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ABSTRACT 

An artificial bone composite structure is provided. This struc 
ture includes a fibrous matrix that itself includes a plurality of 
fibers. Also, the structure includes a plurality of hydroxyapa 
tite (HA) particles. These particles are dispersed within the 
fibrous matrix. Also, the HA particles have controlled size 
and aspect ratios and are aligned along long axes of the fibers. 
In some instances, the fibers include poly-(L-lactic acid) 
(PLLA). 
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ELECTROSPUNAPATTEAPOLYMER 
NANO-COMPOSITE SCAFFOLDS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a divisional of U.S. patent appli 
cation entitled “Electrospan Apatite/Polymer Nano-Compos 
ite Scaffolds.” filed Mar. 26, 2008, having Ser. No. 12/055, 
865, and claims priority to provisional U.S. patent application 
entitled, “Electrospun Apatite/Polymer Nano-Composite 
Scaffolds.” filed Mar. 26, 2007, having Ser. No. 60/907,207, 
the disclosures of which are hereby incorporated by reference 
in their entirety. 

FIELD OF THE INVENTION 

0002 The present invention relates generally to composite 
materials. The present invention also relates generally to 
methods of making composite materials. 

BACKGROUND OF THE INVENTION 

0003. One prominent area of current scientific research in 
the medical field is focused upon artificially replicating 
human bones and other types of tissues. One of the goals of 
such research is to provide surgeons with artificially fabri 
cated materials that may then be incorporated into a human 
patient during Surgery. 
0004 Currently, some surgeons remove bone or tissues 
from one portion of a patient’s body and reattach the bone or 
tissues in another portion of the patient’s body. For example, 
during spinal Surgery, bone from the hip is sometimes 
removed and incorporated into the spine. Some other Sur 
geons are forced to incorporate metal components (e.g., metal 
rods and/or plates) in portions of a patient's body where 
natural bone has been shattered or has deteriorated. 
0005 Structurally, natural bone is a composite material 
that includes hydroxyapatite (HA) and fibrous collagen. In 
natural bone, the HA crystals are embedded within the col 
lagen fiber matrix and are aligned along the long axis offibers. 
0006 Currently, no method exists for artificially replicat 
ing the exact structure of natural bone. Even the most 
advanced methods for artificially replicate natural bone struc 
ture have at least been unsuccessful in aligning HA crystals in 
a manner analogous to the alignment in natural bone. As such, 
artificially generated bone does not have the same mechani 
cal/biological/chemical properties as naturally occurring 
bone. 

SUMMARY OF THE INVENTION 

0007 According to certain embodiments of the present 
invention, an apatite/fibrous polymer nano-composite scaf 
fold has been fabricated using electroSpinning Electrospin 
ning is a convenient and versatile fabrication technique which 
produces fibers with diameters from approximately 50 nm to 
several micrometers. According to certain embodiments of 
the present invention, the structure generated by electrospin 
ning is highly porous with interconnected pores. This fibrous 
structure typically resembles the architecture of an extracel 
lular matrix (ECM). These fibrous structures may be used as 
artificial bone composite. Furthermore, these fibrous struc 
tures may be used with other tissues based on biocompatibil 
ity, mechanical properties, and cell attachment and growth of 
the fibrous structures and the tissues. 
0008 According to certain other embodiments of the 
present invention, HA particles with sizes ranging from 
approximately 10 nm to approximately 10 um and having an 
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average aspect ratio up to approximately 50 are synthesized. 
The HA particles are well dispersed in the spinning dope and 
co-electrospun with polymer nanofibers. The HA/PLLA 
nano-composite fibrous scaffold can be fabricated with HA 
particles homogenously distributed within the PLLA nanofi 
bers. 

