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Abstract

To induce bone regeneration there is a complex cascade of growth factors. Growth factors such

as recombinant BMP-2, BMP-7, and PDGF are FDA-approved therapies in bone regeneration.
Although, BMP shows promising results as being an alternative to autograft, it also has its

own downfalls. BMP-2 has many adverse effects such as inflammatory complications such as
massive soft-tissue swelling that can compromise a patient’s airway, ectopic bone formation, and
tumor formation. BMP-2 may also be advantageous for patients not willing to give up smoking

as it shows bone regeneration success with smokers. BMP-7 is no longer an option for bone
regeneration as it has withdrawn off the market. PDGF-BB grafts in studies have shown PDGF had
similar fusion rates to autologous grafts and fewer adverse effects. There is also an FDA-approved
bioactive molecule for bone regeneration, a peptide P-15. P-15 was found to be effective, safe, and
have similar outcomes to autograft at 2 years post-op for cervical radiculopathy due to cervical
degenerative disc disease. Growth factors and bioactive molecules show some promising results

in bone regeneration, although more research is needed to avoid their adverse effects and learn
about the long-term effects of these therapies. There is a need of a bone regeneration method of
similar quality of an autograft that is osteoconductive, osteoinductive, and osteogenic. This review
covers all FDA-approved bone regeneration therapies such as the “gold standard” autografts,
allografts, synthetic bone grafts, and the newer growth factors/bioactive molecules. It also covers
international bone grafts not yet approved in the United States and upcoming technologies in bone
grafts.

1. Introduction

Bone regeneration naturally occurs in most cases, but in cases such as nonunions,
malunions, tumors that cause bone defects, and avascular necrosis, bones may not heal
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independently and there may be a need for surgery and a bone graft to induce bone
regeneration. Bone grafting is also used in orthopedic, oncologic, and dental surgeries/
procedures. Worldwide there are 2 million bone grafting procedures performed annually
(with half a million of these occurring yearly in the United States), making bone the
second most transplanted tissue right behind blood transfusions [1-5]. The cost of treating
bone defects in the United States is estimated around 5 billion dollars annually [6]. Bone
regeneration therapy currently has limitations that cause societal economic burden and
reduced quality of life for patients [7]. There is a need for bone regeneration therapies that
are affordable and have better clinical outcomes for patients.

Orthopedic procedures using bone grafts were first reported to be used in the 17t century.
Dutch surgeon Job Van Meekeren recorded the transplant of a bone from a dog into the
cranial defect of a soldier. This was the first known bone graft, but due to orders from

the church the graft was ordered to be removed. The graft could not be removed from the
soldier’s skull as the bone had already been incorporated into his skull [8, 9]. Experiments
with synthetic materials also began in the 19t century with materials such as wood as
marble, but the first promising synthetic material was the plaster of Paris (calcium sulfate) in
1892 [8, 10-12].

Luckily, today there is an approval process to make sure bone grafts are safe to use and
effective at regenerating bone. The approval process in the United States is through the
Food and Drug Administration (FDA) and the type of approval needed varies based on

the type of graft or grafting device. The four main approval processes for bone grafts are
510K clearance; Investigational Device Exemption/Premarket Approval (IDE/PMA); human
cells, tissues, and cellular and tissue-based products (HTC/P); and Regenerative Medicine
Advanced Therapy (RMAT) are described below in table 1. There are also three classes of
medical devices through the FDA: class I, I, and I11. Class | medical devices are devices
that are unlikely to cause bodily harm if a malfunction occurs, such as devices like tongue
depressors, crutches, and blood pressure cuffs [13, 14]. Class Il medical devices are devices
that are unlikely to lead to preposterous bodily harm if a malfunction occurs, such as devices
like cardiac monitors and surgical drapes [13, 14]. Class 111 medical devices are devices that
have a risk of serious injury but are intended to significantly modify patient health, such as
pacemakers and defibrillators [13, 14].

510K would be used to approve grafts such as demineralized, autologous cellular, and
synthetic grafts for use as bone void fillers in applications not intrinsic to stability of

the bone. Animal studies or benchwork studies are required for 510k clearance and

limited clinical studies are required [19]. IDE/PMA would be used to approve grafts that
are classified as class 111 medical drug-device combinations such as recombinant bone
morphogenetic protein-2 (rhBMP-2), rhBMP-7, and P-15, a synthetic amino-acid peptide.
To get premarket approval a level | IDE human clinical trial is required [19]. HCTP would
be used to approve grafts such as nonstructural allografts and cellular-based allografts.
Through the HCTP approval pathway, there is no premarket review by the FDA and limited
clinical and pre-clinical studies are required [19]. The RMAT pathway would be used if the
drug is a regenerative medicine therapy, which is defined as a cell therapy, therapeutic tissue
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engineering product, human cell and tissue product, or any combination product using such
therapies or products [18].

This review aims to summarize bone grafting options that are currently FDA-approved

for bone regeneration including autologous grafts, allografts, and synthetic grafts. It also
highlights the growth factors such as BMP-2, BMP-7, PDGF-BB and bioactive marker P-15
that are FDA-approved for bone regeneration. This review also covers bone graft clinical
indications and discusses literature related to clinical studies on bone healing.

2. Clinical Indications of Bone Grafts

2.1.

2.2

Nonunion

Nonunion of bone is when the body cannot heal a fracture. The FDA defines nonunion as a
fracture that persists for nine months and has no sign of healing for 3 months [20, 21]. To
treat a nonunion depends on the type of nonunion that has occurred. Hypertrophic nonunions
occur from excess motion at the fracture site. The fracture still has the biological factors

it needs to heal and the reason it cannot heal as the bone cannot bridge due to the excess
motion [22]. Hypertrophic non-unions are treated by fixing the mechanical stability by
internal fixation[20]. Atrophic non-unions occur due to inadequate biological conditions for
healing such as lack of adequate bone stability or blood supply [22]. Atrophic non-unions
are treated by fixing the mechanical stability and the biology of the bone. This is achieved
by using internal fixation in addition to bone graft or parathyroid hormone therapy [20].
Figure 1 below shows an x-ray of an atrophic nonunion of fracture of the humerus. To
diagnosis a nonunion, a physician would see no progress in bone healing or a persistent gap
in the fracture on repeat imaging over several months [23].

Malunion

Malunion of bone occurs when the fracture completely heals, but the bone doesn’t heal

in the proper location or orientation. It is defined as an angular or rotational deformity
exceeding 5 degrees or a shortening of bone [25]. Malunions can be managed by fixation
of bone, osteotomies, and/or bone grafting depending on the case [26]. Around 24 percent
of patients treated conservatively for distal radius fracture develop malunions [27]. Figure 2
below shows a severe case of a malunion in the proximal femur.

