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ABSTRACT

Summary
We were able to successfully validate that sustained release of Simvastatin (SIM) via a PLGA nano particle (NP) SimNP was able to induce an increase in mineralization as well as an increase in markers of bone formation. Rats treated with SimNP had more bone formation on X-ray (XR) and were significantly more likely to achieve fusion. Our findings highlight the potential of simvastatin as a safe, cost-effective bone anabolic agent for use in spinal fusion surgery.
Hypothesis
Sustained, local delivery of SIM would assist with spinal fusion in a rat animal model

Design
Animal study

Introduction
Despite data showing the bone-anabolic properties of statins in fracture healing, no studies that have evaluated the impact of locally delivered statins on spinal fusion.

Methods
Blank PLGA (BlankNP) and SIM-loaded PLGA (SimNP) nanoparticles were created by adapting established techniques. SimNP, ranging from 217ug/mL to 883ug/mL, was placed in 15mL of PBS at 37ºC with agitation. SIM release was measured for 15d using an UV spectrophotometer. In vitro validation was performed using MC3T3-E1 osteoblast precursor cells were cultured in complete (COMP) or mineralizing (MIN) media. A posterior spinal fusion model was utilized in 40 male 12wk old outbred Wistar rats. Rats were treated with BlankNP, SimNP (15 rats each) or SIM drug (10 rats). XR to assess bone formation were obtained at 4wks and 9wks after surgery. Spines were explanted at 9wks and a manual assessment of fusion (MAF) was performed by three blinded observers.

Results
SimNP successfully achieved sustained release over two weeks with ~50% occurring in the first day. Release efficiency averaged 74.1%. MC3T3 cells cultured with SimNP at 200ug/mL had higher expression of OCN and OPN at 1wk and 2wks. Cells cultured with SimNP showed more deposition of calcium as assessed by alizarin staining at 1wk and 3wks. Three animals (one from each group) were sacrificed due to post-operative complications (paralysis x2, infection). The remaining animals were analyzed. We found no significant differences between the BlankNP and SIM drug rats in XR scores or MAF. Compared to BlankNP, SimNP treated rats had significantly higher XR scores at 4wks (3.0 vs. 1.9, p=0.010) and 9wks (3.6 vs. 1.8, p<0.001) (Figure). Compared to SIM drug, SimNP rats had similar XR scores at 4wks but higher scores at 9wks (3.6 vs 2.1, p=0.005). MAF showed that SimNP had a significantly higher fusion rate than BlankNP (42.9% vs. 0%, p=0.006).

Conclusion
Rats treated with SimNP had significantly more bone formation on XR and were significantly more likely to achieve fusion judged by MAF compared to control animals (BlankNP).
INTRODUCTION
Achieving a solid fusion is crucial to achieving stable, long-term following a number of spine surgery procedures.1–3 Surgeons employ several different strategies to help achieve this goal. These include: local and iliac crest autograft, allograft bone, bone graft extenders such as synthetic ceramics and recombinant bone morphogenetic protein-2 (BMP-2).4–6 While allograft bone and bone graft extenders provide an osteoconductive environment, iliac crest autograft and BMP-2 are the only osteoinductive options currently available to surgeons.
Both options, however, suffer from significant limitations. Iliac crest autograft has been associated with donor site morbidity, increased operating time, increased blood loss and a longer hospital stay.2  BMP-2 can help circumvent several of these limitations; several well-designed studies have shown that patients treated with BMP-2 achieve similar long-term outcomes and fusion rates as patients receiving iliac crest autograft.7,8 Unfortunately, BMP-2 is expensive9,10 and has been linked to complications such as wound problems, post-operative leg pain, ectopic bone formation and retrograde ejaculation.11–15
Despite these limitations, BMP-2 is widely used in spine surgery and its use has grown consistently over the past decade.16 The widespread adoption of BMP-2 in the face of these limitations highlights the demand for bone-anabolic (osteoinductive) molecules in spine surgery. There is a clearly a need for a safe, cost-effective, anabolic molecule that can assist with spinal fusion but avoid the side-effects associated with the use of BMP-2.17
Several years ago, investigators showed that statins (HMG CoA-reductase inhibitors) could stimulate osteoblast formation and have a bone-anabolic effect.18 The anabolic effect of statins is believed to be mediated by the same pathways as BMP-2.18,19  Because BMP-2 associated complications are a dose-dependent phenomenon,11,12 a more moderate upregulation of this pathway via statin administration may represent an ideal therapeutic approach. In addition to their action through BMP-2, statins may also prevent osteoblast apoptosis by activation of the TGFbeta/Smad3 pathway.20
These in vitro data have been corroborated in number animal models for fracture healing and the reduction of periprosthetic bone loss.20–26 There is, however, relatively little literature examining the impact of statins in promoting bone formation after spine surgery. Previous attempts have focused on oral administration,26,27 a strategy that is fundamentally limited given the drug’s high first-pass metabolism in the liver and low bioavailability in the bone.21,22
We sought to address these shortcomings by developing a device to enable local delivery of simvastatin to the spine and to determine the impact of locally delivered simvastatin on spinal fusion in a rat model. We hypothesized that we could successfully deliver simvastatin to the spine using a poly(lactic-co-glycolic acid) (PLGA) nanoparticle and that the use of these nanoparticles would result in increased bone formation and fusion rates.

