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Abstract

The balance between bone resorption and bone formation is vital for maintenance and regeneration of alveolar bone and supporting
structures around teeth and dental implants. Tissue regeneration in the oral cavity is regulated by multiple cell types, signaling mechanisms,
and matrix interactions. A goal for periodontal tissue engineering/regenerative medicine is to restore oral soft and hard tissues through
cell, scaffold, and/or signaling approaches to functional and aesthetic oral tissues. Bony defects in the oral cavity can vary significantly,
ranging from smaller intrabony lesions resulting from periodontal or peri-implant diseases to large osseous defects that extend through
the jaws as a result of trauma, tumor resection, or congenital defects. The disparity in size and location of these alveolar defects
is compounded further by patient-specific and environmental factors that contribute to the challenges in periodontal regeneration,
peri-implant tissue regeneration, and alveolar ridge reconstruction. Efforts have been made over the last few decades to produce
reliable and predictable methods to stimulate bone regeneration in alveolar bone defects. Tissue engineering/regenerative medicine
provide new avenues to enhance tissue regeneration by introducing bioactive models or constructing patient-specific substitutes. This
review presents an overview of therapies (e.g., protein, gene, and cell based) and biomaterials (e.g., resorbable, nonresorbable, and
3-dimensionally printed) used for alveolar bone engineering around teeth and implants and for implant site development, with emphasis

on most recent findings and future directions.
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Pathogenesis of Defects Associated with
Periodontal and Peri-implant Diseases

Alveolar bone lining the socket containing teeth is remodeled
continuously. This fine-tuned balance between bone resorption
and bone formation is maintained by multiple cell types and sig-
naling mechanisms (Nanci and Bosshardt 2006; Fig. 1). In sus-
ceptible individuals, the inflammatory response to bacteria can
initiate the destructive process of periodontitis, leading to loss of
connective tissue and bone, as well as apical migration of the
junctional epithelium (Seymour et al. 2015). While disruption of
subgingival microbial biofilm and resolution of periodontal
inflammation can be achieved by nonsurgical therapy, restitution
ad integrum cannot normally be expected, leaving a reduced
periodontium and potentially residual alveolar bone defects. In
more advanced cases of periodontitis, the tooth loses support
and is exfoliated or extracted. To ensure masticatory function
and aesthetics, replacement of missing teeth is often considered
necessary. However, due to extensive previous bone resorption,
alveolar bone defects may prevent correct positioning of dental
implants, requiring augmentation. Following successful osseo-
integration, dental implants can also undergo a process of micro-
bially driven chronic inflammation leading to bone resorption
(peri-implantitis) and potentially implant loss (Carcuac and
Berglundh 2014). Therefore, the clinical need for alveolar bone
regeneration arises to improve long-term prognosis of teeth with

periodontitis and implants affected by peri-implantitis and for
the development of alveolar bone sites for implant placement. In
addition to bone loss due to chronic inflammation, bone regen-
eration may be needed to correct defects of other origins, includ-
ing trauma, tumor resection, or congenital and developmental
conditions (Giannobile 2014). Efforts have been made over
recent decades to predictably stimulate bone regeneration for
alveolar bone defects around teeth as well as more recently in
edentulous areas and around implants affected by peri-implantitis.
This review highlights therapies and biomaterials used for alve-
olar bone engineering, with emphasis on the most recent find-
ings and future avenues.

'Department of Periodontics and Oral Medicine, University of Michigan
School of Dentistry, Ann Arbor, Ml, USA

’Department of Periodontology, Institute of Odontology, University of
Gothenburg, Gothenburg, Sweden

*Periodontology Unit and Department of Clinical Research, UCL
Eastman Dental Institute, London, UK

*Department of Biomedical Engineering, College of Engineering,
University of Michigan, Ann Arbor, MI, USA

Corresponding Author:

W.V. Giannobile, Department of Periodontics and Oral Medicine,
University of Michigan School of Dentistry, 1011 North University
Avenue, Ann Arbor, MI 48109-1078, USA.

Email: william.giannobile@umich.edu



256 Journal of Dental Research 95(3)
Disease Regeneration
osteoblast  osteoclast osteocyte  fbroblast T-Cell B-Cell macrophage | RANKL Collagen Fibers
Cell Types : g‘-, & & 00 =

Figure I. Influencing factors for periodontal regenerative medicine. Periodontal diseases can result in significant damage to the periodontal structures.
Following resolution of etiologic factors and controlling host response/inflammation, periodontal regeneration is necessary to restore health.
Periodontal regeneration can be achieved clinically through the use of cell therapy, biologics, and biomaterial scaffolds in the context of an adequate

blood supply.