0009. According to still other embodiments of the present 
invention, up to approximately 20 wt % of HA nanoparticles 
is incorporated into the PLLA nanofibers. These nanopar 
ticles are well aligned along the long axes of the polymer 
fibers. Such obtained microstructure closely mimics the 
micro-arrangement of the inorganic/organic components in 
the ECM of natural bone. Such fabricated scaffolds have 
desirable mechanical properties and good cell signaling prop 
erties. At least in view of the above, such scaffolds are suitable 
for loading cells and biological active agents. It should also be 
noted that incorporation of more than 20 wt % HA nanopar 
ticles is also within the scope of certain embodiments of the 
present invention. 
0010. It is desirable to fabricate bone graft materials mim 
icking the structural, mechanical, and biological behavior of 
natural bone. This need is met, to a great extent, by certain 
embodiments of the present invention, particularly those 
wherein a structure is provided that includes a scaffold and 
highly crystallized, well-dispersed HA nanoparticles. In this 
structure, the HA nanoparticles have controllable aspect 
ratios within the range of approximately 5 and approximately 
50. 

(0011. According to other embodiments of the present 
invention, a structure is provided that includes a fibrous 
matrix that itself includes a plurality of fibers. The structure 
also includes a plurality of hydroxyapatite (HA) particles 
dispersed within the fibrous matrix, wherein the HA particles 
are substantially aligned along long axes of the plurality of 
fibers. 
0012. According to yet other embodiments of the present 
invention, a method of forming a structure is provided. The 
method includes adding hydroxyapatite (HA) particles to a 
poly-(L-lactic acid) (PLLA) solution to form a mixture and 
forming an HA/PLLA fiber by electrospinning the mixture. 
0013. According to still other embodiments of the present 
invention, a structure is provided that includes a fibrous 
matrix including a plurality of fibers. The structure also 
includes a plurality of hydroxyapatite (HA) particles dis 
persed within the fibrous matrix, wherein the HA particles are 
Substantially aligned along long axes of the plurality offibers, 
wherein the structure is manufactured by adding the HA 
particles to a poly-(L-lactic acid) (PLLA) solution to form a 
mixture and by forming HA/PLLA fibers by electrospinning 
the mixture to form the fibrous matrix. 

0014. There has thus been outlined, rather broadly, certain 
embodiments of the invention in order that the detailed 
description thereof may be better understood, and in order 
that the present contribution to the art may be better appreci 
ated. There are, of course, additional embodiments of the 
invention that will be described below and which will form 
the subject matter of the claims appended hereto. 
0015. In this respect, before explaining at least one 
embodiment of the invention in detail, it is to be understood 
that the invention is not limited in its application to the details 
of construction and to the arrangements of the components set 
forth in the following description or illustrated in the draw 
ings. The invention is capable of embodiments in addition to 
those described and of being practiced and carried out in 
various ways. Also, it is to be understood that the phraseology 
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and terminology employed herein, as well as the abstract, are 
for the purpose of description and should not be regarded as 
limiting. 
0016. As such, those skilled in the art will appreciate that 
the conception upon which this disclosure is based may 
readily be utilized as a basis for the designing of other struc 
tures, methods and systems for carrying out the several pur 
poses of the present invention. It is important, therefore, that 
the claims be regarded as including Such equivalent construc 
tions insofar as they do not depart from the spirit and scope of 
the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0017 FIGS. 1(a)-(c) illustrate morphologies of electro 
spun PLLA and HA/PLLA composite nanofibers. More spe 
cifically, FIG. 1(a) illustrates a field emission Scanning elec 
tron microscope (FESEM) image of electrospun PLLA 
nanofibers, FIG. 1(b) illustrates an FESEM image of 
HA/PLLA (20:80 w/w) composite nanofibers, and FIG.1(c) 
illustrates a transmission electron microscope (TEM) image 
of HA/PLLA/HA (20:80 w/w) composite nanofibers. 
0018 FIGS. 2(a)-(f) illustrate the effect of varying various 
electrospinning parameters. FIG. 2(a) illustrates the effect of 
varying PLLA concentration in the electrospinning dope. 
FIG. 2(b) illustrates the effect of varying the amount of HA 
incorporation (wt %) in the composite fibers. FIG. 2(c) illus 
trates the effect of varying power voltage. FIG.2(d) illustrates 
the effect of varying the injection rate. FIG. 2(e) illustrates the 
effect of varying the spinneret inner diameter. FIG. 2(f) illus 
trates the effect of varying the distance between the spinneret 
tip and the collector on the diameter of the electrospun nanofi 
bers. 
0019 FIGS. 3(a)-(c) illustrate functionalized PLLA 
fibers. FIG. 3(a) is a TEM image of polyethylene glycol 
(PEG)-core-PLLA-shell nanofibers. FIG.3(b) is an FESEM 
image of highly aligned PLLA nano fibers. FIG. 3(c) is an 
FESEM image of highly porous PLLA nano fibers. 
0020 FIGS. 4(a)-(c) illustrate the mechanical properties 
of electrospun PLLA and HA/PLLA scaffolds. FIG. 4(a) 
illustrates typical stress v. strain curves for HA/PLLA elec 
trospun scafolds with an averaged fiber diameters equal to 
110-15 nm. FIG. 4(b) illustrates Young's moduli (E. hatched 
bars) and tensile stresses (solid bars) of HA/PLLA electro 
spun scaffolds with averaged fiber diameters equal to 110-15 
nm. FIG. 4(c) illustrates Young's moduli (E) and tensile 
stresses of different component HA/PLLA electrospun scaf 
folds with averaged fiber diameters equal to 170+25 nm. 
0021 FIGS. 5(a) and (b) illustrate the mechanical proper 

