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ABSTRACT
Degenerative spine disease is increasing in prevalence as the global population ages, indicating a need for targeted therapies 

and continued innovations. While autograft and allograft have historically demonstrated robust results in spine fusion surgery, 
they have significant limitations and associated complications such as infection, donor site morbidity and pain, and neurovascular 
injury. Synthetic grafts may provide similar success while mitigating negative outcomes. A narrative literature review was 
performed to review available synthetic materials that aim to optimize spinal fusion. The authors specifically address the evolution 
of synthetics and comment on future trends. Novel synthetic materials currently in use include ceramics, synthetic polymers and 
peptides, bioactive glasses, and peptide amphiphiles, and the authors focus on their success in both human and animal models, 
physical properties, advantages, and disadvantages. Advantages include properties of osteoinduction, osteoconduction, and 
osteogenesis, whereas disadvantages encompass a lack of these properties or growth factor- induced complications. Typically, 
the use of synthetic materials results in fewer complications and lower costs. While the development and tuning of synthetic 
materials are ongoing, there are many beneficial alternatives to autografts and allografts with promising fusion results.
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INTRODUCTION

As the global population ages, degenerative spine 
disease is becoming more prevalent, signifying the need 
for targeted therapies. Spine fusion, using bone grafts, 
is an essential treatment for various spinal conditions, 
including deformity, fractures, dislocations, spondylo-
listhesis, and intervertebral disc disease. As the demand 
for spinal fusion continues to increase in the aging pop-
ulation, innovative materials and products are being 
rapidly developed.1

The use of bone grafts in spinal fusion aims to max-
imize osteoinduction, osteoconduction, and osteogen-
esis in the native tissue. Osteoconductive grafts act 
as physical scaffolds to create a surface supportive of 
bone and capillary growth. Osteoinduction involves the 
chemical stimulation of osteoprogenitor cell differen-
tiation, which stimulates this new bone growth (osteo-
genesis).2 Bone grafts that demonstrate all 3 properties 
have historically exhibited successful spinal fusion.

Commonly used bone grafts include autologous 
grafts (autografts) and allografts. An autograft is har-
vested from the host, often from a separate incision 
along the iliac crest or locally within the same incision, 
after decompression of the lamina and spinous pro-
cesses. It is considered the “gold standard” and creates 
an osteoconductive, osteoinductive, and osteogenic 

environment. While iliac crest bone grafting (ICBG) is 
conducive to fusion, it has been linked to complications 
such as pain, neurovascular injury, infection, pelvic 
avulsion fracture, and hematoma.3 Local bone grafting 
can avoid these adverse events; however, the availability 
of bone volume can be an issue. To avoid these compli-
cations, sterilized cadaver bones (allografts) have been 
increasingly implemented. However, allograft only 
demonstrates osteoconductive properties. Despite this, 
in some anatomic areas, they have produced similar 
radiographic and clinical outcomes to autografts with 
fewer complication rates.4,5 Although minor, there is 
some risk of disease transmission, such as hepatitis B 
or C and HIV, with the use of allograft.4 To combat 
these potential risks and complications, there has been 
significant interest in synthetic products to augment or 
ultimately replace autografts.

Benefits of synthetic materials include cost, abun-
dant supply, and tailored properties to maximize bone 
growth.6 Earlier versions of synthetic grafts, such 
as bone cement, had no bioactivity and served as a 
mechanical support and binder.7 As synthetic options 
have been developed further, grafts and extenders have 
been synthesized that demonstrate greater bioactiv-
ity. These include ceramics, synthetic polymers and 
peptides, bioactive glasses, and peptide amphiphiles 
(PAs).6
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CERAMICS

Ceramics are widely used as synthetic graft extend-
ers, often in combination with other bioactive materials. 
They are generally considered to be osteoconductive 
but not osteoinductive, thereby requiring additional 
substances and factors to promote bone growth. Ceram-
ics exist in porous and compact forms, easily moldable 
into different shapes and sizes. Porous forms support 
cell adhesion, proliferation, and nutrient infiltration.8 
Ceramics are advantageous in their biocompatibil-
ity and biodegradability properties compared to other 
materials. Since they are inert, they typically do not 
elicit an immune response. An important limitation of 
ceramics is their low mechanical strength and fragility.9 
For example, the greater the porosity of the ceramic, 
the weaker the mechanical strength. There are numer-
ous types of ceramics that vary in their porosity, compo-
sition, and structure. The most frequently used ceramics 
include calcium sulfates, calcium phosphates, hydroxy-
apatites (HAs), and silicon nitrides.6

