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Abstract — Calcium phosphate cement has been an ideal substance used for small size bone defects due to its osteoconductivity, biocompatibility, and resorbability. Its paste consistency allows molding of the substance during surgery, which will set in situ to form hydroxyapatite. However, its low mechanical strength and brittleness inhibits the use of CPC in creating scaffolds for critically sized bone defects. Multiple studies that added different substances to strengthen and toughen CPC were reviewed, and resorbable fibers has shown to be a promising addition. The fibers will provide initial reinforcement of the scaffold, which is desirable while implanting the scaffold. There is usually a lack of blood vessels around the critically sized defect to provide sufficient nutrients for healing. Therefore, polyglactin fibers were mixed in with the paste because they have the ability to degrade over a few days creating macropores for blood vessels to penetrate through and cells to grow in while strengthening the scaffold. Compressions tests show that the scaffold reinforced with fiber had slightly greater compressive strength than the scaffold without fiber, and a tenfold increase of compressive strength compared to human cortical bone. To continue exploring techniques of integrating fibers into bone cement, an electrospinning apparatus was developed. Intrinsic and extrinsic parameters were optimized to give uniform electrospun nanofibers. Future work will be done to immerse the nanofibers within the CPC scaffold, do mechanical testing and determine if nanofibers are comparable in strength to absorbable Polyglactin 910 suture fibers.
I. INTRODUCTION 
B
one fractures can heal themselves, but when the defect is 70 cm2 or more, in which they are called critically-sized defects,  surgical intervention is needed. The most common surgical solutions are bone grafts. About 500,000 bone grafts are performed annually in the United States alone, resulting in surgical costs of $2.5 billion. The current graft types used have inherent disadvantages. Autologous bone grafts are taken from the patient, typically from the hip bone, and is currently the gold standard for bone substitution, contributing to 58% of current bone substitutes, as immunogenicity is not a problem. However, the main disadvantage is that a limited amount of bone can be taken from the patient. Another drawback is that trauma is now inflicted in two sites; however, the success rate is still high. The next common graft type are allografts, bone taken from another individual, which contributes up to 34% of bone substitutes, but there is a risk of immunogenicity. Also, the bone is taken from cadavers; less living cells are available to become osteoclasts, and therefore the transplant is less successful. Man-made materials make up the rest of the 8% of bone substitutes, and consist of metals, plastics, or ceramics, but these materials are subject to fatigue, fracture, and toxicity. The bone implant also cannot grow with the patient and change shape in response to loads. 
There is an obvious need for an alternative, off the shelf, bone substitute. Engineering biomaterials for bone substitution offer a promising alternative to treating large defect sites. Scaffolds, cell supporting matrices, can promote the natural healing of bones, a process absent in large cranial defect wounds. Factors we wish to encompass in our scaffold is biocompatibility, good mechanical integrity, malleability during surgery, osteoconductivity or ability for new cells to attach, proliferate, and migrate through the structure, osteoinductivity or ability for new cells to turn into bone, and bioabsorbability in which the material degrades while bone repairs itself.
This paper’s study will focus on finding a bone substitute for cranial bone defects, in which currently, polymethylmethacrylate (PMMA) is a common plastic for cranialplasty. As mentioned, there is failure of adequate bone ingrowth into the construct and risk of bacteria entering into the plastic and causing infection. Flat bones are thin, curved bones of the skulls. They have two parallel layers of compact bones sandwiching a layer of spongy bone. Therefore, we can use the properties of cortical and cancellous bones as a guideline for our scaffold. Calcium salts provide compressive strength and collagen fibers provide tensile strength. Cortical bone has a range of compressive strength from 130-180MPa, tensile strength from 50-151 MPa, elastic modulus (GPa) from 12-18 GPa, and fracture toughness from 6-8 MPa. Cancellous bone has compressive strength of 4-12 MPa and an elastic modulus of 0.1-0.5 GPa. [1] Typical porosity of 90% and pore diameter of 100- 500 micrometers allows cell penetration and proper vascularization of the ingrowth tissue. [1, 3] These two geometrical parameters will also be integrated into our scaffold. 