METHODS
Nanoparticle Preparation
We adapted previously described methods24 to design PLGA nanoparticles. In brief, 120mg of PLGA was added in 2.4mL of chloroform. This solution was sonicated for 2 min at 30W, immediately added to 24 mL of a 2% polyvinyl alcohol (PVA) solution in water and sonicated again at 30W for 30s yielding an opaque, white suspension. Chloroform was removed under reduced pressure and the particles were centrifuged at 3000 RPM for 5 minutes, the nanoparticles were isolated and lyophilized. Nanoparticles were stored at -80°C. Two types of nanoparticles were made – blank nanoparticles (BlankNP) containing only PLGA and simvastatin-loaded nanoparticles (SimNP) containing both simvastatin and PLGA. To fabricate SimNP, 12mg of simvastatin (SIM; Sigma Aldrich, St Louis, Mo) was added to the initial PLGA-chloroform solution. 
Characterization of the Nanoparticles
Electron Microscopy: Nanoparticles were dispersed in methanol, the mixture was then pipetted onto scanning electron microscopy (SEM) sample stubs and the methanol was allowed to evaporate before being coated with carbon. Nanoparticles were characterized using a Zeiss EVO 50 scanning electron microscope operating in low-vacuum mode at an acceleration voltage of 15.0 keV using the backscatter detector. Nanoparticle diameters were measured using ImageJ software, 100 measurements were taken of individual particles and reported as the average.
Sustained Release: Simvastatin release over time was measured using an ultraviolet spectrophotometer at 247.2nm (Figure 1a). The wavelength was chosen because PLGA, phosphate buffered saline (PBS), and ethanol did not interfere with the abosrbance at 247.2nm. Simvastatin in ethanol and PBS was used as a standard ranging from 5-100uM (Figure 1b). SimNP, ranging from 217ug/mL to 1667ug/mL, was placed in 15mL of PBS at 37° C with agitation. Aliquots (0.5mL) were removed at each timepoint to measure simvastatin concentration. 
In Vitro Tests
MC3T3-E1 (ATCC, Manassas, VA) osteoblast precursor cells were cultured in complete or mineralizing media. Complete media consisted of DMEM with 10% fetal bovine serum (FBS) and 1% 100X antibiotic/antimycotic (ThermoFisher Scientific, Waltham, MA). Mineralizing media was complete media with 0.5M beta-glycerol phosphate, 50mM vitamin C and 1nM dexamethasone. 
[bookmark: _Hlk478801068]Cell viability assays were performed in a 96-well plate using an MTS Cell Proliferation Colorimetric Assay Kit (BioVision, Milpitas, CA) with absorbance quantified at 490nm. SIM drug doses ranged from 1 to 16ug/mL and SimNP doses ranging from 25 to 200ug/mL. 
Deposition of calcium was measured using an alizarin stain at 1 and 3 weeks. Cells were cultured in one of the following conditions: (1) complete media (COMP), (2) mineralizing media (MIN), (3) MIN plus 88 ug/mL SimNP, (4) MIN plus 166ug/mL SimNP, (5) MIN plus 8ug/mL SIM and (6) MIN plus 16ug/mL SIM. After 1 or 3 weeks, the culture medium was removed from each well and gently washed 3 times with 1x PBS. The cells were then fixed in 10% buffered formalin for 15 minutes at room temperature. The fixative was then removed using 3 washes with diH20. The diH20 was removed and 1 mL of 40mM alizarin red stain was then added to each well. The plates were then incubated at room temperature for 20-30 minutes and washed again with diH20 to remove all dye. Images were then taken using a digital camera to provide a qualitative measure of calcium deposition. 
Cells were cultured for 7 or 14 days in one of the following conditions: (1) MIN, (2) MIN plus 4ug/mL SIM, (3) MIN plus 8ug/mL SIM, (4) MIN plus 100ug/mL SimNP, and (5)  MIN plus 200 ug/mL SimNP. Total cellular mRNA was extracted at 7 and 14 days. Osteoblast differentiation and bone formation was quantified using a real-time PCR system to measure expression of osteocalcin (OCN) and osteopontin (OPN) with specific primers. The primers were designed as follows: OCN forward 5’-AAGCAGGAGGGCAATAAGGT- 3’ and reverse 5’- GAGATTTGCTTTTGCCTGTTTG- 3’; OPN forward 5’-AGCTGCAAGAGACACCCTTTG-3’ and reverse 5’- TGAGCTGCCAGAATCAGTCACT-3’.
In Vivo Tests
A model of posterior spinal fusion was utilized in 40 male 12 week old outbred Wistar rats. Briefly, a midline posterior skin incision was followed by two separate paramedian fascial incisions to expose the transverse processes (TP) of L4 and L5. The TP were decorticated. Corticocancellous bone was harvested from each iliac wing, morselized and implanted bilaterally with one of three treatments (BlankNP, SimNP or SIM only) to bridge the L4 and L5 TP. Treatments were assigned randomly using a random number generator. The groups were as follows: Blank NP (15 rats), SimNP (15 rats) or SIM drug (10 rats). Dosing of each treatment arm was as follows: 100-200mg/kg BlankNP, 100-200mg/kg SimNP and 10-20mg/kg SIM drug. Dosing for SIM drug was based on the prior literature28–32 and the SimNP dosing was calculated based on our in vitro release profiles so that we would achieve roughly the same total dose of SIM release.
X-rays to assess for bone formation were obtained at 4 weeks and 9 weeks after the date of surgery. X-rays were scored by three blinded observers using a previously-described six point scale (0: no bone formation, 1: < 25% bone filling, 2: 25-<50% bone filling, 3: 50-<75% bone filling, 4: 75-99% bone filling, 5: clear evidence of successful fusion).33 The average of the three observers’ scores was used for analysis. Interobserver reliability was calculated using intraclass correlation (ICC).34
Animals were sacrificed at 9 weeks. Spines were then explanted and a manual assessment of fusion was performed by three blinded observers checking for motion at L4-5 compared to the levels above and below. Spines were considered fused if 2 of 3 observers considered the spine fused. ICC for the MAF was also performed. 
Sacrificed spines were fixed with 10% buffered formalin and sent for micro computed tomographic (uCT) analysis.  Qualitative analysis of the uCT images was performed. Three spines from each group were then decalcified with EDTA and 2 micrometer thick sections through the fusion mass were obtained using a microtome. Sections were stained using hematoxylin and eosin (H&E) and Safranin O. A qualitative examination of bone morphometry was performed using a light microscope. 