Calcium sulfate ceramics support osteoconduction 
but are limited by their reduced strength and suscepti-
bility to breakage, particularly with moisture exposure.6 
Due to this limit in strength, they are typically used in 
the setting of smaller defects, not larger procedures 
such as spinal fusions. Lastly, the rate of degradation of 
calcium sulfates is quicker than the rate of bone growth, 
resorbing about 6 weeks postimplantation, which may 
leave growing bone without a supportive scaffold. Due 
to this limitation, there are few products that contain 
this material for the application of spinal fusion.6,9

In contrast, calcium phosphate has both osteocon-
ductive and osteointegrative abilities with greater 
strength under compression. However, it is still rela-
tively weak, especially under tension and shear stress. 
Beta- tricalcium phosphate is a porous phosphate similar 
to cancellous bone in terms of compressive and tensile 
strength. It has a relatively slow rate of degradation of 

6–18 months; however, bone growth and integration 
may still be incomplete, resulting in unstable bone. The 
cement formulations of calcium phosphate have an even 
longer degradation rate of about 2 years.6,8,9

HAs are synthetic mimetics of the naturally occur-
ring HA present in bone minerals. After sintering, or 
heating, synthetic HAs have greater compression resis-
tance compared to other ceramics. However, these 
materials are primarily used as extenders or require sup-
plementation with other materials for effective fusion. 
HAs are unique in that they are considered nonabsorb-
able, with only about 1%–2% resorbed per year after 
implantation.6,8 Among the HA ceramics, there is a large 
variation in solubility, granulometric distribution, crys-
tallinity, and pore shape and size. However, in recent 
animal studies, these differences have not demonstrated 
a significant difference in terms of cellular response and 
bone growth.8

Silicon nitride (Si
3
N

4
) is a form of structural ceramic 

with greater osteoconductivity and osteointegration. Its 
high mechanical and flexural strengths give it superior 
resistance to both thermal and heat shock, corrosion, 
abrasion, and fracture. While it has historically been 
used for industrial purposes, silicon nitride’s biocom-
patibility and bioinert properties make it increasingly 
useful for biomedical purposes. Its orthopedic applica-
tions include spinal fusion cages and parts of hip and 
knee prosthetics. This wide range of utility is largely due 
to its modifiable chemical and mechanical properties. It 
can be engineered to mimic the dense, porous structure 
of cancellous bone for implantation (Figure 1).10 The 
silicon- amine predominant form creates a hydrophilic 
surface and homeostatic pH that allows for improved 
protein adsorption and greater bone affinity. This prop-
erty also contributes to its bacterial- resistant proper-
ties, preventing adhesion and colonization. In 2018, of 
35,000 spinal fusions using silicon nitride implants, the 
adverse event rate was 0.07% (Figure 2).10 Conversely, 

Figure 1. Scanning electron microscope (SEM) image of silicon nitride ceramic implant.10 (A) SEM image of silicon nitride implant. (B) Transmission electron 
microscope (TEM) micrograph, low magnification. (C) TEM micrograph, high- resolution showing amorphous phase of the grain pockets. This image is reprinted 
with permission from Liu and Nemat- Nasser.13 Copyright 1998 Elsevier Publishing Group.
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the major limitations of silicon nitride ceramics are pro-
duction costs and intensive processing methods.10–12

Since ceramics are not osteoinductive, they are typi-
cally combined with other bioactive materials, including 
bone marrow aspirate, ICBGs, and/or local autografts. 
Several commercial ceramic grafts have been developed 
to be used as bone graft extenders in conjunction with 
these biomaterials, such as Mastergraft (Medtronic, 
Mineapolis, MN), BoneSave (Stryker), and others. 
Nickoli and Hsu demonstrated in a systematic review 
that the average fusion rate using ceramic grafts in 
combination with bioactive materials for lumbar spinal 
fusions was 86.4%.9 It ranged from 72.6% as the lowest 
fusion rate to 96.2% as the highest fusion rate when 
combining ceramic with bone marrow aspirate or iliac 
crest autograft with demineralized bone matrix (DBM), 
respectively. However, it did not demonstrate a signifi-
cant difference in fusion based on the different types of 
ceramic themselves.6,9

