
US 20070255422Al 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2007/0255422 A1 

Wei et al. (43) Pub. Date: NOV. 1, 2007 

(54) CALCIUM PHOSPHATE POLYMER Publication Classi?cation 
COMPOSITE AND METHOD 

(51) Int. Cl. 
(76) Inventors: Mei Wei, Coventry, CT (U S); James R. A61F 208 (2006-01) 

Olson’ Norwich’ CT (Us); (52) U.S. Cl. .................. .. 623/23.51; 623/2352; 264/238 

lggggltgomery T. Shaw, Coventry, CT (57) ABSTRACT 
A bone-repair composite includes a core and a sheath. The 

Correspondence Address: core is a ?rst primary unit including a combination of a ?rst 
BAKER & HOSTETLER LLP set of yarns coated With a calcium phosphate mineral layer. 
WASHINGTON SQUARE, SUITE 1100 The ?rst set of yarns being made from a ?rst group of one 
1050 CONNECTICUT AVE N_W_ ore more polymers. The sheath is a second primary unit a 
WASHINGTON, DC 200365304 (Us) combination of a second set of yarns or one or more polymer 

coatings. The second set of yarns being made from a second 
(21) App1_ NO; 11/790,345 group of one or more polymers, Wherein the composite is 

made by covering the core With the sheath, and the com 
(22) Filed; Apr, 25, 2007 posite is compression molded to alloW the sheath to bond to 

the core. The bone-repair composite has a bending modulus 
Related US. Application Data Comparable to that of a mammalian bone, such that the ratio 

of the core to the sheath is provided to maximize the 
(60) Provisional application No. 60/794,518, ?led on Apr. mechanical strength of the bone-repair composite to mimic 

25, 2006. the mammalian bone. 

40 

GOP deposited, wi.% 

GOP deposition on yarn 

I 
‘._ 

Nucleoiion model 

l-h socik time 

'4' 0.s-n sook time 

I l i 

I 2 3 4 5 6 7 
Number of cycles 



Patent Application Publication Nov. 1, 2007 Sheet 1 0f 15 US 2007/0255422 A1 

COMPARATIVE PERCENT RETAINED TENSILE STRENGTH 
FOR PLLA SUTURE lN pH =7.4 BUFFER SOLUTION 

37°C (MONTHS) vs 50°C (WEEKS) 
MONTHS AT 37°C 

0 3 6 9 12 15 18 21 24 
120 I I I l - I I 

100 

80 

60 

40 

20 

PERCENT RETAINED TENSILE STRENGTH 

0 3 6 9 12 15 18 21 24 

WEEKS AT 50°C 

+ MONTHS AT 37°C 
+ WEEKS AT 50°C 

FIG. 1 



Patent Application Publication Nov. 1, 2007 Sheet 2 0f 15 US 2007/0255422 A1 

PERCENT RETAINED TENSILE STRENGTH 
FOR PLLA YARN lN pH = 7.4 BUFFER SOLUTION 

AT 59°C 

120 

:: 

E Z 100 

cn 

(n 
z 

E 
m 
E 
E 
\u 40 - 

2 

E 20 - 

D. 

0 I I | I 

o 2 4 v e a 10 

WEEKS AT 50°C 

> FIG. 2 



Patent Application Publication Nov. 1, 2007 Sheet 3 0f 15 

50 pm 4%; 

FIG.‘ 3 

30' 

CoP deposited, w1.% N O I 

l 1 

GOP deposition on yorn 

\ 

Nucleation model 

I-h sock time 

l 

O I 2 3 4 
Number of cycles 

FIG. 4 

5 

US 2007/0255422 A1 



Patent Application Publication Nov. 1, 2007 Sheet 4 0f 15 US 2007/0255422 A1 

FIG. 5 



Patent Application Publication Nov. 1, 2007 Sheet 5 0f 15 US 2007/0255422 A1 

10 2O 

Fig. 6 



Patent Application Publication Nov. 1, 2007 Sheet 6 0f 15 US 2007/0255422 A1 

FIG. 7 



Patent Application Publication Nov. 1, 2007 Sheet 7 0f 15 US 2007/0255422 A1 

A B C 

Saponi?ed yarn before Formation of calcium Formation of CaP 
CaP coating salts, ?rst cycle complexes, ?rst cycle 