2.3. Tumors that Cause Bone Defects

Another reason to need a bone graft is due a tumor such as a cancer, cyst, or benign

tumor causing a bone defect. Multiple myeloma is a possible cause of tumors of the bone

or osteolytic lesions, which are a result of the myeloma cells making bone marrow cells
remove calcium from bone [28]. Other causes of bone tumors are benign tumors such

as osteochondromas and osteoid osteomas; and cancerous tumors such as osteosarcoma,
Ewing’s sarcoma, chondrosarcoma, or a secondary bone cancer. A possible treatment plan is
to remove the tumor or cyst via curettage and pack the defect with a bone graft to give the
region mechanical strength and encourage growth of bone to the area [3, 29]. If the tumor is
cancerous, treatment such as radiation or chemotherapy may be needed after removing the
tumor. Figure 3 below shows a radiographic image of a bone cyst in the calcaneus.
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2.4. Avascular Necrosis

Osteonecrosis/avascular necrosis is death of cellular components of bone due to lack of
subchondral blood flow. The most common location for osteonecrosis to occur is the femoral
head. It is also common to see osteonecrosis occur in the humerus, talus, and knee. Common
causes of osteonecrosis are trauma, long-term/ high dose corticosteroid use, alcoholism,
sickle cell anemia, and idiopathic [30]. To treat osteonecrosis, a vascular bone graft can be
used to help restore viable bone and blood supply to the avascular area [31]. Figure 4 below
shows a radiographic of avascular necrosis of the femoral head.

2.5. Orthopedic Surgery

In addition to correction of nonunions and malunions, other applications of bone grafts in
orthopedic surgery include trauma applications, spinal fusion, fracture repair, and revision
of endoprostheses [32]. Causes of an orthopedic trauma could be a fall or car accident. A

spinal fusion is when a bridge is formed by a bone graft between two vertebrae segments

to fuse the vertebrae [33]. The process of a spinal fusion is placing the bone graft between
the vertebrae wanting to be fused and then using metal plates or screws to hold the bones

together until the bone graft can hold the vertebrae in place.

Indications for a spinal fusion are symptomatic scoliosis, spondylolisthesis, or other spine
deformity; low back pain from damage to vertebrae disc or from stretching of the joint
capsule; neurogenic claudication; and radiculopathy due to foraminal stenosis [34].

2.6. Other Applications

Bone grafts are also used in dentistry applications such as dental implants. They are also
used in cranial and maxillofacial applications such as cranioplasty, alveolar bone grafts, and
repairing defects of the jaw. Causes of bone defects in the mouth and cranial region include
congenital defects such as cleft lip and palates, trauma, infections, and surgery to remove
tumors [35-37].

3. Bone Repair and Healing

3.1. Bone repair process

Bone repair occurs by two different processes: primary and secondary bone healing.
Primary bone healing is when the bone cortex directly heals without formation of a callus.
Secondary bone healing, as shown in figure 5, is what occurs more commonly and this

is the type of bone healing that happens during fracture repair and incorporation of a

bone graft. Secondary bone healing involves stages such as inflammation, proliferation, and
remodeling. The inflammation stage is when the cascade of growth factors work to stimulate
mesenchymal stem cells (MSCs) to differentiate into osteoblasts. This inflammation

stage also ends up forming a callus. In the proliferation phase, angiogenesis occurs

and granulation tissue is formed. Then woven bone is formed via intramembranous or
endochondral ossification. Remodeling then occurs and is when woven bone is removed and
replaced by new lamellar bone [39, 40].
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3.2.

Ideal Bone Graft Qualities

The goal for a bone graft is to be osteoconductive, osteoinductive, and osteogenic, while
minimizing risks to the patient [1]. Other goals of bone grafts include affordability,
decreased risk of infection to patient, biocompatible, and structurally similar to bone

with similar porosity and mechanical strength [4, 8]. For fracture healing to occur
osteoconduction, osteogenesis, osteoinduction, and mechanical stability, as shown in figure
6, need to all occur as they all play a part in bone regeneration.

. Osteoconduction is the process that the new bone is able to grow into the new
surface. Bone grafts are ideally osteoconductive so that new bone can grow and
flourish in the implanted material surface [42].

. Osteoinduction is the process where osteogenesis is induced. It begins by growth
factors stimulating MSCs to form osteoblasts and chrondroblasts [22, 42].

. Osteogenesis of a bone graft is the process that osteoblasts from the graft help
with growth and formation of new bone [36].

3.3. Growth Factors in Bone-Regeneration

There are many growth factors involved in bone-regeneration such as bone morphogenic
protein-2 (BMP-2), BMP-4, fibroblast growth factor (FGF), vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF), and insulin-growth factor-1 (IGF-1)
[43]. In fracture sites, hypoxia regulates osteoblast production of vascular mediators such as
growth factors: VEGF, transforming growth factor- B, IGF, and FGF [37, 44]. The action of
growth factors in vascularized bone regeneration, is shown below in figure 7.

BMPs (bone morphogenic proteins) except for BMP-1 are part of the transforming-growth
factor-beta superfamily [46]. The action of BMPs are regulated by receptor kinases and
transcription factors called Smads [32]. Of the bone morphogenic proteins, BMP-2, 4, 6, 7,
and 9 are the inducers of bone growth [47]. BMP-2 is involved in promoting differentiation
of MSCs [38, 39]. While, BMP-7 is involved in promoting angiogenesis [38]. Currently
there are only 2 recombinant BMPs that are FDA-approved: recombinant BMP-2 (rhBMP-2)
and rhBMP-7 [48]. BMP9, also called growth differentiation factor 2 (GDF-2), was first
identified in fetal mouse liver cDNA libraries and is currently being researched in its role in
bone regeneration [49, 50]. BMP-9 has been proven to promote osteogenic differentiation of
mesenchymal stem cells and to be the most osteogenic BMP in vitro and in vivo [50-57].

In a study published in 2019 by Gaihre et al, used a scaffold-based strategy in rats to study
the bone forming ability of recombinant BMP-9 combined with VEGF. It was found that
BMP-9 enhanced proliferation of human MSCs along the surface of the scaffold. BMP-9
also increased the expression of alkaline phosphatase, collagen 1, and osteocalcin genes
[51]. BMP-9 is a poorly characterized member of the BMP family so more research is
currently being conducted to learn more about this growth factor, as there is little know on
the mechanism of BMP-9 [50].

Fibroblast growth factor has roles in regulating chondrogenesis, osteogenesis, and bone
and mineral homeostasis [58]. The fibroblast growth-factor family has 22 members, with
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FGF-2, FGF-9, and FGF-18 being involved in osteogenesis and possible candidates for bone
regeneration [59]. FGF binds the FGF receptor (FGFR) and in gain-of-function mutations of
the FGFR genes can cause conditions such as craniosynostosis and dwarfism [59, 60].

VEGEF is in a family consisting of VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and
placental growth factor [61-63]. VEGF is a regulator of angiogenesis in skeletal growth,
embryogenesis, and reproductive functions [63, 64]. VEGF also has a role in proliferation,
migration and activation of endothelial cells. Also, VEGF via osteogenic growth factors
stimulates osteogenesis [64]. VEGF is important for regulating osteoclasts in the remodeling
of bone [61].