Initially, a number of scaffold materials were proposed, such as synthetic polymers, ceramics, and native polymers. Synthetic polymers are easily shaped but have low biocompatibility. Ceramics are very porous, resulting in low mechanical strength, but are osteoinductive. However, they can be a good choice if they are combined with native polymers to help with the mechanical strength. Native polymers are very biocompatible with low toxicity and can be degraded with natural enzymes in the body. They can also encapsulate cells in a scaffold. Therefore, it was decided to use a composite of ceramics and polymers. 

Calcium phosphate cement was chosen to be the base scaffold material because CPC powder can be mixed with water to form a paste, thus allowing the surgeon to mold the paste in the shape of the defect. The paste then converts into crystalline solid hydroxyapatite in situ. In addition to its putty-like properties, CPC has been successfully used for bone repair due to its biocompatibility, osteoconductivity, and superior resorbability. It has the ability to be replaced by new bone and is already clinically used to repair craniofacial defects. It is also similar in material to native bone, which is made up of 70% calcium phosphate mineral. The low strength and brittleness of CPC, however, creates a setback in using this material for bone tissue scaffolds. However, it is still an attractive option compared to other moldable substances such as injectable materials that solidify through thermal gelatin or photo cross-linking because of its comparable compression strength to bone and its osteoconductivity. [5] 
Our study will focus on improving the flexural strength and fracture toughness of a CPC composite scaffold. Several substances have been added to CPC in previous studies to create a stronger composite material for a scaffold, as can be seen in Table 1. Type 1 collagen is a major component of human bone making it a candidate for tissue scaffolds. In 2008, Xu et al. added type I bovine collagen powder to CPC. The increase of collagen percent in CPC decreased the flexural strength and elastic modulus of the scaffold, but it was less brittle and the work-of- fracture increased. It was decided that collagen will not be used to reinforce CPC as it is not completely resorbable in vivo.  Gelatin is completely resorbable, allows sustained release of growth factors, but does not express antigenicity in physiological conditions. [5] One group characterized gelatin microspheres in CPC and showed that the elastic modulus and compression strength was actually lower than microporous CPC. Other materials were looked into that had better strength properties. Chitosan and its derivatives are natural biocompatible and biodegradable polymers, and have been used in several studies by Xu et al. as it strengthened and toughened CPC. It also resisted the washout of CPC in physiological situations and accelerated CPC setting, but did not improve brittleness. Fiber and PLGA also improves the mechanical strength of CPC. However, PLGA is a synthetic polymer and may release adverse products upon degradation. The addition of fiber will provide fracture resistance upon initial implantation of the scaffold. [3] It will then degrade creating macropores and promoting bone ingrowth. Xu et al. did a study in 2005 that incorporated chitosan and resorbable fiber mesh (high strength fiber mesh composed of a copolymer of glycolic and lactic acid). The CPC-chitosan-3mesh (3 fiber meshes were stacked on top of each other in the tensile side) scaffold showed a large increase in flexural strength (7 fold increase over conventional CPC), work-of-fracture (300 fold increase), and elastic modulus (not as statistically significant) as tabulated in the Table 1.  Therefore, absorbable fibers are a promising substance for strengthening CPC. However, incorporating fiber meshes did not allow a homogenous and directional distribution of strength throughout the scaffold. Another study by the same group used braided fibers that had a bundle diameter of 322μm (Polyglactin 910 Suture) as shown in Figure 1 and mixed it randomly into CPC paste. The results were just as promising with a high flexural strength of 26 MPa and a decrease in brittleness. Therefore, it was decided to use resorbable Polyglactin 910 Suture fibers for this study. 
Recently, electrospinning, a fiber preparation technique has been popular in making polymeric ultrafine fibers ranging from 100nm to 5μm by using a high electric field. These fibers allow strong attachment because of the large exposed surface to interact with the matrix materials. The mechanism is based on the electro-physical activity between polymer solution and electrostatic force. A high-voltage electric field is set up between the injection needle and the collector plate. The polymer solution is extruded slowly from a syringe pump forming a semispherical polymer solution droplet at the tip of the needle. As the voltage increases, the charged polymer