FIG. 8 

120 

I‘ PLA-CaP—PCL composites 
100 - I no CaP 

I 0 u Q - u u o a u a o o a on 0‘5_h_5X 

m 80 - / ------- l-h-Sx 

w" 

§ 
6 

0.00 0.01 0.02 0.03v 0.04 0.05 0.06 0.07 

Strain 

FIG. 9 



Patent Application Publication Nov. 1, 2007 Sheet 8 0f 15 US 2007/0255422 A1 

12 
A Flexural modulus, GPa (a) 

53 10 _ —— Parallel model 
CD -- — - Series model 

g“ 
'3 8 
"U 
0 

E 6 
“CE 
:3 
g 4 
U-q 

.2 
V01 % CaP 

at: 60 . 
(b) 

2, 50 — . 
ié 
2 
,0 40 “ 

Es’ Q 
U] 

E 30 - 

T3 20 - o 
g D 

,_‘ l l I ! 
U-q 

0 5 10 15 20 

Vol % CaP 

FIG. 10 



Patent Application Publication Nov. 1, 2007 Sheet 9 0f 15 US 2007/0255422 A1 

m Before coating 
- A?er coating 

Flber El GPa 

3 mln 6 mln 10 mln 20 mln 40 mln 

Treating time! min 

FIG. 1 l 

S?ffening effect of HA coating on unaligned fibers 
1 .3 

Modulus ra’rio ‘c3 —- Eu I l 

l l l 

10 20 3O 4O 

Eiching Time, min 

F3 do 

FIG. 12 



Patent Application Publication Nov. 1, 2007 Sheet 10 0f 15 US 2007/0255422 A1 

[II] Before coating 
- A?er coau'ng 

70 - 

Flber tensile stress! MPa 

8 ti'lln 
Treating time! min 

FIG. 13 

FIG. 14 



Patent Application Publication Nov. 1, 2007 Sheet 11 0f 15 US 2007/0255422 A1 

41;; ‘ 

112 

FIG. 16 



Patent Application Publication Nov. 1, 2007 Sheet 12 0f 15 US 2007/0255422 A1 

4 0 

102b 
FIG. 17 

" EIYoung'sModulus " I 

IFlexural Strength 3525.1 2 4| 

Eng 2.5622 
5. O 

0 
‘ PCL-PLLA ‘PCL HA-PLLA 

FIG. 18 



Patent Application Publication Nov. 1, 2007 Sheet 13 0f 15 US 2007/0255422 A1 

.. 

SE! 1U.UkV X30001] lEJlJnuT WU'LUmm 

FIG. 19 

1.4 

1.2 

1.0 

0.8 - 

Stress, MPa 
0.6 - 

0.4 — 

0.2 

0'0 I T l I I T I 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 

Strain, % 

FIG. 20 



Patent Application Publication Nov. 1, 2007 Sheet 14 0f 15 US 2007/0255422 A1 

PCL 4' HA molten mlx 

FIG. 21 

5.0KV X11100 10pm VVD 7.6mm 

FIG. 22 



Patent Application Publication Nov. 1, 2007 Sheet 15 of 15 US 2007/0255422 A1 

Primary unit: PLLA, PGA, PCL, and PDO yarns 

with apatite l 1, without apatite 
Care: a combination of Sheath: a combination of 
the apatite-coated yarns yams without apatite coating 

i l 
Tertiary unit: braids with appropriate ratio of core to sheath 

l 

Compression molding 
I 

Mechanical testing 

Secondary unit: 

FIG. 23 

l02c 102d 
FIG. 24 



US 2007/0255422 A1 

CALCIUM PHOSPHATE POLYMER COMPOSITE 
AND METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to provisional US. 
patent application entitled, “CALCIUM PHOSPHATE 
POLYMER COMPOSITE,” ?led Apr. 25, 2006, having a 
Ser. No. 60/794,518, noW pending, the disclosure of Which 
is hereby incorporated by reference, in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to bioma 
terials for bone replacement. More particularly, the present 
invention relates to a mineral polymer composite. 

