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PERSPECTIVE

Treating spinal cord injury via 
sustained drug delivery from calcium 
phosphate coatings

Spinal cord injury (SCI) is a devastating trauma that leaves ap-
proximately 10,000 to 20,000 people paralyzed every year in the 
United States. The majority of these cases are young people that 
will live to almost a full life expectancy, however, their quality of 
life is significantly reduced. After SCI there is loss of both sensory 
and motor function below the level of injury. Due to this loss of 
function SCI patients are often unable to care for themselves and 
rely on friends and family to serve as their primary caregivers. 
The Christopher Reeve Foundation found that more than 50 
million people each year provide this care in the U.S., the value of 
which is estimated to be $306 billion annually. Along with the fi-
nancial burden, SCI patients have emotional stress and continued 
health care problems throughout their lives most predominately 
renal complications and pressure sores. These facts demonstrate 
the overwhelming need to restore function after SCI.

After SCI, there is immediate insult followed by secondary 
inflammatory damage, which is a cascade of cellular and mo-
lecular responses that result in a dense astroglial scar (Fawcett 
and Asher, 1999). This inflammatory process leads to neuronal 
and oligodendrocyte apoptosis, increased astroglial reactivity, 
increased lesion volume, and diminished functional recovery. 
Neural tissue is complex and most likely treating SCI will in-
volve a combination treatment targeting different cell types at 
specific time points. There are several therapeutic proteins that 
have been shown to improve function after SCI by targeting 
specific aspects of the problem. Anti-inflammatory cytokines 
such as interleukin-10 (IL-10) have been shown to reduce the 
amount of secondary damage and reduce the number of cells 
apoptosing (Thompson et al., 2013), nerve growth factor (NGF), 
brain-derived neurotrophic factor (BDNF), and neurotroph-
in-3 (NT-3) have been shown to increase axonal sprouting 
and growth (Hanna et al., 2016), and chondroitinase ABC has 
been shown to break down glycosaminoglycans in the glial scar 
which inhibit axonal growth (Hanna et al., 2013). An ideal drug 
delivery platform would have the ability to locally deliver sever-
al different therapeutic proteins in a sustained manner with the 
adaptability to tailor the time frame of protein delivery.

Calcium phosphate coatings: Calcium phosphate (CaP) min-
erals have a high affinity for proteins, which is well known from 
standard chromatography methods (Morrison et al., 2010). CaP 
minerals have also been used recently as carriers for growth 
factors that influence tissue formation, including transforming 
growth factor beta 1 (TGF-β1), insulin-like growth factor 1 
(IGF-1), hepatocyte growth factor (HGF), fibroblast growth fac-
tor-2 (FGF-2), vascular endothelial growth factor (VEGF), bone 
morphogenetic protein 2 (BMP2), and NT-3 (Suarez-Gonzalez 
et al., 2010, 2012; Yu et al., 2014; Hanna et al., 2016). The in-
corporation of therapeutic proteins into CaP coatings grown 
in simulated body fluids is particularly advantageous in tissue 
engineering, as it allows for a high level of control over coating 
properties and resultant protein release kinetics. In particular, 
physicochemical properties of CaP coatings can be readily con-
trolled, resulting in controllable protein binding and subsequent 
protein release kinetics that are dictated by the protein-CaP af-
finity and CaP dissolution rate.

Previous work has demonstrated that CaP coatings can be 
created on various biomaterials, ranging from bioceramics to 
bioresorbable polymerz (Lu et al., 2009; Lee et al., 2010, 2011; 
Suarez-Gonzalez et al., 2010, 2012; Yu et al., 2014). Incubation 
of biomaterials in modified simulated body fluids (mSBF) 
results in rapid heterogeneous nucleation and growth of a con-
tinuous CaP coating, which are plate-like and porous on the 
nanometer scale creating a high surface area for the binding of 
therapeutic proteins (Figure 1A–E). The nanoporous structure 
and dissolution rate of the CaP coatings can be systematically 
altered by varying the calcium, phosphate, and carbonate con-
tents in the mSBF solution. Importantly, altering the structure 
and dissolution rate of the coating leads to control over protein 
binding and release kinetics. Moreover, multiple proteins can 
be incorporated into the same CaP coating, either in the same 
region or in distinct locations, or CaP coatings can be layered 
with different proteins incorporated into different layers (Lee et 
al., 2010, 2011; Yu et al., 2014).

Although protein-CaP affinity is a parameter that can influ-
ence protein release rate, CaP properties can be varied widely to 
dictate protein release kinetics, regardless of the protein-miner-
al affinity. The CaP coatings are a mosaic of positively charged 
crystal calcium ions and clusters of negatively charged oxygen 
atoms associated with crystal phosphates (Figure 1F). The ma-
jority of protein binding to the CaP coating is a combination of 
metal affinity and phosphoryl cation exchange. The affinity in-
teraction of protein carboxyl clusters with crystal calcium ions 
represents a classic metal chelating mechanism, which is much 
stronger than cation exchange (Figure 1F) (Morrison et al., 
2010). These different binding mechanisms allow for efficient 
binding of both acidic and basic proteins (Jae et al., 2010). It has 
also been shown that proteins bound to CaP coatings remain 
biologically active for an extended time period in vivo.