Tissue Engineering/
Regenerative Medicine

Mason and Dunnill (2008) described regenerative medicine as
a therapy replacing or regenerating human cells, tissues, or
organs to restore or establish their normal function. This is now
an established research field called tissue engineering/regen-
erative medicine (TE/RM), its purpose being “to stimulate
regeneration of tissues and organs by either implanting bioma-
terials for in vivo regeneration or by constructing substitutes in
vitro” (Brouwer et al. 2015). TE/RM is a translational research
area including a broad range of disciplines, such as stem cell
biology, material sciences, medicine, chemistry, and manufac-
turing (Webber et al. 2015). Recently, nanotechnology was
introduced as a new area in TE/RM and in periodontal tissue
engineering, with emerging studies demonstrating significant
influence of nanoscaled topography and geometry on cell dif-
ferentiation, behavior, and enhanced 3-dimensional (3D)
regeneration (Rios et al. 2011; Bartold et al. 2016). For example,
nanofibrous scaffolds designed to mimic the natural architec-
ture of dentin have been shown to increase dental pulp stem
cell proliferation and differentiation in conjunction with mag-
nesium ion release (Qu et al. 2014). There is also an emergence
of nanotechnology-based applications as therapeutic strategies

for treatment of periodontitis-induced bone loss. A recent study
showed that nano-proresolving medicines designed specifi-
cally for treatment of inflammation-induced bone loss resulted
in increased bone formation in a large animal model (Van Dyke
etal. 2015). Ongoing research into the importance of nanoscale
features for regeneration of periodontal complex tissues will
further elucidate the required scaffold design parameters and
therapeutic capabilities of nanotechnology-based applications.

There is a significant public health need for effective strate-
gies for tissue engineering that can easily translate into everyday
use in clinical dental practice. However, TE/RM technologies
present a challenge for the regulatory agency evaluation sys-
tem (e.g., Food and Drug Administration [FDA] or European
Medicines Agency), since these approaches may be regarded
as tissues, biological products, drugs, and/or medical devices,
thereby requiring evaluation in all of the applicable pathways
(Webber et al. 2015). In 2014, 28 TE/RM products were
approved for clinical use and made commercially available for
various applications by the FDA (Bertram et al. 2015).

Bone deficiencies in the oral cavity vary from localized bone
loss commonly resulting from periodontal disease to extensive
bone defects associated with facial trauma or tumor resection
(Pagni et al. 2012). Creating complete regeneration of craniofa-
cial defects is a challenge: not only must the engineered tissue
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have sufficient strength to sustain mechan-
ical forces and architectural properties, but
it also requires a porous internal network
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of cells, while concomitantly providing a 2

therapy that is simple and cost-efficient for
patient-specific fabrication (Obregon et al.
2015; Webber et al. 2015; Bartold et al.

2016). New advances in cell and gene
therapy present ways to improve the out-
come of current techniques and introduce
approaches for regulating inflammatory
host responses.

Barriers

Current Therapies

h

¥ ¥ '

; Two-stage approach
prior to implant
- placement

B
-

The goal of periodontal regenerative tech-
niques is to restore the periodontal tissues
and their function. Recent advances in TE/
RM are based on delivery of cells, pro-
teins, and genes in biodegradable scaffolds
(Fig. 2). Early on, periodontal regeneration
used the concept of guided tissue regenera-
tion, allowing selection of the cell popula-
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ers aims to prevent epithelial migration
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slower migrating cells of the periodontal
ligament (PDL) to repopulate the protected
area, providing positive clinical outcomes
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Figure 2. Approaches for regenerating periodontal and peri-implant supporting tissues. Guided

components (biomaterials, growth factors, tissue regeneration involving bone substitutes and barrier membrane and bone fill can be used
recombinant proteins, etc.) are often not used for tissue regeneration in periodontitis defects and peri-implantitis defects. Development of

alone but in combinations. Biomaterials
can be broadly divided into 1) materials
that replace the missing portion of alveolar bone (“bone grafts”
or “bone substitutes”); 2) materials that cover the alveolar bone
loss area, protecting it from epithelial downgrowth (“barri-
ers”); and 3) materials with biological activity that can be
administered directly to the defect (“biologics” or “cell ther-
apy”). Some examples of studies where these biomaterials
have been used clinically or preclinically over the past 5 y are
provided in the Table. It is suggested that these original reports
and reviews be examined for more comprehensive listing of
studies.

process.

implant sites after tooth extraction can be obtained in either a |- or 2-stage bone augmentation

Bone Grdfts

Periodontal defects are often considered amenable to bone
regeneration when residual bony walls are still preserved and
can provide blood supply as well as mechanical support for the
placement of a bone-filling material in the resorption site
(Cortellini and Tonetti 2015). In addition to scaffolding func-
tion, space provision, and blood clot stabilization, bone grafts
themselves may possess osteoconductive and/or osteoinduc-
tive characteristics.
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Table. Periodontal, Peri-implant, and Alveolar Ridge Regenerative Approaches.