BACKGROUND OF THE INVENTION 

[0003] Over 10 million Americans carry at least one major 
implanted medical device in their body. Among these 
implants, bone fracture and damage cases constitute a large 
proportion, and result in more than 1.3 million bone-repair 
procedures per year in the USA. In general, bone tissue has 
the capability of postnatal self-construction. HoWever, in 
severe pathological situations such as complicated fractures, 
trauma, bone tumors, congenital defects or spinal fusion, the 
damaged bone Will not form or regenerate spontaneously. To 
repair the damaged bone, autografts, long-considered the 
gold standard in bone grafting, have problems of resource 
limitation and morbidity associated With graft harvest, While 
the allogenic bones from tissue banks have the disadvan 
tages of immune response due to genetic differences and the 
risk of inducing transmissible diseases. As a result, various 
synthetic materials have been developed for bone repair 
applications. 
[0004] Since the discovery of osteoinductivity Bone Mor 
phogenetic Proteins (BMPs), the bone repair process has 
been greatly advanced by applying these proteins for thera 
peutic use. Some of the BMPs, such as BMP-2, in particular 
have been Well studied and have gained interest as thera 
peutic agents. BMP-2 induces bone formation in vivo by 
stimulating differentiation of mesenchymal stem cells 
toWard an osteoblastic lineage, thereby increasing the num 
ber of differentiated osteoblasts capable of forming bone. 
The stimulation of BMP on osteoblast differentiation plays 
a major role in bone healing. Recently, regulatory agencies 
in the US, Europe, Canada and Australia have approved 
devices containing BMP-2 and BMP-7 as bone-graft sub 
stitutes for the treatment of long bone fractures and inter 
body fusions of the spine. Despite its strong osteoinductive 
activity, clinical use of BMP-2 has been hampered by the 
lack of suitable delivery systems. An e?icacious delivery 
system is needed to have sustained BMP release With 
appropriate dosing at the defect site. Both in vitro and in 
vivo studies have suggested that a dose response can be 
produced to affect the cell activities and the bone formation 
rate. The longer the release time of the BMP-2, the more 
fully the cells expressed sustained osteoblastic traits in vitro 
and the more bone formation in vivo. Thus, there is a 
pressing need to develop a synthetic carrier that has high 
initial structural integrity and sustained release of single or 
multiple agents knoWn to induce bone regeneration. At the 
same time, these materials should undergo sloW controlled 
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resorption, eliminating the need for subsequent surgical 
removal. Such materials could have great clinical value 
When incorporated into medical devices. 

[0005] Metallic materials have been Widely used due to 
their high mechanical strength. HoWever, the high strength 
of metallic implants normally reduces the stress in the 
surrounding materials (stress shielding), Which Weakens the 
adjacent bones. In addition, metal implants may release ions, 
Which can cause adverse tissue reactions. 

[0006] Furthermore, bone ?xation devices composed of 
metal have a number of knoWn problems such as stress 
shielding at the implant site and possible removal in a 
second surgery. Thus, absorbable implants for bone ?xation 
have been developed to provide strength for healing and 
biodegradation for eventual replacement of the device With 
bone tissue. Design of bone ?xation devices must consider 
tensile and bending strengths, their respective elastic modu 
lus, biocompatibility, ability to support neW bone groWth, 
3-dimensional structure and density, porosity and rate of 
degradation. Natural bone has a bending modulus in the 
range of about 3 to 30 MPa. An optimum bone ?xation 
device is expected to be near or in this range for desired 
clinical utility. Although this has been generally recogniZed 
as a factor it has not been successfully put into practice. 

[0007] Current devices are made from absorbable poly 
mers and/or minerals, and often in a composite form. The 
minerals are most often calcium phosphate compounds. The 
absorbable polymers are most often synthetic aliphatic poly 
esters, polyethers, polycarbonates or their combinations. A 
problem With absorbable polymers is that in non-?ber form 
their strength is loW. Absorbable ?bers have much improved 
tensile strength, but suffer from loW bending modulus. A 
problem With calcium phosphates is that despite high hard 
ness, they are brittle. Thus, the right combination of these 
components is lacking in the current absorbable bone ?xa 
tion devices. 

