
US 20100209531A2 

(19) United States 
(12) Patent Application Publication (43) Pub. Date: 

Stucky et al. 

(10) Pub. N0.: US 2010/0209531 A2 

Aug. 19, 2010 
REPUBLICATION 

(54) OXIDES FOR WOUND HEALING AND BODY 
REPAIR 

(75) Inventors: Galen Stucky, Santa Barbara, CA (US); 
Todd Ostomel, Davis, CA (US); Qihui 
Shi, Goleta, CA (US); April SaWvel, 
Santa Barbara, CA (US); Sarah Baker, 
Pleasanton, CA (US) 

Correspondence Address: 
BOZICEVIC, FIELD & FRANCIS LLP 
1900 UNIVERSITY BLVD 
EAST PALO ALTO, CA 94303 (UNITED 
STATES) 

(73) Assignee: The Regents of the University of Cali 
fornia, Oakland, CA (US) 

(21) Appl. No.: 11/464,825 

(22) Filed: Aug. 15, 2006 

Prior Publication Data 

(65) US 2007/0154564 A1 Jul. 5, 2007 

Related US. Application Data 

(63) Continuation-in-part of application No. 11/398161, 
?led on Apr. 4, 2006. 

(60) Provisional application No. 60/708206, ?led on Aug. 
15, 2005, noW expired. Provisional application No. 
60/668022, ?led on Apr. 4, 2005. 

Publication Classi?cation 

(51) Int. Cl. 
A61K 33/42 (2006.01) 

(52) U.S. Cl. .......................................... .. 424/603; 977/906 

(57) ABSTRACT 

The invention provides a homogeneous composition com 
prising a hemostatically effective amount of a charged oxide, 
Wherein the composition has an isoelectric point, as measured 
in calcium chloride, beloW 7.3 or above 7.4. Typically, the 
charged oxide is selected from the group consisting of sila 
ceous oxides, titanium oxides, aluminum oxides, calcium 
oxides, Zinc oxides, nickel oxides and iron oxides. In some 
embodiments, the composition further comprises a second 
oxide selected from the group consisting of calcium oxide, 
sodium oxide, magnesium oxide, Zinc oxide, phosphorus 
oxide and alumina. In a typical embodiment of the invention, 
the charged oxide is silaceous oxide, the second oxide com 
prises calcium oxide and the ratio, by molar ratio, of silaceous 
oxide to calcium oxide is 0.25 to 15. Optionally, the compo 
sition further comprises phosphorous oxide. Also described 
are methods of making and using such compositions. 
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OXIDES FOR WOUND HEALING AND BODY 
REPAIR 

[0001] This application is a continuation-in-part of US. 
patent application Ser. No. 11/398,161, ?ledApr. 4, 2006, and 
claims the bene?t of provisional patent application Nos. 
60/708,206, ?ledAug. 15, 2005, and 60/668,022, ?ledApr. 4, 
2005, the entire contents of each of Which is incorporated 
herein by reference. 

GOVERNMENT RIGHTS 

[0002] This invention Was made With Government support 
under Grant No. N00014-04-1-0654, awarded by the O?ice 
of Naval Research. The Government has certain rights in this 
invention. 

[0003] Throughout this application various publications 
are referenced. The disclosures of these publications in their 
entireties are hereby incorporated by reference into this appli 
cation in order to more fully describe the state of the art to 
Which this invention pertains. 

TECHNICAL FIELD OF THE INVENTION 

[0004] The invention disclosed herein relates to composi 
tions and methods for modulating the blood coagulation cas 
cade, accelerating bone generation, and assisting in Wound 
healing and body repair. Both the materials selected for the 
hemostatic composition and the method for regulating hemo 
stasis provide novel means for predictable control over blood 
coagulation, alloWing for both accelerating and sloWing or 
stopping blood ?oW. 

BACKGROUND OF THE INVENTION 

[0005] US. Pat. No. 4,822,349 issued to Hursey, et. al. 
describes reduction of blood ?oW by application of a dehy 
drated Zeolite material to the site of blood ?oW. In this 
method, a particular calcium rich Zeolite formulation of the 
class Linde Type 5A has been utiliZed as an external applica 
tion to a traumatically Wounded individual to induce hemo 
stasis through dehydration of the Wounded area and induction 
of a blood clot formation (Breck, D W et al., J. Am. Chem. 
Soc. 78, 23 (1950) 5963.). A major disadvantage to this prod 
uct has been the excessive heat generated locally at the injured 
site as a consequence of the large enthalpy of hydration asso 
ciated With the material currently marketed under the trade 
name, QuikClotTM and distributed by Z-medica corporation 
of NeWington, Conn. USA. There remains a need for modi 
?cations and improvements that optimiZe the enthalpy of 
hydration upon rehydration of the dehydrated Zeolite. 

[0006] Bioactive glasses (BGs) With SiO2iCaO-P2O5 
MO (M=Na, Mg, etc.) compositions Were invented by Hench 
in 1971 (L. L. Hench et al., J. Biomed. Mater Res. 1971, 
2:117) and have been Widely studied and used in clinical 
applications for bone and dental repair due to their chemical 
bonding With both soft and hard tissue through an apatite-like 
layer. The apatite-like layer promotes the adhesion of bioac 
tive glass to tissues and avoids the formation of an intervening 
?brous layer. This has been shoWn to decreases the failure 
possibilities of prostheses and in?uence the deposition rate of 
secondary bone and tissue groWth. In vivo implantation stud 
ies demonstrate that these compositions produce no local or 
systemic toxicity, are biocompatible, and do not result in an 
in?ammatory response. The SiO24CaO-P2O5-MO BG sys 
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tem has been synthesiZed by the melting-quenching method 
(Hench et al., 1971, supra) or by the sol-gel method (P. 
Sepulveda et al., J. Biomed. Mater. Rev. 2002, 59:340; P. 
Saravanapavan and L. L. Hench, J. Biomed. Mater. Res. 2001, 
54:608). Compared With the traditional melting-quenching 
method, sol-gel techniques Were developed in the past decade 
to produce the same material at a loWer Working temperature. 
Sol-gel techniques also alloW a greater degree of functional 
iZation to be incorporated into the bioactive glass material to 
increase the rate of apatite-like layer groWth as Well as afford 
a Wider range of bioactivity. 

SUMMARY OF THE INVENTION 

[0007] The invention provides a homogeneous composi 
tion comprising a hemostatically effective amount of a 
charged oxide, Wherein the composition has an isoelectric 
point, as measured in a calcium chloride solution, beloW 7.3 
or above 7.4. Typically, the charged oxide is selected from the 
group consisting of silaceous oxides, titanium oxides, alumi 
num oxides, calcium oxides, Zinc oxides, nickel oxides and 
iron oxides. In some embodiments, the composition further 
comprises a second oxide selected from the group consisting 
of calcium oxide, sodium oxide, magnesium oxide, Zinc 
oxide, phosphorus oxide and alumina. In a typical embodi 
ment of the invention, the charged oxide is silaceous oxide, 
the second oxide comprises calcium oxide and the ratio, by 
molar ratio, of silaceous oxide to calcium oxide is 0.25 to 15. 
Optionally, the composition further comprises phosphorous 
oxide. Unlike conventional silaceous oxide compositions, the 
composition of the invention can be free of sodium oxide. 