The platelet-derived growth factor (PDGF) family is made up of 5 homodimers (AA, AB,
BB, CC, and DD). PDGF is secreted from platelet a-granules [65-67]. In bone, PDGF-BB
is the most active PDGF and is a key regulatory factor in tissue repair and regeneration

[68]. PDGF can also promote angiogenesis [69]. PDGF-BB is unique as it participates in
angiogenesis, osteogenesis, and mesengenesis [70]. There are FDA-approved devices on the
market using PDGF-BB for bone regeneration.

4. FDA-approved bone grafts and bone graft substitutes

The categories of bone grafts with advantages and disadvantages of each are shown in figure
8 below and will be further discussed throughout the rest of the manuscript. The advantages

and disadvantages of all the FDA-approved bone grafts and bone graft devices are shown in

table 2.

4.1. Autologous Grafting

The gold standard of bone grafts is autologous grafting [38, 71]. Autologous grafting is
harvesting bone from a patient’s body and using it elsewhere as a bone graft in their body.
These types of grafts are osteogenic, osteoinductive, and osteoconductive and contain viable
bone precursor cells [71]. Since, autologous grafts are fresh and come from the patient they
contain growth factors: BMP-2, BMP-4, fibroblast growth factor, VEGF, platelet-derived
growth factor, and insulin-growth factor 1 [71]. Benefits of autologous grafts include no
issues with rejection and disease-transmission risk as the graft comes from the patient’s
body [8, 72, 73].

Although there are numerous benefits of autologous grafting, the grafts have to be harvested
from the patient resulting in an additional surgical site. This extra surgical site comes with
risks to the patient such as: additional pain, increased risk of infection, and risk of donor
site morbidity [74]. Common locations to harvest autologous grafts include the iliac crest
and intramedullary canal of long bones [75]. Other limitations of this graft material include
limited supply of graft material [22]. Another limitation is that autologous grafts can resorb
too quickly before new bone growth is complete [76, 77].

In studies conducted on bone graft infections, around 3-5.4 percent of patients ended up
with a post-operative recipient graft site infection [78, 79]. Patients with higher risk of
infection are those with immunocompromising diseases such as diabetes mellitus. Infections
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of the bone, require long-term antibiotic use and repetitive irrigation and debridement. Not
only can this cost a lot of money for insurances and patients due to prolonged hospital stays
and additional procedures needed, it also can lead to serious illness and death in the patient.
The mean hospital stay after a bone-allograft procedure for a non-infected patient was 7.82
days, while for an infected patient was 15.10 days [78, 79]. In the United States, health-care
acquired infections cost hospitals 28 to 45 billion dollars a year [80]. Orthopedic surgeries
have been found to cause pain that lasts at least 2 years at the graft site in 15-39 percent of
patients [75, 81]. This is a major problem, since the point of the surgery in the first place was
to correct a problem and in a large percentage of patients, we are creating chronic pain. The
cost of pain in the United states according to John Hopkins is as 560 to 635 billion dollars a
year [82].

In some cases where an autologous bone graft is not possible, another graft type may be
chosen. But due to irradiation needed to sterilize, these other types of bone transplants do
not have the osteogenic or osteoinductive capabilities of the autologous graft [71, 83-89].
Circumstances in which an autologous graft would not be chosen for the patient would be in
a patient is high risk for a second surgical site or has a lack of suitable bone to graft.

Cancellous grafts—The most common type of autologous bone grafts is cancellous.
These grafts are very osteogenic due to high concentrations of osteoblasts and osteocytes
[22]. Cancellous grafts also have a large trabecular surface, which allows a large surface area
for revascularization within 2 days of implantation to occur [22, 71, 90]. After transplant,
cancellous grafts take 6-12 months to be completely resorbed and replaced with new

bone [38, 91]. Compared to cortical grafts, cancellous grafts have greater osteoconduction.
The disadvantage of using cancellous grafts is due to their low density, they have little
mechanical support [22].

Cortical grafts—Cortical autologous graft possesses more structural support and
mechanical stability than a cancellous graft. Although a cortical graft takes longer to
remodel as revascularization and remodeling takes longer to occur due to their dense
architecture [38, 90]. After transplant, cortical grafts take years to be completely resorbed
and replaced with new bone [38, 90, 92].

Vascularized cortical bone grafts—To harvest a vascularized graft, care must be taken
to preserve the vasculature. The main limitation of these grafts is their difficulty to harvest
and implant due to needing orthopedic and microvascular skill sets [71]. Vascular grafts are
advantageous though if they are able to be harvested as they contain preserved osteocytes
and osteoprogenitor cells [22]. The other advantage of an vascularized bone graft is its quick
healing time [71]. If adequate vascular anastomosis and stability of the graft is achieved, a
study has shown that more than 90 percent of the osteocytes in the graft will survive [71,
93].

4.2 Autologous bone grafts and other biologics

There are also bone substitutes that are enhance with a patient’s biological substances. These
bone substitutes are grafts made from bone marrow aspirate or platelet-rich plasma that are
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combined with autologous bone. This gives the benefits of an autologous graft with added
benefit from the growth factors the bone marrow aspirate or platelet-rich plasma contain.

Bone marrow aspirate—The advantage of using a bone marrow aspirate graft is that it
can be harvested minimally invasively. The main reason bone marrow aspirate was chosen
as to be used as a graft material was due to suspected high number of mesenchymal stem
cells in the marrow. The number of stem cells that were found in the marrow were a lot
lower than what was initially thought and the number of stem cells found varies from patient
to patient [22, 48, 90]. The other hypothesis is that bone marrow aspirate grafts promote
fracture healing via stimulating angiogenesis by the endothelial progenitor cells it contains
[22, 94].

Platelet-rich plasma—-Platelet-rich plasma (PRP) has been used with autologous grafts
as it reduces the amount of autologous graft material to harvest from the patient and also

is an affordable way to incorporate growth factors into a graft [95]. Administration of PRP
is beneficial as it provokes migration of MSCs directly to the site of injury or surgery [95,
96]. PRP also contains growth-factors such as PDGF, TGF-beta, IGF, VEGF and FGF that
are involved in the bone regeneration process [97]. PRP is an affordable and easy to obtain
material that can extend the amount of autologous graft material. The disadvantage of PRP
is that there is lots of variability of each person’s PRP and even the preparation methods

can affect each person’s PRP differently [98—100]. It is unclear on how patient comorbidities
will affect the composition of their PRP [99, 100]. These challenges need to be addressed so
each patient can get the full benefit from PRP in bone regeneration.

4.3. Allogenic bone graft

An allogenic bone graft refers to bone harvested from either a live donor or a cadaver

that is then transplanted into the patient needing a bone graft [8, 38, 92]. An allogenic
bone graft is considered the best option when an autologous bone graft is not possible, as
shown in figure 9 [38]. However, allogenic bone has a higher failure rate then autologous
grafts as allogenic grafts are immunogenic and can be rejected by activation of major
histocompatibility complex antigens [38, 101]. An advantage is that no additional surgical
site is needed on the patient compared to autologous bone grafts [102].

