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A B S T R A C T

Objective: With the advances in biological technologies over the past 20 years, a number of new therapies to
promote bone healing have been introduced. Particularly in the spinal surgery field, more unprecedented bio-
logical therapeutics become available to enhance spinal fusion success rate along with advanced instrumentation
approaches. Yet surgeons may not have been well informed about their safety and efficacy profiles in order to
improve clinical practices. Therefore there is a need to summarize the evidence and bring the latest progress to
surgeons for better clinical services for patients.
Methods:We comprehensively reviewed the literatures in regard to the biological therapeutics for enhancement of
spinal fusion published in the last two decades.
Results: Autograft bone is still the gold standard for bone grafting in spinal fusion surgery due to its good
osteoconductive, osteoinductive, and osteogenic abilities. Accumulating evidence suggests that adding rhBMPs in
combination with autograft effectively promotes the fusion rate and improves surgical outcomes. However, the
stimulating effect on spinal fusion of other growth factors, including PDGF, VEGF, TGF-beta, and FGF, is not
convincing, while Nell-1 and activin A exhibited preliminary efficacy. In terms of systemic therapeutic ap-
proaches, the osteoporosis drug Teriparatide has played a positive role in promoting bone healing after spinal
surgery, while new medications such as denosumab and sclerostin antibodies still need further validation.
Currently, other treatment, such as controlled-release formulations and carriers, are being studied for better
releasing profile and the administration convenience of the active ingredients.
Conclusion: As the world's population continues to grow older, the number of spinal fusion cases grows sub-
stantially due to increased surgical needs for spinal degenerative disease (SDD). Critical advancements in bio-
logical therapeutics that promote spinal fusion have brought better clinical outcomes to patients lately. With the
accumulation of higher-level evidence, the safety and efficacy of present and emerging products are becoming
more evident. These emerging therapeutics will shift the landscape of perioperative therapy for the enhancement
of spinal fusion.
1. Introduction

Spinal fusion surgical procedure is required most of the time to treat
various vertebral bone-related diseases, including spinal degenerative
diseases, spinal trauma, spinal deformities, and spinal infections [1]. The
primary purpose of the surgery is to restore the spine's mechanical
strength by fusing two or more adjacent vertebral bodies when the
anatomical structure of the spine has been changed during disease stages.
Since Dr. Fritz Lange, a German surgeon, first performed spinal fusion in
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patients with scoliosis in 1909, the fixation techniques necessary for
surgery have improved significantly [2]. The surgical protocols have also
been standardized in orthopedics.

Recent studies reported that 1.62 million spinal instrumentations
were performed in 2018 in the US, of which 327,000 cases were thor-
acolumbar fixation and 350,000 cases of cervical fixation [3]. If the
estimation is made according to the non-fusion rate of 10–28% previ-
ously defined [4,5], hundreds of thousands of people would have had
experienced non-fusion or pseudoarthritis after spinal surgery every year
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in the US alone. Notably, the early loosening rate of pedicle screws was
significantly higher in non-fusion patients, which caused 62.5% of sub-
sequent reoperations [6,7]. Therefore, spinal non-fusion is a common and
severe postoperative complication that will seriously affect patients'
satisfaction, postoperative function, and mental state [7]. Furthermore,
as the aging population surges, more people will become aging-related
patients who undergo spinal fusion surgery for degenerative spinal dis-
eases every year. Additional comorbidities such as osteoporosis can also
impede bone fusion [8]. Thus, the enhancement of spinal fusion is a
crucial issue that needs more attention.

A variety of intraoperative techniques have been recommended to
help stabilize the spine and facilitate its fusion. Larger-diameter at mul-
tiple fixation points, expanded screws, undertapping of the pedicle screw
tracks, transpedicular transdiscal screws, and cement augmentation are
practical considerations to promote postoperative stabilization in osteo-
porotic patients [9,10]. For intervertebral fusion, the interbody fusion
body made with advanced 3D-printed surfacing or expandable tech-
niques is also available in the market. They could not only contribute to
instant postoperative stabilization but also potentially help with
osseointegration [11]. However, these fixations hardly fulfill the ultimate
aim of achieving in situ rapid solid bony fusion.

