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NANOSTRUCTURED MATERIAL FORMULATED WITH BONE
CEMENT FOR EFFECTIVE AN TIBIOTIC DELIVERY

CROSS-REFERENCE TO RELATED APPLICATIONS

- [0001] The present application claims priority to U.S. Provisional Applicatioh Nos.

61/266,995, filed December 4, 2009 and 61/412,566 filed November 1.1; 2010 the

disclosures of which are herein incorporated by reference in their entirety for all purposes.
BACKGROUND OF THE INVENTION

[0002] Currently total hip and knee joint replacements (arthroplasty) are the most
common major orthopedic surgical procedures, with approximately 1 million performed
world-wide annually. A major prpportion of these prostheses are anchored to the
contiguous éancellous bone in an acrylic based bone cement, which serves to immobilize the
implant and distribute force from it to the adjoining bone. (see, Lewis, G., J. Biomed. Mater.
Res. B. Appl. Biomater., 38:155-182 (1997); Lewis, G., J. Biomed. Mater. Res. B. Appl. -

| Biomater., 84:301-319.(2007); Lewis, G ,J. Biomed. Mater. Res. B. Appl Biomater.,
~ 89:558-574 (2009))

[0003] Despite strict antiseptic operative proceduré deployed against infection,
postoperatiVe‘osteomyelitis remains a considerable problem in orthopedic surgery. The
infection rates of joint replacemént range from 1-3% after surgery operation. For infected
cases, total removal of the implant is often necessary and usually leads to severe functional
disability. Such infectiong are very costly in terms of quality of life and publié health '
expenditure." In order to reduce the risk of post-operative infection, it is of great interest to

release antibiotics at the implanted local site (see Figure 1). The main goals of the drug

‘releasing systems are to maintain drug levels at the desired therapeutic range with just a

single dose and to localize delivery of the drug to a sp-eciﬁ:c‘body compartment, thereby

reducing-the need for follow-up care and increasing patient comfort and/or compliance.

[0004]  There are over 30 commercially available basic> acrylic bone cements for use in
cemented arthoplasties. Some of the most widely used brands are Simplex P (Styker Co.),
Palacos R (Heraeus Kulzer), SmartSet HV (DePuy Co.) and Vertefix Radiopaque (Cook
Medical). In general, all brands contain polymer powder and liquid monomer components
thét are mixed together to form a dough-like bone cement. Th'e‘ polymer powder éonsists of

prepolymerized poly(methyl methacrylate) (“PMMA”) beads or a PMMA-based polymer;
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-benzoyl peroxide as the initiator of the polymerization reaction; and a radiopacifier of

barium sulfate or zirconium dioxide. The liquid monomer comprises of methyl
methacrylate monomer; N,N—dimethyl-p.-toludine (DMPT) as the accelerator of the

polymerization reaction; and hydroquinone as an‘_inh_ibitor of that reaction.

[0005] To date, the commercially available antibiotic delivery systems (e.g., SmartSet
GHV (DePuy Co.); Simplex P with Tobramycin (Stryker)) are based on antibiotic loaded
poly(methyl methacrylate) (PMMA) bone cement. The main problem of the current

" composite bone cements is their inability to maintain sustained drug release for several

weeks at the site of implantation. These drug delivery systems are based on the method of
loading the drug agents into.the polymer and/or monomer components of the cement by -

mechanical m1x1ng or by adsorption directly into the matrices of polymer (see Padilla et al. |

-J. Controlled Release, 83:343-52 (2002); Anagnostakos, K. and Kelm J., J. Biomed. Mater.

Res. B. Appl. Biomater., 90B:467-475-182 (2009)). However, such techniques do not
achieve sustained drug release at the implanted site for more than a few days. At initial
stages following surgery, the typical bone cements elute antibiotics located at the surface of
the interface between the cement and the adjacent tissue or medium, and not the sub-layers "~

of the bone cement. The diffusion of drug becomes more limited in the later stages. As

- more than 90% of the antibiotic may be retained within the PMMA matrix, the bone cement

cannot function to protect the surrounding tissue from infection.

[0006] Recent advancements 1n the design and development of mesoporous nanomaterials -
have highlighted their potential for drug delivery. These nanomaterials are characterized by
high relative surface areas, tunable pore volumes, controllable surface functionalities, and
well-ordered pore structures. Figure 2 depicts a microscopy image of the organized

structure of mesoporous nanorods. Examples of mesoporous nanomaterials include
mesoporous silica nanoparticles alumina nanofibers, carbon nanotubes, titania nanotube.s,‘

hydroxyapatite nanorods and hydroxyapatite nanopartlcles Mesoporous silica

nanoparticles (MSN) have large specific pore volumes (e g range from 0.6-1 cm’/ g) and

high surface areas (e g., range of 700-1000m> /g), making it possible to load the

| _ nanopart1cles w1th drug and reach loading levels that exceed 30 wt% (see, Gao et ali J.

Phys. Chem. B., 113:1796-804 (2009); Vellet-Reg1 etal., J. Intern Med., 267:22- 43 (2009);,

Rosenholm et al. , Nanoscale, 2:1870-83 (2010))
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[0007] In view of the foregoing developments, there is a need to develop bone cements
with improved sustain release of antibiotics. The present invention satisfies this and other ‘

needs.

BRIEF SUMMARY OF THE INVENTION

[0008] The present invention provides in-part, mesoporous silica nanoparticles ‘and other
nanostructured materials as drug cair_iers and formulations with for example, PMMA-based
bone cement, to improve the drug felease property from an antibiotic load bone cement. .

The uniformly arrayed one-dimensional pore structure builds up effective diffusion channels :

iri a PMMA matrix to facilitate drug molecules diffusion to the surface of the bone cement ﬁ

(see Figure 3). In fact, a sustained release of simultaneous loading active substances can be -

achieved.

[0009] In one embodiment, the present invention provides a bone cement, the bone cement

comprising;:

a polyacrylate; and
an active pharmaceutical ingredient, wherein the active pha:nnaceutical ingredient

is disposed within a mesoporous material. .

[0010] In one aspect, the polyacrylate comprises polymerized methyl methacrylate.
Preferably, the polyacrylate is poly(methyl methacrylate). Alternatively, or more
preferably, the polyacrylate is in the form of a powder. In certain aspects, the polyacrylate

-is a commercially available bqné cement (e.g., PMMA-based bone cement) that has been

optionally ﬁlrther polymerized with a monomer such as an acrylate monomer (e.g., methyl
methacrylate). In a preferred aspect, the bone cement comprisés diffusion channelsina
PMMA matrix to facilitate drug molecules diffusion to the surface of the bone cement. In

certain aspects, the inventive bone cement is a mesoporous material incorporated bone

_ cement.

[0011] In a second embodiment, the invention provid¢s ,é»method for preparing a bone

cement, said method comprising:

a) impregnating a mesoporous material with an active pharmaceutical agent to

produce an impregnated mesoporous material;
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b) mixing the impregnated mesoporous material with a polyacrylate to produce an

admixture;
¢) adding a monomer to the admixture; and
-d) polymerizing the admixture to form the bone cement.

[0012] In a first aspect, the step of mixing a mesoporoﬁs material with the polyacrylate
comprises mixing a'solid comprising the mesoporous material and a second solid

comprising the polyacrylate.