[0008] The charged oxide can be porous or nonporous. In 
some embodiments, the charged oxide comprises glass beads 
that are from about 10 nm to about 100 microns in diameter, 
typically from about 3 to about 10 microns in diameter. In 
some embodiments, the oxide is a layered clay such as the 
aluminosilcate Kaolin. In some embodiments, the charged 
oxide is porous, having pores of 2-100 nm diameter, typically 
100-0200 um diameter. The greater the porosity, the greater 
the surface area. The internal surface area can be betWeen 1 
and 1500 square meters per gram as determined by BET N2 
adsorption. While non-porous bioactive glass typically has a 
surface area around 20-30 square meters per grain, mesopo 
rous bioactive glass is distinct because its surface area is 
greater than 200 square meters per gram. In a typical embodi 
ment, the surface area is betWeen 300 and 1000 square meters 
per gram. 

[0009] Additional components that can be included in a 
composition of the invention include a Zeolite and/ or an inor 
ganic salt. Examples of an inorganic salt include, but are not 
limited to, a divalent ion selected from the group consisting of 
Zinc, copper, magnesium, calcium and nickel, as Well as the 
folloWing. CaO, CaCl2, AgNO3, Ca(NO3)2, Mg(NO3)2, 
Zn(NO3)2, NH4NO3, AgCl, AgZO, Zinc acetate, magnesium 
acetate, calcium citrate, Zinc citrate, magnesium citrate, mag 
nesium chloride, magnesium bromide, Zinc chloride, Zinc 
bromide, calcium bromide, calcium acetate and calcium 
phosphate. 

[0010] In some embodiments, the charged oxide is 
hydrated to betWeen 0.1% and 25%, typically betWeen 0.5% 
and 5% W/W. The composition of the invention can be pre 
pared as a sol-gel. In some embodiments, the composition 
further comprises an ammonium phosphate buffer. 
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[0011] The invention additionally provides a method of 
modulating hemostasis comprising contacting blood With a 
composition described herein. The modulating can comprise 
decreasing blood coagulation time, for Which purpose the 
composition has an isoelectric point beloW 7.3. Examples of 
materials With an isoelectric point beloW 7.3 include, but are 
not limited to, silaceous oxides, titanium oxides, and alumi 
nosilicates. Alternatively, the modulating comprises increas 
ing blood coagulation time and the composition has an iso 
electric point above 7.4. Examples of materials With an 
isoelectric point above 7.4 include, but are not limited to, 
AlZO3 and related aluminum oxides, calcium oxides, Zinc 
oxides, nickel oxides, and magnetite and related iron oxides. 

[0012] Also provided is a method of preparing a hemostatic 
composition. The method comprises: co-assembling a bioac 
tive glass sol With a structure-directing amount of a triblock 
copolymer of poly(ethylene oxide)-poly(propylene oxide) 
poly(ethylene oxide) to form a gel; and calcining the gel so 
produced at a temperature suf?ciently high to remove the 
block copolymer and form mesopores; Wherein the bioactive 
glass has all isoelectric point beloW the pH of blood. Simi 
larly, the invention provides a method of preparing a passi 
vated surface composition for minimiZing coagulation upon 
contact of blood With the surface. The method comprises 
co-assembling a bioactive glass sol With a structure-directing 
amount of a triblock copolymer of poly(ethylene oxide) 
polypropylene oxide)-poly(ethylene oxide) to form a gel; and 
calcining the gel produced in step (a) at a temperature su?i 
ciently high (typically 300-7000 C.) to remove the block 
copolymer, form mesopores and create a highly hydroxylated 
surface; Wherein the bioactive glass has an isoelectric point 
above the pH of blood. 

[0013] In addition, the invention provides a method of pre 
paring a hemostatic composition. This method comprises 
passing a carrier gas through a solution comprising a bioac 
tive glass sol to produce droplets; and spraying the droplets 
doWn a fumace. Examples of a carrier gas include, but are not 
limited to, air, nitrogen, oxygen, or natural gas. In some 
embodiments, such as for preparation of mesoporous mate 
rials, the solution further comprises a block copolymer. 

[0014] In another embodiment, the invention provides a 
method of preparing a hemostatic composition of 
micropores. The method comprises cooling a solution com 
prising silicic acid and calcium salts to beloW 0° C. to form a 
gel; and freeZe-drying the gel to form micropores. Typically, 
the cooling step comprises cooling the solution to —700 C. to 
—2000 C. In some embodiments, the solution further com 
prises a phosphorous oxide, typically in the form of a phos 
phate group. In another embodiment, the solution further 
comprises chitosan. The method can further comprise calcin 
ing the gel at 300 to 900° C. In a typical embodiment, the 
cooling comprises direction freeZing. In some embodiments, 
the micropores produced by the method are 1 to 200 microns 
in diameter. 

[0015] The invention further provides a method of modu 
lating hemostasis comprising contacting blood With a com 
position prepared by one of the methods described herein. In 
addition, the invention provides a medical device that has 
been coated With a composition of the invention, such as a 
composition having an isoelectric point above the pH of 
blood. 

[0016] Also provided is a method of promoting the forma 
tion of tissue comprising contacting the composition of the 
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invention With a hydroxyapatite precursor solution. The tis 
sue can comprise, for example, arti?cial bone, arti?cial skin, 
or a component thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 is a plot of both clot detection time, R, (?lled 
shapes) and rate of coagulation, 0t, (un-?lled shapes) vs. BG 
Si:Ca. Data represents the mean of four trials. I Porous BG; 
. Non-porous BG; V Spherical BG; +No HA. 

[0018] FIG. 2 is a Thrombelastograph®plot of bioactive 
hemostatic agents. Inner Thromboelastograph plot on both 
plots is sheep blood Without a HA added. 

[0019] FIG. 3 is a Thrombelastograph® plot of bioactive 
glass, QuikClotTM, and sheep’s blood alone. 

[0020] FIG. 4 is a thermogravimetric analysis and differen 
tial scanning calorimetry of the dehydration of porous and 
non-porous bioactive glass. 90 J/g (Non-porous Bioactive 
glass) and 450 J/g (Porous Bioactive glass). 

[0021] FIG. 5 is a Thrombelastograph® plot of mesoporous 
bioactive glass With varying SiO2:CaO ratios. BG 80 has a 
molar ratio of SiO2:CaO of 80: 1 6. BG 60 has a molar ratio of 
SiO2:CaO of 60: 16. 