Allografts can be implanted in 3 different forms: fresh, fresh frozen, and freeze dried. This is
a topic of debate of the best processing technique for allografts [48, 103]. An allogenic graft
is prepared by removing the soft tissue with ethanol, then is irradiated to sterilize it. The
disadvantages of this type of graft are risk of infection or disease due to unsterilized or not
properly sterilized graft and possibility of an immune reaction to the graft. The irradiation
also comes with disadvantages as it affects the grafts biological properties. The graft before
irradiation has osteogenic and osteoinductive properties. After irradiation the graft is also
weaker structurally and only has osteoconductive properties [22, 94]. The exception to this
is demineralized bone matrix and some fresh/ fresh frozen allografts, which possesses both
osteoconduction and osteoinductive qualities. Another disadvantage is that this graft also has
a high overall cost then an autograft [22].
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Still the biggest risk of allografts is the risk of disease. Although screening does occur for
some diseases, not all diseases are tested for and testing is not perfect to detect disease.
Diseases that have been documented spread through transplant of allografts include hepatitis
C virus and human immunodeficiency virus [104-112]. Although there are not documented
cases of prion diseases such as Creutzfeldt-Jakob disease spread through bone grafts, there
are still concerns for prion disease transmission when transplanting an allograft [104, 113].

Cancellous allograft—Cancellous allograft is made from cuboid bone chips or
“croutons” made from freeze drying samples/lyophilization [22]. A cancellous allograft is
used to pack osseous defects and is the most common form of allografts used currently [22,
38]. Advantages of freeze drying are grafts with low residual moisture (3 to 5 percent) and a
shelf life of 4 to 5 years [114]. Like its cancellous autograft sister, cancellous allografts lack
mechanical strength. However the cancellous autograft has many osteo-properties, while
the cancellous allograft only possesses osteoconduction [22]. The disadvantages of this

type of graft are its low mechanical strength and it doesn’t promoting secondary healing
[38]. Another downside, is the body’s host inflammatory response encapsulates the graft in
fibrous tissue, making it more difficult for the graft to integrate [22, 94].

Cortical allograft—A cortical allogenic graft is stronger than the cancellous autograft and
can be used in structural or load-bearing areas of the body [115]. They also can be used to
fill large defects. Just like the cancellous allograft, cortical grafts heal with an inflammatory
response. However, after the initial inflammatory phase, it heals like a cortical autologous
graft with creeping substitution [22, 90].

Demineralized bone matrix—To make demineralized bone matrix (DBM), allograft
bone goes through an acid extraction with hydrochloric acid or another acid to remove
mineral components while leaving the type | collagen, non-collagenous proteins, BMPs and
other growth factors [22, 116]. This process enables the natural process of bone formation
by increasing the surface area of the implant [48, 117]. This is the only type of allograft
with osteoinductive properties as it contains bone morphogenic proteins and other growth
factors [22, 104]. The problem with the growth factors is that there is variability of BMP-2,
BMP-4, and BMP-9 levels among different manufacturers and even in different batches from
the same manufacturer as shown in a study in 2006 by Bae et al [118].

4.4. Synthetic Bone Grafts

When trying to create a synthetic bone graft, it is ideal to make a graft that is biocompatible
and will support new bone growth. The synthetic graft should also ideally be structurally
similar to cancellous or cortical bone. Synthetic bone grafts are osteoconductive and

some possess osteointegrative properties [123]. The ideal synthetic graft will allow for
incorporation and proliferation of MSCs [48]. The advantage of synthetic grafts over
autografts and allografts is that you know what you are getting. Autografts and allografts
graft quality differs based on the individual it is harvested from and since synthetic grafts
are manufactured they will always have the same properties. Autografts and allografts there
are limits on amount of material to harvest and every graft will not have the same handling
properties. Synthetic grafts come in different forms such as moldable, pellets, injectable, and
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3D printed. The moldable and pellet forms of grafts are advantageous in trauma or when
surgery is not preplanned to 3D print a graft. Injectable forms are a great option as surgery
can be performed minimally-invasively [121, 122]. 3D printed scaffolds can be created to
perfectly fit the bone defect area. To 3D print a scaffold, a CT scan of the defect is taken that
then can be turned into the custom scaffold for the patient [77, 119, 120]. Due to addition
processing, this makes the cost of allografts expensive compared to autologous grafts [153].
A concern about 3D printed scaffolds are sterilization and quality control of each implant.

The current methods for sterilization of 3D printed grafts are low temperature sterilization
that utilize hydrogen peroxide plasma, often Sterrad or V-PRO machines are used. In a study
performed in 2020, there was no increased rate of infection in using 3D printed bone grafts
sterilized with Sterrad or V-PRO methods [154]. Of the 114 receiving 3D printed scaffolds,
7 percent ended up with an infection [154]. A FDA-approved brand of 3D printed bone

graft on the market today is Advanced Development of Additive Manufacturing’s 3D printed
bone graft. Below we will discuss the advantages and disadvantages of the many types of
FDA-approved synthetic bone grafts.

Calcium phosphate ceramics—Calcium phosphate ceramics are synthetic mineral salts
or highly-crystalline materials that are made by sintering them at high temperatures above
1000 °C [38, 155]. The disadvantages of ceramic materials are they have poor mechanical
strength and are difficult to mold into a desired shape [102]. Calcium phosphate ceramics
include tricalcium phosphate, hydroxyapatite, and biphasic calcium phosphate.

Tricalcium Phosphate—Tricalcium phosphate ceramics are considered the “gold
standard” of synthetic bone grafts [8, 125]. The material of this graft is the most similar

in chemical composition to human bone [102]. Tricalcium phosphate is osteoconductive
[102] and is resorbed in 13-20 weeks after implantation [8, 156, 157]. Due to its mechanical
strength being comparable to cancellous bone, tricalcium phosphate is not used in regions

of body undergoing a mechanical load [102, 158]. Tricalcium phosphate unfortunately
degrades unpredictably so that is why it is not the best choice for areas of body undergoing a
load. It is best used for applications such as bone defects caused by trauma or tumors [3, 38].
This material was first documented as a bone graft material in 1920 by F.H. Albee [159].

Biphasic calcium phosphate—Biphasic calcium phosphate is produced by mixing
hydroxyapatite with tricalcium phosphate to get the advantages of both these materials

[38, 126]. Adjusting the hydroxyapatite to tricalcium phosphate mixture allows a range of
resorption time and mechanical properties [38, 127]. This mixture of resorption time and
mechanical stability makes sure the material is stable and also can promote bone growth
[126, 128, 160]. Because of these properties, a biphasic calcium phosphate bone graft can be
used in large defects and in load bearing areas [128, 160-162].

Hydroxyapatite—Hydroxyapatite is used as a bone graft material due to its similarities
in composition to bone, which also makes it very biocompatible. Hydroxyapatite is
osteoconductive and depending on the conditions can be osteoinductive [163]. Resorption
of hydroxyapatite is very slow, and the graft material will remain up to 3 years after
implantation [8, 129, 130]. This slow resorption impedes the bone remodeling process,
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making the bone mechanically vulnerable. When comparing hydroxyapatite to tricalcium
phosphate, hydroxyapatite has much higher compression and tensile strength [102].