Treatment of SCI via protein delivery from CaP coatings: 
Dr. Amgad Hanna’s group recently published a manuscript 
in which they treated SCI in a rat model by implanting sciatic 
nerve grafts (SNGs) to serve as scaffolds for new axon growth 
and incorporated CaP coated sutures releasing NT-3 (Hanna 
et al., 2016). Two promising results from this study are that the 
sutures did not show any negative effects in vivo and that the 
NT-3 released from the CaP coatings was biologically active. 
At two months post implantation into the spinal cord, the CaP 
coatings and sutures were completely dissolved and the sciatic 
nerve grafts appeared healthy and well apposed to the spinal 
cord. The SNGs that had the CaP coated sutures releasing NT-3 
had significantly more axons growing into them when com-
pared to just a bolus injection of NT-3. Thus, the NT-3 released 
from the coating was active and had a biological effect on the 
growing axons. Although these results are promising, the CaP 
coated sutures releasing NT-3 did not significantly improve 
the hindlimb function of the rats after SCI compared to rats 
that were only treated with SNGs. Both groups, the rats treated 
with only SNGs and the rats treated with SNGs plus CaP coat-
ed sutures releasing NT-3, had significant hindlimb functional 
improvement compared to untreated controls. However, there 
was not a significant difference in hindlimb function in the 
rats treated with only SNGs compared to the rats treated with 
SNGs plus CaP coated sutures releasing NT-3. One plausible 
reason for the lack of functional improvement could be that the 
continued release of NT-3 on the SNGs is promoting the axons 
to grow in the SNGs and there is a lack of signal for them to 
grow into the spinal cord at the distal end of the SNGs. Another 
possibility is that more axons did grow into the spinal cord at 
the distal end, but then failed to make functional connections. 
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In either scenario the lack of functional improvement was not 
a limitation of the CaP coated sutures, because the CaP coated 
sutures significantly improved axon growth. In this study, the 
limitation in the level of functional improvement is probably an 
indication of the importance of the location of the CaP coated 
sutures and the timeframe of NT-3 release. The ideal timeframe 
may be having the NT-3 completely released when the axons 
grow to the distal end of the graft. Moreover, the regenerating 
axons will almost certainly need more guidance cues in order to 
grow to the correct location and make functional connections. 
Future studies would need to be carried to reveal optimal re-
lease time and location of NT-3 release.

Since SCI is very complex, it will probably require a combi-
nation treatment. Thus CaP coatings may be a uniquely en-
abling technology for the treatment of SCI, because they have 
the ability to incorporate several different therapeutic proteins 
at different time frames. CaP coatings could be used to deliver 
an anti-inflammatory during the acute stage after SCI to re-
duce secondary damage and apoptosis, followed by the release 
of chondroitinase ABC to aid in new axon growth by digesting 
the glycosaminoglycans in the glial scar. Along with proteins 
adjusting the environment after SCI, it would be beneficial 
to release growth factors to promote axon sprouting, growth, 
and provide guidance cues to the regenerating axons. Based 
on previous data the placement and timeframe of the growth 
factor release will be critical. Another benefit of CaP coatings 
is their adaptability to be grown on many different materials, 
shapes, and sizes. In areas where sutures are used, CaP coatings 
can be grown on standard surgical sutures and in areas where 
minimal disruption is preferred biodegradable CaP coated mi-
croparticles can be injected (Figure 1A–E). This could prove 
advantageous especially for growing axons through the injured 
spinal cord because CaP coated microparticles with specific 
timeframe release of growth factors could be injected at differ-
ent levels of the spinal cord.

Conclusions: Due to the different stages after SCI, the interplay 

of several different cell types, and the molecular responses after 
SCI, the preferred treatment will probably need to be a combina-
tion treatment with drugs targeted at specific timelines. For sever-
al reasons, CaP coatings may prove to be superior when compared 
to other drug delivery platforms. The CaP coatings can be grown 
on a large variety of materials including sutures and resorbable 
polymers. Both acidic and basic proteins bind to the CaP coating 
and the binding aids in retaining protein stability and biological 
activity. The structure and dissolution rate of the CaP coatings can 
be altered, which adjusted the timeframe of drug delivery. Multi-
ple types of therapeutic proteins can be bound onto a layer of CaP 
coating or the CaP coating can be layered with different proteins 
for specific timelines of protein delivery. Thus, CaP coatings may 
prove to be a unique tool for treating SCI.
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Figure 1 Calcium phosphate (CaP) coatings can be grown on a variety of 
materials in modified simulated body fluids (mSBF). 
(A) Scanning electron microscopy micrographs of CaP coated Vicryl su-
tures show a continuous layer of CaP coating. (B) Higher magnification 
shows the nanoporous plate like structure creating a large surface area for 
protein binding. (C) Energy dispersive spectroscopygraph obtained from 
a CaP coated suture reveals peaks of calcium and phosphate crystals. (D) 
Scanning electron microscopy micrographs of CaP coated β-tricalcium 
phosphate microparticles shows a continuous layer of CaP coating and (E)
higher magnification reveals a nano-porous structure similar to the CaP 
coated sutures. (F) The CaP coatings are a mosaic of positively charged 
crystal calcium ions and clusters of negatively charged oxygen atoms associ-
ated with crystal phosphates and the majority of protein binding to the CaP 
coating is a combination of metal affinity and phosphoryl cation exchange. 
The illustration shows proteins binding via metal chelation between car-
boxyl clusters and crystal calcium ions and proteins binding via cation 
exchange between negatively charged oxygen atoms associated with crystal 
phosphates and positive amines on the protein. Scale bars: A and D: 100 
μm, B and E: 1 μm.
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