[0022] FIG. 6 is a Thrombelastograph® plot of non-porous 
bioactive glass With varying SiO2:CaO ratios. BG NP 80 has 
a molar ratio of SiO2:CaO of 80:16. BG NP 70 has a molar 
ratio of SiO2:CaO of 70:16. BG NP 60 has a molar ratio of 
SiO2:CaO of 60:16. 

[0023] FIG. 7 is a thermogravimetric analysis and differen 
tial scanning calorimetry of the dehydration process for a 
hydrated mesoporous bioactive glass and a non-porous bio 
active glass. 

[0024] FIG. 8 is a compilation of the heat of hydration and 
hydration capacity of bioactive glass. BG80 has a molar ratio 
of SiO2:CaO of 80:16. BG60 has a molar ratio of SiO2:CaO 
of 60:16. 

[0025] FIG. 9A shoWs a Thromboelastograph® plot of the 
hemostatic activity MBGM-80 induced coagulationvs. blood 
W/o MBGM-80. 

[0026] FIG. 9B shoWs a plot of both clot detection time, R, 
(?lled shapes) and rate of coagulation, 0t, (un-?lled shapes) 
vs. amount of mesoporous bioactive microspheres. Data rep 
resents the mean of four trials. I MBGM-60, . MBGM-80, 
A MBGM-60 Non-porous, V MBGM-80 Non-porous, 
+Sheep Blood W/o MBGM. 

[0027] FIG. 10 shoWs BET adsorption-desorption isotherm 
of bioactive glass. 

[0028] FIG. 11 shoWs pore siZe distribution of mesoporous 
bioactive glass. 

[0029] FIG. 12 shoWs BET surface area and pore diameter 
calculations. 

[0030] FIG. 13 shoWs Wide angle x-ray diffraction of bio 
active glass substrates pre- and post-immersion in simulated 
body ?uids for 1 hour. 

[0031] FIG. 14 is a Thrombelastograph® plot of oxides 
With an isoelectric point beloW the pH of blood. 
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[0032] FIG. 15 is a Thrombelastograph® plot of oxides 
With a isoelectric point above the pH of blood. 

[0033] FIG. 16 shows R (min), onset of clot detection, 
versus the metal oxide’s isoelectric point for loW-surface area 
metal oxides. 

[0034] FIG. 17 shoWs 0t (°), rate of coagulation, versus the 
metal oxide’s isoelectric point, for loW-surface area metal 
oxides. 

DETAILED DESCRIPTION OF THE INVENTION 

[0035] The invention is based on the discovery that oxide 
materials can be prepared to modulate hemo stasis on the basis 
of surface charge. This modulation enables the synthesis of 
materials that are pro -coagulants; or, alternatively other mate 
rials that are anticoagulants. The latter are of importance With 
respect to die oxide coatings that form on metal medical 
implant devices. The methods of preparing oxide composi 
tions of the invention avoid problems associated With longer 
setting times and also produce materials having better perfor 
mance characteristics. The methods of the invention produce 
materials that offer superior compositional and structural 
homogeneity and higher surface area, Which provide more 
effective materials. For example, one embodiment of the 
invention provides a rapid-setting, mesoporous, bioactive 
glass cement that exhibits excellent plasticity, superior bio 
activity and is mechanically robust. In addition to modulation 
of hemostasis, the oxide compositions of the invention can be 
used for growth and repair of bone and other tissues as Well as 
in drug delivery. 

[0036] In one embodiment of the invention, high surface 
area mesoporous bioactive glass has been prepared by a sol 
gel template directed assembly. This material has the ability 
to conform and adhere to Wounded tissue to promote blood 
clot formation. This speci?c material has a distinct morpho 
logical advantage over previous bioactive glass materials in 
that it can conform and adhere to any Wound cavity geometry. 
When mixed With an ammonium phosphate buffer solution, a 
bioactive glass cement can be formulated that has a predict 
able set time and accelerates the deposition of neW apatite, 
layers When in contact With biological ?uids. Mesoporous 
bioactive glass (MBG) cements are malleable before setting 
and retain their shape and mechanical strength Without crum 
bling after setting. Furthermore, mesoporous bioactive glass 
has demonstrated a high osteoconductive property. This 
material can be formulated in a variety of compositions for 
applications as a rapid acting hemostatic agent, template for 
the groWth of arti?cial bone, and the generation of tissue. 
Bioactive glass can be formulated for a variety of distinct 
Wound healing scenarios and can elicit a predictable Wound 
healing response, for both controlling the How of blood as 
Well as controlling the rate of apatite deposition, as a function 
of agents chemical composition and Si to Ca ratio. 

[0037] In addition to the synthesis of mesoporous bioactive 
glass, this invention provides a method by Which materials 
can be selected based on their isoelectric point to induce a 
predictable hemostatic response. Under physiological condi 
tions, the isoelectric point of an oxide Will determine both the 
sign and magnitude of the initial surface charge density upon 
exposure to biological ?uids. Oxides have been identi?ed that 
Will induce coagulation upon exposure to blood. Oxides have 
also been identi?ed that Will prevent or sloW doWn the coagu 
lation response of blood in contact With the surface of the 
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oxide. A strategy to produce both rapid acting hemostatic 
agents and passivated medical device surfaces is described 
based on the selection criteria. 

DEFINITIONS 

[0038] All scienti?c and technical terms used in this appli 
cation have meanings commonly used in the art unless oth 
erWise speci?ed. As used in this application, the folloWing 
Words or phrases have the meanings speci?ed. 

[0039] As used herein, a “hemostatically effective amount” 
means an amount su?icient to initiate detectable blood clot 

ting (R) Within 2 minutes, and/ or achieve a rate of clotting (0t) 
of 50° or greater, and/or achieve a clot strength (MA) of 250, 
as determined by Thromboelastograph® measurements. 
Assays for determining hemostatic effectiveness are knoWn 
in the art, and described in die Examples beloW. 

[0040] As used herein, a “Thromboelastograph” assay 
refers to measurements typically taken using about 5-30 mg 
of material mixed With 340 microliters of citrate stabiliZed 
blood. Calcium ions are re-supplied to the citrate stabiliZed 
blood prior to measurements to replace the calcium ions 
chelated by citrate. 

[0041] As used herein, “isoelectric point” refers to the pH at 
Which the Zeta-potential equals Zero in an aqueous electrolyte 
such as 2 mM CaCl2. The Zeta potential is the surface charge 
density of a metal oxide in aqueous suspension, measured as 
a function of pH by the electrophoretic method using the 
SmoluchoWski equation (Cocera, M. et al., Langmuir 1999, 
15, 2230-2233). Unless speci?cally indicated otherWise, the 
Zeta potential of the metal oxide is measured in a CaCl2 
electrolyte that mimics the Ca2+ concentration in blood. 