RESULTS
Nanoparticle Characterization
Under electron microscopy, SimNP averaged 208±128.7nm in diameter ranging in size from 29.4 to 549nm (Figure 2). UV-Vis When SimNP were placed in solution with PBS, we saw time-dependent release over a two-week period (Figure 3). Approximately 50% of the total elution occurred within the first day followed by a slower release over the remainder of the two-week interval. Total release efficiency averaged 74.1%. As the concentration of SimNP in PBS was increased, the total drug released also increased in a roughly linear fashion.
In Vitro Response
MC3T3 cells showed no reduction in cell viability at SIM concentrations ranging from 1-16 ug/mL or with SimNP doses ranging from 12.5 to 200 ug/mL. Cells cultured with SIM showed significantly more calcium deposition on Alizarin red staining (Figure 4). PCR showed significantly more expression of osteopontin and osteocalcin at 7 and 14 days in MC3T3 cells treated with Simvastatin and with SimNP (Figure 5). Although all SIM treated groups showed increased expression of OCN and OPN, there did not appear to be a clear dose-dependent relationship with regards to expression.
In vivo response
Complications
Three animals were sacrificed post-operatively, 2 for paralysis (1 each in SimNP and BlankNP) and 1 due to deep infection (SimNP). In addition, 11 animals required oral antibiotics in their feed for superficial infections (5 in the blank NP group, 4 in the SimNP group and 2 in the SIM drug group). The risk of infection did not differ by group (BlankNP 33.3%, SimNP 26.7%, SIM drug 30%). 
X-ray scores
There was substantial to almost perfect agreement between raters for 4 week and 9 week x-rays (ICC: 0.8 and 0.75, respectively).34  Compared to Blank NP, SIM NP treated rats had significantly higher XR scores at 4 wks (3.0 vs. 1.9, p=0.010) and 9 wks (3.6 vs. 1.8, p<0.001). There was no difference between the SIM NP and SIM drug rats at 4 wks but SIM NP rats had a higher XR score at 9 wks (3.6 vs 2.1, p=0.005) (Figure 6). 
Manual Assessment of Fusion
There was substantial agreement between raters for manual assessment of fusion (ICC = 0.73). Spines that were fused had a significantly higher XR score compared to spines that were considered unfused (4.7±0.8 vs. 2.1±0.9, p < 0.001). SimNP rats had the highest fusion rate (42.9%) and this rate was significantly higher than BlankNP (0%, p=0.006) (Table 1). There was no difference between the fusion rates for SIM drug and BlankNP (22.2% vs. 0%, p=0.065). 
Qualitative analysis
Qualitative analysis of the uCT images showed that the SIM-treated animals formed significantly more bone and a more mature fusion mass (Figure 7). Histologic slides showed evidence of new bone formation with active remodeling.