[0013] In certain aspects, the step of mixing the mesoporous material with the
polyacrylate comprises dispersing the impregnated mesoporous material and the

polyacrylate in a suspension.

[0014] In a third embodiment, the present invention provides a method for preparing a

bone cement, the method comprising the steps of:

a) impregnating a mesoporous material with an active pharmaceutical agent and a
polyacrylate to produce an admixture;

' b) adding a monomer to the admlxture and
c) polymerizing the admixture to form a bone cement.

[0015] In another or a preferred aspect, the method further comprises a step of vacuum

drying. Preferably, the vacuum drying is at room temperature.

[0016] In another or a preferred aspect, the method further comprises\a step of shaping the

bone cement in a mold.

[0017] In anotheror a ‘preferred.aspect, the method further comprises a step'of adding a

polymerization activator. Preferably, the polymeriZation activator is added at about the

same time as the monomer. More preferably, before addition to'the admixture, the

Apolymerization activator is mixed with the monomer. Still more preferably, before additionﬁ.-;

to the admixture, the polymerization activator is in a 11qu1d solution. Yet still more

preferably, the polymerization activator is N,N- drmethyl-p toludlne

[0018] In another aspect, the monomer is an acrylate monomer. More preferably_, the

monomer is rnerhyl methacrylate.

- [0019] In another aspect, the present invention provides a bone cement made by any Qf

‘any of the methods described herein.
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[0020] The present invention provides a method for preventing postoperative |
osteomyelitis, the method comprising the step of using the bone cement of the present

invention.

.[0021] This invention uses me_soporous.silica nanoparticles (“MSN”) and other

" nanostructured materials to formulate a PMMA-based bone cement for achieving an

enhanced and controlled elution of antibiotics as well as pain-relief drugs. This invention

makes a breakthrough to the limitation of low antibiotic release from commercial PMMA-

‘based bone cements. Advantageously, the formulations enable a sustained release of

antibiotics from the bone cement over a perlod of 80 days and achieves 70% of total drug

release whereas the commercial antibiotic bone cement (SmartSet GHV) only releases \

: approx1mately 5% of antibiotics on the first day and almost negligible drug release

thereafter. In addition, the mechanical properties such as compression strength and bending.
modulus of the formulated bone cements of the present invention remain equivalent 'to‘
commercial PMMA-based bone cements. The present formulated bone cements exhibit
good antibacterial properties and has low cytotoxicity to mouse fibroblast cells The present

invention is advantageous over currently available bone cements and prevents or reduces

‘postoperative osteomye11t1s

[0022] In another embodiment, the present invention provides use of a bone cement, the
bone cément comprising: a polyacrylate; and an actiYe pharmaceutical ingredient, wherein
the active pharmaceutical ingredient is disposed within a mesoporous material in the
manufacture of a medicament for treating, preventing or reducing postoperative '

osteomyelitis.

[0023] These and other aspects will become more apparent when read with the folldwing

detailed description and drawings which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Figurelisa dlagram illustrating the use of exemplary cements accordmg to some

embodiments of the present invention.

[0025] Figure 2 is a diagram illustrating the release of drug encapsulated in mesoporous

nanomaterials embedded in bone cement.
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[0026] Figure 3 is an image of (A) comm.ercially available bone cement and (B) an

inventive embodiment of mesoporous nanoparticles incorporated in bone cement.

[0027] Figure 4 _shows a flow diagram illustrating an exemplary method 400 of

preparation of drug releasing bone cements according to the present invention.

[0028] Figure S shows a flow diagram illustrating another exemplary method 500 of

preparation of drug releasing bone cements according to the present invention.

[0029] Figure 6 is a graph of the drug release profiles of MSN formulated bone cement

- prepared with Simplex P according to a method of the present invention.

[0030] F igure 7isa graph of the drug release profiles of MSN formulated bone cement

prepared with SmartSet HV according to a method of the present invention.

[0031] Figure 8 is a graph of the drug release profiles of MSN formulated bone cemerit
prepared with SmartSet HV. ’ N -

[0032] Figure 9 is an image of viable and non-viable bacterial cells cultured on

gentamicin loaded MSN bone cement and SmartSet GHV. .

[0033] Figure 10 illustrates the compression strengths of exemplary gentamicin loaded

MSN bone cements composed according to the present invention.

[0034] Figure 11 shows the bendi'ng modulus of exemplary gentamicin loaded MSNb bone

cement composed according to the present invention.

[0035] Figure 12 shows the load-displacement curve for compression test of

hypoxyapatite containing bone cement.

[0036] Figure 13 illustrates the drug release profile of MSN-functionalized bone cement

composed ofa piurality of antibiotics.

'[0037] Figure 14 illustrates the drug release profile of MSN-functionalized bone ccmerit

composed of a plurality of active pharmaceutical agents.

‘ [0038] Figure 15 illustrates the drug release profile of MSN-ﬁmcti_onalized bone cement |

composed of gentamicin and indomethacin.

[0039] * Figure 16 illustrates the drug release profiles of gentémicin loaded carbon

nanotubes-functionalized bone cement.
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[0040] Figure 17 illustrates the gentamicin release profiles of composite bone cements

formulated with either hypoxyapatite nanorods or alumina nanofibers.

[0041] Figure 18 shows the cytotoxicity of mesoporous nanomaterial functionalized bone

cements.

[0042] Figure 19 shoWs SEM images of: (A) the external surface and (C) the fracture
surface of Simplex-P bone cement; compared to (B) the external surface and (D) fracture

surface of inventive sample B-1.

DETAILED D'ESCRIP'_I‘ION OF THE INVENTION

L Introduction

[0043] Arthroplasty (commonly referred to as-hip and knee joint replacement) is currently
the most common major orthopedic surgical procedure performed world—.wide_ annually.
Almost invariably for all these procedures, the prostheses are anchored to the contiguous
bone using a poly(methyl methylacrylate)-based bone cement. Despite strict antiseptic
operative procedures a‘imed at fighting infection, postoperative osteomyelitis remains a

considerable problem in orthopedic surgery. The infection rates of joint'replacern'ent range

from 1-3% after surgery operation. For patients with infection, total removal of the implant

is often necessary and often leads to severe disability.

[0044] Several antibiotic-loaded bone.cements are available, however, they are unable to .

sufﬁciently prevent postoperative osteomyelitis.' The major problems plaguing all current
antibiotic-polymer composites are their inadequate drug releasing kinetics. Since the active
therapeutic agents can only be loaded into the composites by mechanical mixing or by
adsorption directly into the polymer matrices, drug release at the implantation site is
maintained for Just a few days, which is shorter than is required to prevent 1nfect10n The

drug is released by a sharp initial burst due to elution of antibiotics on surface of the bone

.cement, and not from the underlying sub-layers. The drug release is very limited in the later '

stage after a few days post-surgery. More than 90% of the loaded antibiotic may be retamed :
within the PMMA matrix and never released into the surroundlng tissue or medium.
Therefore, the embedded antibiotic is unable to protect the surrounding tissue from

infection.
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[0045] In certain aspects of the present invention, mesoporous silica nanopartici_es (MSN)
are introduced to commercial bone cements, e.g., 'PMMA,-baSed bone .cements, to achieve a
sustained release of antibiotics from thé formulated bone cement. Sustained release of
antibiotics can be used to protect surrounding tissues after surgery. | Significant
improvements over commercially available products overcome the low. drug release

limitation of commercial produéts and sustained release over a period of 80 daYs.
II.  Definitions

[0046] As used herein, the following terms have the meaning ascribed to them unless

specified otherwise.