[0042] As used herein, “homogeneous” means an absence 
of phase separation (e.g., separation of a silicate phase and a 
phosphate phase); the materials are not phase segregated 
When examined by energy-dispersive x-ray analysis (EDX) 
using scanning electron microscopy (SEM) With a resolution 
limit of 0.5 microns. A composition is homogeneous if it 
consists of a uniform distribution or dispersion of compo 
nents. 

[0043] As used herein, a “bioactive glass sol” means a 
colloidal suspension containing silica precursors and calcium 
salts that can be gelled to form bioactive glass solid, Wherein 
the solvent can be Water, ethanol or other substance that can 
dissolve silica precursors and calcium species. 

[0044] As used herein, “a” or “an” means at least one, 
unless clearly indicated otherWise. 

Bioactive Glass (BG) 

[0045] For the sol-gel-derived BGs to exhibit in vitro bio 
active behavior, it has been shoWn that both the chemical 
composition and textural properties (pore siZe and volume) 
are important. Melt-derived glasses shoW a direct dependence 
on composition With bioactivity. Increasing the speci?c sur 
face area and pore volume of BGs Will greatly accelerate the 
kinetic deposition process of hydroapatite and therefore 
enhance the bone-forming bioactivity of BGs. Several strat 
egies have been developed to obtain high speci?c surface area 
materials and engineer pore stricture of the BGs, including 
using soluble inorganic salt, colloidal spheres or block 
copolymers as pore-forming agents. The high surface area 
mesoporous bioactive glass described herein has a unique 
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morphology With advantages over these methods including 
higher surface area and ease of functionaliZation of the ?nal 
material. This functionaliZation includes, but is not limited to, 
the surface immobilization and the controlled release of bio 
logically relevant molecules. Molecules such as phospholip 
ids, ?brin, collagen, clotting Zymogens, heat shock proteins, 
antibacterial peptides, and silver, magnesium, calcium, 
sodium, Zinc, chloride, and phosphate ions can be controlla 
bly released to effect an optimal bio-response. 

[0046] The porous bioactive glass material can be 
described by the general formula SiOZiCaOiPZO5 -MO 
(M=Na, Mg, etc.). BET analysis has shoWn that the bioactive 
glass of the invention has a surface area far greater than the 5 
square meters per gram (m2/ g) observed in prior art materials, 
and typically in the range of more than 100 m2/ g, often more 
than 200 m2/ g. In one embodiment, the bioactive glass of the 
invention has a surface area of at least about 300 m2/g. Sur 
face areas of 500-1000 m2/ g can be attained. The surface area 
is in?uenced by the polymer used in synthesis of the bioactive 
glass. A surface area of about 300 m2/ g has been attained With 
bioactive glass prepared from P123, While loW molecular 
Weight polymers, such as L43, can produce much higher 
surface area (in the range of 900 m2/ g). The high surface area 
provides for optimal pore volume. 

Hemostatic Activity of Bioactive Glass 

[0047] Disclosed herein is a neW and speci?c application of 
bioactive glass related to rapid acting hemostatic agents for 
the treatment of traumatic injuries. The traumatic Wound 
healing scenario is distinct from prior medical applications 
for bioactive glass-like materials. The term “bioactive glass” 
has been loosely applied to many composites of calcium 
oxide, silicon dioxide, phosphorous oxide and other metal 
oxides, the combination of Which is able to promote the 
groWth of bone and tissue. 

[0048] The invention described in Us. provisional patent 
application No. 60/668,022, ?led Apr. 4, 2005, provides a 
calcium loaded Zeolite linde type A that is ion exchanged With 
aqueous solutions of alkali, alkaline earth, and transition 
metal cations to speci?c ion formulations. This ion 
exchanged Zeolite can be mixed With neutral inorganic salts 
like calcium chloride, aluminum sul?te, and silver nitrate and 
dehydrated to remove Water. The dehydrated inorganic mate 
rials are sealed in mylar foil bags to prevent rehydration until 
required during medical application. At the time of medical 
application, the mylar bag can be opened and the inorganic 
contents poured into the traumatically injured site. 

[0049] The present invention provides the bioactive glass in 
a gel) liquid, cement, paste or poWder form, Which alloWs for 
greater ease of use and better conformation to a desired area 

to be treated. By providing the material in gel (or cement) 
form, for example, it can be applied to a greater variety of 
surfaces, increasing its availability for use in numerous con 
texts, including application to medical devices and drug 
delivery. 
[0050] Porous bioactive glass materials have been designed 
to treat traumatically injured tissue by inducing hemostasis 
through contact activation and release of coagulation co 
factors. In addition, the compositions of the present invention 
provide a uniform pore siZe that further optimiZes its use for 
regulation of hemostasis. 

[0051] The hemostatic activity of bioactive glass is depen 
dent on the material’s chemical composition. For the range of 
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chemically distinct bioactive glass agents studied (SizCa: 
Patomitratio 601364 to 9064), the onset time for contact 
activated coagulation, rate of coagulation of post-initiation, 
and ultimate clot strength Was found to be dependent on the 
material’s SizCa ratio, porosity, and heat of hydration. The 
onset time for contact-activated coagulation Was found to 
decrease in an increasing SizCa ratio. 

[0052] The rate of coagulation post-initiation Was found to 
increase With an increasing SizCa ratio. Porous bioactive 
glass Was found to have a greater procoagulant tendency than 
non-porous bioactive glass. 

Bone-Generating Activity of Bioactive Glass 

[0053] The bone-generating activity of bioactive glass is 
dependent on the material’s chemical composition. For the 
range of chemically distinct bioactive glass agents studied, 
(Si:Ca:P‘ [ratio 601364 to 9064) the deposition rate of 
hydroxyatpnactite deposition in biological ?uids is related to the 
material’s SizCa ratio and particle siZe and shape. The rate of 
deposition of hydroxyapatite Was observed to be faster for 
bioactive glass samples With a loWer SizCa ratio (e.g. 
BG60:36:4 faster than BG80zl6z4). 

[0054] The high osteoconductive properties of this unique 
formulation of bioactive glass is a result of the presence of a 
large number of surface hydroxyl groups (Si4OH) that pro 
vide nucleation sites for apatite-like layer groWth. The sol-gel 
technique developed in our laboratory alloWs us to optimiZe 
these nucleation sites for a tailored bio-response, and ulti 
mately an improved generation of hydroxyapatite. 

The lsoelectric Point Material Property as a Predictor of 
Hemostatic Activity 

[0055] The isoelectric point of a material is a critical mate 
rial parameter that can be utiliZed to select oxides that can 
either promote or prevent the induction of hemostasis. Rapid 
acting hemostatic agents and passivated medical devices are 
applications intended for this material. The present inventors 
have discovered that the oxide’s initial surface charge, driven 
by the isoelectric point of the material relative to the pH of the 
immersing biological medium, is the key factor in controlling 
hemostatic e?icacy of the composition. 