[0008] In contrast to metallic implants, polymer-based 
implants have a more stable bone/implant interface during 
physiological loading. In addition, some polymers are bio 
degradable in vivo, and can be gradually replaced by living 
tissue, Which is the best repair for defects. Unfortunately, 
polymers have relatively poor mechanical properties, Which 
greatly restrict their usefulness in many applications. A 
second draWback arises because nearly all polymeric mate 
rials are bioinert, so they are consequently not osteoconduc 
tive, resulting in poor surface continuity. In order to achieve 
the osteoconductivity of the polymeric material, calcium 
phosphate, a bioactive ceramic material, is added to the 
polymer matrix to produce calcium phosphate-reinforced 
polymer composites. Most of these composites still have the 
loW mechanical strength as pure polymer materials. Thus, 
there is a pressing need to identify novel calcium phosphate 
reinforced polymer composites With su?icient mechanical 
strength for load-bearing skeletal implants. 
[0009] Calcium phosphate (CaP)-reinforced polymer 
composites Were originally envisioned as biomaterials for 
bone replacement on the basis of producing appropriate 
mechanical compatibility, as Well as the required biocom 
patibility. According to published reports, up to 50 Wt % of 
CaP Was incorporated into the polymer matrix to achieve 
su?iciently high values of elastic modulus. Unfortunately, 
the composites lacked su?icient toughness for use in differ 
ent applications. 
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[0010] There are a number of factors that in?uence the 
design of a skeletal implant. Structurally, bone is a nano 
carbonated hydroxyapatite (calcium phosphate) reinforced 
?brous collagen composite. The calcium phosphate crystals, 
Which take the form of platelets, are embedded Within the 
collagen ?ber matrix and are aligned along the ?bers. These 
mineral-containing ?brils are arranged into lamellar sheets, 
Which run helically With respect to the major axis of the 
cylindrical osteons. The preferential orientation of bone 
minerals and the interfacial bonding betWeen the mineral 
and collagen ?bers play an important role in determining the 
overall mechanical performance of the bone. Thus, the 
stiffness or average elastic modulus of bone is variable, but 
lies in the range of 3 to 30 GPa. At least three basic features 
must be addressed in device design: the property match 
betWeen bone and the material of construction, the interface 
betWeen this material and the bone, and the long-term 
stability of the overall assembly in the in-vivo environment. 

[0011] Natural bone development and regeneration are 
regulated by a series of groWth factors, so it is often 
desirable to deliver more than one of multiple exogenous 
groWth factors during bone formation and repair. It has been 
found that a combination of BMP-2 and transforming 
groWth factor-[3 (TGF-B) greatly enhanced bone healing 
compared to BMP-2 or TGF-[3 delivered separately. Unfor 
tunately, most drug delivery systems are not able to system 
atically control the delivery multiple groWth factors. It 
Would be advantageous if sequential delivery can be 
designed into a carrier system. To achieve a maximum 
bene?t, it is best to mimic nature’s delivery of multiple 
groWth factors in a programmed, sequential manner. Thus, 
the type and delivery kinetics of groWth factors, and the type 
of carrier material all play a decisive role in the therapeutic 
success of any bone-repair process. 

[0012] Therefore, a novel CaP-reinforced biodegradable 
polymer continuous-yam composite is needed that features 
a biomimetic coating on the yarns to gain a high modulus. 
Furthermore, a neW calcium ?brous polymer composite With 
a Young’s modulus matched to natural bone, suf?cient 
mechanical strength to support reasonable loads during the 
healing process, excellent biocompatibility, capability of 
controlled release of drugs, good osteoconductivity and 
osteoinductivity to enhance both bone formation and 
ingroWth, appropriate degradation rate, and capability of 
being replaced by natural bone in the long-term, is needed. 
Furthermore, it is desirable to provide a calcium mineral 
coated biodegradable yarn composite. 