Table 1: Comparison of Calcium Phosphate Cement Reinforcement Material

	CPC added with-
	Flexural strength (MPa)
	Compression strength (MPa)
	Elastic Modulus (GPa)
	Porosity (%)
	Pore width (µm)

	Control [11]
	3.7-10.2
	-
	1.7-5
	-
	-

	Collagen [3]
	13.9
	-
	8
	-
	-

	Starch [9]
	-
	42
	-
	-
	-

	Sodium alginate [9]
	-
	10
	-
	-
	-

	Chitosan [9]
	-
	15
	-
	-
	-

	Chitosan [11]
	10-15.7
	-
	3-5
	-
	-

	Chitosan (15%) [10]
	16.2
	-
	5
	-
	-

	Gelatin microspheres [5]
	-
	30
	±2
	43-70
	8.64-9.70

	Gelatin [9]
	-
	22
	-
	-
	-

	Alginate [7]
	-
	1.5
	-
	71.2-89.24
	100-200

	Alginate/PLGA [7]
	-
	5.44±0.53
	-
	72
	70-100

	Chitosan (15%), absorbable fiber mesh (20%) [10]
	26.0


	-
	7
	-
	-

	Chitosan-3 fiber mesh [6]
	9.5
	-
	2.5
	-
	100-300

	CDHA [8]
	-
	6.5
	-
	81
	400-500


droplet elongates and forms a conical shape called the Taylor cone. The surface charge on the polymer droplet increases with time and once the surface charge overcomes the surface tension of the polymer droplet, the polymer jet accelerates toward the collector plate. The solvent in the jet evaporates during the travel, which increases the surface charge on the jet.  This increase induces instability in the polymer jet as it passes through the electric field. To compensate, the jet divides geometrically, first into two jets, and then many more as the process repeats itself. Nanofibers form as a results of the spinning force provided by the electrostatic force on the continuously splitting polymer droplets. Nanofibers are deposited by layer on the aluminum plate, forming a nonwoven nanofibrous mat. During electrospinning, extrinsic parameters, such as environmental humidity and temperature, and intrinsic parameters, such as applied voltage, conductivity and viscosity of the polymer solution, and working distance, affect the structural morphology of the nanofibers. These parameters need to be optimized to get uniform nanofibers. There are currently six FDA-approved poly(α-hydroxy esters) that have been successfully used to create nanofibers, however only poly(L-lactic acid) (PLLA) and poly(ε-caprolactone (PCL) have slow degradation rates making them suitable for cell culture applications. 

Compression testing was done to find the compression strength of calcium phosphate cement scaffolds with and without resorbable fibers. Future studies will include the electrospun fiber with the calcium phosphate cement paste to compare the strength of these scaffolds with those reinforced by suture fibers. The current study focuses on optimizing the parameters to get uniform and continuous fibers for a desired diameter.
II. MATERIALS AND METHODS
A. Preparation of reinforced scaffolds
Calcium phosphate cement was synthesized by mixing equimolar amounts of tetracalcium phosphate (TTCP) powder consisting of 53μm particles by sieve analysis and dicalcium phosphate anhydrous (DCPA) powder consisting of 100-400 μm particles (Himed, Hitemco Medical Applications, Inc., Old Bethpage, NY)  using a mixer (Barnstead Thermolyne Type 16700 mixer, Thermo Fisher Scientific, Inc.). For every 1g of DCPA used, 2.692g of TTCP was added to create a 1:1 molar ratio. Distilled water was added slowly to get approximately a 4:1 powder to liquid mass ratio mix or until it had a pasty consistency, as shown in Fig. 1(a). Coated VICRYL* Braided (Polyglactin 910) suture fibers (J849, Ethicon, Somerville, NJ) were cut into approximately 2 cm. strands and randomly mixed into the paste. #2 U.S.P. suture sizes were used because it was desired to have fiber diameters of 500μm, which will be size of the macropores after dissolution in the scaffold. The final formula for the scaffold is as follow-
CaHPO4 + Ca4(PO4)2O + fibers + water ( CPC paste 