Therapy

Type: Clinical Example

Periodontal Application

Implant-based Application

Implant Site Development / Alveolar
Ridge Reconstruction

Bone Replacement Grafts

Autogenous: intraoral, extraoral bone
blocks

Allogenic: fresh-frozen bone, freeze-
dried bone, demineralized freeze-
dried allografts

Xenogenic: deproteinized bovine
bone, equine bone graft

Alloplastic: ceramics (i.e., biphasic
calcium phosphate, beta-tricalcium
phosphate, hydroxyapatite),
bioactive glass, titanium granules

Synthetic: polymeric scaffolds

Intrabony defects (Hassan et al.
2015; Mathur et al. 2015)
Furcation defects (Lafzi et al. 2013)

Intrabony defects (Ogihara and
Tarnow 2014; Agarwal et al.
2016)

Deep noncontained intrabony defects
(lorio-Siciliano et al. 2014)

Mandibular grade Il furcation defect
(Kannan et al. 2014)

Furcation defects (Wohlfahrt
etal. 2012)

Periodontal intrabony defects
(Hoffmann et al. 2015)

Large periodontal osseous defect
(Rasperini et al. 2015)

Regenerative treatment of peri-
implantitis (Aghazadeh et al.
2012)

Regenerative treatment of peri-
implantitis (Froum et al. 2012)

Regenerative treatment of peri-
implantitis (Roccuzzo et al.
201 1; Aghazadeh et al. 2012;
Matarasso et al. 2015)

Regenerative treatment of peri-
implantitis (Wohlfahrt et al.
2012)

Regenerative treatment of peri-
implantitis (Diniz et al. 2015)

Nonmolar extraction socket for ridge
preservation (Wood and Mealey
2012)

Restoration of severe segmental or
crestal bone defects in maxilla
(Restoy-Lozano et al. 2015)

Lateral ridge augmentation prior to
implant placement (Urban et al.
2013)

Vertical ridge augmentation (Chan
et al. 2015)

Socket preservation (Cardaropoli
etal. 2012)

Horizontal ridge preservation
(Di Stefano et al. 2015)

Extraction site defects (Nevins,
Reynolds, et al. 2013)

Deficient alveolar ridges (Nevins,
Kao, et al. 2013)

Alveolar ridge reconstruction
(Santana and Santana 2015)

Alveolar ridge reconstruction
(Goh et al. 2015)

Barriers

Autogenous: periosteal pedicle graft,
buccal fat pad

Allogenic: amnion membrane,
chorionic membrane freeze-dried
dura mater

Xenogenic: bovine-derived, porcine
membrane

Alloplastic: Gore-Tex, resorbable
copolymers, Ti-reinforced PTFE,
titanium mesh

Two-wall intrabony defect (Singhal
etal. 2013)

Furcation defect (Deliberador
etal. 2012)

Furcation defects (Patel et al. 2012)

Treament of severe chronic
periodontitis (Gamal and lacono
2013)

Treatment of chronic periodontitis
(Wadhawan et al. 2012)

Implant placement (Boora et al.
2015)

Implant placement (Velez et al.
2010)

Treatment of peri-implantitis
(Agazadeh et al. 2012;
Matarasso et al. 2015)

Peri-implantitis (Roos-Jansaker
et al. 2014)

Alveolar ridge augmentation
(Troedhan et al. 2015)

Guided bone regeneration
(Holtzclaw 2015)

Socket preservation (Cardaropoli
etal. 2012)

Vertical ridge augmentation (Urban
etal. 2013)

Horizontal bone augmentation
(Di Stefano et al. 2015)

Biologics

Bioactive factors: EMD, BMPs, PDGF,
FGF2, teriparatide, GDF-5

Stem cells: bone mesenchymal stem
cells, periodontal ligament, gingival
margin—derived, bone marrow
concentrate

Gene therapy: osteoprotegerin,
BMP2, BMP7, LMP3

Intrabony defects (Dori et al. 2013;
Oortgeisen et al. 2014)