[0056] The onset time for contact-activated coagulation, 
rate of coagulation post-initiation, and ultimate clot strength 
are found to be dependent on the initial surface charge density 
of the metal oxide When exposed to blood, Which is related to 
the oxide’s acid-base nature and is quantitatively described by 
its isoelectric point. Wee found, that for polar metal-oxide 
substrates, the time to initiate contact-activated coagulation 
increases With the increase in the metal oxide’s isoelectric 
point. 

[0057] Blood is usually the ?rst ?uid an implanted foreign 
body encounters, and thus the thrombotic complications 
Which arise from metallic implants (chronic in?amatory 
response), and inorganic-based extracorporeal circulating 
devices parts, arterial stents, and catheters is related to the 
chemistry that occurs during the initial exposure of blood to a 
foreign oxide surface. Although the activating inorganic sur 
face Will become contaminated With biological products over 
time (e. g. massive attack complex, ?brinlz), the initial surface 
charge density of a metal oxide surface Will affect the selec 
tive adhesion of oppositely charged molecules and biological 
media (e. g. cells and larger proteins) immediately upon con 
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tact with blood. We ob served that both the sign and magnitude 
of the metal oxide’s surface-charge density affects blood 
coagulation metrics, including the onset time, rate of clot 
formation, and viscoelastic strength of contact-activated 
blood clots, and that an oxide’s isoelectric point can be used 
to predict its in vitro hemostatic activity. 

[0058] Negatively-charged surfaces are known to initiate 
the intrinsic pathway of the blood coagulation cascade, a 
network of feedback-dependent reactions that when activated 
results in a blood clot. The activation of this process by a 
foreign body is referred to as contact-activation of coagula 
tion. The same network of coagulation reactions also can be 
activated via the extrinsic pathway, which occurs when a 
breach in the endothelium allows the exposure of platelets to 
tissue factor bearing cells. 

[0059] Because of the electronegativity difference between 
oxygen atoms and the metallic atoms they are covalently 
bonded to, metal oxides are inherently polar surfaces. Their 
surface chemistry is all the more complicated due to the 
presence of “dangling” terminal hydroxyl groups on unsatur 
ated metal sites and related defect sites. The surface charge of 
metal oxides is known to be pH dependent and is thought to 
result from either the amphoteric dissociation of surface 
MOH groups or the adsorption of metal hydroxo complexes 
derived from the hydrolysis product of material dissolved 
from the metal oxide. There exists a unique pH for each oxide 
above which the material is negatively charged and below 
which the material is positively charged. The pH at which the 
sum total of negative and positive surface charges equals Zero, 
Z(Z—n)MZ+(OH)nZ_n=0, is called the isoelectric point. 

[0060] We have observed a variable contact-activated 
coagulation response from metal oxides with distinct isoelec 
tric points, all of which are inherently polar substrates, and 
which requires that we re?ne our understanding of the tradi 
tional de?nition of hemocompatibility based on surface ener 
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getics. We have found that acidic oxides are prothrombotic 
while basic oxide are antithrombotic. The relative difference 
between the metal-oxide’s isoelectric point and the pH of 
blood determines the initial surface-charge density of the 
substrate when exposed to blood. This material parameter has 
been shown to affect the onset time for coagulation, rate of 
coagulation post-initiation, and ultimate clot strength. 
Thromboelasto graph As say 

[0061] Thromboelastograph®. The in vitro hemostatic 
activity of metal-oxide hemostatic agents was evaluated as 
previously described using a Thromboelastograph®, a clini 
cal instrument that monitors the change in viscoelasticity of 
blood as a function of time. Brie?y, 340 pL of 4% v/v citrate 
stabiliZed sheep blood (Quad Five of Ryegate, Mont.) was 
introduced into the sample cup of a Thromboelastograph®, 
Haemoscope model 5000, along with 20 pL of 0.2M 
CaCl2(aq) and 5-20 mg of a tested metal-oxide in a powder 
morphology. The 20 pL of 0.2 M CaCl2(aq) was added to the 
stabiliZed blood to replenish the Ca2+ ions chelated by citrate, 
which was added to prevent coagulation of stored blood. 
Blood was stored at 8° C. prior to use. 

[0062] The Thromboelastograph® sample cup is rotated 
15° about a vertical torsion wire suspended in the middle of 
the cup. As the hardening blood clot tugs on the torsion wire, 
the change in viscoelastic clot strength is monitored as a 
function of time. The time until the bimodal symmetric vis 
coelasticity curve’s amplitude is 2 mm is referred to as R 
(minutes), and represents the initial detection of clot forma 
tion. The angle between the tangent to the curve and the 
horiZontal is referred to as 0t (°), and is related to the rate of 
coagulation. The maximum amplitude of the curves is 
referred to as MA (mm) and represents the maximum clot 
strengths. Thromboelastograph® clotting parameters 
reported represent the mean of four reproducible trials. A 
summary of the hemostatic properties of metal-oxides with 
variable isoelectric points is described in Table 1. 

TABLE 1 

Summary of Metal-Oxide Contact-Activated Coagulation 

Clotting Metric 
Low-surface-area metal 
oxides 

High-surface-area metal 
oxides 

Onset of coagulation; R 

(min) 
Initially Positively 
Charged Metal Oxide 

Initially Negatively 
Charged Metal Oxide 

Rate of coagulation post 

initiation; 0t (0) 
Initially Positively 
Charged Metal Oxide 
Initially Negatively 
Charged Metal Oxide 

Coagulation onset time 
increased or of equal value 

compared to blood alone 
for positively charged 
surface, and slowest for the 
most positive surface 
Coagulation onset time 
reduced for negatively 
charged surfaces, and 
fastest for most negative 
substrate 
Positively-charged surfaces 
decelerate the rate of 

coagulation 

Negatively-charged 
surfaces accelerate the rate 

of coagulation 

Coagulation onset time for 
positively charged surface 
similar to blood alone 

Coagulation onset time 
reduced for negatively 
charged surfaces 

Positively-charged surfaces 
decelerate the rate of 

coagulation 

Negatively-charged 
surfaces accelerate the rate 

of coagulation in the 
presence of suf?cient 

Ca2+ ions 
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TABLE l-continued 

Aug 

Summary of Metal-Oxide Contact-Activated Coagulation 

Clotting Metric 
Isoelectric Point Below 
the pH of Blood 

Isoelectric Point Above 
the pH of Blood 

Onset of coagulation; R 
(min) 

Rate of coagulation post 

Coagulation onset time 
reduced for negatively 
charged surfaces, and 
fastest for most negative 
substrate 

Negatively-charged 

Coagulation onset time 
increased or of equal value 
compared to blood alone 
for positively charged 
surface, and slowest for the 
most positive surface 
Positively-charged surfaces 
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initiation; 0t (°) surfaces accelerate the rate decelerate the rate of 
of coagulation coagulation 

Ultimate clot strength Most negative oxide Induced blood clots are 
(MA) resulted in steongest blood less than or equal in 

clots and least negative strength to naturally 
oxide resulted in weakest formed blood clots 
blood clot 

Methods 

[0063] The invention provides a method of producing a 
composition for modulating hemostasis, and also a method of 
modulating hemostasis comprising contacting blood with a 
composition of the invention. Compositions that modulate 
homeostasis can be prepared by the methods described in the 
Examples below, including aerosol synthesis and use of sol 
gel chemistry. Sol-gel chemistry can be used to produce bio 
active glass. By spraying the sol-gel solution down a hot 
furnace (e.g., 400° C.), spherical bioactive glass particles are 
produced. These bioactive glass particles can be as small as 
10-50 nm in diameter, or smaller, or as large as about 100 um 
or larger. In one embodiment, the particles are 50-200 nm in 
diameter. 