[0047] The term “bone cement” includes a composite material éonsisting of a powdered
pdlymér coniponent and a liquid monomer component mixed together rapidly to form a -
viscous material with substantially no liquid phase. When the components are mixed _
together, é free radical 'polymerization occurs when the monomer becomes unstablé by
reacting with an initiator. Radicals bond with monomers, forming monomer fadicals that
can react with double bonds of the next monomer to propagate the polymer chain.

Examples of commercially available bone cements useful in the present iﬁvention include,
without limitation, polyacrylates, poly(methyl methacrylate, PMMA-based bone cement,
methyl methacrylate copolymer and methyl methacrylate-styrene copolymer-based bone

cements. Examples.of methyl methacrylate copolymer-based bone cements include, but are

not limited to, Simplex P (Stryker Orthopedics, Mahwah, ENJ ) and SmartSet HV (DePuy

Orthopedics Inc.; Warsaw, IN). Ina préferred aspect, the inventive bone cement is a

‘mesoporous material incorporated bone cement prepared via the processes described herein.

[0048] The term “mesopofous material” used herein includes nanoparticles or

nanomaterials characterized by an average pore diameters of 2-50 nm, a high surface area
(5900m2/ g) and a uniformly arrangéd pore structure of hexagonal channels or cubic pores. "
Examples of mesoporous materials include, without limitation,'mesopbrous silica -
nanoparticlés (MSN), alumiﬁa nanofibers, carbon nanotubes,' titania nanotubes, |

hydroxyapatite nanorods, hydroxyapatite nanoparticles, ahd a combination thereof.

[0049] The terms “impregnated mesoporous material” or “incorporated mesoporbﬁs

material” used herein include nanoparticles or nanomaterials that are loaded with active

‘pharmaceutical agenfs, including, but not limited to, antibiotics and inflammatory drugs.

The antibiotic-loaded nanomaterials can release the loaded phannaceﬁtical agent to the -

8
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surroundirrg material and tissue. Examples of mesoporous materials include, without
limitation, mesoporous silica nanoparticles, alumina nanoﬁbers, carbon nanotubes, titania
nanotubes, hydroxyapatite rlanorods; ,hydroxyapatite nanoparticles, and a combination
thereof. Methods for loading the mesoporous material with pharmaceutical agents may
include wet impregnation, dry impregnation, or manual grinding of the mesoporous material

and the therapeutic agent.

[0050] The term “polymerization initiator” includes a volatile catalytic chemical or radical
that bonds to monomers, forming monomer radicals that can then attack the double bond of

the next monomer and propagate the polymer chain. In a preferred embodiment of the

‘present invention, the polymerization initiator is benzoyl peroxide. Alternatively or more

preferably, the bone cement cemprises about 0.8% to about 1.2% polymerization initiator by

weight. Alternatively or still more preferably, a powder comprises the polymerization

.initiator

[0051] The term “polymerization activator” or “polymerization accelerator” includes a
chemical compound that reacts with the polymerization initiator to produce free radicals

which are needed for the polymerization of the monomer component of bone cement. In a

- preferred embodiment, the polymerization activator is in a liquid solution of N,N-dimethyl-

p-toludine. Ina preferred embodiment, polymerization activator is added to the

polymerization reaction at about the same time as the monomer.

[0052] The term “polyacrylate” as used herein includes polymers formed from a group of o
acrylate monomers. Examples of polyacrylate polymers include, but are not limited to,
polymethylmethacrylates (PMMA) and/or a PMMA styrene copolymer, commercially
a\railable bone cements (e.g. PMMA-based bone cement powder), as well as commercially

available bone cements further polymerized with monomers exemplified herein.

- [0053] - The term “compression strength” as used herein refers to the value calculated from

obtained load-deformation curves derived from compression tests on cylindrical samples of .
bone ceme‘nt~24 +/- 2 hours after forming and storage in dry air at 23 °C. In some V _

embodiments, the compression force is applied along the.aj.xi.s usrng a crosshead speed of 5
mm/min. The compression strength (CS) and the compression modulus (E) is caleulated -

using the following equétions:
CS=F/A,

E2=AS8/Ae,
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where F is the applied load (N) at the highest point of the load-deflection c;urvé, Ais the
cross-section area of the sample .testéd‘. Ad equals to AF i/A,.Whefe_Fi is the applied load (N)
at the point i of the straight-line portion lof the trace, Ae is Ali/L, where L is the length of the
specimen and /; is the deflection corresponding to load F1i at a point in the straight-line

portion of the trace.

[0054] The term “bending modulus” as used herein includes to a measure obtained from

perforrhing a multiple point bending test on beam‘ specimens of bone cement 24 +/- 2 hours

_ after forming and storage in dry air at 23 °C. In some embodiments, the standard test

method of ASTM D790-3 is utilized. For example, the span length is 20mm and the loading
rate is lmm/mm The bending modulus (Eg) was calculated accordmg to the following

equatlon
Ep =L’m / 4bd’,

where L is the support span (mm), b is width of beam tested (mm), d is depth of beam tested

| (mm), and m is slope of the tangent to the initial straight-line portion of load-deflection

curve (N/mm).

[0055] The term “detectable sustained release” or “efficacious sustained release” includes

to the maintained release of active pharmaceutical ingredient for a specified number of days

V (i.e., at least 15 days, preferably for at least 30, 50, 75, or 80 days). Ih another preferred, at

least 10%, preferably at least 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%,
65%, 70%, 75% or 80% of the active pharmaceutical ingredient is released from the bone

cement within 80 days.

[0056] The term “postoperatiVé osteomyelitis” includes, but is not limited to, local or

generalized infection of bone and bone marrow typically caused by bacteria introduced from
trauma, surgery, use of implant, direct colonization from a proximal infection, or through

systemic circulation. , -

[0057] Examples of active pharmaceutical ingredients include antibiotics and anti-

- inflammatory drugs. Antibiotics refer to a group of agents but are not limited to,

ammoglycomde antibiotics, glycopeptide antibiotics, macrohde antlbIOtICS and

combinations thereof. Exemplary antibiotics may. be aCthC against gram-negative bacterla
as well as, active against both gram-positive and gram negative bacteria. Examples of the
antibiotic include erythromycin, garamycin, gentamxcln kanamycin, néomycin, netilmicin,

paramomycm tobramycin, vancomycm and their analo gs and a combination thereof.
_ 0
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[0058] Non-limiting examples of an analgesic or an anti-inflammatory drugs include
steroid agents (e.g., substances related to cortisone, like methjrprednisdlone aéetate) and
non-steroidal agents (e.g., acetylsalicyélic acid, acetaminophen, celecoxib, refecoxib,

ibuprofen and indomethacin). -

[0059] In an alternative preferred embodiment, the active pharmaceutical agent is a

-combination of at least two compounds selected from the groups of antibiotics and anti-

inflammatory agents as described herein.

[0060] In an preferred embodiment, the bone cement-is comprised of a material that is

opaque to X-rays and acts as a radio-pacifier. Examples of X-ray contrast medium include,

- but are not limited to, zirconium dioxide, barium sulfate, or a combination thereof.