Recently,manufacturers of third- generation bioactive 
ceramics have introduced the possibility of using ceram-
ics as standalone bone graft substitutes. Both AttraX 
(NuVasive, San Diego, CA) and MagnetOs (Kuros 
Biosciences, Schlieren, Switzerland) are examples of 
biphasic calcium phosphate ceramics with improved 
bioactivity. Following successful trials in animal 
models, AttraX has undergone several clinical trials. 
A recent randomized clinical trial used 100 patients as 
self- control by receiving AttraX putty and autografts 
on contralateral sides while undergoing posterolateral 

fusion (PLF).15 AttraX demonstrated a fusion rate of 
55% compared to autograft with a 52% fusion rate,15 
illustrating the potential for AttraX to function as a 
standalone graft. In the preclinical setting, MagnetOs 
has exhibited similar promise. A 2018 study tested 
MagnetOs vs autograft fusion capacity in an ovine PLF 
model. The fusion rates for autograft, MagnetOs gran-
ules with autograft, and MagnetOs putty with autograft 
were 75%, 92%, and 83%, respectively.16 More recently, 
a 2022 study evaluated MagnetOs against autologous 
bone grafts in rabbit L4 to L5 PLFs. MagnetOs, in 
combination with autologous bone graft, demonstrated 
a fusion rate of 62.5% whereas autologous bone graft 
alone demonstrated a fusion rate of 75%.17 With con-
tinued development, both of these ceramic grafts show 
great potential as a fully synthetic option for successful 
fusions.6

SYNTHETIC POLYMERS

Similar to ceramics, synthetic polymers are com-
monly used as osteoconductive scaffolds in bone 
grafts or as bone graft extenders. These polymers 
are long- chain molecules of repeating units, often 
with a carbon backbone, manufactured through 
various techniques, including 3D printing, elec-
trospinning, and solvent casting.6 When placed in 
aqueous environments, these chains will degrade. 
This property has contributed to its utility in 
various medical applications when combined with 

Figure 2. Thirty- year follow- up after interbody fusion using silicon nitride ceramic spacers.10 (A) Computed tomographic (CT) image showing silicon nitride 
implant with load bearing nonporous rim (arrow) and porous core conducive to early osseointegration (asterisk). (B) Sagittal CT image showing fusion mass and 
osteointegration. The coronal CT image shows fusion mass adjacent to the spacer and osseointegration at the bone- ceramic conjunction. (C) Left: Implant anterior 
translation with posterior revision. Insert: L5 to S1 demonstrating fusion, despite anterior movement of implant. Right: Lack of reaction in surrounding tissue 
reinforces biocompatibility of silicon nitride implant. This image is reprinted with permission from Mobbs et al.14 Copyright 2018 Elsevier Publishing Group.
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bioactive materials. They may also be engineered to 
place greater emphasis on different physical prop-
erties such as crystallinity, molecular weight, and 
transition temperature. For example, engineering a 
polymer that has a high crystallinity or higher molec-
ular weight will make a more robust and durable 
implant with a lower degradation rate. Higher crys-
tallinity also makes a polymer more stable at certain 
temperatures. This can allow a spinal fusion cage 
to remain stable at body temperature long enough 
for fusion and lasting stability to occur. Lastly, the 
transition temperature can be modified to adjust 
viscosity and avoid the spinal cage morphing and 
flowing.18,19 This variation in chemical composi-
tion makes some polymers more advantageous than 
others for spinal fusion.

The most common polymers are those derived 
from poly- a- hydroxy acids. These include poly(l- 
lactic) acid, poly(lactic- co- glycolic acid), polylactide 
(PLA), polyglycolide (PGA), poly(e- caprolactone), 
and polymethylmethacrylate (PMMA). Since lactic 
and glycolic acids are involved in naturally occurring 
biochemical pathways, PLA and PGA will degrade to 
natural compounds. However, PGA is very unstable 
with rapid loss of strength, making it less desirable, 
particularly as a material for spinal cages. PGA is 
also incompatible with nerve tissue and dura mater, 
with reports of fusion to the dura.18 Poly (lactic acid) 
and PLA are often used in spinal cages as they are 
more resistant to degradation. While PLA and its 
related polymers have been shown to be biocompat-
ible, there has been some evidence that PLA may 
be associated with reductions in cell proliferation, 
possibly due to acidic degradation products. There 
have also been reports of irritation, osteolysis, or 
sinus tract formation at the site of implantation from 
a sterile immune response.6,18