ties of electrospun fibrous scaffolds with different composi 
tions and fibrous assemblies. FIG. 5(a) illustrates the stress 
vs. strain curves for electrospun fibrous scaffolds with differ 
ent compositions and fibrous assemblies. FIG. 5(b) illustrates 
the tensile test results for electrospun fibrous scaffolds with 
different compositions and fibrous assemblies. 
0022 FIGS. 6(a)-(e) illustrate PLLA nanofibers obtained 
from electrospinning according to certain embodiments of 
the present invention. FIG. 6(a) illustrates the average diam 
eters and standard variations for fibers electrospun from dif 
ferent PLLA concentrations. The concentration used in FIG. 
6(b) was PLLA=4.0 wt %. The concentration used in FIG. 
6(c) was PLLA=6.0 wt %. The concentration used in FIG. 
6(d) was PLLA=8.0 wt %. The concentration used in FIG. 
6(e) was PLLA=10.0 wt %. FIG. 6(b)-(e) were all taken at a 
magnification of x20,000. 
0023 FIGS. 7(a)-(d) illustrate electrospun HA/PLLA 
composites. The HA particles in the composite were synthe 
sized via a metathesis reaction at 100° C. in FIG. 6(a), via a 
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metathesis reaction at 70° C. in FIG. 7(b), via a metathesis 
reaction at 95°C. in FIG. 7(c), and via aurea decomposition 
at 95°C. in FIG. 7(d). One of skill in theart will recognize that 
HA particles with different sizes and aspect ratios are evenly 
distributed within the illustrated polymer nanofibers. Also, 
the composites illustrated in FIGS. 7(a)-(d) demonstrate a 
good orientation along the long axis of the PLA nanofibers. 
The HA content in these composites are 20 wt %. 
0024 FIGS. 8(a)-(b) illustrate thin layers of a biomimetic 
apatite coating on the surface of PLLA and HA/PLLA scaf 
folds, respectively. 
0025 FIG. 9 illustrates in vitro release of FITC-BSA from 
electrospun HA/PLLA fibrous scaffold with needle-shape 
HA particles either at nano-(NHA) or microsize (MHA) and 
with either random or aligned fibrous assembly. 
(0026 FIG. 10 illustrates relative cell viability on different 
scaffolds after being cultured for 3, 7, and 10 days. (Sample 
A) PLLA scaffold with random assembly, (Sample B) 
micrometer-size HA/PLLA scaffold with random assembly, 
(Sample C) nanometer-size HA/PLLA scaffold with random 
assembly, (Sample D) biomimetic apatite-coated nanometer 
size HA/PLLA scaffold with random assembly, (Sample E) 
micrometer-size HA/PLLA scaffold with aligned assembly, 
and (Sample F) nanometer-size HA/PLLA scaffold with 
aligned assembly. 
0027 FIG. 11 illustrates relative alkaline phosphatase 
(ALP) activities on different scaffolds after being cultured for 
7 and 10 days. (Sample A) PLLA scaffold with random 
assembly, (Sample B) micrometer-size HA/PLLA scaffold 
with random assembly, (Sample C) nanometer-size 
HA/PLLA scaffold with random assembly, (Sample D) bio 
mimetic apatite-coated nanometer-size HA/PLLA scaffold 
with random assembly, (Sample E) micrometer-size 
HA/PLLA scaffold with aligned assembly, and (Sample F) 
nanometer-size HA/PLLA scaffold with aligned assembly. 

