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Abstract
A challenge in the tissue engineering of alveolar bone surrounding oral or dental implants is achieving
the targeted and sustained delivery of growth-promoting molecules at the osteotomy site. Bone
morphogenetic protein-7 (BMP-7) has demonstrated the ability to stimulate bone regeneration in
multiple skeletal sites, including the craniofacial complex. This study evaluates in vivo gene delivery
of BMP-7 for bone tissue engineering around titanium dental implants. The maxillary first molar
teeth of 44 Sprague–Dawley rats were extracted and allowed to heal for a period of 1 month. Large
osteotomy defects were created in the edentulous ridge areas followed by the placement of dental
implant fixtures. Recombinant adenoviral vectors encoding either the BMP-7 or the luciferase gene
were delivered to the osseous defects using a collagen matrix. The kinetics of the gene expression
was measured using in vivo bioluminescence optical imaging, while bone regeneration was evaluated
under light and scanning electron microscopy. The results revealed sustained, targeted transgene
expression for up to 10 days at the osteotomy sites with nearly undetectable levels by 35 days.
Treatment of dental implant fixtures with Ad/BMP-7 resulted in enhancement of alveolar bone defect
fill, coronal new bone formation, and new bone-to-implant contact. In vivo gene therapy of BMP-7
offers potential for alveolar bone engineering applications.

Keywords
gene therapy; osseointegration; bone morphogenetic proteins; gene transfer; biomimetics; tissue
engineering

*These authors contributed equally to this work.
†To whom correspondence and reprint requests should be addressed at the Department of Periodontics, Prevention and Geriatrics,
University of Michigan, 1011 N. University Avenue, Ann Arbor, MI 48109-1078, USA. Fax: +1 (734) 763 5503. E-mail:
wgiannob@umich.edu.

NIH Public Access
Author Manuscript
Mol Ther. Author manuscript; available in PMC 2008 October 27.

Published in final edited form as:
Mol Ther. 2005 February ; 11(2): 294–299. doi:10.1016/j.ymthe.2004.10.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Tooth loss, often a consequence of trauma or disease, can lead to the destruction of nearly half
of the original tooth-supporting (or alveolar) bone [1]. Traditional techniques for enhancing
bone formation for dental implant placement include bone autografts, allografts, or guided
bone regeneration [2]. These techniques, however, lack predictability in terms of new bone
regeneration volume. Tissue engineering of alveolar bone using gene therapeutic approaches
may offer potential for optimizing the delivery of growth-promoting molecules such as bone
morphogenetic proteins (BMPs) at implant osteotomy sites [3,4].

BMPs are members of the TGF-β superfamily that are powerful regulators of cartilage and
bone formation during embryonic development and regeneration in postnatal life [5]. Some
BMPs also participate in the development and repair of extraskeletal tissues and organs such
as the brain, kidney, and nerves [6]. Recent studies have demonstrated the expression of BMPs
during tooth development and periodontal repair [7-9]. Bone morphogenetic protein-7
(BMP-7), also known as osteogenic protein-1, is a multifunctional member of the BMP family
with multiple effects on bone formation and regeneration. BMP-7 stimulates bone regeneration
around teeth [10], around endosseous dental implants [11], and in maxillary sinus floor
augmentation procedures [12]. Although encouraging, results from these studies demonstrate
partial regeneration and thus suggest a need for the development of improved methods of
growth factor delivery.

In this study we demonstrate the sustained and targeted delivery of BMP-7 to large alveolar
bone defects associated with dental implant fixtures. Bone regeneration of the defects was
enhanced by the targeted gene transfer of BMP-7 at dental implant osteotomy sites.

Results
In Vivo Transgene Transduction Efficiency and Targeting

To determine the ability of BMP gene delivery to promote bone formation in vivo, we delivered
gene therapy vectors to large implant osteotomy defects coincident with dental implant
placement. The experimental model of extraction socket healing, implant osteotomy creation,
and installation is shown in Figs. 1A and 1B. To evaluate the magnitude and targeting of gene
delivery, we subjected the titanium dental implant fixtures to in vivo bioluminescence using
optical imaging. All implants showed the targeted and sustained release of the gene product
for a range of 10 to 35 days. All implants displayed the localized nature of expression in the
near vicinity of the oral implants (Figs. 1C and 1D). The gene product was expressed strongly
for the first few days with peak expression at day 4, then it steadily declined until it was nearly
undetectable by 2–5 weeks. In one animal, some low-level luciferase expression [<1.25 relative
light units (RLU)] was detected in the liver for up to 7 days post-gene delivery (data not shown).