Periodontal osseous defects
(Bashutski et al 2010; Windisch
et al. 2012; Nevins, Kao, et al.
2013)

Two- or 3-walled vertical bone
defects (Kitamura et al. 201 1)

Periodontal defects (Du et al. 2014)

Treatment of periodontitis (Tang
etal. 2015)

Peri-implantitis-affected implants
(Froum et al. 2012; Jung et al.
2015)

Implant osseointegration (Kuchler
etal. 2011)

Treatment of peri-implantitis (Park
etal. 2015)

Treatment of peri-implantitis (Park
etal. 2015)

Extraction site defects (Nevins,
Reynolds, et al. 2013)

Alveolar ridge and maxillary sinus
augmentation (Koch et al. 2010;
Freitas et al. 2015)

Autogenous bone block grafting
(Santana and Santana 2015)

Ridge augmentation in saddle-type
bone defects (Hoshi et al. 2016)

Maxillary sinus floor elevation (Kim
et al. 2015; Kaigler et al 2015)
Alveolar ridge augmentation (Kaigler

et al. 2013)

Sample references (i.e., noncomprehensive listing) of recent studies published for each therapy (human studies in bold). Darker gray cells indicate fields
where human randomized controlled trials have been conducted; paler gray cells indicate fields where human studies (non-randomized controlled
trials) have been conducted; and very pale gray cells indicate preclinical studies.
BMP, bone morphogenetic protein; EMD, enamel matrix derivative; FGF2, fibroblast growth factor 2; GDF-5, growth and differentiation factor 5;
PDGF, platelet-derived growth factor; PTFE, polytetrafluoroethylene.
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To generate a scaffold for a particular function, knowledge
of the tissue structure and behavior is needed. Four fundamen-
tal requirements for a scaffold include form, function, forma-
tion, and fixation, where formation is enhancement of tissue
regeneration and fixation is the attachment of a scaffold to the
surrounding tissue (Hollister 2009). Several important aspects
of scaffold assembly need to be fulfilled: macrostructure, deg-
radation time, release mechanisms, as well as exposure and
duration of bioactive molecules (Hollister 2009). The material
used must not only provide mechanical support but also pro-
mote cell adherence, migration, and proliferation on the sur-
face to stimulate extracellular matrix (ECM) production.
Furthermore, the composition of ECM needs to mimic the
native ECM and, in periodontal regeneration, provide a space
for PDL cellular growth while excluding epithelial cell down-
growth (Webber et al. 2015; Bartold et al. 2016).

Based on their origin, bone grafts have been classically
divided into autogenous, allogenic, xenogenic, and synthetic or
alloplastic (Pilipchuk et al. 2015). Several biomaterials belong-
ing to the 4 classes above have been and are still used for alve-
olar bone regeneration, usually in combination with barriers
and/or biologics. The clinical efficacy of bone substitutes for
the treatment of intrabony defects and for lateral alveolar bone
reconstruction has recently been systematically reviewed
(Matarasso et al. 2015; Sanz-Sanchez et al. 2015).

Barriers

Upon surgical exposure and debridement of a bone defect, dif-
ferent types of cells can recolonize the wound, including epithe-
lial cells, connective tissue cells, bone cells, and PDL cells.
Physical barriers are used for guided tissue regeneration or
guided bone regeneration to exclude downgrowth of epithelial
cells and long junctional epithelium formation from the bone
defect, providing space for cells capable of tissue regeneration.
Membranes have been used in conjunction with bone grafts,
which provide added physical support. More recent, “third gen-
eration” membranes act not only as barriers but also as delivery
devices for specific agents, such as antibiotics and growth fac-
tors (Sam and Pillai 2014). Barrier membranes are traditionally
divided into resorbable and nonresorbable (needing a second
surgical procedure for removal) categories. Based on their ori-
gins, barriers can also be divided into autogenous, allogenic,
xenogenic, and alloplastic categories. More traditional deriva-
tions of barrier membranes are xenogenic (e.g., bovine or por-
cine) and synthetic (Pilipchuk et al. 2015). The clinical efficacy
of different membranes for guided tissue regeneration has
recently been reviewed (Kao et al. 2015; Sculean et al. 2015).