These polymers are used in combination with 
ceramics, with autografts, and as a conduit for 
growth factor delivery. Studies assessing the use 
of PMMA in spinal fusion procedures have yielded 
inconsistent results. Some have found no difference 
in fusion outcomes in patients using PMMA poly-
mers compared to those using ICBG.6 Others have 
found significantly lower fusion rates with PMMA 
compared to ICBG, despite no significant differ-
ences in clinical outcomes like functional ability.6 
Additionally, polymer- ceramic composites are 
becoming more commonly used, particularly with 
HA ceramics. This combination increases the transi-
tion temperature without altering the crystallinity or 

melting temperature.20 Ultimately, this allows for a 
more stable, effective implant.

SYNTHETIC PEPTIDES

While osteoconductive synthetics promote suffi-
cient spinal fusion in conjunction with biomaterials, 
synthetic peptides are being developed to act as stand-
alone bone grafts. They are synthetically produced 
amino acid polypeptides that are bound to an anorganic 
bone mineral (ABM). This compound is then embed-
ded within a hydrogel for implantation. The peptide, 
in combination with the bone matrix, is considered to 
be osteoconductive. The main synthetic peptides in use 
medically include P- 15, P- 15L, and B2A.21,22

The P- 15 bone graft substitute is a bone matrix bio-
mimetic composed of mineral, a synthetic residue, and 
an amino acid sequence synonymous with the type 1 
collagen- binding domain. By only incorporating the 
cell- binding domain analogous to type 1 collagen, it 
eliminates the immune response- inducing segment. 
This product promotes extracellular matrix formation, 
cell migration, and proliferation, ultimately leading 
to new bone growth (Figure 3).23 The commercially 
available P/15- ABM, known as i- FACTOR peptide- 
enhanced bone graft (Cerapedics, Inc., Westminster, 
CO), has demonstrated similar fusion results as an 
autograft when used for anterior cervical discectomy 
and fusion.22 Furthermore, it has demonstrated greater 
fusion rates in patients undergoing posterior lumbar 
interbody fusion when used as a graft extender com-
pared to allograft alone.21,22

Due to the promising effects of the P- 15 bone graft 
substitute, P- 15L was created as a new iteration of the 
i- FACTOR product. It incorporates P- 15 and ABM 
into a bovine collagen carrier as opposed to a hydrogel 
or pre- existing putty. A recent study evaluated P- 15L 
fusion success compared to that of ICBG lumbar inter-
body fusions in ovine models. At 3- month follow- up, 
the P- 15L graft demonstrated superior fusion and mor-
phology than the ICBG. However, at 6 months, the 2 
grafts reached similar levels of fusion and stiffness, 
indicating P- 15L is a sufficient bone graft substitute.21,22

Aligned with the success of these synthetic pep-
tides, B2A2- K- NS, commonly known as B2A, is 
another promising osteoinductive and osteoconduc-
tive synthetic peptide currently being evaluated using 
animal models. B2A amplifies the BMP- 2 response, 
which is an integral bone growth- promoting factor, and 
increases osteoblast activity by interacting with BMP 
receptors.24,25 Therefore, it relies on naturally occur-
ring BMP- 2 and produces no effect where BMP- 2 is 

 by guest on May 2, 2024http://ijssurgery.com/Downloaded from 

http://ijssurgery.com/


Advances in Synthetic Grafts in Spinal Fusion Surgery

International Journal of Spine Surgery, Vol. 17, No. S3S22

not present in the body.26 In animal models, this peptide 
has in fact proven more effective in spinal interbody 
fusion than autograft.24,25 Because of these results, a 
recent phase 1 clinical trial of 24 participants undergo-
ing transforaminal lumbar interbody fusion evaluated 
the efficacy of B2A- coated ceramic granules (Prefix) 
when compared with ICBG. The resulting fusion rates 
were 100% for the B2A 750 µg/cm3 granules group (n = 
7), 77.8% for the ICBG control group (n = 9), and 50% 
in the B2A 150 µg/cm3 granules group (n = 8). Because 

of the sample size, these differences were not found to 
be significant but deserve further study as an alternative 
to ICBG.26