DISCUSSION
Statins have long been used as potent inhibitors of cholesterol biosynthesis and have a well-established role in lowering the risk of coronary artery disease.35 More recently, statins were found to have a bone anabolic effect. Mundy and colleagues18 first published a report in 1999 of a drug screen searching for small molecules that would activate the promoter of the BMP-2 gene.  In a screen of over 30,000 compounds, they identified lovastatin as specifically increasing the activity of the BMP-2 promoter as characterized by a firefly luciferase reporter gene. The investigators then conducted both in vitro and in vivo experiments using murine calvaria and, upon injection of various forms of statins, found an increase in new bone formation similar to that seen after treatment with FGF-1 and BMP-2.18 
These findings have spurred significant research interest, and subsequent work has elucidated the mechanism by which statins may assist in new bone formation.18–22,36 The current thought is that statins function both by increasing osteoblast differentiation and interfering with osteoclast function. The anabolic effect of statins is believed to be mediated primarily by activation of MAPK and upregulation of the BMP-2 and Runx2 pathway.18 In acting through this pathway, statins have been shown to induce osteoblast differentiation. Treatment of cells with BMP-2 antagonists (noggin) significantly reduces the osteogenic effect of lovastatin, for example.19 In addition to their action through BMP-2, evidence exists to suggest that statins may also prevent osteoblast apoptosis by increasing the level of Smad3 and thereby activating the TGFbeta/Smad3 pathway.20 
Statins may also prevent osteoclastogenesis by inhibiting the action of farnesyl diphosphate synthase and thereby preventing prenylation and activation of GTPase.22 Second, work in mouse bone cell cultures has found the statins increase OPG mRNA expression and decrease RANKL mRNA expression while increasing estrogen receptor expression, though the mechanisms behind these actions are not clearly understood.36
These characteristics have been shown to increase bone healing in animal models or fracture healing.30,37,38 A fracture model study in ovariectomized rats showed the benefits of local administration of simvastatin in fracture healing.30 In this study, investigators injected 5 mg/kg of simvastatin subcutaneously at the fracture site (proximal tibia) a total of three times; once on the day of the fracture and twice in the 5 days thereafter. In a comparison to sham injections, the injection of simvastatin resulted in increased volume of callus and increased mineralization on histomorphometric analysis.30  Similarly, a rat femur fracture model showed an increase in mechanical strength after local administration of simvastatin to the fracture site.37 These results have been replicated in a number of different animal studies.23–25,28,39
Despite good success with fracture healing, data in the spine is limited. The only two studies that have investigated the use of statins in the spine have been limited to oral administration of statins.26,27 The earlier of these two studies, which administered a lower dose of simvastatin (6. 5mg/kg) orally, found no difference in the quantity or quality of the fusion mass after administration of the drug.27 The results of supratherapeutic simvastatin dosing (120 mg/kg) was more encouraging, however, showing an increase in fusion rate and grade as well as increased mechanical strength of the fused levels in the treatment group.26 Such high doses of simvastatin are necessary because orally administered statins have low bioavailability and have extremely high affinity for liver cells.35
The promising results of supratherapeutic simvastatin dosing led us to investigate the impact of locally delivered simvastatin in a spinal fusion mode. We successfully validated the sustained release of SIM and showed that SimNP could induce an increase in mineralization and in markers of bone formation (OCN and OPN). There was no clear dose-response to SIM observed in vitro. This, however, is not inconsistent with the existing literature and might relate to the fact that high local concentrations of simvastatin can be cytotoxic.24,40 Determining the optimal dosing of SIM and SimNP, including the minimum cytotoxic dose, is an important area of future investigation. Our dosing of SIM drug in vivo was guided by previous research on fracture healing28–32 and the SimNP dose was calculated to roughly match this dose. We hypothesize that the sustained release of SIM by the nanoparticles results in lower local concentrations that provide the bone-anabolic effects of SIM while avoiding the cytotoxicity. Additionally, sustained release might be beneficial because bolused local delivery of the drug alone may be washed out before any meaningful bone healing can occur. We believe that this is why SimNP rats had higher XR scores compared to the SIM drug animals. 
We believe our results argue strongly for further investigation into the utility of statins as an adjunct to help achieve spinal fusion. Future work involves quantification of the uCT data, determining dose-response relationships and replication of our results in a large animal model. 
To our knowledge, this is the first study to demonstrate that the local delivery of simvastatin using a PLGA nanoparticle can assist in achieving spinal fusion in an animal model. Rats treated with SimNP had significantly more bone formation on XR and were significantly more likely to achieve fusion judged by MAF compared to control animals (BlankNP).  
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Figure 1a. Ultraviolet spectrophotometry profile for simvastatin solution in ethanol at various concentrations.
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Figure 1b. Calibration curve showing a linear relationship between absorbance unit and simvastatin concentrations. This calibration curve was used to calculate drug release profile of simvastatin from the nanoparticles.
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Figure 2. Scanning electron microscope of the simvastatin nano particles as well as the size distribution of the particles.