Biologics

Biological mediators might be considered the most recent and
fast-developing generation of agents used for alveolar bone
engineering. They could be broadly categorized into growth
factors, stem cells, and gene therapy agents. Growth factors
used in periodontal tissue engineering include enamel matrix

derivative (EMD), platelet-derived growth factor (PDGF),
bone morphogenetic proteins (BMPs), vascular endothelial
growth factor, growth and differentiation factor 5, and trans-
forming growth factor B. Several studies have reported on their
impact on tissue regeneration in both preclinical and clinical
settings, reviewed by Pilipchuk and coworkers (2015). BMPs
are members of the transforming growth factor  superfamily
and are important factors in bone formation. Recombinant
human BMP-2 and BMP-7 have been approved by the FDA for
clinical use, including alveolar ridge augmentation and sinus
elevation procedures (McKay et al. 2007). Growth and differ-
entiation factor 5 has been evaluated in human clinical trials
for periodontal and sinus floor augmentation applications
(Koch et al 2010; Windisch et al. 2012). Several studies on
treatment of sinus augmentation reported on the consistent
improvement in bone gain with BMP-2 and the ability to pre-
serve alveolar ridge heights as reported in a recent systematic
review (Freitas et al. 2015).

PDGEF plays an essential role in periodontal tissue repair by
promoting PDL, fibroblast, and cementum proliferation and has
been extensively used (Khoshkam et al. 2015). PDGF-BB is
approved for periodontal regeneration and is commercially
available, and it has been tested for treatment of intrabony
defects and alveolar bone regeneration. Long-term evaluation
showed promising results and improved treatment outcomes in
periodontal regeneration (Lin et al. 2015). A long-term stable
clinical and radiographic improvement of localized periodontal
defects was shown in a randomized controlled clinical trial using
recombinant human PDGF-BB protein in combination with a
scaffold (Nevins, Kao, et al. 2013). Fibroblast growth factor 2
(FGF-2) is an important factor in wound-healing and angiogenic
processes. FGF-2 inhibits osteogenic differentiation of PDL
cells, maintaining their differentiation potential and increasing
cellular proliferation (Pilipchuk et al. 2015). As shown in a
recent systematic review, this factor has shown to improve bone
fill in periodontal regeneration in phase II studies (Lin et al.
2015). In a clinical trial treatment of intrabony defects, peri-
odontal regeneration and bone fill were significantly improved
with FGF-2 therapy (Kitamura et al. 2011). EMD was intro-
duced for the treatment of intrabony defects in human studies
nearly 20 y ago and applied clinically in intrabony defects (Heijl
1997) and, more recently, in suprabony defects (Di Tullio et al.
2013) and implant site development. Beneficial effects of EMD
have not been demonstrated in peri-implantitis defects, and at
present EMD has been clinically applied in only a case series
(Froum et al. 2012). The clinical efficacy of EMD for periodon-
tal regeneration of intrabony defects has recently been reviewed
(Kao et al. 2015; Sculean et al. 2015).

Another factor showing promising results on periodontal tis-
sue regeneration is brain-derived neurotrophic factor. This factor
is known to influence bone remodeling by increasing synthesis
of osteopontin, BMP-2, and collagen in PDL cells. A recent
study on nonhuman primates reported a promising effect on
treatment of periodontal furcation defects (Jimbo et al. 2014).

Teriparatide (PTH 1-34) is a parathyroid hormone—derived
biologic used predominantly for treatment of osteoporosis but
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with substantial evidence of increasing bone formation in
extraction sockets and around dental implants (Kuchler et al.
2011; Vasconcelos et al. 2014). It is suggested that patients
with metabolic bone diseases would most benefit from a
teriparatide-based treatment (Rios et al. 2015), given its ability
to reduce osteoblast apoptosis while increasing preosteoblast
proliferation. A clinical trial evaluating the effect of teripara-
tide on patients following periodontal surgery found signifi-
cantly increased osseous defect resolution with administration
of teriparatide, with improved clinical outcomes as compared
with standard of care (Bashutski et al. 2010).

Emerging Technologies

Stem Cell Therapies

Cell therapy can be defined as treatment of disease by intro-
ducing new cells into a tissue (Rios et al. 2011). For cell-based
techniques in tissue engineering, somatic cells and stem cells
can both be used (Pagni et al. 2012). Somatic cells can be har-
vested, cultured, and delivered to the site of tissue destruction.
PDL fibroblasts, cementoblasts, and dental follicle cells all
show the ability to mineralize in vitro and promote periodontal
regeneration (Pagni et al. 2012). However, somatic cells lack
the self-renewal capacity and differentiation potential that stem
cells have. Stem cells can be harvested from a number of loca-
tions, including bone marrow, adipose tissue, dental pulp, and
PDL (Seo et al. 2004; Kaukua et al. 2014).