DETAILED DESCRIPTION 

0028. The invention will now be described with reference 
to the drawing figures, in which like reference numerals refer 
to like parts throughout. According to certain embodiments of 
the present invention, HA/PLLA composite scaffolds are 
electrospun. However, it should be noted that other composite 
systems using materials other than HA and PLLA are also 
within the scope of certain embodiments of the present inven 
tion. For example, collagen, hyaluronans, fibrin, chitosan, 
alginate, other animal- or plant-derived polymers, PLA, PCL, 
PGA, other synthetic and natural polymers, polyesters, poly 
ethers, polycarbonates, polyamines, polyamides, and their 
co-polymers and combinations may be used. Also, for 
example, carbonated HA, and other calcium phosphates (e.g., 
ion-substituted apatites, such as carbonate hydroxyapatite, 
fluorinated hydroxyapatite, chlorinated hydroxyapatite, sili 
con-containing hydroxyapatite, magnesium-containing 
hydroxyapatite and other ion substituted HA, tricalcium 
phosphate, tetracalcium phosphate, monetite, dicalcium 
phosphate, dicalcium phosphate dihydrate, octacalcium 
phosphate, or calcium sulfate) may also be used. The effect of 
the processing parameters on fiber diameter has been care 
fully studied and the polymer molecular weight and dope 
concentration greatly affected fiber diameters ranging from 
50 nm to 500 nm. 

0029. In order to fabricate the above-discussed scaffolds, 
HA particles were added to a PLLA solution to fabricate an 
HA/PLLA composite. Also, the amount of HA in the PLLA 
solution was adjusted by varying the HA to PLLA feeding 
ratio in the spin-dope. 



US 2011/O 140295 A1 

0030. According to certain embodiments of the present 
invention, up to approximately 20 wt % of HA is incorporated 
into PLLA nanofibers. These HA particles are typically well 
aligned along the long axis of the polymer fibers. The size of 
the HA particles have an average width of at least 10 nm and 
an average length ranged from approximately 10 nm to 
approximately 10 um, with an average aspect ratio up to 
approximately 50. The particles, according to certain 
embodiments of the present invention, were homogenously 
distributed within the PLLA nanofibers after electrospinning 
The resultant microstructure closely mimicked the arrange 
ment of the inorganic/organic components in ECM of natural 
bone. Compared to the fibrous scaffold fabricated with pure 
PLLA, the HA/PLLA scaffold has improved mechanical 
properties and biocompatibility. 
0031. As illustrated in FIGS. 1(a)-(c), HA particles with 
lengths between 100 and 200 nm and aspect ratios between 7 
and 10 were evenly distributed within HA/PLLA fiber bodies. 
These particles also demonstrated a good orientation along 
the long axes of the PLLA nanofibers. 
0032. The effects of altering the electrospinning process 
ing parameters on the diameter of HA/PLLA composite fibers 
were studied in FIG. 2. As illustrated, varying the polymer 
concentration of the electrospinning dope and varying the 
HA/PLLA weight ratio have the most obvious influences on 
the diameter. As illustrated in FIG. 2(a), the diameter of 
composite nanofibers increase with the PLLA concentration 
in the spinning dope, which indicates that a high PLLA con 
centration dope has higher Surface tension and was more 
difficult to be spun into finer fibers during the fiber spinning 
process. FIG. 2(b) illustrates that composite fiber diameter 
decreases with increasing HA weight ratio. This is likely 
explained by the fact that higher amounts of HA in a com 
posite decreases the Viscosity of the electrospinning dope and 
the surface tension thereofas well. 