Till now, autologous bone, characterized by its good osteo-
conductivity, osteoinductivity, and osteogenic abilities [1], is still the
gold standard of bone grafting for spinal fusion. For decades, autologous
iliac bone grafting has been the graft of choice for lumbar spine fusion
[12]. However, the paucity of autograft bone and the donor site's com-
plications are hurdles to prevent its widespread use [13], for the
following problems remain to be adequately solved: 1) How to improve
the fusion rate by stimulating the autograft bone; 2) How to achieve
spinal fusion when the autograft bone is not sufficient enough to fill the
gap; 3) How to prevent the potential adverse reactions caused by the
therapy.

In the past 20 years, developments in novel biological therapeutics
have brought various solutions to enhance spinal fusion. However, it is
still essential to prove these therapies' clinical efficacy and safety through
higher-level evidence for a much wider acceptance. Therefore, this
article will give a comprehensive summary of the present and emerging
therapies (Fig. 1, Table 1.) to facilize a better understanding.
Figure 1. Summary of present and emerging therapeutics for enhancement of spinal
marrow aspirate; DBM: Demineralized bone matrix; PRP: Platelet-rich plasma.
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2. Osteobiologics

2.1. Bone morphogenetic proteins (BMPs)

2.1.1. BMP-2 and BMP-7
BMPs are a group of kinases belonging to the transforming growth

factor-β (TGF-β) Superfamily. Recombinant human BMPs (rhBMPs) can
accelerate bone formation and promote osteogenic differentiation [14].
The FDA initially approved rhBMP-7 as a surgical device for nonunion of
long bones in 2001 under a humanitarian device exemption. The FDA
also approved rhBMP-2 in 2004 as a surgical device for spinal fusion and
tibial fractures. These products all underwent registration as drug-device
combinations when coupled with collagen sponges or intervertebral
fusion cages in clinical use.

The majority of meta-analyses generally confirm the effect of BMPs in
spinal fusion practices. For example, Paraj�on found that, in patients who
received minimally invasive transforaminal lumbar interbody fusions
(MIS TLIFs), the spinal fusion could reach as high as 99.1% by adding
rhBMP-2 in combination with autograft bone. This rate was significantly
higher than that of the autograft bone group alone (91.8%) [15]. Other
studies have also shown that rhBMP-2 itself promotes a higher spinal
fusion rate than that from allograft bone, ceramics, or demineralized
bone matrix (DBM). At the same time, the operation time is shorter, and
the reoperation rate is also lower. Besides, when compared with using
iliac crest bone graft (ICBG) alone, the use of rhBMP-2 can also be pre-
sented with lower back pain, upper limb pain, Oswestry Disability Index
(ODI) scores, and donor site pain [16,17]. In terms of spinal deformities,
application of only 8.75 mg of rhBMPs within each segment rather than
the recommended dose of 12 mg can achieve such effects of reducing the
incidence of non-fusion significantly (OR ¼ 0.23, 95% CI, p ¼ 0.002, i2
¼ 0) [18].

Despite all these clinical evidence, however, in some specific fusion
procedures, such as transforaminal lumbar interbody fusion (TLIF), the
application of rhBMP-2 didn't show its superior efficacy in promoting
fusion compared with autograft bone alone (92.7% vs. 92.3%). Based on
this evidence, rhBMP-2 administration is unlikely to benefit patients
undergoing this type of surgery probably due to the high curative rate
[19].
fusion. rhBMPs: Recombinant human bone morphogenetic proteins; BMA: Bone



Table 1
Summary of mechanism, efficacy, and unsolved challenges of therapeutics for the
enhancement of spinal fusion. BMPs: Bone morphogenetic proteins; MSC:
Mesenchymal stem cell; DBM: Demineralized bone matrix; BMA: Bone marrow
aspirate; PRP: Platelet-rich plasma.