[image: C:\Users\Sravisht\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Fig 3.png]Figure 3. Simvastatin nanoparticles were suspended in PBS at varying concentrations (217μg/mL – 1667 μg/mL) and release was measured at various time points over two weeks. Release efficiency averaged 74.2% over this time frame. 
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Figure 4a. Alizarin red staining observed after 1 week of culture in the various conditions shown. Ctrl – COMP media, Min – Mineralizing media, SIM – simvastatin drug, SimNP – Simvastatin nanoparticle. 
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Figure 4b. Alizarin red staining observed after 3 weeks of culture in the various conditions shown. Ctrl – COMP media, Min – Mineralizing media, SIM – simvastatin drug, SimNP – Simvastatin nanoparticle. 
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Figure 5. Osteopontin and Osteocalcin expression at 1 and 2 weeks after culture of MC3T3 cells in varying conditions. Although cells cultured with simvastatin showed increased expression of OPN and OCN, no clear dose-dependent response was observed. Ctrl – COMP media, Min – Mineralizing media, SIM – simvastatin drug, SimNP – Simvastatin nanoparticle. 
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Figure 6a. Mean XR scores of the three blinded observes following XR performed at 4 weeks and 9 weeks. The simvastatin nanoparticle (SimNP) group had significantly higher scores than the control group (Blank NP) at 4 weeks and 9 weeks.
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Figure 6b. Radiographs of a control (Blank NP) and simvastatin nanoparticle (SimNP) animal showing no significant bone formation in the control group and significant bone formation in the SimNP formation. 

[image: C:\Users\Sravisht\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Fig 7a.png]
[image: C:\Users\Sravisht\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Fig 7b.png]
[image: C:\Users\Sravisht\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Fig 7c.png]
Figure 7a-c. Representative μCT images from the control (blank NP, a), simvastatin drug (SIM, b) and simvastatin nanoparticle (SimNP, c) treated animals. Note the significant bone formation and mature fusion masses seen in the SimNP treated animals. 

	Group
	Fusion Rate
	P-Val

	BlankNP
	0%
	-

	SimNP
	42.9%
	0.006

	SIM Drug
	22.2%
	0.065



Table 1. Simvastatin nanoparticle (SimNP) treated nanoparticles were significantly more likely to achieve fusion at 9 weeks when assessed by blinded observers. 
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