0033. As illustrated in FIG. 3, several modified electro 
spinning techniques for fabricating functionalized nanofi 
brous scaffolds have been implemented according to various 
embodiments of the present invention. First, a PEG/PLLA 
core-shell structure has been co-electrospun into a fibrous 
composite scaffold using co-axial dual spinnerets, as shown 
in FIG. 3(a). Second, highly aligned nanofibers were fabri 
cated using a rotating drum as the collector, as illustrated in 
FIG. 3(b). Scaffolds prepared in this manner have good ori 
entation and improved mechanical strength along the long 
axes of the fibers. Third, nanofibers with a porous surface 
have been electrospun using a mixture of CHCl (DCM) and 
DMF (DCM/DMF=6/1 (v/v)) as a solvent, as illustrated in 
FIG. 3(c). 
0034. As illustrated in FIG.3, the porosity and pore size of 
fibers according to certain embodiments of the present inven 
tion can be adjusted by altering the solvent used and dope 
concentration. The porous surface of the fibers can be used, 
for example, for controlled delivery of growth factors. More 
over, the porous Surface will also enhance the bonding 
strength between the polymer fiber and a biomimetic apatite 
coating, such as the one illustrated in FIG. 8(b). The porous 
Surface may also act as a nucleation site for apatite further 
growth. 
0035 FIG. 4 compares mechanical properties of various 
electrospun composite fibers with different HA incorporation 
ratios. One of skill in the art will recognize, upon analyzing 
FIGS. 4(a)-(c), that both the Young's moduli and tensile 
stresses of the electrospun mats increased continuously as the 
HA incorporation ratio increased. This can be explained by 
the fact that HA, when well dispersed and aligned along fiber 
long axes, plays a Substantial role in reinforcing the compos 
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ite fibrous mat. Comparisons between the data included in 
FIG. 4(b) and FIG. 4(c) also demonstrates that fibrous mats 
with thicker composite nanofibers present more desirable 
mechanical properties. 
0036 FIG. 5(a)-(b) illustrates the mechanical properties 
of electrospun PLLA-based scaffolds using tensile test. One 
of skill in the art will recognize that both the alignment of the 
scaffold assembly and the incorporation of nano-size, needle 
shape HA particles into the nano-fibers significantly 
improved the elastic modulus of the composite scaffold. The 
scaffold with HA particles are much stiffer than those without 
HA particles, and the elastic modulus of the former is more 
than two times as high as that of the later. It is also shown that, 
the HA nanoparticles inhibit un-folding and orientation of 
PLLA molecular chains within spun fibers during tensile 
testing, i.e. cold drawing of the scaffold, and decrease the 
toughness of the composite scaffolds by decreasing their 
elongation at break. 
0037 According to certain embodiments of the presenta 
tion, the elastic modulus of the scaffolds with aligned assem 
bly is four to five times higher than those with random fibrous 
assembly. Moreover, the pure PLLA scaffold with aligned 
assembly has much higher toughness but lower elongation at 
break than those with a random assembly. In the case of 
HA/PLLA scaffolds, such difference is not as significant as 
that of the pure PLLA scaffolds. 
0038 According to certain embodiments of the present 
invention, a homogenous apatite coating layer can also be 
formed on the surface of both PLLA and HA/PLLA scaffolds, 
as shown in FIGS. 8(a)-(b). The thickness of the coating is a 
few micrometers, which was obtained after approximately 4 
hr of immersion in a modified simulated body fluid (m-SBF). 
The thickness of the coating can be adjusted by varying the Ca 
and Pion concentrations in SBF, sample immersion time, and 
pH of the solution. 
0039. According to certain embodiments of the present 
invention, maintaining the immersion time short is important 
in order to maintain the integrity of the polymer fibers. 
According to some of these embodiments, some polymer 
fibers absorb water, which leads to the reduction of their 
mechanical properties. Nevertheless, the thickness of the 
coating can be adjusted by varying the coating conditions 
Such as, the m-SBF pH, immersion time, and calcium and 
phosphorous concentrations. 
0040. According to certain embodiments of the present 
invention, fluorescein isothiocyanate labeled bovine serum 
albumin (FITC-BSA) was incorporated into the biomimetic 
apatite coating formed on the Surfaces of the scaffold, to study 
the drug release behaviors of the electrospun scaffolds. The 
drug release profiles of the electrospun HA/PLLA fibrous 
Scaffolds are shown in FIG.9. The release of FITC-BSA from 
the biomimetic coating on the scaffold was studied for a time 
period of 8 weeks. Sustained release profiles have been 
observed for all scaffolds. The scaffolds with nano-size HA 
particles (NHA) showed faster release profiles than those 
incorporated with micro-size HA particles (MHA). Also, a 
slightly faster release has been observed for the scaffolds with 
an aligned assembly than those with a random assembly. 
According to certain embodiments of the present invention, 
the biomimetic coating formed on the electrospun scaffold 
can be an effective carrier for sustained release of proteins 
and/or drugs. 