[0064] Typically, the method of producing a composition of 
the invention involves starting from a bioglass sol, wherein 
the solvent is ethanol (or another solvent that can dissolve 
precursors and has a low boiling point). A block copolymer 
can be used as all additive to provide a pore-forming gent. 

[0065] In some embodiments, such as the freezing method, 
the ideal solvent is water rather than ethanol because the 
melting point of ethanol is very low. The difference in solvent 
typically calls for some difference in the method. For 
example, most PEOiPPO-PEO block copolymers cannot 
dissolve in water. Second, chitosan can be incorporated into 
the system because it doesn’t dissolve in the ethanol, and 
chitosan plays an important role in modulating blood coagu 
lation. In addition, the silica and phosphous precursors are 
different from those in an ethanol-based method and phos 
phorous oxide is not required in the starting sol, as would be 
the typical case when starting with a bioglass sol. 

[0066] In some embodiments, the method of modulating 
hemostasis comprises decreasing blood coagulation time. In 
one embodiment, the time to initiate detectable coagulation 
(R), as measured by Thromboelastograph®, is less than 2 
minutes, and can be less than 1.8 minutes. In another embodi 
ment, the rate of coagulation (0t), as measured by Throm 
boelastograph®, is more than 50°. Coagulation rates of more 
than 55°, and of more than 650 have been achieved. In a 
further embodiment, the coagulation results in a maximum 
clot strength (MA), as measured by Thromboelastograph®, 
of 55 to 100 mm, and canbe less than 75 nm. Alternatively, the 

modulating comprises increasing blood coagulation time. 
Increased coagulation time is desirable, for example, when 
clotting poses a health risk to the subject. 

APPLICATIONS OF THE INVENTION 

[0067] Oxides with an isoelectric point below the pH of 
blood can be formulated for action to induce blood clot for 
mation faster than blood would naturally do in the absence of 
an oxide-contact activator. The materials can be applied both 
externally and internally as agents to induce hemostasis and 
reduce the ?ow of blood in a particular area of the body. 

[0068] Oxides with an isoelectric point above the pH of 
blood can be formulated to induce blood clot formation 
slower than blood would naturally do in the absence of an 
oxide-contact activator, and therefore would be suitable as 
passivated surfaces for medical devices. Thus, the invention 
provides a medical device and methods of coating a medical 
device with a composition of the invention. Coatings can be 
prepared from a composition in powder form or using sol-gel 
chemistry, using conventional methods known in the art. In 
one embodiment, the coating reduces coagulation of blood in 
contact with the device. The medical devices include, but are 
not limited to, arterial and venal stents, catheters, shunts, and 
any medical machinery that will contact blood during inva 
sive medical procedures. 

[0069] Oxides with an isoelectric point above the pH of 
blood can be formulated for devices that require a positively 
charged surface to interface with biological tissue and ?uids. 

[0070] Oxides with an isoelectric point below the pH of 
blood can be formulated for devices that require a negatively 
charged surface to interface with biological tissue and ?uids. 

[0071] When mixed with an ammonium phosphate buffer 
solution, a bioactive glass cement can be prepared with a 
controllable set time. Bioactive glass, and particularly, bioac 
tive glass cement, canbe prepared with a ?exible morphology 
that allows for conformation and adhesion to any wound 
geometry. The bioactive glass cement can be molded in a 
variety of shapes that retain their mechanical integrity post 
setting. The bioactive glass cements can accelerate the depo 
sition of an apatite layer compared to the bioactive glass agent 
alone. 
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[0072] Mesoporous bioactive glass can be formulated as a 
rapid acting hemostatic agent. This material can predictably 
Warm injured tissue to promote Wound healing. 

[0073] Mesoporous bioactive glass can be formulated to 
promote the formation of arti?cial bone. This same material 
can be used to generate tissue including, but not limited to, 
arti?cial skin and structural elements such as ?brin and col 
lagen. 
[0074] The internal porous architecture can be loaded With 
biologically relevant molecules and cofactors for controlled 
released during Wound healing and body repair. These bio 
logically relevant molecules and cofactors include, but are not 
limited to, phospholipids, blood coagulation factors, ?brin, 
collagen, blood clotting Zymogens, silver ions, magnesium 
ions, and calcium ions. 

[0075] The internal porous architecture can be loaded With 
antibacterial peptides and silver ions for a controlled release 
of antibacterial agents. 

[0076] Non-porous bioactive glass can be formulated as a 
rapid acting hemostatic agent. This material can predictably 
Warm injured tissue to promote Wound healing. 

[0077] Non-porous bioactive glass can be formulated to 
promote the formation of arti?cial bone. This same material 
can be used to generate tissue including, but not limited to, 
arti?cial skin and structural elements such as ?brin and col 
lagen. 
[0078] The hemostatic activity of bioactive glass can be 
controlled and optimiZed for a variety of Wound healing sce 
narios by manipulating the ratio of Si to Ca in the chemical 
composition of both porous and non-porous bioactive glass. 

[0079] The bone-generating activity of bioactive glass can 
be controlled and optimiZed for a variety of Wound healing 
scenarios by manipulating the ratio of Si to Ca in the chemical 
composition of both porous and non-porous bioactive glass. 

EXAMPLES 

[0080] The folloWing examples are presented to illustrate 
the present invention and to assist one of ordinary skill in 
making and using the same. The examples are not intended in 
any Way to otherWise limit the scope of the invention. 

Example 1 

Hemostatic Activity of Bioactive Glass 

[0081] The time until clot detection, R, decreases for 
increasing SizCa ratios in BG (FIGS. 1, 2). R is reduced by a 
factor of 2 When the SizCa ratio is doubled over the range 
studied. 

[0082] BG can perform the dual role of providing surface 
area for thrombosis and supplying Ca2+ ions; hence there Will 
be an optimum ratio of SiO2 to Ca2+ ions, Which are co-factors 
throughout the clotting cascade, for the fastest hemostatic 
response. The BG-induced coagulation rate, 0t, increases With 
increasing SizCa ratios and maximiZes for the same SizCa 
ratio as for the minimum R time (SiZC2l(Rmin(XmaX) ~2.5). All 
blood clots induced by BGs resulted in stronger than natural 
clots (MABGZ62 and MANamm1=58 dyn/cm2. 