A circular mold was made by press fitting three plates of polycarbonate., as shown in Fig. 1(b) A hole was made in the center plate using a hole saw, giving an anvil height of 6mm. and a diameter of 26mm. The mold was placed into a water tight container and stored in a water bath (Microprocessor Controlled 280 Series Water Bath, THERMO Precision, Swedesboro, NJ) at 37˚C to mimic in situ temperature.  After several days, the paste set and turned into hydroxyapatite crystals as shown in Fig. 2, exhibiting greater strength properties. 
B. Mechanical testing of scaffolds
The mechanical property that was tested for in the calcium phosphate cement scaffold was the compression modulus, as we are concerned with how bone scaffolds withstand loads after implant.   A standard compression test was done for a non-reinforced scaffold and fiber-reinforced scaffold. The specimens were placed between two compression platens with crosshead speeds of 3mm min.-1 in a tension/compression test machine (Model 4206-006 Universal Testing Machine, Instron, Norwood, MA, ).
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Figure 2: CPC paste hardened into hydroxyapatite (HA) crystals
C. Construction of electrospinning apparatus 
An electrospinning apparatus was frabricated in order to make ultrafine fibers, as shown in Fig. 2. The three main components consisted of a high-voltage power supply (Model ES30P-30W, Gamma High Voltage Research, Ormond. Beach, Fla.), a glass syringe (Model PR-P51-17, Fisher Scientific Company LLC, Houston, TX) and syringe pump (Model BS-8000-8, Braintree Scientific, Inc., Braintree, MA), and a metal collecting screen. An enclosure was built out of high-density polyethylene sheets with a sliding polycarbonate door. The collector plate was an aluminum plate that was attached to a polycarbonate stand. The enclosure was built to enhance safety as well as to minimize the effects of environmental factors, such as humidity, which can affect fiber formation. The setup was also placed under a chemical fume hood to remove vapor from the volatile chemical solvent. 
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Figure 3: Set up of electrospinning apparatus
The polymer solution was prepared by dissolving Polycaprolactone polymer pellets (PCL with average molecular weight of 80,000, Sigma-adrich, St. Louis, MO) in 2,2,2-triflouroethanol solvent (TFE, bp: 73.6°C, Acros Organics, Geel, Belgium)  for 12 hours with a magnetic stirrer to obtain 12%, 15%, and 18% (w/v) PCL solutions. The solution was transferred to the glass syringe; an 18 gauge needle was filed down to make a blunt capillary needle and mounted onto the syringe, which was placed into a syringe pump. The capillary needle was connected to the positive electrode of the power supply and the aluminum plate was grounded. The supply was also grounded to an external sink.
D. Fiber fabrication and optimization
The air-gap distance was first set in order to control the electric field in between the plate and needle. This was varied by moving the collector plate 10, 15, and 20 cm away from the needle. The pump was turned on and once a bead of solution formed, the power supply was turned on. The pump was programmed at extrusion rates of 1.5 ml/hr, 5 ml/hr, and 9 ml/hr while voltage was held at 20kV. A Taylor cone was formed as shown in Fig. 4 and once the voltage was high enough causing the surface charge to overcome the surface tension of the polymer droplet, the polymer jet accelerated towards the collector plate due to electrostatic repulsion. The voltage was varied from 10kV, 15kV, to 20kV while holding the flow rate at 1.5 ml/hr. As the solvent evaporates during the travel, the surface charge in the jet increases, inducing instability and causing the jet to divide geometrically forming nanofibers, which are deposited layer by layer into a nanofibrous mat. 
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Figure 4: (a) Taylor cone. (b) Polymer jet forming nanofibers
E. Morphology observation