III.  Description of the Embodiments

[0061] Thé present invention provides compositions for the preparation of b‘one cement
formulated with drug releasing mesoporous nanomaterial (e.g., mesoporous incorporated.
bone cement). The present invention includes methods of impregnating mesoporous

nanomaterial with activé pharmaceutical ingredients. The present invention also provides

methods of embedding or incorporating the impregnated mesoporous material into current

 commercially available bone cement. In particular embodiments, the compos'itibns and

methods of the present invention advantageously prevent or reduce postoperative

osteomyelitis.

[0062] In one embodiment, the invention provides the compositions and methods of makir_lg_ _
a drug releasing bone cement. The bone cement comprises alpolyacrylate; andoneora -
plurality active pharmaceutical ingredients; wherein the active phaﬁnaceutical ingredient or’

plurality of ingredients is disposed within the a mesoporous material.

[0063] In one embodiment, the present invention provides a bone cement, the bone cement
comprising:

a polyacrylate; and

an active pharmaceutical ingredient, wherein the active pharmaceutical ingredient -

is disposed within a mesoporous material. ‘
[0064] In one aspect, the polyacrylate comprises polymerized methyl methacrylate.
Preferably, the polyacrylate is poly(methyl methacrylate). Alternatively, or more

preferably, the polyacrylate isin the form of a powder. In certain aspects, the pol'yacrylate.

11
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is a commercially available bone cement (e.g., commercial PMMA -based bone cement) that

has been further optionally polymerized with a monomer such as an yacfylate monomer (e.g.,

'methyl methacrylate).

[0065] In a preferred aspect, the mesoporous material is selected ftom the group consisting
of mesoporous siliea, alumina nanofibers, carbon nanotubes, titania nanotubes, )
hydroxyapatite nanorods, hydroxyapatite nanoparticles, and a combination thereof.
Preferably, the mesoperous material is mesoporous silica. More preferably, the mesopereus
silica has a particle size of about 0.1 pm to ahout 100 um. Still more preferably, the
mesoporous silica has a particle size of about 0.1 pm to about 10 pm. Yet still more
preferably, the mesoporous silica has a particle size of about 0.1 pm to about 1 pm, such as

Olpm 02p.m O3um 0.4 pm, OSpm 0.6 um, 0.7 pm, 0.8 pm, 09p.mor1pm

[0066] In an alternative aspect, the mesoporous silica comprises mesoporous silica
nanoparticles. Still more preferably, the mesoporous silica is mesoporous silica

nanoparticles.

[0067] In another preferred aspect, the active pharmaceutical ingredient is an antibiotic.
Preferably, the antibiotic is selected from the group consisting of an aminoglyeoside
antibiotic, a glycopeptide antibiotic, a macrolide antibiotic, and a combination thereof.
More preferably, the antibiotic is selected from the group consisting of erythromycin,
gentamicin, tobramycin, vancomycin, and a combination thereof. Sttll more preferably, the
antibiotic is gentamicin. ’

[0068] In an alternative preferred aspect, the antibiotic is a combination of at least two
compounds selected from the group of erythromycin, gentatmcin, tobramycin, and
vancomycin. More preferably, the antibiotic is a combination of gentamicin and

vancomycin.

[0069] In still another preferred aspect, the bone cement additionally compris.es,an analgesic
or an anti-inflamimatory. Preferably, the anti inflammatory is a non-steroidal anti-
inflammatory. More preferably, the non—ster01dal anti-inflammatory is selected from the

group cons1st1ng of 1bupr0fen and indomethacin.

[0070] In yet another aspect, the bone cement is about l%ut(.) about 50% mes’oporotts .

lmatenal by weight. More preferably, the bone cement is about 1% to about 30%.

mesoporous material by weight. Still more preferably, the bone cement is about 1% to

about 20% mesoporous material by weight, or about 4% to about 15% by weight, or from
| 12 | ‘
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about 5% to about 12%, or even about 6% to about 10% by weight. In certain aspects, the
inventive bone cement is at least 2% mesoporous material by' weight. More preferably, the
bone cement is from about 3% to ab01.1t.30% mesoporous material by weight. Still more

preferably, the bone cement is from about 1% to about 20%, such as 1%, 2%, 3%, 4%, 5%,
6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19% or 20% |

mesoporous material by weight.

[0071] In certain aspects, the bone cement is about 0.1% -30% active-pharmaceutical agent
by weight. In other aspects, the bone cement is about 1% to about 20% actlve
pharmaceutical agent by weight or about 1% to about 10% , or even 1% to about 7% by
weight. In other preferred aspects, the bone cement is at least 0.1%, 0.2%, 0.3%, 0.4%,
0.5%,0.6%, 0.7%, 0.8%, 0.9%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%,
13%, 14%, or 15% active pharmaceutical agent by weight. Preferably, the bone cement is at
least 2% active pharmaceutical agent by weight. More preferably, the bone cement is at .
least 4% active pharmacéutical agent. Still more preferably, the bone cement is at least 6% |

active pharmaceutical agent.

'[0072] In another preferred aspect, the bone cement is from about 1.3% to about 7%

- active pharmaceutical agent by Weight, or about 2% to about 7% active pharmaceutical

agent by weight. Still more preferably, the bone cement is from about 2% to about 4.5% or
about 2.7% active pharmaceutical agent by weight. Alternatively, the bone cement is about
4.1% active pharmaceutical agent by weight, thus about 1%, 2%, 3%, 4%, 5%, 6%, or 7%'

and all fractions in between.

[0073] Inan alternative aspect, the bone cement is from about 4.5% to about 7% active
pharmaceutical agent by weight. Still more preferably, the bone cement is about 5.4%

active pharmaceutical agent by weight.

[0074] In yet still another preferred aspect, the bone cement optionally comprises a
material that is opaque to X—rays. Preferably, the r‘nateri.al opaque to X-rays is.se‘lected from
the group consfsting'of zirconium dioxide, barium sulféte, or a combination thereof.
Alternatively or more préférably, the bone cement comprises about 10% to about 15%, such
as 10%, 11%, 12%, 13%, 14%, or 15% of the opaque matenal by welght Alternatlvely or .

still more preferably, the opaque material is a powder

1

.[0075] In still another preferred aspect, compression 's'tre.rigth‘ of the bone cement is at | |

least 70%-95%, such as 70%, 75%, 80%, 85%, or 90% as high as conipression strength of a

13
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control bone cement without the mesoporous material. Preferably, the compression strength

of the bone cement is at least 80% as hi gh as compression strength of a control bone cement

-without the mesoporous material. More preferably, the compression strength is at least 85%

as high as the compression strength of the control bone cement without the mesoporous
material. Still more preferably, the compression strength is at least 90% as high as the
compression strength of the control bone cement without the mesoporous material. Yet still

more preferably, the compression strength is at least 95% as high as the compression

‘strength of the control bone cement without the mesoporous material. Preferably, the

compression strength is at least as high as 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%,
78%, 79%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, or 95% as the compression strength of a control bone cement without the mesoporous

material or even higher.