Induced pluripotent stem cells (iPSCs) have become of par-
ticular interest in TE/RM (Takahashi and Yamanaka 2006).
Utilization of iPSC-based therapy requires the harvest of
somatic cells and subsequent gene therapy to reprogram cells
into a multipotent or pluripotent state (iPSCs), followed by dif-
ferentiation of iPSCs into a homogenous population of patient-
specific terminally differentiated cells. There are, however,
some concerns regarding the use of iPSCs, including possible
integration of viral genes into the host, immunogenic responses,
and a potential induction of tumorigenesis (Hong et al. 2014).

Bone repair cells, also termed ixmyelocel-T, are derived
from enriched CD90+ and CD14+ bone marrow—derived cell
populations. With a bioreactor, these MSCs can be expanded
from a small sample of autologous bone marrow and then
delivered back to the patient. This method provides a technique
to produce patient-specific cells and has been shown in phase
I/II clinical trials to increase bone formation and accelerate
early osteogenesis (Kaigler et al. 2013; Kaigler et al. 2015).
Ixmyelocel-T also contains a population of macrophages with
a unique expression of markers for tissue repair and regenera-
tion, as well as a decreased secretion of proinflammatory
markers in response to inflammatory stimuli, indicating a
potential role in tissue repair and regeneration (Ledford et al.
2013).

Recently, another cell type, periosteum-derived cells, has
been suggested as an alternative cell source for bone regenera-
tion, since harvesting these cells is less invasive for patients
and an easier procedure for the dentists. Isolated cells involved

in periodontal regeneration are grown on temperature-sensitive
sheets. When a layer of cells (PDL cell sheet) is formed,
changes in temperature are used to detach the sheet, which can
then be implanted into a defect (Bartold et al. 2016). Preclinical
studies have shown improved cementogenesis and PDL fibers
with cell sheets (Lin et al. 2015). Mesenchymal stem cells have
a number of immunomodulatory properties that can support a
regenerative microenvironment, making them strong candi-
dates for tissue engineering applications. By targeting these
signaling pathways, oral tissue regenerative outcomes may be
improved. For clinical application, the many challenges of
handling autologous or allogeneic cells due to regulatory
requirements need to be better managed to make such
approaches more clinically feasible.

Gene Therapy

To circumvent the limitations of using recombinant proteins in
TE/RM, such as the short half-life of growth factors in vivo
and the limited control over distribution of protein, gene ther-
apy presents a promising option. Gene therapy uses genetically
modified cells to deliver specific doses of a bioactive protein
for a sustained period. There are currently several different
methods for transfecting the gene of interest into cells or inter-
fering with cellular expression of a particular gene (Fig. 3).

Nonviral vectors are plasmids—that is, small circular DNA
structures that can replicate in the cell independently of chro-
mosomes. These molecules are considered safer for the host
than viral vectors, since they are not incorporated into the chro-
mosomes. Even though they have been regarded as less effec-
tive, they do provide a method for transient expression of a
protein, and with different carriers, they have been shown to
improve bone formation (Lu et al. 2013). New, nonintegrating
lentivirus vectors are being developed and have recently been
used for reprogramming fibroblasts into iPSCs (Driscoll et al.
2015). In contrast, adenoviruses do not incorporate the gene
into host chromosomes (Lu et al. 2013). An in vivo delivery
approach with Ad-BMP7 in collagen matrix around implants
showed an enhanced bone regeneration and osseointegration
(Dunn et al. 2005). Recently, a new, localized adenovirus-
mediated system was designed to immobilize Ad-BMP7 on
titanium discs, resulting in attachment and differentiation of
osteoblasts (Chen et al. 2013). Gene therapy vectors for deliv-
ery of PDGF have been used in several studies showing a sus-
tained and biologically active expression as well as improved
alveolar bone and cementum regeneration (Jin et al. 2004). In
addition, AAPDGF-B used with a collagen matrix in periodon-
tal osseous defects was considered safe for possible use in
human clinical studies (Chang et al. 2009). Locally delivered
osteoprotegerin vector (Ad-hOPG) added to femoral defects
prior to implant placement resulted in accelerated bone deposi-
tion and enhanced osseointegration of titanium implants (Yin
et al. 2015). A combinatory gene therapy using AABMP7 alone
or with adenovirus with LIM domain mineralization protein 3
(LMP3) gene promoted in vivo bone formation via PDL pro-
genitor cells (Jin et al. 2003; Lin et al. 2013).
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Figure 3. Gene therapeutics for tissue engineering/regenerative medicine. Gene therapy includes several steps: consider the gene therapy vector, a
tissue growth factor, the method of delivery, the target cells, and finally, the local effect. 3D, 3-dimensional; AAV, adeno-associated virus; BMP, bone
morphogenetic protein; FGF, fibroblast growth factor; PDGF, platelet-derived growth factor.