BMP-7 Gene Delivery Promotes Bone Tissue Engineering in Vivo
We took block biopsies at 3, 7, 10, 14, and 28 days post-gene delivery and implant placement
for descriptive histology and histomorphometric analysis. At 14 days post-surgery and gene
delivery, early bone formation was seen along the defect borders. Several of the Ad/BMP-7-
treated defects displayed tissue consistent with early osteoid formation throughout the defect
area (Fig. 2). The Ad/Luc group exhibited normal bone healing, with most specimens showing
minimal bone formation at the defect borders.

At 28 days post-gene transfer, bone formation was heightened both at the defect margins and
along the dental implant surface in the Ad/BMP-7-treated sites (Fig. 2). In addition, the BMP-7-
treated implants revealed a more mature lamellar bone formation, while Ad/Luc-treated defects
contained mostly immature woven bone. We noted lamellar compaction and new bone in
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BMP-7-treated defects beyond the calcein bone label landmark (Fig. 3). In addition,
osseointegration as shown by SEM could be clearly seen (Fig. 3D).

Histomorphometric Analysis
The histomorphometric analysis of Ad/Luc and Ad/BMP-7 specimens 28 days after surgery
is shown in Fig. 4. There was no significant difference in initial defect size between the groups
(P > 0.05). The Ad/BMP treatment significantly increased the percentage bone defect fill in
the defects by 50% (P < 0.05) compared to the Ad/Luc-treated group. The Ad/BMP-7 treatment
also tended to enhance both coronal new bone formation (greater than twofold compared to
the Ad/Luc group) and new bone-to-implant contact (by 50% compared to Ad/Luc). However,
these differences were not statistically significant.

Discussion
A variety of techniques are used clinically to tissue engineer alveolar bone prior to or at the
time of dental implant installation, such as osseous grafts and guided bone regeneration.
However, limitations exist with these reconstructive approaches including lack of predictability
and ability to achieve volumetric bone changes beyond the “envelope” of the alveolus.
Advances in the field of tissue engineering and biomimetics offer significant potential to
regenerate craniofacial structures using biologic mediators and matrices that mimic the tissue's
original formative processes [13,14]. In this study, in vivo gene therapy was used to deliver
BMP-7 to promote osteogenesis and osseointegration. The results demonstrated that in vivo
gene transfer promotes bone regeneration around oral implants.

We utilized an adenoviral vector with a collagen matrix to immobilize the transgene at the
dental implant defect site. Our previous experiments used dose ranges of 2–200 m.o.i. and the
dose level chosen here led to optimal effects in both transduction efficiency and bone repair
[15]. In addition, previous studies using adenovirus in collagen carriers for bone repair (i.e.,
periodontal wounds) used a similar dosing [16]. However, future dose levels using direct gene
delivery of BMPs need to be explored. We recently demonstrated that this technique efficiently
delivers platelet-derived growth factor genes to tooth-supporting structures [16]. Peak gene
expression was found 1–7 days after delivery, with a subsequent decrease in expression over
time (Figs. 1C and 1D). A low level of transgene expression was detected for up to 10–35 days,
suggesting that the collagen was capable of immobilizing the virus for extended periods of
time [16,17].

Efficient bone formation is essential for successful oral implant placement. There are many
actions that BMPs exert to stimulate bone formation, including enhancing osteoblast
proliferation and differentiation, acting as mitogens for undifferentiated cells, serving as
chemoattractants for mesenchymal cells, and binding to type IV collagen [3,18,19]. It has been
shown that topical administration of recombinant BMP-7 stimulates long bone union in large
segmental bone defects [20].

Ad/BMP-7 transduction of human gingival fibroblasts repairs critical size cranial defects in a
rat model [21]. Although adenovirus is an efficient means of gene transfer, it also elicits a
significant immune response mediated by cytotoxic T cells [22]. The ex vivo approach may
circumvent some of these problems by providing a more robust osteogenic response, although
it requires two surgical procedures (for biopsy harvest and transplantation). Using this
technique, critical size bony defects have been repaired completely with new bone [15,21,23,
24], as well as craniofacial defects compromised by postoperative radiotherapy [25].

