also be applied to this study to improve the loading efficiency of the DNA

so as to enhance the transfection efficiency and overall sustained release.

Aside from the improvement of gene delivery efficiency, the tissue engineering
scaffold itself needs to be fully studied for its osteoconductivity/biocompatibility.
Although previous studies in our laboratory has already demonstrated that the
collagen/PLLA scaffold is favorable for cell attachment, migration, proliferation and

differentiation of osteoblasts, the degradability property of the scaffold is still not
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determined, which is a very important property for supporting bone formation. The
degradation rate of a bone tissue engineering scaffold is expected to be the same as
the generation rate of new bone so that the implant does not impede the formation of
the new bone [93, 98]. In this study, we did observe some break down of the scaffold
after 4 weeks of implantation (as shown in the histological images), but the degradation
needs to be evaluated more quantitatively and for a longer time period, both in vitro and

in vivo.

To combine the gene delivery system and tissue engineering scaffold together,
generally two strategies can be used: to absorb the transfection complex on the surface
of the scaffold or to include the complexes inside the electrospun fibers. In this study,
the complexes were adsorbed on the surface of the scaffold and showed great ability to
transfect the surrounding tissue of the scaffold. However, the lack of enough
mineralization and bone production in the later time points may indicate that the release
of the transfection complexes needs a more sustained profile to generate consistent
production of the rhBMP2 protein for effective bone induction[99], considering that the
delivery of a single dose of rhBMP-2 plasmid can only incur transient transfecion and
gene expression. Since bone formation occurs through a series of sequential, well-
defined steps, a transient expression of rhBMP-2 may provide inadequate levels at
critical steps in the bone formation cascade. Furthermore, in vivo degradation and
dilution of rhBMP-2 may render significant decrease of tissue concentration [89].
Inclusion of the transfection complexes into the polymer solution for electrospining may

provide a way for protection as well as sustained release of the transfection complexes
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[99] since some of the transfection complexes inside the electrospun fibers can only be
released upon the degradation of the scaffold, which may have a time span of a few
weeks. In the future, the combination of these two means of immobilization can be

explored for more suitable rhBMP2 protein production profile.

The background of the x-gal staining may come from endogenous [3-gal activity
according to previous studies by other researchers [100-102]. It was reported that
endogenous 3-gal and its several different isozymes presented in many mammalian
cells and tissues including skeletal muscles. Using a weakly alkaline pH during the
staining, the endogenous (-gal activity could be minimized. However, most published
protocols described X-gal staining at a neutral pH, which may not allow differences
between endogenous and exogenous enzyme activities [100]. This study also used a
neutral pH in the X-gal staining following our previous protocol [33], and this condition
probably caused the high background. Further studies are needed to be performed in
order to find out if the change of pH to a weakly alkaline one can eliminate the
background. If the issue cannot be resolved, other reporter genes can be used to detect

the transgene expression.

The signaling process of BMP2, which has not been understood completely,
generally includes canonical (Smad dependent) pathway and non-canonical (Smad-
independent) pathways [103, 104]. The canonical pathway is initiated when BMP2 binds
to its type | and type 2 receptors and then Smads 1, 5 or 8 are phosphorylated and

complex with Smad 4. These complexes travel to the nucleus and regulate target gene
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transcription including Runx2, Osterix, Oscteocalcin, type | Collagen, Osteopontin etc.
Other signaling pathways, such as MAPK and ERK etc, were also reported to be
involved in the BMP2 signaling as a non-canonical pathway for induction of osteoblastic
differentiation of mesenchymal progenitor cells [105]. Transcription factor Runx2 is one
of the target genes of BMP2 signaling and plays a essential role in osteoprogenitor cell
differentiation/bone formation[106-108]. Type | collagen is the most abundant
extracellular matrix protein and is essential for bone strength[106]. Osterix was reported
as a transcription factor downstream of Runx2 regulating osteoblast differentiation [109].
Osteocalcin is a bone matrix protein for Ca?* binding [110]. They are both markers of
osteoblast differentiation/bone formation[108]. In this study, the mRNA level of all these
genes were found not to be upregulated or detectable on both day 3 and day 7 after
BMP2 scaffold implantation, even though strong rhBMP2 mRNA and protein expression
was detected by IHC at day 7, indicating that either the expressed rhBMP2 protein
could not induce effective signal transduction on the surrounding cells of the scaffold or
the time points tested were not appropriate for the rhBMP2 signaling events to be
observed. It was reported that the maximum mRNA level of Runx2 was detected 2hrs
after 300ng/ml of BMP2 stimulation on C2C12 cells in vitro and it returned to the original
levels after 24 hrs of stimulation [106]. Thus, the latter possibility may be the real case
since it can explain the identification of some mineralization on day 14 and day 28.
Measurement of the expression of these osteogenic marker genes at additional time