To overcome some of the disadvantages of hydroxyapatite, nanocrystalline hydroxyapatite
has been developed. It has a higher surface to volume ratio, allowing faster resorption [38,
163]. Nanocrystalline hydroxyapatite is also easier to produce as it requires a lower sintering
temperature in production [163].

Calcium phosphate cements—Calcium phosphate cements (CPC) are made by mixing
a calcium phosphate powder with a liquid phase that form a paste. This mixture will then

be molded and placed into the bone defect to then harden in situ. CPC bone grafts have the
ability to be molded as they undergo a body-temperature dissolution-precipitation reaction
[102, 131]. Calcium phosphate cements are also available in injectable and 3D printed forms
for minimally invasive and custom applications. Due to CPCs unique body-temperature
dissolution-precipitation reaction, allows it to possibility be a carrier for drugs and biological
molecules [131, 164, 165].

Calcium phosphate cements are osteoconductive as they gradually absorbed in the bone
remodeling process[102]. Calcium phosphate cements handle mechanically like ceramics, so
to improve their mechanical strength an additive such as chitosan or Vicryl meshes can be
added [132].

Calcium sulfate—Calcium sulfate, also called the plaster of Paris, was the first used in
1892 [40]. Calcium sulfate bone grafts are synthetic ceramic bone grafts [166]. The material
degrades rapidly in 4-12 weeks after insertion making this graft the most rapidly dissolving
synthetic bone graft [22, 40]. The problem with their rapid dissolution is that they resorb
faster than bone dissolution [22, 133]. The grafts are slightly osteoconductive as the graft
has lack of porosity. Calcium sulfate grafts are rarely used as calcium phosphate grafts

are favored over it [102, 158]. It loses mechanical properties when degrading, so is not
compatible to be grafted in locations that bare a load [102]. The advantages of a calcium
sulfate graft is its low cost and its ease of preparation [38]. Another disadvantage of the
material is a complication of serous wound drainage after implantation [134]. Compared

to calcium phosphate, calcium sulfate is not often used as calcium phosphate grafts are
preferred over it [102].

Bioactive glass—Bioactive glass or bioglass is a silica-based biomaterial used for
synthetic bone grafts. Compared to other synthetic bone grafts, bioactive glass is different
as it can form chemical bonds to bone and soft-tissue. For bioactive glass to have proper
bioactivity, it is critical that is SiO, content is below 60 percent of the bioactive glass’
weight. Bioactive glass with percent weight of SiO, 45-52 will form bonds to bone and soft
tissue. While, bioactive glass with percent weight of SiO, 55-60 will only form bonds to
bone [135, 136].

The reason bioactive glass is named bioactive is, the material stimulates the patient’s body
regeneration capabilities. Within 48 hours of implantation, the bioactive glass will begin to
dissolve: activating genes controlling osteogenesis [137].
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An advantage of bioactive glass over hydroxyapatite, is that bioglass can bond to both hard
and soft tissues while the synthetic hydroxyapatite binds to only hard tissues [137, 167].
Another advantage of bioglass is its antibacterial properties due to its alkaline composition
[137, 138].

PMMA bone cement—PMMA, polymethylmethacrylate, or bone cement is an acrylic-
based resin often used to secure orthopedic prosthetics and fill craniofacial defects [139].
PMMA is mixed by combining a white powder of pre-polymerized PMMA and liquid of
monomer of methyl methacrylate in a 2:1 ratio, which polymerizes and forms the PMMA
cement [141, 142].

PMMA does not have intrinsic adhesive properties [140]. Bone cements are also heat
sensitive, so there must be care in temperature regulation to insure proper handling
characteristics and setting times during implantation [140].

Disadvantages of PMMA are cement fragmentation and foreign body reaction that wears
down the implant. This can result in loosening of prosthetic and osteolysis in some cases.
Other disadvantages is the material is not osteoinductive or osteoconductive, so does not
promote growth of new bone in the area [141].

Adverse effects associated with PMMA are hypotension episodes and cardiac arrest during
cement insertion. Another concern is the risk of bone cement implantation syndrome
(BCIS), this syndrome can present with clinical features such as hypotension, cardiac
arrythmias, or cardiac arrest [141, 142].

4.5. Growth factors and bioactive molecules in bone repair

Recently, grafts with recombinant growth factors such as BMP and platelet-derived growth
factor incorporated have become FDA-approved and have been used in patients. There are
many concerns as adverse reactions or side effects occur due to use of these products.

There is debate on whether BMP products are carcinogenic. There have been 2 meta-
analyses found a weak increase in patients receiving rhBMP-2, but not to a level that was
statistically significant [168, 169]. There is no evidence of increased cancer risk of BMP
products at this time. Once there is more data available on BMP products, their long-term
effects can be determined.

BMP products are reported to have inflammatory complications from benign seromas to
cervical spine swelling which can be life-threatening. Other complications of BMP products
are risk of tumor formation as BMP can upregulate tumor cell proliferation and invasion.
Ectopic bone formation can also occur if the BMP leaks outside of the implant site [143].

In 70.1 percent of patients implanted with rhBMP-2 had ectopic bone formation, compared
to 12.9 percent patients with an ectopic bone complication that were not administered
rhBMP-2 [143, 146].

These types of grafts are not approved to be used in children, pregnant women, or women
that want to get pregnant in the future. In 2015, the FDA put out a warning letter to
surgeons to not use BMP products in the pediatric population, out of concern for insufficient
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data to demonstrate long-term efficacy or safety in children [168]. Another disadvantage
of these types of grafts are there high cost [1]. An advantage of using growth factors and
bioactive molecules in bone repair is their osteoconductive and osteoinductive properties
[22]. Since they are relatively new, they have not been studied to know their long-term
effects. FDA-approved growth factor and bioactive molecules application(s) approved for
and FDA-approval date are shown in Table 3.

Infuse (BMP-2) device—Infuse, a graft containing recombinant human bone
morphogenetic protein-2 (rh-BMP-2) and an absorbable collagen sponge, was FDA-
approved for anterior lumbar interbody fusion in 2002 [147]. It was then FDA-approved

for tibial nonunion use in 2004 [143, 170]. Infuse is also FDA approved since 2007 for
maxillofacial reconstructions such as sinus augmentation and socket preservation [171]. This
graft is also widely used off-label for cervical, thoracic, and lumbar spine procedures [176].
To use the Infuse graft, the collagen sponge is opened in the sterile field and reconstituted
BMP-2 is distributed into the sponge. This is allowed to sit for at least 15 minutes before
implanting into the patient. The advantage of this product over other synthetic grafts on the
market, is that Infuse is osteoinductive [177].

There have been complications when using this type of graft many in its off-label uses. The
FDA has issued a caution letter in using Infuse off-label in anterior cervical fusions as it can
cause massive soft-tissue swelling that can compromise a patient’s airway [147, 148].