[0076] In yet still another preferred aspect, bending modulus of the bone cement is at least
80%-95% as high such as 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%,
91%, 92%, 93%, 94%, or 95% as high as bending modulus of a control bone cement without
the mesoporous material. Preferably, the bending modulus is at least 85% as high as the
bending modulus of the éontr'ol bone cement without the mesoporous material. More
preferably, the bending modulus is at least 90% as high as the bending modulus of the
control bone cement withbut thé mesoporous material. Still more preferably, the bending
quﬁlus is at least 95% as high as the bending modulus of the control bone cement without
the mesoporous material.  Yet still more preferably, the bending modulus is at least as high

as the bending modulus of the control bone cement without the mesbporous material.

[0077] In another preferred aspect, detectible Sustéined .release of the active
pharmaceutical ingredient is maintained for at least 15 days to about 75 days, such as 15; 20,
25, 30, 35, 40, 45, 50‘, 55, 60, 65, 70, or 75 days. Preferably, detectible sustéined release of
the active pharmaceutical ingredient is maintained for at least 30 days. More preferably,
detectible sustained release of the active pharmaceutical ingredient is maintained for at least .
50 days. Still more pfeferably, detectable sustained release of the active pharmaceutical

ingredient is maintained for at least 75 days.i

[0078]_ In still another preferred aspect, efficacious sustained releasé of the activé_: .
pharmaceutical ingredient is maintained for at least 15 days. Preferably, efﬁcacioﬁs |
sustained release of the active pharmaceutical ingredient is maintained for at least 30 days. o

More preferably, efficacious sustained release of the active pharmaceutical ingredient is
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maintained for at least 50 days. Still more preferably, efficacious sustained release of the
active pharmaceutical ingredient is maintained for at least 75-days such as for at least 15, 20,

25,30, 35, 40, 45, 50, 55, 60, 65, 60, 65, or 70 days.

[0079] In yet still another preferred aspect, at least 10% to about 70%, such as 10, 15, 20,
25, 30, 35, 40, 45, 50, 55, 60, 65, or V70% of the active pharmaceutical ingredient is’releasedv .
from the bone cement within 80 days. Preferably, at least 15% of the active pharmaceutical
ingredient is released from the bone cement within 80 days. More preferably, at least 20%
of the active pharmaceutical ingredient is released from the bone cement within 80 days.
Still more preferably, at least 25% of the active pharmaceutical ingredient is released from
the bone cement within 80 days. Yet still more preferably, at leaet 30% of the active
pharmaceutical ingredient is released from the bone cement within 80 days. Preferably, at
least 35% of the active pharmaceutical ingredient is released from the bone cement within
80 days. More preferably, at least 40% of the active pharmaceutical ingredient is released
from the bone cement within 80 days. Still more preferably, at least 45% of the active
pharnraceutical ingredient is released from the bone cement within 80 days. Yet still mere
preferably, at least 50% of the active pharmaceutical ingredient is released from the bone

cement within 80 days. Preferably, at least 55% of the active pharmaceutlcal 1ngredlent is

* released from the bone cement within 80 days. More preferably, at least 60% of the active

'pharmaceutwal mgredrent is released from the bone cement within 80 days. Still more

preferably, at least 65% of the active pharmaceutical ingredient is released from the bone
cement within 80 days. Yet still more preferably, at least 70% of the active pharmaceutical |

ingredient is releesed from the bone cement within 80 days.

A.  Methods of Preparation

[0080] In a preferred aspect, the present invention provides a method for preparing MSN
formulated bone cement having a efficacious sustained release of an active drug, the method

comprising :

a) impregnating a mesoporous material with one or a plurality of an active
pharmacéutical agerlts to produce an impregnated mesoporous material;

b) mixing the impregnated mesoporous material yvith polyacrylate to produce an

admixture;

c) édding a monomer to the admixture; and
15
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d) polymerizing the admixture to form the bone cement.

[0081] Figure 4 is a flow diagram illustrates method of préparation 400 of exemplary bone -

cements according to embodiments of the present invention.

[0082] In a preferred embodiment, 0.4 g of gentamicin powder is dissolved 3 ml of water
at sfep 410. At step 420 the dissolved gentamicin is mixed with 0.6 g of MSN. At “step 430
the wet mixture is dried under vacuum at room temperature. At step 440 the dried powder is |
ground into a ﬁﬁe powder. PMMA bone cement powder (i.e., polyacryiate) is édded and
mixed by manual gﬁndin_g. After mixing at step 450, MMA monomer liquor is added to the
admixturé and stirred thoroughly until the powder is fully»wetted at step 460. Thé viscous

bone cement is inserted into a mold and set overnight at room temperature. -

[0083] In certain aspects, the step of mixing the mesoporoué material with the
polyacrylate comprises mixing a solid comprising the mesoporous material and a second

solid comprising the polyacrylate.

[0084] In another aspect, the step of mixing the mesoporous material with the polyacrylate
comprises dispersing the impregnated mesoporous material and the polyacrylate in a

suspension.

[0085] In an alternative aspect, the method for prebaring a MSN formulated bone cement

having detectable sustained release of active pharmaceuticél agents comprises:

(a) impregnating a mesoporous material with one or a plurality of active

pharmaceutical agents and a polyacrylate to produce an admixture;
(b)-adding a monomer to the admixture; and
(c) polymerizing the admixture to form the bone cement.

[0086] Figure 5 is a flow diagram illustrates method of preparation 500 of exemplary bone

cements according to embodiments of the present invention.

-[0087] In another preferred embodiment, 100 mg of gentamicin powde_:r is dissolved 4 ml

of water at step 510. At step 520 the dissolved gentamicin is mixed with-0.3 g of MSN and
2.1g of PMMA-based b(;ne cement powder (i.e., polyacrylate). At step 530 the mixtﬁre is
stirred thoroughly to producé an adrﬁixture with the consiétency of a slurry. The ac\llmixture‘; :
1s aged overnight at room temperature at step 540. Next, ét step 550 the admixture 1s driéd =

at room temperature in a vacuum oven or dryer. MMA monomer liquor is added to the
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dried admixture and stirred thoroughly until the powder fs fully wetted 560. The viscous

bone cement is inserted into a mold and set overnight at room temperafure.

[0088] Inan exemplary embodiment, the bone cement is formulated to possess
mechanical properties to match the bone in which it will be implanted. In certain
embodiments, the cement is formulated to-match the mechanical properties of commercially

available bone cements without antibiotics.

[0089] - In another or a preferred aspect of t_he second or third embodiment, the method
further comprises a step of vacuum drying. Preferably, the vacuum drying is at room

temperature. -

[0090] In anotlier or a preferred aspect of the second or third embodiment, the method

further comprises a step of shaping the bone cement in a mold.

[0091] In another or a preferred aspect, the methods further comprise a step of adding a

polymeﬁzaﬁon activator. Preferabl'y,'the polymerization activator is added at about the

same time as the monomer. More preferably, before addition to the admixture, the
polymerization activator is mixed with the monomer. Still more preferably, before addition
to the admixture, the polymerization activator is in a liquid solution. Yet still more

preferably, the polymerization activator is N,]V—dimethyl-p-toludine.

[0092] In still another preferred aspect, the bone cement is prepared using a method
described herein with polymerization initiator. Preferably, the polymerization initiator is
benzoyl peroxide. Alternatively or more preferably, the bone cement is prepared using
about 0.8% to about 1.2% polymeﬁzation initiator by weight, such as 0.8%, 0.9%, 1.0%,
1.1% or 1.2%. Alternatively or: still more preferably, the polymefizatidn initiatoris a

powder.