Example 2 

Formulation of Mesoporous Bioactive Glass 

[0083] The unique formulation of high surface area meso 
porous bioactive glass that We have prepared has the ability to 
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rapidly induce a blood clot When exposed to blood. In fact, the 
formulation We have prepared has a faster clotting time and 
results in a stronger clot than QuikClotTM, the leading inor 
ganic hemostatic agent currently available (see FIG. 3). Both 
the porous and non-porous formulations of bioactive glass 
possess this ability to rapidly promote blood coagulation. 
Because the porous and non-porous formulations of bioactive 
glass can be hydrated to different degrees, and consequently 
Will deliver different amounts of heat upon hydration during 
medical application to a Wound site, We can further tailor the 
rate of blood coagulation. Combinations of porous and non 
porous bioactive glass can be formulated to the desired speci 
?cations of hydration and delivery of heat (see FIG. 4). 

Example 3 

Mesoporous Bioactive Glass With Varying Ratios of 
SiO2zCaO 

[0084] This example shoWs that one make the bioactive 
glass With varying ratios of SiO2zCaO. At higher SiO2zCaO 
ratios (more silica), the material tends to clot blood faster. 
This is illustrated in both FIGS. 5 and 6. As the amount of 
SiO2 relative to the amount of CaO is reduced, the kinetics of 
clot formation are much sloWer. The difference in clotting 
kinetics betWeen tWo bioactive glass samples With different 
SiO2zCaO is more pronounced With the non-porous samples. 
The mesoporous bioactive glass is a faster clotting agent than 
the non-porous samples, but the difference betWeen samples 
is greater Within the non-porous samples. 

[0085] This example also shoWs that one can use combina 
tions of porous and non-porous bioactive glass, as Well as 
composites With multiple bioactive glasses of different 
SiO2zCaO ratios, to achieve any desired hydration capacity 
and heating response When in contact With blood (see FIGS. 
7 and 8). 

Example 4 

Spherical Bioactive Glass 

[0086] Spherical Bioactive glass is produced by an aerosol 
assisted method and With the same sol-gel precursor solution 
employed for bioactive glass previously described. Spherical 
bioactive glass accelerates the formation of a contact-acti 
vated clot. The activity of bioactive glass is dependent on the 
relative amount of contact activating agent to the surrounding 
blood volume (FIG. 9). 

Example 5 

Host-Guest Composites 

[0087] The porous architecture of mesoporous bioactive 
glass is ideal for the controlled release of biomolecules. These 
molecules can be immobiliZed on the oxide surface of bioac 
tive glass or solvated With surfactants inside the pores, or 
loaded alone in die pores. Each of these formulations Will 
have a unique release pro?le With regard to concentration and 
rate of release. The combination of porous bioactive glass and 
biomolecules is referred to as a host-guest composite. 

[0088] Host-guest composites can also be prepared to 
release ions including, but not limited to, silver, magnesium 
and calcium ions. Silver ions have been shoWn to be antibac 
terial at parts per billion concentration in biological ?uids. 



US 2010/0209531 A2 

Magnesium and calcium ions are essential cofactors during 
the coagulation of blood. Certain formulations of porous 
bioactive glass can also sequester magnesium and calcium 
from blood to delay the coagulation response. 

Synthesis 
[0089] Mesoporous bioactive glasses (MBGs) Were syn 
thesiZed by co-assembly of a BG sol With a triblock copoly 
mer poly(ethylene oxide)-poly(propylene oxide)-poly(ethyl 
ene oxide) as the structure-directing agent through an 
evaporation-induced self-assembly (EISA) process. The 
dried gel Was calcined at high temperature to remove the 
block copolymer and form mesopores. The ?nal MBGs Were 
ground into poWders. The as-calcined MBGs have more 
accessible mesopore surface area and ordered pore structure. 
In vitro study shoWed a greater bone-forming bioactivity than 
conventional sol-gel derived BGs by fast formation of an 
amorphous bioactive HA layer. 

Example 6 

Bioactive Glass Cements 

[0090] Bioactive glass cements Were prepared by mixing 
bioactive glass poWders With an ammonium phosphate buffer 
solution. The liquid component of MBGCs, an ammonium 
phosphate buffer solution, Was prepared by dissolving 60.1 g 
(NH4)2HPO4 and 5.0 g NH4H2PO4 in 100 mL Water. The pH 
of the resulting solution Was ~7.3. MBGC cements Were 
made by mixing the solid and liquid components at the ratio 
of 1 g to 1 mL. The cements Were kept in the ambient envi 
ronment to set. Before setting fully, they Were soft enough to 
be kneaded or molded. Structural characterizations Were typi 
cally carried out at ~1 h after the mixing of the solid and liquid 
components of MBG, and no structural changes Were 
observed after 1 h after mixing. 

[0091] The assessment of the in vitro bioactivity of bioac 
tive glass poWders and cements Was carried out in SBF at 37° 
C. SBF contained 142.0 mM Na", 5.0 mM K", 1.5 mM Mg", 
2.5 mM Ca2+, 147.8 mM Cl‘, 4.2 mM HCO3A, 1.0 mM 
HPO42_, and 0.5 mM SO42‘. Its chemical composition is 
similar to that of human plasma. The solution had a pH of 
7.3-7.4 and Was kept at 37° C. before use. 

Example 7 

Surface Area Measurements of Mesoporous 
Bioactive Glass 

[0092] This example presents data on the surface area mea 
surements that have been made of the mesoporous bioactive 
glass of the invention. In FIG. 10, the adsorption-desorption 
isotherm is presented. The lack of hysteresis suggests a chan 
nel-like structure Without internal cages. This adsorption 
desorption isotherm can be used to calculate the pore siZe 
distribution of the mesoporous bioactive glass based on the 
B] H model. A plot of the pore siZe distribution is illustrated in 
FIG. 11. 

[0093] The calculated surface area of mesoporous bioac 
tive glass is displayed in FIG. 12. Bioactive glass can be 
formulated With a surface area ranging from 300 m2/ g to 1000 
m2/ g. The sample that Was used for the measurements 
described in this example had a surface area of 960 nm/ g. The 
internal pore diameter Was calculated to be 3.1 nm based oil 
the BJH model and 2.5 nm based on the BET model. 
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Example 8 

Bone-Generating Activity of Bioactive Glass 

[0094] The assessment of the in vitro bioactivity of bioac 
tive glass poWders and cements Was carried out in simulated 
body ?uids (SBF) at 37° C. SBF contained 142.0 mM Na", 
5.0 mM K", 1.5 mM Mg“, 2.5 mM Ca2+, 147.8 mM Cl‘, 4.2 
mM HCO3A, 1.0 mM HPO42_, and 0.5 mM SO42‘. Its chemi 
cal composition is similar to that of human plasma. The 
solution had a pH of7.3-7.4 and Was kept at 37° C. before use. 