In a study published by Boden et al, the fusion rates for posterolateral lumbar spine fusion
with rhBMP-2 ceramic composites were assessed with and without instrumentation and
autografts fusion rate with instrumentation were also assessed. Of the 25 patients in the
study, 5 patients were in the autograft/ pedicle screw instrumentation arm, 11 patients
received rhBMP-2/ pedicle screw instrumentation, and 9 patients received rhBMP-2 only
without internal fixation. The average follow-up time was 17 months later. The autograft/
pedicle screw fusion had 40 percent fusion (2/5), while both the rhBMP-2/ pedicle screw
instrumentation and rhBMP-2 only without internal fixation had 100 percent fusion (20/20)
[144]. Although this study has many limitations due to small sample size, it shows promise
of rhBMP-2 having better outcomes then autografts.

Although rhBMP-2 has many adverse effects, it may be a good option for patients not
willing to give up smoking and in need of a product for bone regeneration. In a study
published by Glassman et al in 2007, the fusion rate of posterolateral lumbar fusion was
looked at in smokers with rhBMP-2 matrix compared to smokers receiving iliac crest bone
graft. At 2 years post-operative, fusion rate in the rhBMP-2 group was 100 percent (all 55
smokers in the group obtained fusion) and fusion rate in the iliac crest bone graft was 76.2
percent (16 out of 21 smokers obtained fusion)[145].

OP-1 (BMP-7) device—BMP-7 is also known as the osteogenic protein-1 (OP-1) gene.
It was first FDA-approved in 2001 for alternative to autograft in recalcitrant long bone

nonunions where use of autograft is unfeasible and alternative treatments have also failed
[172]. It was FDA-approved for revision posterolateral lumbar fusion in 2004 [173]. The
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BMP-7 graft was rhBMP-7 was bound to a collagen carrier and was on the market for a
short period of time, however it was removed from the market worldwide [149, 178].

PDGF-BB—In a randomized controlled (2:1) noninferiority trial conducted by DiGiovanni
et al, patients needing a hind foot or ankle arthrodesis received either an autologous graft

or PDGF-BB combined with tricalcium phosphate. 137 patients received autologous grafts
and 260 patients received PDGF-BB, combined with a B-tricalcium phosphate matrix. The
hypothesis was that the PDGF graft would be as safe and effective as the “gold standard”,
an autologous graft. It was shown that the PDGF graft had less pain then the autologous
grafting group. The investigators also concluded that PDGF had similar fusion rates to
autologous grafts and fewer adverse effects [150, 151].

Augment bone graft is a combination of recombinant human platelet-derived growth
factor B homodimer (rhPDGF-BB) and beta-tricalcium phosphate. It was FDA-approved
in 2015 for surgical fusion of ankle (tibiotalar joint) and/or hindfoot (including subtalar,
talonavicular, and calcaneocuboid joints) [174].

There are other rhPDGF-BB bone grafting products on the market that are used for dental
applications such as GEM 21S. GEM 21S is also a combination rhPDGF-Bb and tricalcium
phosphate graft. It was FDA-approved in 2005 for periodontal defects such as: 1) intrabony
periodontal defects 2) furcation periodontal defects 3) gingival recession associated with
periodontal defects [136].

iFactor (P-15)—Peptides have also been looked into to determine their role in bone
formation. A peptide P-15 has been found to be 4500 times more potent for cell binding than
other peptides. In 1996, research was published showing that this 15 amino-acid peptide
(P-15) attached to calcium-phosphate bone mineral led to a dramatic increases in cellular
response in culture [179]. P-15, a synthetic amino-acid peptide mimics the cell-binding
domain of type I collagen [152, 180, 181].

iFactor is a combination of P-15 absorbed onto inorganic bone mineral and suspended in a
hydrogel carrier [152]. It is FDA-approved since November 2015 for use in reconstruction
of a degenerated cervical disc at one level from C3-C4 to C6- C7 following single-level
discectomy for intractable radiculopathy (arm pain and/or a neurological deficit) after
conservative treatment fails. It also must be used inside an allograft bone ring and with
supplemental anterior plate fixation [175]. Since iFactor has not been on the market very
long, there is limitations of knowledge of its long-term effects.

In a study published in 2017 by Arnold et al, iFactor is compared to autograft in anterior
cervical discectomy and fusion. It was a randomized single-blinded study with 319 patients.
Adverse effects that occurred at almost equal rates among iFactor and autografts were axial
pain, postoperative radiculopathy, and dysphagia. There were 6 cases of superficial infection
in iFactor patients and none in autograft patients. Other complications include 2 cases of
chronic lymphatic leukemia in autograft patients and with iFactor, 1 patient developed bone
hemangioma in the lumbar spine and 1 patient developed renal cancer. The study showed
safety and effectiveness at the 2 year mark for iFactor used for symptomatic radiculopathy
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due to single-level cervical degenerative disc disease. In iFactor subjects, at the 2 year
follow-up 144 out of 148 patients had fusion success (97.30 percent). In the autograft
subjects, at the 2 year follow-up 136 out of 144 patients had fusion success (94.44 percent).
Overall, iFactor was found to be effective, safe, and have similar outcomes to autograft at 2
years post-op for cervical radiculopathy due to cervical degenerative disc disease [152].

4.6. Bone Growth Factors in Pre-Clinical Development

As there is still not a perfect manufactured bone graft on the market and the autologous
graft has its own limitations, there is a hunt for new bone-grafting options for patients. Some
of the many growth factors being researched for bone regeneration are BMP-9 and VEGF.
BMP-9 is getting attention in research due to its osteogenic potential.

In a study published in 2016 by Sreekumar et al, investigated the effect of rhBMP-7 and
rhBMP-9 on 110 donor primary human osteoblasts and osteoclasts and also identified the
gene specific expression from patterns from the BMPs. This data was then compared to

data collected on rhBMP-2. rhBMP-7 treatment correlated with expression of genes AMBI,
SOST, Noggin, Smad4, and RANKL, while rhBMP-9 was correlated with expression of
genes Alk6, Endoglin, Smurfl, Smurf2, SOST and RANKL. When rhBMP-9 was compared
to rhBMP-2 and rhBMP-7, it showed increased osteogenic activity (AP activity and Smad
nuclear translocation) over rhBMP-2 and —7. Further research should be conducted on
BMP-9 to determine their effectiveness and safety in bone regeneration.

5. Cost of Bone Grafts

Cost is very important as majority of patients needing bone grafts are using insurance to
cover the cost of the surgery and graft. If a grafting material is much more expensive than
other grafting options on the market, insurance will not want to cover it. Table 4 covers the
cost and common brand names of bone grafts. The table only covers the cost per unit of
bone graft, and does not cover any additional operating fees, hospital stay time, and cost of
complications for the bone grafts.

6. Non-FDA Approved Bone Grafts

In Europe and internationally, there are many products that are used that are not approved
within the United States. In Europe approved products are called Conformité Européenne,
meaning European Conformity. One product that is approved in Europe and not in the US

is Geistlich’s Bio-Oss product. It is a xenograft made from bovine bone that goes through
processing to remove the organic parts of the bone. It looks very promising as a bone
substitute, however long term clinical studies with histological evaluation are needed to
further evaluate [182]. There are concerns about using bovine xenografts and the risk of mad
cow disease. However there are no reports on mad cow disease, Transmissible Spongiform
Encephalopathies (TSE) and Bovine Spongiform Encephalopathy (BSE) risk with these
bovine grafts[183]. Another Conformité Européenne graft that isn’t used in the United States
is A-OSS a deproteinized bovine bone graft. In Europe there also approved equine bone
grafts, such as Biotek’s Bio-gen. There is no disease risk concern as with equine grafts, as
there are no known disease transmitted from horses to humans. Another European approved
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product that is not approved yet in the United States is Stryker’s Hydroset which has
clinically proven its worth in osteoporotic bone[184, 185]. There should be attention to the
new products getting approved in Europe as they may be soon approved in the United States
based on the efficacy and safety of each graft.