The objective of varying these four parameters: weight percent polymer in solution, applied voltage, flow rate, and air-gap distance, is to find the optimal settings that would result in uniform, continuous fibers of the desired diameter. For analysis purposes, the fibers were spun onto glass slides to be viewed under a microscope (IX71 Inverted Microscope, Olympus America, Inc., Center Valley, PA ). An image of a micrometer on a glass slide was captured and the fibers were viewed subsequently under the same optical zoom. The images were imported into the ImageJ
.software The ‘measure’ command was used to correlate the pixel diameter of the fibers to the known micrometer scale. Several diameter samples on each slide were taken to get an average value of the fiber diameter, which were presented as means ± standard deviation (SD). 
III. RESULTS
A. Fiber-Reinforced CPC scaffold Testing 

	Solution Conc. (%w/v)
	Voltage (kV)
	Flow Rate (mL hr -1)
	Fiber Dia. (μm)

	12
	20
	1.5
	20.32±1.22

	
	
	5
	23.62±0.62

	
	
	9
	31.72±1.59

	15
	10
	1.5
	34.73±2.63

	
	15
	
	24.57±3.36

	
	20
	
	16.82±1.41

	12
	20
	1.5
	20.32±1.22

	15
	
	
	24.57±3.36

	18
	
	
	25.44±6.99


The compression testing on the calcium phosphate cement scaffold with and without suture fibers shows that the fiber reinforced specimen has a slightly higher compressive strength of 1,550 MPa compared to 1,509 MPa, which is much stronger than that of human cortical bone, which has a compressive strength of 130-180MPa.
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Figure 5: Graph of Uniaxial Compression Testing
B. Electrospinning fiber formation 

As mentioned above, four intrinsic parameters were varied to determine how they affected fiber formation. As shown in Table 2, holding the voltage and flow rate constant, and increasing the solution concentration from 12 to 18% increased the average fiber diameter from 20.32±1.22 to 25.44±6.99 μm. Increasing the voltage from 10 to 20kV decreased the diameter from 34.73±2.63 to 16.82±1.41 μm. Increasing the flow rate from 1.5 mL/hr to 9 mL/hr increased the diameter 20.32±1.22 to 31.72±1.59 μm. At all these settings, the fibers were successfully continuous and uniform.
Table 2: Effects of Parameters on Fiber Diameters

The air-gap distance was also changed from 10cm, 15cm, and 20cm. However, splotches of polymer solution instead of fibers were formed on the slide as shown in Fig. 6. The decreased air-gap distance in conjunction with the increased viscosity of the solution was the cause of this. The microscopic images for the rest of the samples as given in Table 1 are shown in Fig. 7.
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Figure 6: Air Gap Distance of 10cm for 18%(w/v) PCL solution
IV. DISCUSSION
A. Fiber-Reinforced CPC scaffold 

The compressive modulus of elasticity was not that much greater for the reinforced fiber scaffold, with only a 2.7% increase in strength. This is predictable as we do not expect the fibers to reinforce the scaffold during compression, but in tension. We also expect the flexural strength to increase which is helpful for large bone tissue scaffolds. Brittleness is a problem with ceramics, therefore a 3-point flexure test will give the modulus of rupture (MOR) and help determine whether the addition of fiber improves flexural strength. These tests will be implemented in future studies.