SUMMARY OF THE INVENTION 

[0013] The foregoing needs are met, to a great extent, by 
the present invention, Wherein one embodiment provides a 
neW bone-repair synthetic composite material, Which has 
su?icient mechanical strength during the bone healing pro 
cess, and provides a long-term localiZed release of more than 
one groWth factor. 

[0014] The novel calcium phosphate/polymer ?ber com 
posite consists of many components With different degrada 
tion rates, such as polymer ?bers, calcium phosphate, and 
loW-melting temperature polymer coatings, all of Which can 
be used as drug carrier materials. The biodegradable poly 
mer ?bers, including poly(L-lactic) acid (PLLA), polygly 
colic acid (PGA), polydioxanone (PDO) and/or catgut, are 
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coated With a thin layer of calcium phosphate. They can then 
be braided using a method according to one embodiment to 
fabricate sutures. The braids are coated With a layer of 
loW-melting temperature biodegradable polymer. In one 
embodiment, the treated braids are subjected to compression 
molding and formed into bar-shaped composites. In addi 
tion, braids are Woven or knitted to form sheet-shaped 
composites. The unique design and fabrication sequence 
make it possible to use the composite as a sophisticated drug 
delivery system featuring designed release of more than one 
drug. The drugs are those that are suitable for varied bone 
repair applications, such as long-bone repair, spinal fusion, 
stemal bone closure, maxillofacial ?xation and the like, 
although other drugs such as antibiotics are also feasible. 

[0015] In accordance With one embodiment of the inven 
tion, a bone-repair composite is provided. The bone-repair 
composite includes a core and a sheath. The core is a ?rst 
primary unit including a combination of a ?rst set of yarns 
coated With a calcium phosphate compound layer. The ?rst 
set of yarns being made from a ?rst group of one ore more 
polymers. The sheath is a second primary unit including a 
combination of a second set of yarns. The second set of 
yarns being made from a second group of one or more 
polymers, Wherein the composite is made by covering the 
core With the sheath, and the composite is compression 
molded to alloW the sheath to bond to the core. The 
bone-repair composite has a bending modulus comparable to 
that of a mammalian bone, Wherein the ratio of the core to 
the sheath is provided to maximize the mechanical strength 
of the bone-repair composite to mimic the mammalian bone. 
The bending modulus of the bone-repair composite is at 
least 3 GPa, Wherein the bending modulus of the bone-repair 
composite is similar to a cortical bone. The core of the 
bone-repair composite is coated With a loW temperature 
polymer, a co-polymer, a mixture or a blend of polymers, 
such as a mixture of poly(e-caprolactone) (PCL) and glyc 
eryl monosterate, or other polymer mixtures With other 
inorganic or organic materials. The organic materials can 
include fatty acids, fatty acid salts, hyaluronic acid and small 
molecules that are similar to those in the extracellular matrix 
though to be important in the crystallization of HA. The 
inorganic materials can include sodium chloride, calcium 
carbonate, and other inorganic compounds. Furthermore, 
The bone-repair composite can be subjected to a hot com 
pression molding at an elevated temperature, Whereby melt 
ing the polymers having a loWer melting temperature, and 
thus binding the polymers having a higher melting tempera 
ture With the polymers having a loWer melting temperature. 
The bone-repair composite can be subjected to a cold 
compression molding using a solvent, Wherein the solvent is 
vaporiZed to melt the sheath, thus binding the sheath to the 
core, Wherein the solvent is selected from a group of 
solvents, such as toluene, xylene, ethyl acetate, and acetone. 
The second group of polymers includes a loW-temperature 
melting polymer or a binding polymer. The bone-repair 
composite is unidirectional or multidirectional. The bone 
repair composite further includes ?lling materials including 
drugs or bioactive agents, Wherein the ?lling material is used 
as a binding material or for drug release. The polymer is 
selected from a group consisting of collagen, hyaluronans, 
?brin, chitosan, alginate, silk, polyesters, polyethers, poly 
carbonates, polyamines, polyamides, co-polymers, poly(L 
lactic) acid (PLLA), polyglycolic acid (PGA), poly(D,L 
lactide-co-glycolide) (PLGA), and poly(e-caprolactone) 
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(PCL), and other polymers. The calcium phosphate com 
pound layer is selected from a group consisting of ion 
substituted apatite, calcium phosphate, carbonate hydroxya 
patite, ?uorinated hydroxyapatite, chlorinated 
hydroxyapatite, silicon-containing hydroxyapatite, trical 
cium phosphate, tetracalcium phosphate, monotite, dical 
cium phosphate, dicalcium phosphate dihydrate, octocal 
cium phosphate, calcium phosphate monohydrate, alpha 
tricalcium phosphate, beta-tricalcium phosphate, amorphous 
calcium phosphate, biphasic calcium phosphate, tetracal 
cium phosphate, calcium de?cient hydroxyapatite, precipi 
tated hydroxyapatite, oxyapatite, calcium sulfate, and cal 
cium containing phosphate minerals. The calcium phosphate 
compound layer is fully or partially aligned to a ?ber axis or 
a polymer crystallites. The calcium phosphate compound 
layer is anchored to the polymer surface by electrostatic 
coordinative, or chemical tethering. The bone-repair com 
posite is formed by varying the ratio of the core and the 
sheath. Other loWer melting or processing polymers can be 
used, as Well as the PCL homopolymer by itself, or a PCL 
copolymer by itself, or a mixture or blend of polymers With 
other materials. 