Adeno-associated virus (AAV) has a single-stranded DNA
genome and therefore requires the host DNA polymerase to
make a complementary strand (McCarty et al. 2001). The long-
term transgene expression and efficient gene transfer with
AAV have made it a very promising approach for gene therapy.
The use of AAVs in periodontitis has been reported; treatment of
Porphyromonas gingivalis—induced periodontal disease using
an AAV vector with tumor necrosis factor receptor—immuno-
globulin Fc inhibited disease progression and prevented alveo-
lar bone loss (Cirelli et al. 2009). Baculoviruses—which do not
replicate, are not toxic to mammalian cells, and degrade in host
cells over time—have also been used. Several animal studies
have used baculovirus with BMP2 and vascular endothelial
growth factor transgenes for promoting bone repair (Lu et al.
2013).

Gene therapy can also be performed with different tech-
niques, such as direct delivery, systemic delivery, local deliv-
ery, and recently, microRNAs (miRNAs; Lu et al. 2013).
miRNAs are small noncoding RNAs that regulate expression
of a target gene (Hobert 2008). Numerous miRNAs have been
reported to influence osteogenesis by down- and/or upregula-
tion of genes directly involved in bone formation, as reviewed
in Fang et al. (2015). For example, miR-2861, miR/3960, and

miR/378 promote osteoblastic differentiation, while miR-204,
miR-204, miR-211, and miR-133 inhibit osteoblastic differen-
tiation. miRNA has been suggested to contribute to the patho-
genesis of rheumatoid arthritis, a disease characterized by
osteoclastic bone destruction (Jing et al. 2015). Currently,
research on miRNAs in bone development is originating from
in vitro cell culture experiments to a large extent. However,
there are some published in vivo studies showing promising
results using miRNAs to improve bone repair (Fang et al.
2015). Interestingly, Wu et al. (2013) coated titanium discs
with miRNA lipoplexes. In this in vitro study, the combination
of antimiR-138 and miR-29b resulted in upregulation of
expression of osteogenic genes, enhanced alkaline phosphatase
and collagen production, and increased ECM mineralization.

Three-dimensional Printing

Three-dimensionally printed biomedical devices can be used
to precisely restore defects or potentially even to reconstruct
entire organs with complex microstructure. Three-dimensional
printing (3DP) uses inkjet printing to apply a liquid binder
solution onto a powder bed and can simultaneously arrange
multiple cell types, deposit ECM, and provide fined-tuned
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PDL fibers into mineralized tissues. In
a randomized controlled clinical trial,
the use of prefabricated 3D polycapro-
lactone (PCL) scaffolds in postextraction
sockets resulted in normal bone healing
and better maintenance of the alveolar
ridge as compared with extraction sock-
ets without scaffolds (Goh et al. 2015).
The fused deposition modeling tech-
nique for 3DP of thermoplastic material,
such as PCL and poly(lactic-co-glycolic
acid) (PLGA), can create scaffolds with
mechanical strength, high porosity, and
controlled morphology. However, it
does not allow for incorporation of liv-
ing cells or temperature-sensitive bio-
logical molecules (Chia and Wu 2015).
Additionally, 3D plotting is a technique
to make soft tissue scaffolds, such as
hydrogels, with direct incorporation of
cells while retaining their normal activ-
ity (Chia and Wu 2015). A potential limi-
tation of the hydrogel as a scaffold
includes inhibition of cell-to-cell inter-
actions, which may influence cell signal-
ing. In contrast, 3D printing of living
cells, either in cell aggregates or seeded
onto 3DP scaffolds, may enhance cell
signaling and promote tissue formation
(Obregon et al. 2015). Organ printing,
defined as layer-by-layer additive bio-
manufacturing, is a technique with the
potential to remove the need for a scaf-
fold. In the so-called mini-tissue-based
approach, tissue spheroids are used as

Root Region

i

Figure 4. Design of a customized scaffold using 3-dimensional (3D) printing. (A) 3D printing

has been used to design a scaffold consisting of a periodontal ligament (PDL) portion and a bone
portion. This was further modified to improve the fiber-guiding potential as well as the direction of
the PDL to mimic the topography of the different kinds of fibers in the PDL (first row). Digitalized
cross-sectional view of a 3D-reconstructed image. Longitudinal cross-section image showed

pore morphologies at coronal and apical portions. Scanning electron microscopy image providing
longitudinal pores produced by a freeze-casting method. Adapted from Park et al. (2010), Park et al.
(2012), and Park et al. (2014) with permission. (B) 3D printing using polycaprolactone was made to
fit the periosseous defect based on the patient’s cone beam computed tomography scan. Adapted

from Rasperini et al. (2015) with permission.