Recent studies utilized in vivo gene delivery of BMPs to form bone ectopically in
immunocompetent [26-29] and immunocompromised animals [28,29]. In immunocompetent
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animals, ectopic bone formation was minimal and noted only after 3 weeks and the quantity
and quality of bone were inferior to those of the immunosuppressed groups [28]. In some
studies, animals with intact immune systems showed no bone formation and the suppressed
groups did not show signs of osteogenesis until days 14–21 [29]. All groups suggested that the
rapid immune response to the viral proteins decreased the expression of the gene in
immunocompetent animals. Strategies to circumvent these problems ranged from
immunosuppression to the use of AAV (adeno-associated virus) and gutted vectors from which
viral coat protein genes have been deleted [26,29,30].

In this study, we achieved greater bone formation at implant defects when Ad/BMP-7 was used
in immunocompetent animals. Other studies using AAV vectors for gene delivery of bone
morphogenetic proteins without immunosuppression found impressive results [31,32]. New
bone formation was initiated at 3 weeks, and expression of the protein was noted for 8 weeks
[31,32]. These studies used ex vivo gene delivery to muscle-derived stem cells instead of
osteoblastic cells, which are known to display different responses [26,30]. The use of AAV
has the advantage of the minimal elicitation of an immune response. However, the longer term
gene expression profile may prove a shortcoming once bone healing has completed.

In conclusion, the results from this study demonstrate that adenovirus delivered in a collagen
matrix is capable of the targeted and sustained release of a transgene for up to 10 days at dental
implant osteotomy sites. In vivo gene therapy of BMP-7 successfully initiated bone formation
in bony defects surrounding oral implants. BMP-7 gene therapy offers potential for alveolar
bone engineering applications.

Materials and Methods
Animals

A total of 44 10-week old Sprague–Dawley rats (approximate weight 250–300 g) were utilized
in this study. Three of these animals were used for in vivo bioluminescence imaging. The
animals were evaluated at 3, 7, 10, 14, and 28 days after gene therapy. Four animals each were
evaluated at days 3, 7, and 10 and 15 animals were assigned to Ad/BMP-7 treatment and 15
animals served as controls with the Ad/Luc treatment for evaluation at 14 and 28 days. Five
animals each were evaluated at 14 days and the remaining 10 were assayed at 28 days. All
procedures were approved by the University of Michigan Committee of Use and Care of
Animals. Animals were anesthetized under general anesthesia with ketamine (50 mg/kg) and
xylazine (10 mg/kg). All procedures were performed using a surgical light microscope at 10×
magnification (Aus Jena OPM 212T, Jena, Germany).

Tooth extraction, defect creation, implant placement, and gene delivery
The maxillary first molar teeth (M1) were extracted using an atraumatic technique. Full-
thickness mucoperiosteal flaps were elevated around the teeth (M1) and then the crowns were
sectioned into mesial and distal segments using a fissure bur under high-speed instrumentation.
The root segments then were luxated with a spoon excavator and removed with an explorer
and cotton forceps. The extraction sockets and soft tissues were allowed to heal for
approximately 30 days.

After healing, a 1-cm incision was made that extended from M2 in the buccal vestibule area
and extended beyond the M1 extraction site. A full thickness, mucoperiosteal flap was elevated
and the alveolar ridge was exposed. The osteotomy sites were prepared by rotary
instrumentation at 500 rpm with sterile saline irrigation using a 0.9-mm twist drill (Institut
Straumann AG, Waldenburg, Switzerland). The osteotomy sites achieved a final length of 2
mm (Figs. 1A and 1B). A well-type defect then was prepared to half the depth of the implant
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osteotomy with a No. 6 round carbide bur. Irrigation with sterile saline was utilized during
osteotomy and defect creation.