points would be one way to resolve this issue.
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The mineralization/bone formation observed through radiography and histology
was consistent. It is notable that on day 14, there was also some mineralization in the
"scaffold only" group. This ossification may be resulted from the injury of the surgery
since it is known that traumatic injury can cause heterotopic ossification [111]. However,
on day 28, mineralization was not found in the "scaffold only" control group. Obviously
in future experiments, the BMP2 gene delivery efficiency needs to be improved so that
the mineralization/bone formation can be strong enough to be clearly distinguished from
the negative control.

4.4 Conclusion

BMPs have been discovered about 50 years ago and their prominent property of
augmenting bone formation has been applied to clinic for the treatment of bone
fractures, nonunions and spine fusion. However, BMPs were only used in protein form
clinically and the high dose of administration increases the cost and the burst release of
the protein incurred unwanted side effects [112]. Gene delivery of BMPs may
circumvent these disadvantages and has attracted a lot of research interest. Various
gene delivery techniques can be used to apply BMP gene therapy to skeletal disorders.
Among these techniques, non-viral gene delivery systems using polymer based vectors
are much safer than viral vectors and the combination with tissue engineering scaffolds
can provide more availability to these delivery vehicles and to the surrounding cells
because the scaffold can be designed to support cell migration, proliferation, and
differentiation. Using an electrospun scaffold to deliver BMP genes represents a novel
approach to bone-healing augmentation. Potential clinical applications for this approach

to augment bone formation include fractures, delayed and nonunions, bone defects,
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spinal fusions, peripheral joint arthrodeses, oncologic skeletal reconstructions, and bone
ingrowth into joint arthroplasty prostheses,etc. In this specific aim, the feasibility of using
electrospun Collagen/PLLA scaffold with surface immobilized rhBMP2 transfection
complex gene delivery system to induce bone formation was established. Therefore,
this study represents an important first step in the development of an eletrospun
Collagen/PLLA scaffold combining gene therapy with BMP-2. However, although

promising, additional research is needed before clinical application can be achieved.
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Table 1. Final summary of animal experiments.

Time Points
Day
Group Day 3 Day 7 Day 14 28

1. 4 animals 4 animals 2 2
"scaffold only" 2 for X-gal &IHC, | 2 for X-gal & IHC animals uCT, animals uCT,
total 12 animals 2 for PCR 2 for PCR histology histology

-Negative
Control

2. 2 animals 1 animals 2 animal 2
"scaffold + B-gal X-gal X-gal MCT, histology | animals uCT,
complexes" histology

total 7
animals

-Control

3. 4 animals 4 animals 2 2
"scaffold+BMP2 2 PCR, 2 IHC 2 PCR, 2 IHC animals uCT, animals uCT,
complexes" histology histology

total 12
animals
Experimental

4. "BMP2 2 animals 2 animals 2 2
complexes for PCR for PCR animals uCT, animals uCT,
injection" bad RNA bad RNA histology histology

total 8 extraction extraction
animals
Experimental

5. 1 animal 2 2
"scaffold+BMP2 for IHC animals uCT, animals uCT,
protein" histology histology

total 5
animals

-Positive
Control

Note: Orininally each analysis of all groups started with 2 animals but due to some
negligence when conducting the experiment, some animals died.
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Figure 1. Position of the muscle pouch created on the gracilis and muscles from
lateral aspect of the left hip, thigh and lower leg of mouse with the superficial layer of
muscles removed. Cranial surface to the right. [78]
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Table 2. Real-time PCR primer sequences