control over bioactive molecules deposition. To date, peptides,
proteins, DNA plasmids, and living cells have been printed
(Chia and Wu 2015); 3DP has also been used to produce a 3D
cell culture model for generating ECM on scaffolds (Pati et al.
2015). The 3DP method can further be used for indirect print-
ing, which refers to the printing of a mold that is then cast with
the final polymer. With this technique, a computed tomography
scan of the patient’s defect can act as a template for making a
3D mold. This mold is then used for making a scaffold for gene
therapy and a growth factor delivery system. Park and cowork-
ers (Park et al. 2012; Park et al. 2014) designed a 3D wax mold
to produce a fiber-guiding scaffold to improve integration of

building blocks that fuse to form a tis-
sue. For example, self-assembled vascu-
lar spheroids can form a branched
vascular system within a 3D construct,
thereby providing blood supply to all
parts of newly forming tissue (Mironov
et al. 2009). Interestingly, recent studies
report on the use of 3DP to build com-
plex tissues, such as constructing peri-
odontium-like tissue (Lee et al. 2014). A
3DP bioresorbable scaffold has been used for periodontal repair
(Rasperini et al. 2015; Fig. 4); 3DP also has the potential to
make complex, patient-specific constructs such as temporoman-
dibular joints (Chia and Wu 2015).

Biohybrid Interfaces

Modern dental implants lack the force dissipation, propriocep-
tion, and specialized cell types present in the PDL. Furthermore,
Carcuac et al. (2013) reported an increased rate of disease pro-
gression, inflammatory infiltrate, and tissue destruction in peri-
implant diseases as compared with corresponding periodontal
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lesions in natural teeth. Due to a lack of a periodontal ligamen-
tous attachment, osseointegrated dental implants are not ideally
placed in growing patients with adjacent natural dentition or
orthodontically relocated. Thus, a PDL-attached implant, or
“ligaplant,” could provide a promising solution to many clinical
situations and a mechanism allowing orthodontically mediated
implant movement (Giannobile 2010). In addition, perpendicu-
lar ligament attachment may contribute to encapsulation of the
inflammatory infiltrate and thereby slow bone loss and gingival
recession (Carcuac et al. 2013; Carcuac and Berglundh 2014).
Recently, a functional murine ligaplant model was developed
by Oshima et al. (2014), using hydroxyapatite-coated dental
implants surrounded with embryonic dental follicle tissues.
Results demonstrated regenerated cementum, PDL, and alveo-
lar bone with physiologic function. Gault et al. (2010) reported
preclinical and human clinical studies conducted using the liga-
plant model. The findings from these studies showed a layer of
cementum and cementocytes present on the implant surface, as
well as PDL tissues, lamina dura, and mechanical properties
similar to those of natural teeth, without adverse tissue reac-
tions or bone loss. Limitations include clinical unpredictability
as well as fundamental technical challenges of labor, high cost
associated with autologous cell culture, and increased time of
processing patient-specific specimens. Although still at a very
early stage, the use of bioinspired implants combined with bio-
materials and cellular platforms will allow for individualized
therapeutic options that optimize the benefits of complete resto-
ration of human periodontium or hybrid interfaces against
implants.

Summary and Future Directions

Challenges remain in TE/RM for restoring all periodontal
components (including bone, ligament, cementum, and sur-
rounding connective tissues) to the same degree in structure
and function. For both peri-implant and alveolar ridge regen-
eration, bone regeneration is required; however, complete 3D
reconstruction is difficult to achieve in a predictable fashion
within the bony envelope for functional implant stability.
Future approaches to develop reproducible methods for peri-
odontal and peri-implant regeneration will need to consider
the following key elements: 1) occlusal load/biomechanical
influences of the newly regenerated tissues; 2) effects of
microbial load and contamination of wounds due to the
microbiome in the local environment; 3) wound stability to
maintain the 3D conformation of the wound site to reconsti-
tute the original periodontal topography; and 4) appropriate
cellular signals to recruit and direct cell populations to reca-
pitulate the tissue-regenerative response in the proper confor-
mation at the tooth or implant interface. Many exciting
advances in materials science, engineering, and cell biology
begin to address the existing obstacles in the field for predic-
tive reconstructive modalities. These new technologies work
toward a common goal: to make available cost-effective,
patient-specific treatment options that provide maximal func-
tion and esthetics.
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