[0093] In another preferred aspect, the bone cement is prepared using a method described
heréir_l which uses a polymerization activator. Preferably, the polymerization activator is
N,N—dimethyl-p-toludine. Alternatively or more preferably, the method used to prepare the
bone cement herein uses about 1% to about 4%, such as 1%, 2%, 3%, or 4% of the
polymerization agtiVator by weight. Still more preferably, the method used to prepare t_hé

bone cement comprises about 2.5% of the polymerization activator by weight. Alternatively

~ or yet still more preferably, the polymerization activator is a lli'quid.

[0094] In another or a preferred aspect, the monomer is an acrylate monomer.- More

preferably, the monomer is methyl methacryl,até.
: ' 17
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[0095] In another aspect, the present invention provides a bone cement made by any of

any of the methods described herein.

B. Bone Cement Applications

[0096] In certain aspects, the drug releasing mesoporous incorporated bone cement of the

present invention can be used in the augmentation of the bone-crew and bone-implant

~ interface during joint replacement surgery. In addition, it is useful as a bone filler in areas

of the body where bone may be deficient. Examples of such instances of deficiency include
post-trauma with segmental bone loss, post-bone tumor surgery where excision of bone has
occurred, and after total joint arthroplasty. The present invention may further be useful as a
cement to hold and/or fix artificial joint components in bones of patients undergoing joint
arthroplasty. Asa non-limiting example, the present invention can be tlsed as a strut to
stabilize the anterior column of the spine after excision surgery. Asa further example, the

composite bone cement can serve as a bone graft substitute in spinal fusion procedures.

[0097] In one embodiment, the present invention is applied to the bone site to fill the site

in a preferably space-filling manrler, producing a secure fit between the bone and the

implant. In a non-limiting example of bone reconstruction and repair, the bone cement is

~ applied to the bone surface and pressed into or onto the site to force the cement into any

surface irregularities, such as cracks, pits, pockets or holes.

[0098] In another preferred embodiment, the present invention is applied to the outer

surface of the prosthesis‘ stem and/or to the inner surface of the bone cavity. The stem is

forced into the cavity until the prosthesis is fuIly seated and the bone cement is forced

substantially and/or completely bin'to_the space between the stem and the bone.

[0099] Another aspect of the invention includes a rrlethod of making orthopedic or dental |

implants for the deiivery of therapeutic agents and/or diagnostic agents into a cavity of the

_ body of a patient. The certain embodiments, the present invention may be in the form of a |

curable matrix that can be rmplanted in a cavity in a botiy whereby the curable matrix takes
on the shape of the cavity and forms a molded curable matrix. In certam embodiments, the

curable matrix is a bone cement or a dental composxte

[0 100] In certain embodiments, the invention provides a method for preventing or
reducmg postoperatrve osteomyelitis, the method comprlsmg the step of us1ng the bone
cement of any of the aspects, preferred aspects or combmatlons of preferred aspects of the ,

first embodiment.
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[0101] This invention uses mesoporous silica nanoparticles and Vother nanostructured
materials to formulate a PMMA-based bone cement for achiévingvan enhanced and
controlled elution of antibiotics as well as pain-relief drugs. This invention makes a
breakthrough to the limitation of low antibiotic release from commercial PMMA-based
bone cements. The inventive formulations enables a sustained release of antibiotics from
the bone cement over a period of 80 days and achieves 70% of total drug release, whereas
the commercial antibiotic bone cement (SmartSet GHV) only releases approximately 5% of
antibiotics on the first day and almost negligible dnig release thereafter. In addition, the
mechanical broperties such as compression strength and bending modulus of the formulated
bone cements in the present invention remain equivalent to commercial PMMA-based bone
cements. The newly formultlted bone cements exhibit good antibacterial properties and has
low cytotoxicity to mouse fibroblast cells. The present invention is advantageous over
currently avallable bone cements and has high potential for preventmg postoperative

osteomyehtls

[0102] Although the present 1nvent10n is preferably for mammals such as human belngs a
skilled artisan will appreciate that the present invention is applicable for vetennary and

laboratory uses.

IV. EXAMPLES

Example 1. Preparation of Mesoporous Silica Nanoparticles.

[0103] Mesoporous silica nanoparticles (MSN) were prepared using fluorocarbon-
surfactant-mediated synthesized procedure (see U.S. Patent Application No. 11/631,342;
Gao et al., J. Phys. Chem. B, 113'1796 1804 (2010); Han Y and Ying JY., Angew Chew.

CInt. Ed., 44:288- 92 (2005)). Typically, 0.5 g of Pluronic P123 (triblock polymer) and 1. 4¢

of FC-4 (ﬂuorocarbon surfactant) were dissolved in 80 ml of HCI solution (0.02 M)
followed by the introduction of 2.0 g of tetraethoxysilane under stirring. The solution was
contlnuously-stlrred at 30°C for 24 h and then transferred into a polypropylene bottle and
kept at 100 °C for 1 day. The resultant solid was recovered by céntn'fuging and washed

‘with deionized water twice, and then dried at 55°C for 12 h. To remove the template

molecules, the material was heated from room temperature to 550°C at a heating rate of 2

°C /min and followed by calcination (thermal deComposition) in air for 6 h.

Example 2.- Preparation of mesoporous material incorporated Antibiotic Bone

Cements by Method 400.
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[0104] Thié éxample illustrateé amethod for impregnating one or a plurality of antibiotics
in MSN and embedding antibiotic loaded. nanoparticles into éommercially available
PMMA -based bone cement (see Table i). Gentairiicin was loéded onto MSN by wet ‘
impregnation. Typically, 0.40 g of gentamicin was dissolved in 3 ml deionized water. In
one experiment, 0.60 g of MSN powder was impregnated with gentamicin solution under
stirring and aged for 24 h. The mixture was dried under vacuum at room temperature under
vacuum for 48 h. The dried gentamicin loaded MSN was ground to fine powder and a

certain amount of gentamicin-MSN powder was mixed with commercial bone cement solid

. pbwder by manual grinding. The sampies of antibiotic loaded bone cement were prepared

by mixing the powder with the liquid monomer in a ratio of 2 g/ml in a bowl in a laminar

flow hood, in accordance with the manufacture’s instruction. Monomer liquid was added to

. the polymer-MSN mixture in-a bow] and was stirred using spatula until the powder was

fully wetted. The soft mixture was inserted into the mold with dimension of 6 mm in
diameter and 12 mm in height. The filled mold was pressed between two glass plates for
harden overnight at room temperature. The hardened bone cement cylinders were pulled out
of the mold and stored under sterilé condition at room for in-vitro drug release test and _

compression test. Samples A-1 ~A-6 prepared by method-A are listed in Table 2.

[0105] Table'1. Composition of commercially available PMMA-based bone cements used

in the present invention.

Simplex P (w/w%) Smartset HV Smartset GHV
. (w/w%) (w/w%)
“Powder ' ~
Methylmethacrylate 15.00 84.00 80.46

methacrylate copolymer

© Methyl methacrylate-styrene - 73.72 - --

copolymer - :
Zirconium dioxide 15.00 14.37
Barium sulphate 10.00 : o
Benzoyl peroxide 1.28 , 1.00 0.96
Gentamicin : - - . 4.22
Liquid | | :
-Methylmethacrylate 97.49 97.50 97.50
N,N-dimethyl-p-toludine 250 250 250
Hydroquinone 0.0075

% by weight (w/w) of powder component and liquid component.