0041 According to certain embodiments of the present 
invention, PLLA-based electrospun scaffolds with different 
HA particles were used for in vitro cell culture study. Rat 
osteosarcoma cell line ROS 17/2.8 was used. FIG. 10 illus 
trates relative cell viability on different scaffolds. According 
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to certain embodiments of the present invention, with the 
increase of the cell culture time, more cells were attached to 
the surface of the scaffold. Especially, more cells were found 
on the scaffolds incorporated with either nano- or micro-size 
HA particles than those on pure PLLA scaffold after 7 days of 
culture. After 10 days, such difference became much more 
significant. 
0042. According to certain embodiments of the present 
invention, the cell alkaline phosphatase (ALP) activities, an 
early marker of bone formation, on different scaffolds are 
shown in FIG. 11. According to certain embodiments of the 
present invention, after 10 days of culture, almost all the HA 
incorporated scaffolds showed significantly higher ALP 
activities than the control, pure PLLA scaffold. These results 
collectively suggested that hydroxyapatite has improved the 
biocompatibility and cell signaling properties of the scaffold, 
which could make the scaffold a better material for bone 
fracture repair. 
0043. According to certain embodiments of the present 
invention, a thicker apatite coating was obtained for the 
HA/PLLA scaffolds than the pure PLLA scaffolds with the 
same SBF soaking time. This may be explained by the fact 
that some of the HA particles loaded in the PLLA fibers 
position themselves on the surfaces of the fibers and act as 
nucleation sites for the apatite coating growth. Also, accord 
ing to certain embodiments of the present invention, the coat 
ing grew more effectively on the top surface than the interior 
for both pure PLLA and HA/PLLA scaffold. 
0044 HA/PLLA composite fibrous scaffolds that include 
micro-scale pores throughout the body of the scaffold owing 
to electrospinning are also within the scope of the present 
invention. Such scaffolds, according to certain embodiments 
of the present invention, include nanometer-size pores on the 
surface of fibers in the scaffold owing to an evaporation 
process of highly volatile solvent. In Such embodiments, nan 
oporous Surfaces on composite fibers in the scaffold not only 
contribute to better bonding between a fiber substrate and an 
HA coating applied through a biomimetic coating method, 
but also induce fast degradation of the composite fibers. 
0045. According to certain embodiments of the present 
invention, in order to promote a more homogenous apatite 
coating throughout the scaffold, a pumping device is used to 
assist m-SBF penetrating into the scaffold or to create rela 
tively large pores in the scaffold. Pores in the range of hun 
dreds of micrometers, according to certain embodiments of 
the present invention, are desirable for both the invasion of 
blood vessels to provide the necessary nutrient supply to the 
transplanted cells and the bone formation. 
0046. Other embodiments of the present invention include 
HA/PLLA composite fibrous scaffolds that include at least 
one composite fiber Surface and an HA coating on the com 
posite fiber Surface. According to some of these embodi 
ments, the coating is formed by using a biomimetic coating 
method. Also, the obtained HA coating layer on the fiber 
Surface will typically not only increase the HA component 
within the scaffold and contribute to improved mechanical 
properties of the scaffold, but will also increase the exposure 
of HA to the Surrounding tissue during in vivo application. 
Such exposure can improve the biocompatibility as well as 
the osteoconductivity of the composite scaffold. 
0047. Also according to certain embodiments of the 
present invention, a HA/PLLA composite fibrous scaffold is 
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provided that includes poly-lactic-co-glycolic acid (PLGA) 
microspheres incorporated among fibers. According to some 
of these embodiments, the size of the microspheres is con 
trolled to be above 100 micrometers. This typically not only 
increases the mechanical properties of the fibrous scaffold but 
may also be used as a carrier for releasing one or more 
different drugs. 
0048. Using scaffolds such as the ones discussed above, a 
method of multi-drug delivery may be implemented. For 
example, two or more different drugs may be preloaded into 
different components of an electrospinning composite dope 
and PLGA microspheres to form a composite fibrous scaf 
fold. Then, the drugs may be subsequently controllably 
released. 
0049. The many features and advantages of the invention 
are apparent from the detailed specification, and thus, it is 
intended by the appended claims to cover all such features 
and advantages of the invention which fall within the true 
spirit and scope of the invention. Further, since numerous 
modifications and variations will readily occur to those 
skilled in the art, it is not desired to limit the invention to the 
exact construction and operation illustrated and described, 
and accordingly, all suitable modifications and equivalents 
may be resorted to, falling within the scope of the invention. 
What is claimed is: 
1. A method of forming a bone composite structure, the 