Therapeutics Mechanism Efficacy Unsolved
challenges

Osteobiologics
BMPs Stimulate

osteogenic
differentiation of
MSCs
(osteoinduction)
and new bone
formation [16]

Superior effect in
combination with
autograft bone

Dosage and safety
concerns, lack of
slow-release
carrier

Other Growth
Factors

NELL-1: Induce
MSCs expansion
and new bone
formation [35]
Activin A: Stimulate
osteogenic
differentiation of
MSCs and new bone
formation [36]

Some have shown
efficacy in animal
models

Lack of clinical
data in human

Biological Factor-containing Bone Expanders
DBM Offer

osteoconductive
and osteoinductive
capacities [39]

Non-inferior to
autograft bone

Lack of
mechanical
strength and
osteoinductive
capacity

BMA Offer
osteoinductive
capacity with
cytokines and
growth factors
secreted by cells
[40]

Non-inferior to
autograft bone

Intraoperative
leakage and lack
of mechanical
strength

PRP Offer
osteoinductive
capacities with
growth factors [43]

More than five
times of
concentration as
it is in the
peripheral blood
to take effect

Inconsistent
concentration
among samples

Systemic Therapies
Bisphosphonates Inhibit osteolysis

and increase bone
density [47]

Do not impede the
spinal fusion

Low grade of
evidence

Teriparatide Stimulate bone
formation [49,50]

Correlated with a
higher spinal
fusion rate

Lack of evidence
for routine use

Denosumab Inhibit osteolysis
and increase bone
density [54]

Correlated with a
higher spinal
fusion rate

Lack of evidence
for routine use

Romosozumab Dual effect No reports Unknow efficacy
Other Therapies
Cell and Gene Therapies
Stem Cells Facilitate spinal

fusion with their
osteogenic
properties [56]

Not convincing in
spinal fusion

GMP facility
needed

Gene Therapy Provide a vector
expressing growth
factors [62]

Provide
expression of
osteoinductive
proteins

Adverse reactions
are common

Controlled-release Formulation and Carriers
New
Formulations

Controlled release
of osteoinductive
molecules [63]

Presently not well
developed in
spinal fusion

Adjustment of
releasing profile
and sterile

Potential
Carriers

Controlled release
of osteoinductive
molecules provide
instant mechanical
strength [66]

Presently not well
developed in
spinal fusions,
especially for
macro-molecules

Optimization of
releasing profile
and stable
combination with
the molecule of
interest
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A post-marketing multicenter retrospective study further defines that
rhBMP-2 is mainly used for degenerative disc disease (DDD; 32.3% of
patients), followed by lumbar spondylolisthesis (29.8%), spinal de-
formities (14.8%), and spinal nonunion (7.3%). Among these, rhBMP-2
treatment is most widely used in the posterior lumbar fusion (PLF)
technique (34.9% of levels) [20].

In addition to the products expressed from eukaryotic cells, surgeons
also use rhBMP-2 derived from Escherichia coli in posterolateral lumbar
fusion surgery. Unfortunately, it has not achieved the same effect as the
cell-derived rhBMP-2, and neither the fusion rate nor the clinical scores,
including Visual Analogue Scale (VAS), ODI, and SF-36, was not possible
superior to the autologous bone application [21].

Another BMP family member, rhBMP-7, is also being used commonly
in spinal fusion surgery. Early studies employed it as an adjunct to iliac
crest autograft for non-instrumented posterolateral fusions in patients
with degenerative spondylolisthesis. In a prospective fashion, patients
were managed with one-level fusion performed using either iliac crest
autograft or iliac crest with rhBMP-7. At the 12-month follow-up, the
autograft plus rhBMP-7 group reached radiographical and clinical suc-
cess in 80% (8 of 10) patients [22]. Subsequently, multiple studies suc-
cessfully demonstrated its efficacy in promoting spinal fusion as an
alternative to the autogenous bone. In addition, its long-term safety and
efficacy results for non-instrumented posterolateral fusion were also
appraised [23]. However, the report of its use in other more widely
accepted surgical approaches, such as TLIF and oblique lumbar interbody
fusion (OLIF), is minimal.