BIOACTIVE GLASS

Bioactive glasses are inorganic metallic oxides 
with osteoconductive properties that allow for greater 
bone growth and healing. Generally, bioactive glasses 
are dense and nonporous, with greater durability and 
strength than materials such as ceramics. Because bio-
active glasses are inorganic, they do not require cadaver 
or patient bone donation to be engineered, making them 
widely available. They are also relatively cost- effective 
to use in clinical settings for both patients and provid-
ers. Bioactive glasses are able to induce an antimicrobial 
and osteoblast- stimulating environment by degrading 
upon contact with body fluids and releasing calcium 
and phosphorus. These ions then form a layer of HA, 
which allows for protein adsorption, provides a stable 
scaffold, and improves integration into the surrounding 
bone. However, due to biodegradability, the dissolution 
rate greatly impacts stability and adequate fusion. Addi-
tionally, when used with other substrates, like titanium 
implants, the thermal expansion coefficient often varies 
significantly from that of the metal prosthetic. In this 
case, bioactive glass may lift away from the prosthetic 
surface prior to adequate fusion.6,11,27,28

Bioactive glasses are defined by their composition. 
They are composed primarily of silicon dioxide. Other 
components include sodium oxide (Na

2
O), calcium 

oxide (CaO), and silicon dioxide (SiO
2
). The relative 

concentrations of these secondary components contrib-
ute to the biodegradability of the glass. Some of the most 
common bioactive glasses and their chemical composi-
tions are listed in the Table. Regardless of the variations 
in these other materials, most bioactive glasses typically 
have high concentrations of sodium and calcium oxides 
for biocompatibility purposes.6,11,27,28

Bioactive glasses have been used in various clini-
cal applications, including spinal fusions.27,29 A recent 
meta- analysis and systematic review analyzed the 
use of bioactive glasses for spinal fusion across 12 

Figure 3. Osteointegration of new bone with anorganic bone mineral 
(ABM)- P15 as seen on histology with toluidine blue 0.1% staining.23 (A) 
Proximal transition zone between transverse process and graft, ABM granules 
(G)  with surrounding haversian canals (H) and woven bone (W). (B) Distal 
transition zone between nonfused graft material and fibrous tissue (lower- left). 
(C) Osteointegration demonstrated with HA granules within woven bone. This 
image was reprinted with permission from Axelsen et al.23 Copyright 2019 
Springer Nature.

Table. Common bioactive glasses and their composition.6

Bioactive Glass Name Composition

S53P4 53% SiO
2
, 23% Na

2
O, 20% CaO, and 4% P

2
O

5
AW- GC (apatite- and wollastonite- glass 

ceramic composite)
34.2% SiO

2
, 44.9% CaO, 16.3% P

2
O

5
, 4.6% MgO, and 0.5% CaF

2

45S5 45% SiO
2
, 24.5% Na

2
O, 24.5% CaO, and 6% P

2
O

5
Chitra- HABg 80% HA and 20% bioactive glass
BGS- 7 35.82% SiO

2
, 41.79% CaO, 13.93% P

2
O

5
, 5.97% MgO, 1.99% CaF

2
, and 0.5% B

2
O

3
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preclinical studies (267 animals) and 12 clinical studies 
(396 patients). The studies encompassed cervical, tho-
racic, and lumbar fusion procedures for an array of 
causes.27 Analysis demonstrated that, across all these 
trials, fusion was seen in 84% of the human cases in 
bioactive glass test groups. In combination with auto-
graft, bioactive glass was shown to be equally effec-
tive for fusion success (89.6%) compared to autograft 
alone (91.6%). However, the same meta- analysis dis-
covered that when bioactive glass and autograft are 
used independently, bioactive glass alone is less suc-
cessful (33.6% fusion) than autograft alone (98.8% 
fusion).6,11,27

New variations in chemical makeup have allowed 
for the expansion of bioactive glass functions and roles. 
Silver ions have demonstrated greater antimicrobial 
effects against bacteria, notably Pseudomonas and 
Staphylococcus species. The addition of strontium has 
been introduced for osteoporosis by inhibiting osteo-
clast activity in areas of weakened bone.6,11,27