Custom-fabricated, sterile, commercially pure, solid-cylinder titanium implants with a titanium
plasma-sprayed surface were designed (Institut Straumann AG) to the appropriate dimensions
for placement into the rat maxilla (2 mm in length and 1 mm in diameter). The implants were
press fit into position and evaluated for primary stability. The remaining surface of the implants
and the osseous defects received treatment with approximately 10 μl of a 2.6% collagen gel
(Matrix Pharmaceutical, Fremont, CA, USA) containing 2.5 × 1011 particles of either Ad/Luc
(kindly donated by Selective Genetics, Inc., San Diego, CA, USA) or Ad2/BMP-7 [21] (Fig.
1). Both of these recombinant adenoviruses are driven by the CMV promoter. The particle-to-
pfu ratio was 120:1. The surgical field was closed by means of tissue glue (PeriAcryl, n-butyl
cyanoacrylate; GluStitch, Inc., Delta, BC, Canada). The animals were observed postoperatively
on a heating pad until fully alert to ascertain their response to surgery. They were closely
monitored for complications including pain, discomfort, and infection. A bone fluorochrome
was administered 1 day after surgery [im injection of calcein (3,3′-bis-N,N-di(carboxymethyl)
aminomethylfluorescein), 10 mg/kg] to demarcate the region between old and new bone
formation [33]. Our early pilot experiments (data not shown) have revealed that the defect
model leads to complete healing in some of the animals under normal circumstances (without
gene transfer by days 35–49). To maintain energy and prevent infection, animals were given
a 10% dextrose solution containing 268 μg/L ampicillin for 1 week postsurgery.

In vivo transgene transduction efficiency and targeting
To evaluate the efficiency and to localize gene expression around the implant surfaces, implant
fixtures (n = 3) were subjected to in vivo bioluminescence as previously described [34]. All
procedures were performed at the University of Michigan Small Animal Imaging Resource
Facility (http://www.med.umich.edu/msair/). This procedure was performed at 1, 3, 7, 10, 14,
21, 28, and 35 ± 1 days or until gene expression was no longer present. The imaging method
utilized the CCD IVISTM system with a 50-mm lens (Xenogen Corp., Alameda, CA, USA).
All images were analyzed using the LivingImage software package (Xenogen Corp.). Animals
were given intraperitoneal injections of luciferin (Promega Corp., Madison, WI, USA) at a
dose of 150 mg/kg in sterile saline. The animals then were anesthetized using a 1.75%
isoflurane/air mixture. Dorsal images were taken for 10 min in length at 15–25 min
postinjection. To localize the signal, color images of the photon emissions were superimposed
on gray-scale images of the animals and signals were quantified in RLU (Fig. 1C). The animals
were kept warm and monitored until consciousness resumed.

Biopsy harvest and histological preparation
The animals were sacrificed by CO2 euthanasia at 14 (n = 5 animals; 10 implants per group)
and 28 (n = 10 animals; 20 implants per group) days following surgery. The other animals
(total of 14 from day 3 to 10) were also assessed. Block biopsies were harvested and
immediately fixed and stored in 10% formalin for 7 days and then transferred to 70% alcohol.
Blocks subsequently were dehydrated in step gradients of alcohol and were infiltrated and
embedded in methyl methacrylate by routine histological methods. Each block contained one
implant and the orientation of the sections was sagittal along the length of the fixture. Serial
sections approximately 50 μm in thickness were made by using a diamond wire saw,
representing the midportion of each implant site (Well Diamond Wire Saws, Inc., Norcross,
GA, USA). Each section was attached to a plastic slide (Wasatch Histo Consultants, Inc.,
Winnemucca, NV, USA), ground to approximately 25 μm using an EXAKT Micro Grinder
400 (Exakt Medical Instruments, Inc., Oklahoma City, OK, USA), and polished to an optical
finish [31]. One section per implant site was left unstained for fluorescence and SEM analysis,
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and the remaining section was stained using basic fuschin/toluidine blue for histomorphometric
analysis.

After histological preparation, slides were coded and examined by two blinded examiners.
Slides were excluded from the study if they displayed processing errors that would inhibit valid
measurements, including tangential sections or large artifacts. Any implants that exhibited
fibrous encapsulation due to failed osseointegration (4) were also excluded. Examiners were
unaware of the treatment performed and had to arrive at a consensus on any exclusions.

Scanning electron microscopy
After histological measurement of the slides, samples were analyzed using SEM to determine
the nature of the new bone-to-implant contact. Slides were reduced in size to fit properly on
the mounting. Samples were mounted with graphite and left to dry overnight. Slides then were
coated with gold and visualized at 30×, 100×, 300×, and 1000× using an Amray 1000B scanning
electron microscope (Amray, Bedford, MA, USA).