7. Future Technologies of Bone Grafts

Bone grafts are constantly evolving to better meet the needs of the patient populations. Some
of the current needs is for custom bone grafts for patients and synthetic grafts that have all
the qualities of autologous grafts. One patient population in need of a bone graft with growth
factors incorporated is patients with vascular impairment. A bone graft technology that is
currently being researched is hydrogels that are osteogenic and angiogenic. To create these
grafts, current hydrogels are being formulated with growth factors and peptides [186, 187].
Another similar trending topic in bone graft research currently is implants that modulate
growth factor or antibiotic release. Finally, stem cell/tissued engineered therapies where the
stem cells are being cultured are being researched.

8. Conclusion

Currently the “gold standard” for bone grafting is an autograft. If an autograft isn’t a good
option for the patient, the next best option is normally an allograft. Due to additional
surgical site needed for the autograft and risk of disease transmission from the allogratft,
there is a search for a synthetic bone graft that would be as good or better as an autograft or
allograft. To obtain this the synthetic material needs to be biocompatible, osteoconductive,
osteoinductive, osteogenic, minimize side-effects for patient (be safe), and be cost-effective.
Other options that are FDA-approved include growth factors: rhBMP-2, rhBMP-7, and
PDGF-BB and bioactive molecule P-15. Recombinant bone-morphogenic protein that at this
time have serious concerns of safety due to risk of compromising the patient’s airway in
off-label use and other adverse effects. These newer growth factors and bioactive molecules
look promising but there is not long-term data on safety and effectiveness at the moment.
The advantages and disadvantages ultimately need to be weighted for each patient by them
and their surgeon to determine the best bone grafting option.
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Highlights
. Three main FDA approval processes for bone grafts and bone graft
substitutes.
. Bone grafts are required to heal nonunions, malunions, and bone defects.
. FDA-approved bioactive molecule for bone regeneration is a peptide P-15.
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Figure 1:
Radiographic image of atrophic nonunion of fracture of the humerus [24].

Reprinted/adapted by permission from [CopyRight Clearance Center]: [Springer Nature]
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Figure 2:
Radiographic image of malunion of the proximal femur [24].

Reprinted/adapted by permission from [CopyRight Clearance Center]: [Springer Nature]
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C

Figure 3:
Radiographic image of bone cyst in the calcaneus. Reprinted from [29] with

permission from the Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/).
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Figure 4:
Radiographic image of avascular necrosis of the femoral head. Reprinted from [30] with

permission from The Radiological Society of North America.
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Figure 5:
Typical fracture healing process shown at different phases of bone healing with primal

cell types found at each stage and time of each stage. Below the fracture healing
illustration, metabolic phases (blue bars) and biological stages (brown bars) are shown. The
metabolic stages are anabolic and catabolic. The three major biological stages of healing
are inflammatory, endochondral bone formation, and coupled remodeling. The time scale
of healing is equivalent to a mouse closed femur fracture fixed with an intramedullary

rod. Reprinted from [38] with permission from Journal of Bioactive Materials under

the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc-nd/4.0/).

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 November 01.


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gillman and Jayasuriya

J Osteoconductive

Page 33

.
/7 d A 5
/ : AN
/ .| Bone graft [-.. \\
!.‘- ..A
Osteogenic Osteoinductive
\\ 7
/
N N ) Vi

Mechanical stability

Figure 6:

The process of a fractured bone healing is controlled by properties of osteoconduction,
osteoinduction, and osteogenesis. Bone graft materials are osteoconductive to allow
angiogenesis and cell growth to occur. Then by osteoinduction, recruitment of mesenchymal
stem cells occurs. Then osteogenesis releases growth factors to help form new bone.

Other important aspects of bone healing include vascularity as adequate blood supply

is needed for healing and mechanical stability. Reprinted from [41] with permission

from Creative Commons Attribution-NonCommercial License (https://creativecommons.org/

licenses/by-nc/4.0/).

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 November 01.



https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gillman and Jayasuriya Page 34

g:zzzrr]\ci;t’;)rlr:::lll ——» effect of growth factor

cellular response to a

( vascular endothelial = =2 growth factor gradient

cell

osteoblast VEGF blood vessels
angiogenesis II FGF invasion <

proliferation . &y \
\ oo =
ﬁﬂ {~ angiogenesis e
angiogenesis @ ;

proliferation
A

PDGF / BMP-2

\ / 2

proliferation |\ / :
N S0

\ \ . chemotaX|s % /

E differentiation & bone

~

chemotaxis ~ — _ _ > ¢

Figure 7:
Cascade of Growth Factors. Illustration show actions of prevalent growth factors (BMP-2,

FGF, PDGF, and VEGF) in vascularized bone regeneration. Reprinted by permission from
[CopyRight Clearance Center]: [Elsevier] [45].
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FDA-Approved
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Growth Factors/
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Figure 8:
FDA-Approved Bone Graft Options: The four main options of bone grafting include

autologous, allograft, synthetic grafts, and growth factors/bioactive markers.
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Choosing the Does patient have

right bone graft enough bone to
for the patient harvest for a graft?

Is an allograft or
a synthetic bone
graft better for
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Autologous graft

Figure 9:
Choosing right bone graft for the patient: the “gold” standard for bone grafting is still using

autologous grafts, but the limitation of this method is if there is enough graft to harvest.
If there is not enough graft to harvest other bone grafting options such as allografts and
synthetic bone grafts will be chosen for the patient.
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Table 1:

FDA-approval process for bone grafts, describes 510K, IDE/PMA, and HCTP approval processes.

FDA-approval

Process of Approval:

Processes:

510K The 510K process is a premarket submission is that the device is at least as safe and effective, that is, substantially
equivalent, to a legally marketed device [15].

IDE/PMA An IDE allows the investigational device to be used in a clinical study in order to collect safety and effectiveness data.
This data will then be used to support the Premarket Approval [16].

HCT/P HCT/P’s are regulated by the Center for Devices and Radiological Health as medical devices and/or are regulated by
the Center for Biologics Evaluation and Research [17]. Whether products are regulated by one or both of these agencies
depends on the product wanting to be marketed. No premarket approval is needed through the FDA.

RMAT RMAT’s must be made with an existing or new Investigational New Drug (IND) application. This designation includes

certain human gene therapies and xenogeneic cell products[18].