[0016] In accordance With another embodiment of the 
invention, a method for making a bone repair synthetic 
composite is provided. The method includes forming an 
inner core structure With a plurality of a combination of a 
?rst set of yarns. An outer sheath structure is formed With a 
plurality of a combination of a second set of yarns. A 
secondary structure is formed by braiding an appropriate 
ratio of the inner core structure to the outer sheath structure 
to mimic the mechanical strength of a mammalian bone. The 
?rst set of yarns being made from a group of polymers, 
Wherein the inner core structure is a ?rst primary structure. 
The method further includes treating the ?rst set of yarns 
With a surface modifying chemical, coating the ?rst set of 
yarns With a mineral layer. The second set of yarns being 
made from the group of polymers, Wherein the outer sheath 
structure is a second primary structure. The method further 
includes cutting the inner core structure and the outer sheath 
structure into a length of a compression mold, arranging the 
inner core structure and the outer sheath structure into the 
compression mold, bonding the outer sheath structure to the 
inner core structure. The method further includes coating the 
secondary structure With a binding material, drying the 
coated secondary structure, and compression molding the 
coated secondary structure at an elevated temperature, 
Wherein the binding material having a loWer melting point 
than the inner core structure and the outer sheath structure. 
The method further includes coating the secondary structure 
With PCL, drying the coated secondary structure, and com 
pression molding the coated secondary structure using a 
vaporized solvent to melt the PCL. The method can further 
includes the use of elevated temperature in combination of 
solvent. The use of solvent in a pultrusion process alloWs the 
composite to achieve a high calcium phosphate mineral 
concentration to reach an optimal level of modulus. The 
inner core structure is formed by assembling a plurality of 
yarns together; rolling a mesh structure, Wherein the mesh 
structure is knitted, Woven, non-Woven, braided, stacked, 
?ocked, or felted; or rolling the plurality of yarns and the 
mesh structure together. A tertiary structure of a desired 
shape is formed by binding a plurality of the secondary 
structures or the primary structures With a binding material. 
The inner core is designed to facilitate Water access rate and 
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cellular access rate both longitudinally and laterally, Wherein 
the longitude access is controlled by time, degradation, 
and/or solubiliZation of the inner core, Wherein the lateral 
access is controlled by braid density, coating, or binder of 
the binding material. The surface modifying chemical is 
alkaline, acidic, oxidizing, ionic or electrostatic. The poly 
mer is selected from a group consisting of collagen, hyalu 
ronans, ?brin, chitosan, alginate, silk, polyester, polyether, 
polycarbonate, polyamine, polyamide, co-polymer, poly(L 
lactic) acid (PLLA), polyglycolic acid (PGA), poly(D,L 
lactide-co-glycolide) (PLGA), poly(e-caprolactone) (PCL), 
and other polymers. The mineral layer is selected from a 
group consisting of ion-substituted apatite, calcium phos 
phate, carbonate hydroxyapatite, ?uorinated hydroxyapatite, 
chlorinated hydroxyapatite, silicon-containing hydroxyapa 
tite, monocalcium phosphate, monocalcium phosphate 
monohydrate, amorphous calcium phosphate, biphasic cal 
cium phosphate, calcium de?cient hydyroxyapatite, oxya 
patite, precipitated hydroxyapatite, bone-like apatite, trical 
cium phosphate, tetracalcium phosphate, monetite, 
dicalcium phosphate, dicalcium phosphate dihydrate, octa 
calcium phosphate, alpha-tricalcium phosphate, beta-trical 
cium phosphate, calcium sulfate, and other calcium contain 
ing phosphate minerals. The mineral layer is either 
hydrodynamically aligned/coated or randomly applied onto 
the polymer ?ber by dip or die coating of the polymer ?ber 
using suspension of mineral particles in solvents or polymer 
solutions. The mineral is coated using an alternating soaking 
technique, a simulated body ?uid technique, supersaturated 
calcium phosphate solutions, dip coating, sol-gel coating, 
electrophoresis, electrochemical coating, extrusion coating, 
pultrusion or brush-on coating methods. 