Although the efficacy of BMP-2 and BMP-7 are encouraging, concerns
relating to their safety profile are accumulating. FDA announced an alert
of complications in 2008 and indicated their use in the cervical spine
might lead to swelling of the neck and throat tissue, which is life-
threatening [24]. Other evidence of adverse reactions, including het-
erotopic ossification, osteolysis, infection, arachnoiditis, and increased
neurological deficits, continues to mount [25,26]. Scientists have made
many efforts to minimize these side effects. One notable finding is that
human mesenchymal cells (MSCs) can secrete BMP antagonists,
including noggin, gremlin1 and 2, chordin, follistatin, BMP3, and twisted
gastrulation. These molecules can mitigate BMPs’ function endogenously
through antagonistic effects. Therefore, screening for BMP molecules
with lower affinity with their antagonists may significantly improve its
efficacy to allow a lower dosage. Thus, for the reduction of BMP dosage
could potentially eliminate its adverse reactions [27]. Meanwhile, the
bovine-derived collagen sponge, to which the BMP solution is applied on
[28], has also probably engaged in the adverse inflammatory reaction
and its related complications, suggesting the development of a BMP
carrier with less immunogenicity is obligatory.

2.1.2. BMP-6
BMP-6, like other BMPs, has specific effects in its ability to convert

stem cells to cartilage and bone-forming cells. In addition, it is resistant to
inactivation by BMP antagonists that neutralize BMP-2 and displays a 20-
fold higher affinity to BMPR-IA than BMP-7. As a result, much less
amount of rhBMP-6 is needed for successful bone formation and healing.
Recently, two studies have demonstrated this presumption in treating
critical segmental defects and posterolateral lumbar spine fusion in
rabbits [29,30]. Furthermore, in combination with synthetic ceramics,
rhBMP-6 has shown new bone formation and ceramic particles integrated
with the transverse processes resulting in superior biomechanical prop-
erties [31]. More importantly, preliminary trials in humans have also
demonstrated the potency of rhBMP-6 in the acceleration of bone healing
in patients with distal radial fractures and patients undergoing high tibial
osteotomy, displaying a good safety profile [32,33].

In summary, BMPs have played a viable role in promoting spinal
fusion, and BMP products with better efficacy and better safety profile
are unmet medical needs for spinal fusion.
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2.1.3. Other growth factors
Besides BMPs, other growth factors, including platelet-derived

growth factor (PDGF), vascular endothelial growth factor (VEGR),
transforming growth factor-beta (TGF-β), and fibroblast growth factor
(FGF), are candidates for promoting bone healing. Although they can
stimulate cell division and the secretion of matrix proteins, their
osteoinductive function in spinal fusion has not been validated [1]. Some
new growth factors have attracted more interest, while most are still in
the pre-clinical stage [34]. For example, Nell-1 is a secreted osteogenic
protein. James et al. in a proof-of-concept study, first tested its effect in
the nonhuman primate lumbar spinal fusion model. An apatite-coated
β-tricalcium phosphate carrier that slowly releases recombinant human
NELL-1 (rhNELL-1) was developed to stimulate the osteogenic differen-
tiation of mesenchymal progenitor cells (MPCs). All samples achieved
complete osseous fusion (100% spinal fusion rate) [35]. In another study,
Zheng et al. proved that in the beagle model, an activin A/BMP-2 chimera
(AB204) could promote spinal fusion compared to rhBMP-2 alone (90%
vs. 15%), which indicates that activin A may become an alternative to
rhBMP-2 [36].

3. Biological factor-containing bone expanders

3.1. DBM

Demineralized bone matrix (DBM) is a decalcified product obtained
by removing the mineral components from cadaver bones [37]. Most of
the residual components are type I collagen deemed to have the
osteoinductive ability. Besides, DBM also contains BMPs, insulin-like
growth factor (IGF), TGF-β, and FGF, which can also offer osteoinduc-
tive capacity. Thus, surgeons often use DBM as a bone extender [38].

A meta-analysis showed no significant difference in the posterolateral
or intervertebral fusion rate between the DBM- and autograft bone-group
for posterolateral lumbar spine fusion and lumbar interbody fusion,
suggesting that DBM may be an alternative to the autograft bone [39].

3.2. BMA

Bone marrow aspirate (BMA) is a cell-rich extract obtained from the
iliac crest or pedicle. Since BMA does not have structural integrity and is
easy to spread when used, it generally needs to be mixed with carriers,
such as autologous bone, allogeneic bone, ceramic, or DBM. The
osteoinductive ability of BMA is mainly related to cytokines and growth
factors secreted by cells [40]. Although the extraction and preparation of
BMA are time-consuming, implanting a mixture of BMA, autogenous
bone, and rhBMP-2 at the conjunction of the spine can achieve a lumbar
fusion rate of 94%, which is favorable during a surgeon's learning process
[41].