method comprising: 
adding hydroxyapatite (HA) particles to a poly-(L-lactic 

acid) (PLLA) solution to form a mixture; and 
forming an HA/PLLA fiber by electrospinning the mix 

ture. 

2. The method of claim 1, wherein the forming step com 
prises the fiber to have a diameter of between approximately 
50 nm and several micrometers. 

3. The method of claim 1, further comprising: 
forming the HA particles to be sized between approxi 

mately 10 nm and approximately 10 micrometers. 
4. The method of claim 1, further comprising: 
forming the HA particles to have aspect ratios of between 

approximately 5 and approximately 50. 
5. The method of claim 1, wherein the forming step com 

prises: 
utilizing Substantially co-axial dual spinnerets during the 

electrospinning of the mixture. 
6. The method of claim 1, wherein the forming step com 

prises: utilizing a rotating drum as a collector during the 
electrospinning of the mixture. 

7. The method of claim 1, further comprising: 
immersing the fiber in a modified simulated body fluid 

(m-SBF) solution. 
8. The method of claim 7, further comprising: 
pumping the m-SBF through a pumping device during the 

immersing step. 
9. The method of claim 7, further comprising: 
creat large pores by electrospinning to enhance mass trans 

fer in the structure. 
10. The method of claim 1, further comprising: 
incorporating poly-lactic-co-glycolic acid (PLGA) micro 

spheres among the plurality of fibers. 
c c c c c 