[0017] In accordance With yet another embodiment of the 
present invention, a method for making a calcium phos 
phate-reinforced composite yarn is provided. The method 
includes treating an undraWn yarn With a surface modifying 
chemical. The undraWn yarn is coated With a calcium 
phosphate solution to form calcium phosphate particles, 
such that the calcium phosphate particles are anchored on 
the yarn to form a coated undraWn yarn. The coated undraWn 
yarn is draWn to form a coated draWn yarn, such that the 
calcium phosphate particles are orientated in such a Way that 
the calcium phosphate-reinforced composite mimic bone 
structures. The surface modifying chemical can be alkaline, 
acidic, oxidiZing, ionic or electrostatic. The calcium phos 
phate particles can be hydrodynamically aligned/coated on 
the undraWn yarn by dip or die coating of the undraWn yarn 
using suspension of calcium phosphate particles in solvents 
or polymer solutions. The calcium phosphate particles can 
be coated using an alternating soaking technique, a simu 
lated body ?uid technique, supersaturated calcium phos 
phate solutions, dip coating, sol-gel coating, electrophoresis 
or electrochemical coating, extrusion coating, pultrusion, or 
brush-on coating methods. The undraWn yarn can be lightly 
coated or heavily coated. The method further includes 
applying one or more layers of calcium phosphate to the 
coated draWn yarn, treating the coated draWn yarn With bone 
groWth enhancing agent. The calcium phosphate solution 
can be in the form of a slurry, Where the precipitated calcium 
phosphate comound is coated on the undraWn yarn. 

[0018] There has thus been outlined, rather broadly, cer 
tain embodiments of the invention in order that the detailed 
description thereof herein may be better understood, and in 
order that the present contribution to the art may be better 
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appreciated. 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. 

[0019] 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 illus 
trated in the draWings. The invention is capable of embodi 
ments in addition to those described and of being practiced 
and carried out in various Ways. Also, it is to be understood 
that the phraseology and terminology employed herein, as 
Well as the abstract, are for the purpose of description and 
should not be regarded as limiting. 

[0020] 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 
structures, methods and systems for carrying out the several 
purposes of the present invention. It is important, therefore, 
that the claims be regarded as including such equivalent 
constructions insofar as they do not depart from the spirit 
and scope of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 is a chart shoWing comparative percent 
retained tensile strength for PLLA suture in pH 7.4 buffer 
solution at 37° C. and 50° C. 

[0022] FIG. 2 is a chart shoWing percent retained tensile 
strength for PLLA yarn in pH 7.4 buffer solution at 50° C. 

[0023] FIG. 3 depicts PLA yarns (a) before hydrolysis and 
(b) after hydrolysis With 1 N NaOH for l min according to 
an embodiment of the invention. 

[0024] FIG. 4 depicts the amount of CaP deposited on a 
yarn With increasing repetition cycles and increasing depo 
sition time. 