PEPTIDE AMPHIPHILES

As bioactive glasses strive to create an ideal envi-
ronment with greater strength and healing, PAs provide 
a unique alternative to bone grafts. PAs are a class of 
molecules made up of hydrophilic and hydrophobic 
amino acids that often self- assemble into structures, 
tubular fibers, or hydrogels19 (Figure 4).30 This occurs 
due to the interaction between molecular and external 
factors such as pH, temperature, and exposure to salts.30 
In 2001, PA molecules were developed with the ability 
to self- assemble and create an environment conducive 
to HA mineralization. Notably, this mineralization 
was analogous to the alignment seen between collagen 

fibrils and HA in bone.31 This created the opportunity to 
incorporate materials that would further enhance miner-
alization.32

Bone morphogenetic protein- 2 (BMP- 2) is an 
important osteogenic bioactive factor that aids in bone 
defect repair and is often combined with various scaf-
folds to create an osteoinductive environment. Although 
BMP- 2 enhances scaffold performance, it has an exten-
sive side- effect profile, including complications such as 
ectopic bone formation, inflammation, hematoma, and 
increased cancer risk.30

One of the first PAs developed was heparin- binding 
PA, which can bind many different growth factors, 
such as vascular endothelial growth factor (VEGF) 
and fibroblast growth factor 2 (FGF- 2). When heparan 
sulfate (HS) was combined with heparin- binding PA 
and BMP- 2, fusion and bone bridging were achieved. 
Together, the PA and heparan sulfate provide an osteo-
genic environment, but individually, they were unable to 
achieve fusion. However, heparan sulfate carries some 
unwanted effects due to its anticoagulative properties.34

With the promise of PAs and growth factors working 
in combination, a BMP- 2- binding PA (BMP- 2bPA) 
was created. This more specific binding moiety works 
to confine growth factors to a desired location. This 
new model proved useful in its bioactive properties due 
to better stability and a longer half- life with the thera-
peutic dose of BMP- 2 reduced by 10- fold.35 Alkaline 
phosphatase (ALP) activity is an important indicator of 
osteogenesis.36 Compared to BMP- 2 alone, there was a 
significant increase in alkaline phosphatase activity and 
therefore osteogenesis with BMP2b- PA. Additionally, 
they discovered a 42% fusion rate when the BMP- 2bPA 
was used without exogenous BMP- 2, indicating the 

Figure 4. Peptide amphiphile nanostructure.33 (A) Graphic rendering of peptide amphiphile with representative self- assembling nanofibers. (B) Scanning electron 
micrograph of peptide amphiphile nanofiber in aqueous solution. This image was reprinted with permission from Silva et al.33 Copyright 2004 The American 
Association for the Advancement of Science.
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ability to recruit endogenous BMP- 2. This PA provides 
a unique opportunity for the use of less BMP- 2 for an 
equally robust result.35

While BMP- 2 is a crucial growth factor, the success 
of osteogenesis introduced the possibility of incorpo-
rating other growth factors into PAs that target angio-
genesis, such as VEGF and FGF.34,37 To achieve this, 
an HS mimetic PA known as glycopeptide PA (GPA) 
was created. By honing specific binding motifs, the cre-
ation of this mimetic eliminated the less desired effects 
of HS, such as anticoagulation.34 Due to the ability of 
the GPA molecules to rearrange, this new PA binds 5 
important bone and vascular growth factors, includ-
ing BMP- 2, BMP- 4, FGF- 1, FGF- 2, and VEGF.34 In a 
rat spinal fusion model, GPA has resulted in excellent 
fusion rates while maintaining a BMP- 2 dose 100 times 
lower than that of the collagen sponge control.34 Since 
BMP has been associated with significant side effects, 
this dosage reduction may mitigate those risks while 
still providing a robust bone growth response.38 The 
use of PAs is still being pioneered to evaluate the best 
mechanism to enhance bone growth while creating an 
affordable product.

FUTURE DIRECTIONS AND 
CONCLUSIONS

It is evident that synthetic graft substitutes and 
extenders have been and will continue to be integral 
to the evolution of future graft materials. Along with 
further development of the discussed synthetic materi-
als, there are novel materials and technologies that are 
beginning to emerge as promising alternatives, particu-
larly 3D- printed grafts, bone matrices30 and hydrogels.