One prospective study shows that when adopting BMA and beta-
tricalcium phosphate complex as bone graft substitutes in anterior lum-
bar interbody fusion (ALIF), the fusion rate of the treatment segment
under X-ray was 85.48%. Furthermore, CT analysis showed the new bone
bridge in 77.78% of treated segments. Both are equivalent to that of
autograft bone, indicating that the mixture of BMA and beta-tricalcium
phosphate is a good substitute for autograft for ALIF [40]。

Another meta-analysis showed that although BMA combined with
allograft bone had a higher fusion rate and better safety profile than
allograft bone alone, this combination may not have equivalent efficacy
as autograft bone or rhBMP-2 [42].

3.3. PRP

Platelet-rich plasma (PRP) facilitates bone fusion in animal experi-
ments, but its enhancement of spinal fusion in humans is still contro-
versial [43]. One of the hurdles is that the preparation protocols cannot
be standardized, making it challenging to keep the count and the con-
centration of platelets consistent [14].
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According to 5 prospective studies, the bone healing effect of the high
platelet concentration group was more significant than that of the control
group (P < 0.05). The speed of new bone formation was also faster (P <

0.05), with the bone healing time shorter within six months after surgery
(P < 0.05). They also emphasized that it is better to increase the growth
factor concentration to more than five times as it is in the peripheral
blood to ensure PRP's effect. Otherwise, the effect will not be satisfactory
[43]. Another study with a 10-year follow-up found that the mixture of
PRP and autograft bone had a wider area of bone formation (P < 0.05)
and less bone resorption (P < 0.05) at 3 and 6 months after surgery than
autograft bone alone. Therefore, PRP is still considered a low-cost option
for spinal fusion [44].

Other meta-analyses believe that the role of PRP in spinal fusion is
minimal. The use of PRP cannot improve the patient's VAS pain score nor
spinal fusion rate. They also agree that platelet count or growth factor
concentration is the crucial limiting factor essential to the effect [45,46].

4. Systemic therapies

4.1. Bisphosphonates and PTH

Bisphosphonates and parathyroid hormone (PTH) analogs are the
primary drugs for treating osteoporosis, and their use in spinal fusion has
become more popular. However, people used to concern about the
inhibitory effect of bisphosphonates on spinal fusion [47]. In terms of
PTH, Teriparatide may facilitate fusion through its anabolic effect [48].

A recent meta-analysis concludes that bisphosphonates do not impede
the successful fusion of the spine, whereas they are related to the pre-
vention of cage subsidence and spinal fractures. Compared with
bisphosphonates, Teriparatide has a higher correlation with spinal fusion
rates [49]. Another meta-study that studied the literatures from 1980 to
2015 came to a similar conclusion. Patients in the PTH group have a
higher spinal fusion rate than the bisphosphonate group. Thus, inter-
mittent use of PTH will help promote fusion, but it still needs more study
to support its routine use [50].

There is also evidence that the use of Teriparatide in osteoporotic
patients undergoing spinal fusion surgery can increase their BMD, reduce
the risk of fractures, increase the fusion rate, and reduce the rate of
hardware failure. However, further study is needed to understand the
proper duration of teriparatide use and its feasibility to male patients
[51].

The level of evidence that supports the use of bisphosphonates for
spinal fusion is low. One of the retrospective studies found that
bisphosphonates could accelerate spinal fusion, shorten fusion time, and
reduce the risk of adjacent vertebral compression fractures and screw
loosening [48].

4.2. Denosumab

Denosumab is a fully human monoclonal antibody to the receptor
activator of nuclear factor κB ligand (RANKL) and has been used for the
treatment of postmenopausal osteoporosis. It inhibits the osteoclast-
mediated bone resorption by interfering with the interaction between
RANKL and RANK receptors on the osteoclast [52].