B. Electrospun Fiber 

Uniform fibers are produced only under optical conditions. The solution concentration is one of the key factors in controlling fiber diameter and morphology. [15] As expected, the increase of solution concentration increased the diameter of the fibers since it was harder to pull the strands apart as the solution was more viscous at a given voltage. The fiber diameter increased logarithmically with the increase in concentration as shown in Fig. 8(c) and this result is confirmed by literature. It is also expected that with increasing electric potential, the fiber diameter decreases because the polymer jet is being discharged at a greater electrostatic repulsion, and therefore will be drawn more. In fact, the fiber diameter decreased exponentially as again confirmed by literature results.  Increasing the flow rate increased the fiber diameter linearly, as also expected. At higher flow rates and higher electric potential, the distribution of the fibers were much quicker and the whipping process seemed a lot more random as may be confirmed in the more seemingly arbitrary orientations of the fibers shown in the images below. As mentioned above, the decreased air-gap distance and increased viscous solution resulted in blotches. The reason for this could be that the viscous solution would resist the whipping process that allows the fiber to be drawn into thin strands. Also, the decreased distance to the collector plate minimizes the travel time. The solvent may not have enough time to dissolve and thus, the jet did not fully turn into fiber when it hit the plate. Based on these results, the optimal setting for getting uniform fibers was a solution concentration of 15%, a flow rate of 5mL hr -1, an air-gap distance of 20 cm, and an applied voltage of either 15 or 20kV. These parameters will also depend on the desired fiber diameter for the studies’ purpose. 
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Figure 7: (a) 15% (w/v) PCL polymer solution with increasing voltage 10kV, 15kV, and 20kV exponentially decreases fiber diameter as shown below (b) 12%(w/v) PCL polymer solution with increasing flow rate of 1.5mL/hr., 5mL/hr., and 9mL/hr. linearly increases the fiber diameter
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Figure 8: (a) 15% (w/v) PCL polymer solution with increasing voltage 10kV, 15kV, and 20kV exponentially decreases fiber diameter as shown below (b) 12%(w/v) PCL polymer solution with increasing flow rate of 1.5mL/hr., 5mL/hr., and 9mL/hr. linearly increases the fiber diameter (c) At 1.5mL/hr flow rate and 15kV applied voltage, increasing the concentration logarithmically increased the average diameter
I. CONCLUSION

In this study, absorbable Polyglactin suture fibers were mixed in with calcium phosphate cement paste to make a reinforced scaffold. Compression tests proved that the scaffolds after setting in an in situ environment had compressive strength tenfold greater than human cortical bone. The addition of absorbable fibers increased the strength by about 2.7% compared to the control, but it also serve to strengthen the scaffold, decrease its brittleness, as well as create channels after dissolution in situ to encourage vascular ingrowth. We can conclude that the reinforced CPC scaffold is a potential candidate for bone substitution, although more additional tests need to be done. It was also shown that instrinsic parameters can be varied to give different fiber diameters. The addition of electrospun fibers would further reduce the brittleness and may even increase the flexural strength as more surface of the fiber is exposed to interact with the matrix materials of the CPC scaffold. 
II. FUTURE WORK 

The next step will incorporate the electrospun fiber with the calcium phosphate cement scaffold and compare the mechanical strength with that of absorbable suture fibers. As mentioned before, additional tests such as flexural and tensile tests will help further characterize the scaffold’s strengths. The next step for the electrospinning apparatus will be to spin the fibers onto a rotating mandrel to align the fibers in one direction. 
After finding the optimal fiber-CPC composite, the long-term goal would be to match the dissolution rate of the fibers with the typical time for vascularization by changing the diameter and type of fibers used. [image: image11.png]


To assist with vascular ingrowth, especially in the middle of the scaffold where it will be more difficult for cells and blood vessels to penetrate, human adipose derived mesenchymal stem cells and vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) will be seeded throughout the scaffold. 
In prior studies, the setting of CPC has been known to be detrimental to injected cells, and growth factors may quickly dissipate due to their short half- life and easy diffusion. Encapsulating the cells and growth factors in beads that will quickly degrade will protect them from washout. [4] Hyaluronic acid is a biodegradable polysaccharide that plays a pivotal role in wound healing and promoting cell differentiation. Clinically available HA hydrogels can be crosslinked with adipic acid dihydrazide (ADH), which has been shown to have a fast degradation rate (100% degradation withing 48 hours). [15] The release rate of the cells and growth factors that will be mixed into the hydrogel should also match the degradation rate of the fibers. No studies to our knowledge have seeded cells and growth factors in hydrogel beads into a CPC scaffold dispersed with fibers. 
By incorporating cells and growth factors in our current bone substitute and doing further research and analysis may result in a potential bone substitute for the future. 
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Figure � SEQ Figure \* ARABIC �1�: (a) Calcium phosphate cement paste with 2 cm. length absorbable Polyglactin (Vicryl) suture fibers (b) Calcium phosphate cement paste in Polycarbonate cylindrical mold (c) Mold was placed in water bath at 37 degrees for several days
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