[0106] Table 2. MSN formulaied comp'ositei bone cement prepared by Method 400:
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MSN  Drugloading PMMA Powder Gentamicin- MMA

wit% W% (2) - MSN - (ml)
| (g)
Smartset-GHV* 0 - 2.87 2.0 0 | 1.0
A-1 0 3.40 1.90 0.10 g 1.0
| | Gexitamicin

A-2 2.04 " 1.36 190 0.10 1.0
A3 2,08 272 1.80 | 0.20 . 1.0
A-4 6.12  4.08 1.70 10.30 1.0
A-5 - 8.15 5.44 1.60 . 0.40 1.0
A6 1019 6.79 130 0.50 —0

* SMARTSET GHYV is a commercial PMMA-based boné cement loaded with gentamicin
(4.22 wt% in powder; Depuy Co.)

[0107] Figure 6 illustrates that the commercial antibiotic bone cement (SmartSet GHV)

exhibited very low drug release; only less than 7% of gentamicin was released over the

period of 80 days. When gentamicin was directly mixed with PMMA of commercial
Simplex-P bone cement (A-1), only about 3% of gentamicin released was observéd on the
first day of immersion in phosphate buffered séline (PBS) solution. No gentamicin release )
was detectable in the following 80 days of investigation. The drug release rate is obviously.
affected by the content of MSN in the final composition. For the samples A-2 and A-3 with -
MSN contents of 2.04 wt% and 4.08 wt% respectively, the release of gentamicin only
reached 5% on the first day of i immersion and there was no release subsequently. More than }
90% of gentamicin was still retained inside the matrix of the bone cement. When the MSN
content was increased to 6.12 wt% in tho final composite, the release of gentamicin from the |
sample of A-4 is significantly enhanced.  After 7.3% of the gentamcin was released on the
first day, sustained release of gentamicin bone was observed over a pefiod of 80 days. In

total 40% of the gentamicin was eventually released. Further increasing the content of MSN -

~to 8.15 wt% resulted in the sustained release of gentamicin to 58% in 80 days. When the

MSN content was increased to 10.19 wi% (sample A-6), a faster release rate was detected in

the early stages between 10-30 days compared to that of A-5. Eventually after a period-of -
o ‘
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80 days, a similar percentage of gentamicin was released. The antibiotic loaded bone cement

~described herein advantageously exhibits increased antibiotic release from commercial

PMMA-based bone cements (e.g., SmartSet GHV) due to a diffusion network created by

mesoporous silica nanoparticles.

Example 3. Preparation of mesoporous material incorporatéd Antibiotic Bone

Cements by Method 500.

[0108] This example illustrates another method for impregnating one or a plurality of
antibiotics in MSN and embedded the antibiotic loaded nanoparticles into commercially
available PMMA-based bone cement. Gentamicin was loaded into bone cement powder by

impregnation together with MSN. Typically, 0.30 g of MSN was dispersed in 4 ml of

~ aqueous solution containing 0.10 g of gentamicin. Subsequently, 2.10 g of bone cement

powder was immersed into the aqueous suspension to form slurry under stirring. The wet
mixture was dried under vacuum at room temperature. The obtained mixture of gentamicin-
MSN-PMMA was ground to fine powder. The samples of antibiotic loaded bone cement |

were prepared by mixing the-powder with the liquid monomer in a ratio of 2 g/ml in a bowl

in a laminar flow hood, in accordance with the manufacture’s instruction. Monomer liquid

- was added to the polymer-MSN mixture in a bowl and was stirred using 'spatula until the

powder was fully wetted. The soft mixture was inserted into the mold with dimension of 6
mm in diameter and 12 mm in height. The filled mold was pressed between two glass plates
for harden overnight at room temperature. Samples prepared by this method are listed in '

Table 3 and denoted as B-1 ~ B-5.

- [0109] In another alternative method of preparing antibiotic loaded MSN formulated bone

cement, a certain amount of gentamicin, MSN and bone cement powder are thoroughly
mixed together by manual grinding before polymérization with monomer. In this éxarr_lple,
2.0 g of the mixed powdef was mixed with 1.0 ml] monomer liquid, in a bowl in a laminar
flow hood, in accordance with the manufacture’s in_structibn. Monomer liquid was added to
the polymer-MSN mixture in a bowl and was stirred using spatula until the powder was
fully wetted. The soft mixture was inserted into the mold with dimension.of 6 mm in
diarheter and 12 mm in height. The"ﬁlled mold was pressed between two glass plates for
harden overnight at room temperature. The samble prepared by this method is denoted as

C-1 and listed in Table 3.
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Simplex-P MSN | GTMC | MMA (ml)] MSN% Drug%
_ Powder (g) (m g) (mg) ' ‘
B-1 1.68 0.24 80 1.0 8.15 2.72
‘| B-2 1.76 - 0.16 80 1.0 5.44 2.72
B-3 1.84 0.08 80 1.0 2.72 C12.72
B-4 1.68 0.24(SM) | 80 1.0 8.15 - 2.72
B-5 1.68 - | 0.24(micro) | 80 1.0 8.15 -1 2.72
C-1 1 1.68° 0.24 80 1.0 8.15 2.72

WO 2011/068481 PCT/SG2010/000453

[0110] Table 3. MSN formulated bone cement prepared by the method above.

Example 4. Mesoporous material incorporated Antibiotic Bone Cements for Sustained

Drug Release.

- [0111]  This example illustrates a method for impregnating one or a plurality of antibiotics

in MSN and embedding antibiotic loaded nanoparticles into commercially available
PMMA-based bone cement. In this example, GTMC was loaded.bone cement powder by
impregnation together with MSN. Typically, 0.24 g of MSN was dispersed in 4 ml of
aqueous solution containingv0.080 g of gentamicin. Subsequently, 1.68 g of bone cement ,
powder (i.e., was irﬁmersed info the aqueous suspension to form slurry under stirring. The
wet mixture was dried under vacuum at room temperature. The obtained mixture of
gentamicin-MSN-PMMA was ground to fine powder and 1. ml MMA monomer w"as used
for setting. Samples pre?ared by this method are listed in Table 4A and denoted as B-1 ~ B-
3. '

[0112] Table 4A. MSN formulated bone cement prepared by method above.

MSN | Drug loading | PMMA (g) | MSN | GTMC | MMA

wt% | wi% . mg |9 [
Smartset GHV 287 2 |0 10 '
B1 815 |2.72 .68 024 80 1.0
B2 |54 [2m2 1.76 016 |80 |10
B3 2m |m 82 o0 |80 1.0
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[0113] Table 4B. MSN formulated bone cement compared to other antibiotic-loaded bone

cements.

|-10%
Sustained - .
release -

inventive

In vitro drug release study

[0114] The drug release study was conducted by socking two cylinder samples of each
composition in 5 ml PBS buffer (pH 7.4). The sample was put in an incubator shaker - |

operated at 37 °C and 40 rpm. The release medium was withdrawn at predetermined time

intervals, and replaced with fresh PBS buffer (5 ml) each time. The accumulative amount of
gentamicin released was calculated based on the initial weight of bone cement cylinder and

'thebdrug content. The gentamicin release was followed for 80 days.