A recent prospective study revealed that the combination of deno-
sumab and Teriparatide could accelerate the spinal fusion of patients
undergoing posterior lumbar interbody fusion surgery. By the end of the
one-year follow-up, the combination group achieved a significantly
higher bone union rate compared to the Teriparatide group (82% vs.
36%, P < 0.05) [53]. Another prospective, open-label study evaluated
the efficacy of denosumab treatment on the pedicle screw fixation
following spinal fusion surgeries. The result showed that both pullout
strength of pedicle screws and compression force of the vertebra
increased significantly at 12 and 24 months following denosumab
treatment (both P < 0.05), indicating that the spinal fusion may be
potentially enhanced due to solid instrumentation [54].
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Nevertheless, there has been no sufficient evidence for its routine
postoperative use.

4.3. Romosozumab

Romosozumab is a humanized monoclonal antibody that binds and
inhibits sclerostin, with a dual effect of increasing bone formation and
decreasing bone resorption [55]. Unfortunately, there have been no re-
ports of romosozumab in the clinical trial for enhancing bone fusion in
spinal surgery. However, it is expected that romosozumab may robustly
promote the healing of the vertebrae considering its proven efficacy in
osteoporosis treatment.

5. Cell and gene therapies

5.1. Stem cells

Bone marrow-derived MSC(BMSC) is another option to facilitate
spinal fusion with its osteogenic properties. Clinical studies have shown
that autologous and allogeneic bone mesenchymal stem cell sources
result in high percentages of spinal fusion and are much less morbid than
the current gold standard of autograft [56].

An analysis that included 15 stem cell studies showed that the spinal
fusion rate was within the range of 60% and 100%, with an average of
87.1%. However, the difference between commercially available BMSC
and BMA is not significant. BMSC products are supposed to be more
applicable in patients with poor bone marrow quality [57].

The clinical application of autologous stem cells requires extraction of
bone marrow and expansion in a good manufacturing practice (GMP)
facility. Cells are loaded in tricalcium phosphate carrier for single-
segment spinal fusion in patients with degenerative disc disease. They
found that cells successfully expanded, and the postoperative VAS and
ODI scores both improved. Furthermore, the radiographic results showed
that 80% of patients achieved spinal fusion at the last follow-up with no
complications related to the operation. Nevertheless, the study lacks a
control group to compare it with other approaches [58].

Allogeneic stem cells are more common in the enhancement of bone
healings than autologous stem cells. A meta-analysis showed that 90% of
patients who used allogenic stem cell products achieved successful fusion
12 months after surgery with improved function and pain. However, the
inconsistency among different interventions is significant, and the evi-
dence supporting the efficacy and safety of allogeneic MSC is still
insufficient. It is doubtful that the clinical efficacy is a true reflection of
the cell [59].

In addition, emerging BMSC-substitute composite also shows pre-
liminary efficacies. Recently, a novel tissue-engineered bone graft with
silicon-substituted calcium phosphate (Si-CaP), autogenous fine partic-
ulate bone powder (AFPBP), and BMSCs was tested in the rabbit spinal
fusion model. The study aimed to reduce the amount of autogenous bone
with no compromise in spinal fusion rate. Interestingly, the Si-CaP/
AFPBP/BMSCs group showed similar bone formation to those that only
adopted AFPBP. Thus, the potential use of this composite as a potent
substitute to autograft bone is demonstrated [60].

5.2. Gene therapy

The purpose of gene therapy is to induce osteogenic differentiation
and local bone formation by delivering and expressing the targeted gene
[61]. Both non-viral DNA and viral DNA delivery systems are available.
Non-viral delivery is presumably safer but can only provide short-term
expression of the target gene. Wegman et al. used alginate hydrogel, an
anionic copolymer of b-D-mannuronic acid and a-L-lucoronic acid resi-
dues, as a delivery vehicle for BMP-2 to induce osteogenic differentiation
and bone matrix formation [62]. There are also studies using adenovirus
vectors to express BMP-2. In animal experiments, the formation of bone
bridges between the vertebrae and a reduction of the spine flexion and
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extension angle can be observed. Ninety percent of the animals suc-
cessfully achieved spinal fusion after four weeks [63]. The adverse events
of the viral vector are mainly caused by the immune response. In addition
to direct virus injection into the host, autograft cells can also be trans-
fected in vitro and implanted during surgery [1].