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 November 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

sensitive, cement fragmentation and
foreign body reaction can wear down
and loosen implant, risk of bone cement
implantation syndrome

Gillman and Jayasuriya Page 38
Table 2:
Advantages and Disadvantages of Bone Graft Types
([Ref]= References for column to the left)
Bone Graft Type Advantages: [Ref] Disadvantages: [Ref]
Autologous “gold standard” as it is osteoconductive, [38, 71] ond surgical site increases risk of [22, 74]
osteoinductive, and osteogenic infection, limit on amount of graft
material available
Autologous: Large surface area advantageous for [22, 71, Poor mechanical strength [22]
cancellous revascularization 90]
Autologous: cortical Structural support and mechanically stable | [38] Longer to remodel then cancellous graft [38, 90]
Autologous: Quick healing time, preserved osteocytes [22, 71] Hard to harvest and to implant [71]
vascularized cortical and osteoprogenitor cells in the graft
Bone Marrow Can be harvested minimally invasively [22] Less stem cells in graft then hypothesized | [22, 48,
Aspirate 90]
Platelet-rich Plasma Affordable, easy to obtain, provokes [95, 96] Variability with individual PRP and [98-100]
migration of MSCs directly to the site, preparation methods
reduces amount of autograft needed to be
harvested
Allogenic No second surgical site (decreased risk of [102] Risk of disease transmission or [104-113]
infection and no additional pain) unfavorable immune response
Allogenic: cancellous Freeze drying causes graft with low [114] Low mechanical strength, hard to [22, 38,
residual moisture and shelf-life of 4-5 incorporate as body incapsulates graft in 94]
years fibrous tissue
Allogenic: cortical Strong, can be used in load-bearing areas [115] Slow healing due to inflammatory [22, 90]
of body response
Allogenic: Contains growth factors making it Varying amounts of growth factors from [118]
Demineralized Bone osteoinductive different batches and manufacturers
matrix [22, 104]
Synthetic grafts Many options of graft material, custom [77, 119- Lack growth factors to encourage bone [123]
scaffolds (3D printed and injectable) 122] growth
Calcium Phosphate Similar composition to bone [124] Poor mechanical strength, hard to mold [102]
Ceramics
Tricalcium Phosphate Synthetic graft with most similar [8, 125] Degrades unpredictably so not good for [3, 38]
composition to bone, “gold standard” of load-bearing areas
synthetic grafts
Biphasic Calcium Advantages of both tricalcium phosphate [38, 126, Limitation of mechanical strength based [128]
Phosphate and hydroxyapatite, range of resorption 127] on mixture of graft
rate and mechanical properties based on
mixture
Hydroxyapatite Very biocompatible, higher compression [102] Slow resorption of graft [8, 129,
and tensile strength compared to tricalcium 130]
phosphate
Calcium Phosphate Temperature dissolution-precipitation [102, 131] | Poor mechanical strength [132]
Cement reaction makes them easy to mold
Calcium Sulfate Cheap to make, easy to prepare [38] Resorbs quicker than bone dissolution, [22, 102,
risk of serous wound drainage, lack of 133, 134]
mechanical strength
Bioactive Glass Forms bonds to bone and tissue, [135-138] | Small range of SiO2 content for [135, 136]
activates genes controlling osteogenesis, bioactivity of graft
antibacterial properties
PMMA Bone Cement | Secures orthopedic implants in place [139] No intrinsic adhesive properties, heat- [140-142]
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Bone Graft Type Advantages: [Ref] Disadvantages: [Ref]
Growth factors and Have both osteoinductive and [22] Not studied long-term, inflammatory [1, 143]
bioactive molecules osteoconductive properties complications from off-label uses, very
expensive
Infuse (BMP-2) Study results with possible better [144, 145] | Off-label use can cause swelling that can [143, 146-
outcomes then autograft, good bone close patients airway, risk of ectopic bone | 148]
regeneration abilities in smokers formation
OP-1 (BMP-7) - - No longer on the market [149]
PDGF-BB Less pain then autograft with similar [150, 151] | Not studied long term, expensive [1]
results
iFactor (P-15) Similar results to autografts in study [152] Side effects of axial pain, postoperative [152]

radiculopathy, and dysphagia after
treatment
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Table 3:

Page 40

FDA-approval dates and applications approved for in bone regeneration for growth
factors and bioactive molecules (*= was withdrawn from the market in 2014 [149]).

([Ref]= references for FDA Approval Date and Application Approved For)

C6- C7 following single-level discectomy for intractable radiculopathy
after conservative treatment failure

Device (Growth Factor/ FDA Approval Application Approved For [Ref]
Bioactive Molecules) Date
2002 anterior lumbar interbody fusion [147]
2004 tibial nonunion [143, 170]
Infuse (BMP-2) Device - - -
2007 alternative to autogenous bone graft for sinus augmentations, and [143, 170,
for localized alveolar ridge augmentations for defects associated with 171]
extraction sockets.
2001 alternative to autograft in recalcitrant long bone nonunions where use of [172]
OP-1 (BMP-7) Device* autograft is unfeasible and alternative treatments have failed
2004 revision posterolateral lumbar fusion [173]
2015 surgical fusion of ankle (tibiotalar joint) and/or hindfoot (including [174]
Augment (PDGF-BB) subtalar, talonavicular, and calcaneocuboid joints)
GEM 21S (PDGF-BB) 2005 Periodontal defects [136]
iFactor (P-15) 2015 reconstruction of a degenerated cervical disc at one level from C3-C4 to [175]
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Table 4:
Cost and Brand Names of Bone Graft Types on the Market in the United States (price varies per area of graft
needed)
Bone Graft Type Product Name (Manufactor): Average Cost:
Autologous R $338-1000 depending on the size of area needed to be

grafted

Bone Marrow Aspirate

$135 for the needle

Platelet-rich Plasma - $250-5000
. MinerOss Cancellous (BioHorizons)
Allogenic: cancellous Osteocel (NuVasive): $472/cc $464/cc
Allogenic: cortical MinerOss Cortical (BioHorizons) -
. . . . DBX (Synthes)
Allogenic: Demineralized Bone matrix Dynagraft $200-4500

Tricalcium Phosphate

Allogram-R (Biocomposites)
Cellplex Wright Medical Technology)
Cerasorb M (Ascension Orthopaedics)

Chron OS (Synthes)
Conduit (DePuy)
TheiLok (Therics)
Vitoss (Orthovita)

Chron OS (Synthes)= $475 for 5 cc

Biphasic Calcium Phosphate

BoneCeramic (Straumann)
NovaBone (Osteogenics)

NovaBone (Osteogenics)= $410/cc

Hydroxyapatite

Pro Osteon (Biomet)

Calcium Sulfate

Osteoset (Wright Medical Technology)
BonePlast (Biomet)
OsteoMax (Orthofix)
Stimulan (Biocomposites)

Bioactive Glass

Altapore Shape (Baxter International)
Signafuse (bioventus surgical)

PMMA Bone Cement

Cemex (Exactech)
C-ment (Leader Biomedical)

BMP-2 Infuse (Medtronic) $3,500 per box (5.6 cc)

BMP-7 OP-1 (Osigraft) $3,664.20 (as of 2009),ma|§§i (r)t]econstituted amount of 4 cc
PDGF-BB Augment (Wright) -

P-15 iFactor (Cerapedics) -
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