Additive manufacturing, or 3D printing, has the ability 
to create custom scaffolds out of a variety of synthetic 
materials. These include ceramics, polymers, and other 
composites. The major benefit of 3D- printed models is 
their ability to control physical properties like porosity.39 
There are several types of 3D printing, but the one most 
commonly used for biomedical purposes is a form of 
fused deposition modeling known as extrusion- based 3D 
printing. This method makes it possible to infuse growth 
factors, pharmaceuticals, cells, and proteins into the struc-
ture itself.40 In addition, it frequently uses DBMs and HA 
ceramics as the foundation. DBMs are allografts that 
have undergone an acid extraction process, facilitating 

Figure 5. 3D HA DBM implant.41 (A and B) Scaffold production and design. (C) Unimplanted scaffolds. Upper: scaffold structure demonstrating macropores. 
Lower: scanning electron microscope cross- section of struts. (D) Laser- scanning confocal z- projections of 3D- stacks from live- dead stained scaffold seeded with 
primary rat bone marrow stromal cells. Blue is autofluorescence from the scaffold materials. (E) Intraoperative implantation of a scaffold. This image is exempt from 
permissions due to same original author. Copyright 2020 Mary Ann Liebert, Inc.
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the formation of an osteoconductive surface (Figure 5).41 
3D printing has enabled engineers to form an HA- DBM 
scaffold with reduced fragility despite the presence of 
macropores. In a rat model assessing PLF, this com-
posite HA- DBM scaffold demonstrated a fusion rate of 
92% compared to 3D- HA- only scaffolds with a fusion 
rate of 58% and 3D- DBM- only scaffolds with a fusion 
rate of 42%. Apart from successful fusion, the HA- DBM 
3D- printed scaffold did not elicit an immune or inflam-
matory response, and cytokine levels remained low post-
operatively.6,30

While 3D- printing technology has been utilized to con-
struct synthetic implant structures, it has also been used to 
create composite materials. The benefit of this innovation 
is the ability to produce composites with osteogenic and 
osteoconductive properties to enhance bone regenera-
tion.6,42 Using nanocomposites as additives in products, 
such as 3D- titanium cages, allows for optimized struc-
tural stability and osteoblast activation. Hyperelastic 
Bone (Dimension Inx, Chicago, IL) is a nanocomposite 
product composed of HA and polymer binders. It aims 
to maximize implant elasticity and bone regeneration. In 
preliminary rat studies, it has demonstrated a 92% fusion 
rate.6

Apart from 3D printing, other substances have been 
developed to mimic the organ as a whole. This requires 
recreating not only the biological functions but also the 
microenvironment.30 This novel model, known as the bone 
organoid, has been posited as a future avenue for spinal 
fusion due to its promising results in bone regeneration.2 
It is combined with Matrigel, a natural extracellular matrix 
(ECM) isolated from mouse tumors, as the supporting 
biomaterial.43 However, Matrigel has some drawbacks, 
including its inability to control its effect on gene expres-
sion and the variability of its composition.44 In recent 
years, hydrogels, biomaterials with adjustable functional 
properties and a 3D structure, have been utilized to replace 
Matrigel.45 These synthetic hydrogels form from amphi-
philic peptide self- assembly into an ECM- like structure.

One hydrogel, polyethylene glycol (PEG), is easily 
modifiable to target specific tissue types and functional-
ization. In combination with HA, PEG hydrogel provides 
an analogous environment to bone marrow that is condu-
cive to the proliferation and differentiation of human bone 
marrow- derived stromal cells, superior to the response 
elicited by Matrigel.46 Additionally, PEG can be employed 
as a “smart” hydrogel with growth factor or cell loading.47 
In combination with osteogenic cells, hydrogels provide 
an ideal model with osteoinductive, osteoconductive, and 
osteogenic properties.48 They are an important avenue for 
future work.

3D printing and hydrogels are fast- growing areas 
of interest due to their highly customizable nature. The 
ability to create variations in physical properties as well as 
chemical makeup makes it an increasingly effective way 
to create superior therapies for degenerative spinal dis-
eases as well as traumatic injuries. Even with the current 
initial successes of these products, further exploration and 
development will pave the way for even greater therapies 
and future formulations.
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