6. Controlled-release formulation and carriers

Burst release is undesirable when delivering an osteoinductive pro-
tein, as this may lead to bone shell formation and other adverse reactions
related to inflammations. Therefore, controlled-release formulations and
carriers are critical to the safety and success of spinal fusion.

6.1. New formulations

The development of osteoinductive protein carriers has been ongoing.
The original carrier for rhBMP-2 is an absorbable collagen sponge whose
sustained-release effect was not evident. Hsu et al. lately tested a peptide
amphiphile to deliver BMP-2, aiming at improving the controlled release
and reducing the dosage. Another study focused on polyelectrolyte
complex as a BMP-2 carrier, in which they observed controlled bone
growth [64]. Both methods are purely adjustment in formulations, and
they have a chance to apply for approval as drugs instead of drug-device
combinations.

6.2. Potential carriers

Collagen hydroxyapatite carrier is not new. However, optimization of
its controlled-release property, osteoconductivity, and osteoinductive
activity is difficult. A type I collagen embedded with Mg-HA nano-
particles (RegenOSS) was tested for adult scoliosis surgery. The 3-year
follow-up showed that 95.1% of patients achieved spinal fusions,
demonstrating this approach's feasibility and preliminary clinical safety
[65].

In addition to collagen, nanomaterials prepared from various sub-
stances may also have excellent carrier properties [38]. For example, one
complex produced with poly (lactide-co-glycolide) (PLGA) and Mg-HA
nanoparticles is developed to deliver BMP-2. Animal experiments
showed that this scaffold could inhibit the inflammatory response and
promote BMP-2 induced bone formation in a posterolateral spinal fusion
model, indicating its clinical application in subsequent studies [66].

As additive manufacturing technology improves, 3D-printed bio-
materials have become more widely accepted. 3D-printer can use
biodegradable materials to produce implants with good porosity for
better osteointegration. In addition to the osteoconductive ability, it is
expected that the material will gain osteoinductive and osteogenic ability
with printing procedures. In one study, human adipose-derived stem cells
(ADSCs) transfected with rhBMP-2 lentiviral vector were loaded on 3D-
printed Hyperelastic Bone®, and it was found that the fusion score and
rate of this group was significantly higher than other groups. So this
therapy successfully integrated gene and stem cell therapy with 3D-
printed biomaterials and exhibited superior efficacy [38].

Interestingly, vectors that interact with osteoclasts are also being
developed. The absorption profile of this material is different from that of
other materials (polylactic acid/polyglycolic acid, PLA/PGA, and trical-
cium phosphate, TCP, materials). Instead, osteoclasts adhere to it and
initiate its degradation. Hence the modeling and remodeling rates match
the normal bone formation, which may benefit the quality of the newly-
formed bone. Since BMP-2 embeds with the material during manufac-
ture, a slow release of BMP-2 is likely to happen after its implantation
[67].

The thermosensitive hydrogel is a formulation that can also harden in
situ and provide a controlled release. Qu et al. developed a composite of
thermosensitive hydrogel and PDLLA electrospun nanofiber membrane,
which can fill irregular defects with mechanical strength and low
immunogenicity and serve as a carrier for BMP- 2 nanoparticles. These
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characteristics assure the composite promising to spinal fusion [68].
As the world's older population continues to grow, the number of

spinal fusion cases increases yearly. Critical advancements in biological
therapeutics that promote spinal fusion have brought better clinical
outcomes to patients lately. With the accumulation of higher-level evi-
dence, the safety and efficacy of these osteobiologics have become more
evident. At the same time, randomized controlled trials are still the most
reliable tool for collecting this evidence.

Among the emerging therapeutics, upgrades in BMP are very likely to
happen in the foreseeable future. At the same time, stem cell and gene
therapy are also very promising due to their significant advancements in
recent years. Although the anti-osteoporotic biologics have not been
universally accepted for perioperative use by orthopedic surgeons, it may
be of great importance to initiate such clinical studies and acquire more
higher-level evidence. Controlled-release formulations and advanced
carriers may also likely improve the drug's efficacy and safety profile.
These emerging therapeutics will shift the landscape of perioperative
therapy for the enhancement of spinal fusion.
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