Access number

Gene (Gene bank) Forward primer sequence Reverse primer sequence
hBMP2 NM_001200 GGCATCCTCTCCACAAAAGA | AGCCACAATCCAGTCATTCC
mRUNX2 | NM_001146038.2 | AGCAGCACTCCATATCT CTTCCGTCAGCGTCAA
mCOL1A1 | NM_007742.3 CTGGCAAGAATGGCGA GAAGCCACGATGACCC
mOSC NM_007541.2 CCATCTTTCTGCTCACTCTGC | ACCTTATTGCCCTCCTGCTT
mOSX AY803733.1 AGGCACAAAGAAGCCATACG | GGGAAGGGTGGGTAGTCATT
mGAPDH | BC083080 ACCAACTGCTTAGCCC CTTCCCGTTCAGCTCT
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Table 3. summary of X-gal staining result.

positive negative | total Positive rate
Scaffold only day 3 2 2 4 50%
Scaffold+B3-gal complex day 3 | 4 0 4 100%
Scaffold only day 7 3 1 4 75%
Scaffold+B-gal complexday 7 | 2 0 2 100%
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Figure 2. B-galactosidase activity resulting from B-gal delivery via the electrospun
scaffold. (A, B) Low and high magnification image of X-gal staining of "scaffold only"
group of a day 3 sample showing background blue staining surrounding the scaffold.
(C,D) Low and high maginification image of X-gal staining of "scaffold+p-gal complexes"
group on day 3 also showed blue staining surrounding the scaffold. (E, F) Low and high
magnification image of the "scaffold only" group of a day 7 sample showing background
blue staining surrounding the scaffold. (G, H) Low and high magnification image of the

"scaffold +f3-gal complexes" group on day 7 showing blue staining surrounding the
scaffold.
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Figure 3. Quantitative real time PCR analysis (A) rhBMP2, (B) mMRUNX2 and (C)
mCOL1A1 mRNA level on day 3 and day 7 of implantation. The "scaffold only" group
served as control and was normalized to 1. * represents p<0.05 comparing to control.
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Table 4. Summary of immunohistochemisty of rhBMP2

Positive | Negative | Total Positive rate
Scaffold only day 3 0 4 4 0%
Scaffold+BMP2 complexes day 3 | 0 4 4 0%
Scaffold+ BMP2 protein day 3 0 2 2 0%
Scaffold only day 7 1 3 4 25%
Scaffold+BMP2 complexes day 7 | 4 0 4 100%
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Figure 4. Immunohistochemistry of rhBMP2 protein expression. Low/high
magnification images of typical day 3 samples of "scaffold only" (A/B), "scaffold+BMP2
complexes" (C/D) and "scaffold+BMP2 protein" (E/F) groups showed no staining of
rhBMP2 protein. Low/high magnification images of a typical day 7 sample of "scaffold
only" (G/H) group showed no staining of rhBMP2 protein. Low/high magnification
images of a tyical day 7 sample of "scaffold+BMP2 complexes" group (I/J)
demonstrated red rhBMP2 staining surrounding the scaffold.
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Figure 5. BV/TV ratio of day 14 and day 28 samples.
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Table 5. Summary of Alizarin red staining of day 14 and day 28 specimens.

Positive | Negative | Total Positive rate
Scaffold only day 14 1 3 4 25%
Scaffold+B-gal complex day 14 0 4 4 0
Scaffold+ BMP2 complex day 14 | 1 3 4 25%
BMP2 complex injection day 14 0 4 4 0
Scaffold+BMP2 protein day 14 3 1 4 75%
Scaffold only day 28 0 4 4 0
Scaffold+p-gal complex day 28 0 4 4 0
Scaffold+ BMP2 complex day 28 | 3 1 4 75%
BMP2 complex injection day 28 0 4 4 0
Scaffold+BMP2 protein day 28 1 3 4 25%
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Figure 6.Mineralization after day 14 and day 28 of transfection detected by
Alizarin red staining. (A-l) Alizarin red staining of day 14 specimens. (A) "scaffold only"
group. (B) "scaffold+B-gal complexes" group. (C-E) Scaffold+BMP2 complexes" group
under different magnification. (F) "BMP2 complex rejection" group. (G-I)
"scaffold+BMP2 protein" group. (J-Q) Alizarin red staining of day 28 specimens. (J)
"scaffold only" group. (K) "scaffold+f-gal complexes" group. (L, M) Scaffold+BMP2
complexes" group under different magnification. (N) "BMP2 complex rejection" group.
(O-Q) "scaffold+BMP2 protein" group. Arrow: mineralization.
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