[0095] The in vitro assessment of in vivo bone-generating 
bioactivity is typically conducted by monitoring the forma 
tion of hydroxyapatite on die surface of bioactive glass after 
immersion in SBF. After mixing the bioactive glass poWder 
With the ammonium phosphate buffer solution, Weak x-ray 
diffraction peaks at 20=26° (002) and 320 (211) correspond 
ing to hydroxyapatite are observed. The broad peak at 20=23° 
is due to the amorphous nature of the bioactive glass Walls 
(FIG. 13). The average hydroxyapatite crystal siZe nucleated 
after immersing BG60:36:4 in simulated body ?uids for one 
day is 37 nm. The average hydroxyapatite crystal siZe nucle 
ated after immersing BG80:16:4 in simulated body ?uids for 
one day is 32 nm. Faster rates of hydroxyapatite Were 
observed With BG60:36:4 compared to BG80: 16:4. 

Example 9 

Isoelectric Point East Acting Clotting Agents, and 
Passivated Medical Device Surfaces 

[0096] As described in US. provisional patent application 
No. 60/ 668,022, ?led Apr. 4, 2005, We have identi?ed four 
critical materials parameters that can be used to predict the 
hemostatic response for exposing a given oxide to blood. We 
have shoWn that blood coagulation can be induced rapidly 
through the dehydration of blood, application of an appropri 
ate amount of heat, and by delivering ions, like calcium, that 
are cofactors in the blood coagulation netWork. Oxides With a 
surface charge Will also induce a coagulation response. More 
speci?cally, the isoelectric point is the underlying principle 
effecting the surface charge induced contact activation coagu 
lation response. 

[0097] Every oxide material Will possess an initial surface 
charge that is a function of both the isoelectric point of the 
material and the pH conditions of the immersing solution (see 
FIG. 14). By observing the rate of coagulation of blood upon 
exposure to a variety of inorganic oxides, We have observed 
that those materials With an isoelectric point beloW the pH of 
blood accelerate the coagulation response (see FIG. 14). 
Those materials With an isoelectric point above the pH of 
blood are observed to decelerate the coagulation response 
(see FIG. 15). 

[0098] Designing rapid acting hemostatic agents requires 
an optimization of the four material parameters already iden 
ti?ed: isoelectric point, hydration capacity, thermal applica 
tion (heat), and control of the local electrolyte conditions. 
Similarly, designing passivated medical device surfaces for 
contact With blood requires a related, albeit opposite, optimi 
Zation of these material parameters compared to a fast acting 
clotting agent. By selecting oxides of varying isoelectric 
points, it is possible to modulate the blood coagulation 
response from spontaneous coagulation to inhibition of 
coagulation. This control over the blood response is unique to 
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inorganic oxides and offers major advantages over current 
organic based hemostatic technology. This relationship 
betWeen isoelectric point and coagulation provides for the 
design of neW bioactive glass compositions tailored to desired 
objectives in the regulation of hemostasis. 

Example 10 

lsoelectric Point and LoW-Surface-Area Metal 
Oxides 

[0099] It is Well accepted that negatively charged surfaces 
activate the intrinsic pathWay of the blood clotting cascade. 
The SiO2 glass beads, Which have the loWest isoelectric point 
(IEP=2.1) of all the loW-surface-area oxides analyzed, initi 
ated the formation of a detectable blood clot on average 2.9 
min after exposure to sheep blood. Because this material has 
the loWest isoelectric point, under physiological conditions 
(pH=7.3-7.4), SiO2 substrates Will initially posses the great 
est negative surface-charge density compared to the other 
oxides tested. The time until clot detection increases With the 
increasing isoelectric point of the loW-surface-area materials 
studied (FIG. 16). NiO has the isoelectric point that is closest 
to the pH of blood, and the average clot time induced by NiO 
is nearly indistinguishable from that of blood in its absence 
(RNiO=l l min and RB1OOdA1One=l09 min). ZnO has the high 
est isoelectric point of the materials studied (IEP=9.5) and 
Was observed to actually delay the time until blood clot detec 
tion by about 1.5 min compared to sheep blood alone. 

[0100] The fastest rate of coagulation, 0t (°), for the loW 
surface-area metal oxides, Was observed With the SiO2 glass 
beads (0t=75.2°, IEP=2.1), Which initially posses the most 
negative surface in blood compared to the other loW-surface 
area metal oxides studied. (FIG. 17). The sloWest rate of 
coagulation Was observed When ZnO Was introduced to sheep 
blood ((xB1OOd=50.2°; (xZnO=30.4°). ZnO possesses the maxi 
mum positive surface charge When immersed in blood. All of 
the oxides With an isoelectric point above the pH of blood 
Were observed to decelerate the rate of coagulation compared 
to blood alone, and in particular, NiO, Which has the closest 
isoelectric point to the pH of blood but Will be positively 
charged after immediately contacting blood, Was observed to 
reduce the rate of coagulation. 
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[0101] From the foregoing it Will be appreciated that, 
although speci?c embodiments of the invention have been 
described herein for purposes of illustration, various modi? 
cations may be made Without deviating from the spirit and 
scope of the invention. 

What is claimed is: 

1.-38. (canceled) 
39. A medical device comprising a hemostatic composi 

tion, the hemo static composition comprising a hemo statically 
effective amount of kaolin, Wherein the hemo static composi 
tion has an isoelectric point, as measured in a calcium chlo 
ride solution, beloW the pH of blood. 

40. The medical device of claim 39, Wherein the hemo static 
composition has an isoelectric point beloW 7.3. 

41. The medical device of claim 39, Wherein the hemo static 
composition is hydrated to betWeen 0.1% and 25% (W/W). 

42. A method of modulating hemostatsis, the method com 
prising contacting blood With a medical device of claim 39, 
Wherein said contacting is su?icient to decrease blood coagu 
lation time. 

43. The medical device of claim 39, Wherein the hemo static 
composition further comprises an oxide selected from the 
group consisting of calcium oxide, sodium oxide, magnesium 
oxide, Zinc oxide, phosphorus oxide and alumina. 

44. The medical device of claim 39, Wherein the hemo static 
composition further comprises an inorganic salt. 

45. The medical device of claim 44, Wherein the inorganic 
salt comprises a divalent ion selected from the group consist 
ing of Zinc, copper, magnesium, calcium and nickel. 

46. The medical device of claim 44, Wherein the inorganic 
salt is selected from the group consisting of: CaO, CaCl2, 
AgNO3, Ca(NO3)2, Mg(NO3)2, Zn(NO3)2, NH4NO3, AgCl, 
Ag2O, Zinc acetate, magnesium acetate, calcium citrate, Zinc 
citrate, magnesium citrate, magnesium chloride, magnesium 
bromide, Zinc chloride, Zinc bromide, calcium bromide, cal 
cium acetate and calcium phosphate. 

47. The medical device of claim 39, Wherein the hemo static 
composition is disposed as a coating over the medical device. 

* * * * * 