Histometric analysis
The histologic analysis served to evaluate the spatial and temporal sequence of osteogenesis
during dental implant osseointegration. Histomorphometric analyses were performed using a
Nikon E800 microscope (Nikon, Inc., Melville, NY, USA) fitted with a video camera and
Image Pro Plus analysis software (Media Cybernetics, Silver Spring, MD, USA). Two
calibrated examiners evaluated the slides (C.D. and Q.J.). Analysis of standard parameters of
osteogenesis were performed as previously described [35-37] and comparisons between each
group were done with Student's t tests using statistic software SPSS 12.0 (SPSS, Inc., Chicago,
IL, USA). The parameters analyzed were as follows:

1. Percentage defect fill: the percentage of new bone in the defect area, i.e., the new bone
area in the defect divided by the defect area.

2. New bone implant contact (BIC): the percentage of new BIC including the entire
perimeter of the implant, i.e., the length of new bone contacting the implant divided
by the length of the implant in millimeters.

3. New coronal bone fill: total area of new bone coronal to the base defect area in square
millimeters, not to exceed the total width of the defect.
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Fig. 1.
Gene targeting model to evaluate dental implant osseointegration. (A) Dental implant
osteotomy defect model for gene delivery. “Well-type” osteotomy defects were created that
measured 1 mm in depth and 2 mm coronally (left). The titanium dental implant was press fit
into position (middle), followed by the delivery of the 2.6% collagen matrix containing either
Ad/BMP-7 or Ad/Luc (right). (B) High-magnification images from the surgical operation
corresponding to (A) taken at 10× magnification including defect creation (left), dental implant
placement (middle), and gene delivery (right). (C) In vivo bioluminescence of gene targeting.
In vivo bioluminescence images of a luciferase-treated rat. Dorsal images were taken for 10
min at 15 to 25 min postinjection. To localize the signal, color images of the photon emissions
were superimposed on gray-scale images of the animals and signals were quantified in relative
light units (RLU). All images were analyzed using the LivingImage software. Distribution of
gene delivery is shown beginning at day 1 with the peak expression at day 4. In this case,
transgene expression was sustained at measurable levels for 10 days. Photon emissions were
measured in RLU. (D) Means ± SEM of the ratios of the RLU versus preinjection baseline
controls of Ad/Luc delivered to the implant osteotomy defects.
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Fig. 2.
Ad/BMP-7 stimulates alveolar bone engineering at dental implant sites. Block biopsies were
taken at 3, 7, 10, 14, and 28 days post-gene delivery and implant placement for descriptive
histology and histomorphometric analysis. At 14 days post-surgery and gene delivery, early
bone formation was seen along the defect borders. Several of the Ad/BMP-7-treated defects
displayed tissue consistent with early osteoid formation throughout the defect area. The Ad/
Luc group exhibited normal bone healing, with most specimens showing minimal bone
formation at the defect borders. Arrows point to the base of the osteotomy defects and the
implant fixture is positioned inferiorly, shown in the sagittal orientation. Sections were stained
with basic fuschin/toluidine blue histological staining at 4× original magnification.
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Fig. 3.
BMP-7 gene delivery stimulates dental implant osseointegration. (A) Histological staining
overlaid with calcein bone fluorochrome to demarcate new and old bone from Ad/BMP-7-
treated defect at 28 days at low power (1× magnification). (B) The defect border is clearly
evident, and the new bone is bridging the defect and the implant surface (2× original
magnification). (C) New bone-to-implant contact can be noted along the implant surface from
the break-out box noted in (B). (D) Scanning electron microscopic image demonstrating
intimate contact of new alveolar bone with the dental implant surface (1000× original
magnification). Arrow points to the base of the osteotomy defects, while arrowheads point to
the new bone-to-implant contact.
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Fig. 4.
BMP-7-mediated gene delivery accelerates dental implant osseointegration. The Ad/BMP
treatment significantly increased the percentage bone defect fill in the defects by 50% (P <
0.05) compared to the Ad/Luc-treated group at 28 days post-gene delivery. The Ad/BMP-7
treatment also tended to enhance both coronal new bone formation (>2-fold compared to the
Ad/Luc group) and new bone-to-implant contact (by 50% compared to Ad/Luc). Statistical
analysis was performed using Student's t test via software SPSS 12.0 (SPSS, Inc.) (n = 16
animals).
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