[0025] FIG. 5 depicts ESEM images shoWing CaP depo 
sition process on PLA yarn after (a) ?rst (b) third (0) ?fth 
and (d) sixth cycles using a cyclic soaking technique accord 
ing to an embodiment of the invention. 

[0026] FIG. 6 depicts an XRD pattern of monetite 
(CaHPO4) deposited after a sixth cycle according to an 
embodiment of the invention. 

[0027] FIGS. 7(a), (b), (c), (d), and (e) depict ESEM 
images of the PLA ?lm subjected to a cyclic soaking process 
according to an embodiment of the invention. 

[0028] FIG. 8 is a schematic of the mechanism of nucle 
ation and groWth of CaP on a hydrolyZed polyester yarn 
surface according to an embodiment of the invention. 

[0029] FIG. 9 depicts tensile stress-strain curves of the 
composites fabricated at various conditions according to an 
embodiment of the invention. 

[0030] FIGS. 10(a) and (b) depict the mechanical testing 
results for ?exural properties of the composites prepared at 
various conditions according to an embodiment of the 
present invention. 

[0031] FIG. 11 demonstrates the effect of etching time on 
the Young’s modulus of PLLA draWable single ?ber before 
and after HA coating. 
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[0032] FIG. 12 is a chart shoWing the stiffening effect of 
HA coating on unaligned ?bers. 

[0033] FIG. 13 demonstrates the effect of etching time on 
the tensile stress of PLLA draWable single ?bers before and 
after HA coating. Treating conditions: [NaClO]=0.05 M, 
25.0:0.2° C. Coating conditions: 3><SBF, 600 C., 2 h. 

[0034] FIGS. 14(a) and (b) demonstrate alkaline-treated 
draWn yarn With biomimetic coating. 

[0035] FIGS. 15(a) and (b) depict a comparison of the 
alkaline-treated undraWn PLLA yarns With draWing and 
Without draWing after biomimetic coating With hydroxya 
patite. 
[0036] FIG. 16 is a schematic of the fabrication of the 
novel composite according to an embodiment of the inven 
tion shoWing steps (a)-(h). 

[0037] FIG. 17 depicts a composite construction according 
to one embodiment of the invention. 

[0038] FIG. 18 depicts the Young’s modulus and ?exual 
strength of pure PCL, PCL-PLLA, and PCL-HA-PLLA. 

[0039] FIG. 19 depicts HA particles used in a bone-repair 
composite. 
[0040] FIG. 20 depicts a Stress-strain curve of a bone 
repair composite. 
[0041] FIG. 21 depicts an apparatus used for pultrusion of 
composite. 
[0042] FIG. 22 illustrates the alignment of HA particles 
Within PLLA ?bers by electrospinning HA particles in a 
dimethylformamide solution. 

[0043] FIG. 23 is a ?owchart of a design for fabrication of 
composites according to an embodiment of the invention. 

[0044] FIG. 24 depicts various composite constructions 
according to four embodiments (a)-(d) of the invention. 

DETAILED DESCRIPTION 

Cyclic Precipitation Technique 

[0045] The invention Will noW be described With reference 
to the draWing ?gures, in Which like reference numerals 
refer to like parts throughout. An embodiment in accordance 
With the present invention provides a method for making a 
bone repair synthetic composite With calcium phosphate and 
absorbable ?brous materials. After a feW coating cycles, a 
desired amount of calcium phosphate is coated onto the 
?brous materials. The ?brous materials are then assembled 
into a unidirectional composite using a poly(e-caprolactone) 
matrix. Furthermore, groWth factors may be incorporated 
Within the absorbable ?brous materials, such that the release 
of the groWth factors may be controlled through the various 
degradation rates of the ?brous materials. 

Introduction 

[0046] Natural bone is a complex hierarchical structure of 
mineraliZed collagen consisting of an orderly deposition of 
hydroxyapatite [CalO(PO4)6(OH)2] (calcium phosphate) 
Within a type I collagen matrix. Recent efforts for fabricating 
neW functional biomaterials involved mimicking these hier 
archical structures, albeit using complex chemistry and 
tedious procedures. Calcium phosphates, mainly as a 


