[0115] An indirect method was used for measurement of gentamicin concentration by
UV-vis spectrophotometer (Cary 50, Varian Co) because gentamicin does not absorb

ultraviolet nor visible light. The o-phthaldialdehyde was used as a derivatizing agent to |

' react with the amino groups of gentamicin and yield.chr‘or:nophoric products. The reaction

was carried out making 1 ml of our problem gentamicin in solution react with 1 ml of
isopropanol (to avoid the precipitation of the products formed) and 1 ml of o-

phthaldialdehyde reagent. After fully mixed, the concentration of gentamicin sulfate was

determined by the UV absorbance at 332 nm.

-[0116] The concentration of ibuprofen, vancomycin and indomethacin was directly

determined by UV-vis detection without the presence of reactive reagent.-

In vitro cytoxicity assay
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[0117] 3T3 mouse fibroblasts cells (3T3-Swiss albino, ATCC) were cultured in a
complete growth culture medium in a 5% CO, incubator. The compléte growth culture
medium was prepared with Dulbecco's Modified Eagle's Medium (DMEM) supplemented

with 10% fetal bovine serum, 1 mm I-glutamine and penicillin (100 U/ml).

[0118] Cell viability testing was carried out via the reduction of the MTT reagent (3-[4,5-

dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide, Sigma). This assay provides a
simple method for determining comparative cell viability using a stahdard microplate
absorbance reader. The MTT assay was performed with the bone cement substrétes placed
at the bottom of a 96-well plate follbwing the standard procedure with minor modifications.
Control experiments were carried out using the complete growth culture medium only

(serving as non-toxic control) and 1% Triton X-100 (Sigma) (as toxic control). 3T3

- fibroblasts in the complete growth culture medium (100 ul) were seeded at a density of 10*

cells/well in a 5% CO, incubator for 24 h. The culture medium from each well was then
removed and 100 ul of medium and 20 ul MTT solution (5 mg/ml in PBS) were theﬁ added
to each well. After 4 h of incubation at 37 °C and 5% _COZ, the media were‘removed.and the
formazan crystals were solubilized with 100 ul dimethyl sulfoxide (DMSO, Sigma) for 15
min. The obtical absorbance was then measured at 570 nm on a microplate reéder (Tecan

GENios). Six samples were tested for each type of bone cement:

. Viability of bacteria on bone cement surface

[0119] The bone cement rectangular beams with dimension of 25 x 10 X 2 mm were
immerseé in SBF buffer for two weeks prior to antibacterial test. The viability of bacteria-
(S. aureus) on the surface of bone cements was investigated by staining with a combination
dye (LIVE/DEAD Baclight bacteria viability kits, Molecular Probes, L13 152). After
immersion in the bacteria suspension of 10® cells/ml in broth at 37 °C for 3 h, the substrates

were washed with water and stained Ausing 50 pl of the combination dye (propidium iodide

(PI) and SYTO 9) and subsequé_ntly analyzed with a Leica DMLM microscope with a 100 g

W Hg ldmp. The viable and non-viable cells can bé distinguished under the fluorescence
microscope since the viable cells appear green under the light microscope while non-viable

or membrane compromised cells appear red.
Testing of mechanical property

[0120] Three point bending test was performed on the Instron universal materials testing

machine (Model 5544). According to the standard test method of ASTM D790-3, the span
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length was 20 mm and loading rate was 1 mm/min. The bending modulus (Eg) was

calculated according to the following equation:

[0121] Eg=L’m/4bd’, where L is the support span (mm), b is width of beam tested
(mm), d is depth of beam tested (mm), and m is slop of the tangent to the initial straight-line

portion of load-deflection curve (N/mm).

[0122] The compression tests were carried out on the bone cement cylinders with same

dimension as that for drug release investigation. The compression force was applied along

_the axis using a crosshead speed of S mm/min. The compression strength was calculated

from the obtained load-deformation curves. The compresSion strength (CS) and the

compression modulus (E;) were calculated using the following equations:
[0123] CS=F/A,
E2=A0/As,.

where F is the applied load (N) at the highest point of the load-deflection curve, A is the .
cross-section area of the sample tested. -Ad equals to AFi/A, where F1 is tile applied load (N).
at the point i of the straight-line portion of tha trace, Ae is Ali/L, where L is the length of the
specimen and /; is the deflection corresponding to load Fi at a point in the straight-line |

portion of the trace.
Results

[0124] Figure 7 displays the effect of MSN content on gentarhicjn release proﬁles of the -
formulated bone cement samples listed in Table 4A. The sample B-1 achieved more than
70% of gentamicin released over a period of 80 days, which is much higher than that |
released from the commercial antibiotic bone cement SmartSet GHV (see Table 4B). As
comparison, the gentamicin release from sample B-2 is suppressed when the MSN content
was reduced from 8.15 wt% to 5.44 wt%. Sample B-2 only showed 15% of gentamicin -
release in 80 days of immersion in PBS buffer. The .sample B-3 did not exhibit an -

improvement on release of gentamicin although it contains 2.72 wt% of MSN in the

* formulation. Although sample B-1 has the same content of MSN as the sample A-5in

Table 2, sample B-1 showed a higher drug release rate than A-5.

[0125] In addition to using Simplex-P, another commercial bone cement with no

antibiotic called Smartset HV is also formulated with MSN and gentamicin. As shown in

Figure 8, when the commercial bone cement of SmartSet HV was used, the gentamicin
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release was similarly affected by the content of MSN fo@ulated in the composite bone .
cement. The Icemposite bone cement exhibited more than 55% of genfamicin released when
6.0 wt% of MSN was introduced. When 2 wt% of MSN was incorporated, the drug release
was much lower. In comparison, the commercial gentamicin-loaded SmartSet GHV bone
cement showed only less than 7.0% of gentamicin released. Therefore, the drug release data
of our formulations showed a signiﬁeant advaﬁtage over commercially availa_bie bone

cement products.

[0 126] The MSN nanoparticles incorporated in the bone cement is believed to form a path
network for gentamicin diffusion frem the composite. As indicated in the Figure 3, for
gentemicin formulated bone cefnent in the absence of MSN nanoparticles, gentamicin
became embedded inside the PMMA matrix during polymerization and could not diffuse to
surface of bone cement for release. For the gentamicin-MSN .loaded bone cement
composite, antibiotic was stored inside the mesoporous channels of the rod-like MSN
nanoparficles. A critical amount of MSN is required to establish the necessary network
necessary for antibiotics to diffuse from the matrix and to be released into the surrounding
medium. When the content of MSN is below 5 wt%, the gentamicin loaded MSN pzirticles
remained embedded in the bone cement matrix. However once the MSN content is
increased to 6 wt% or above, a diffusion network is bullt and gentamwln is able to dlffuse

from bone cement and be released to the medlum
Antibacterial Property

[0127] Before antibacterial testing, the sample was soaked in PBS solution fef two weeks.
The samples were then exposed to a bacteria containing solution for three hours. Under |
fluorescence microscope, the vieble cells appear green and dead cells appear red. As seen in
Figure 9, the formulated compesite bone cement B-1 exhibited a much bettef antibacterial
property than the commercial antibiotic bone cement SmartSet GHV. The result is

consistent with the sustained release of gentamicin from B-1 in PBS buffer.
Mechanical properties

[0128] Figures 10 and 11 show that the mechanical propefties of the preseht invention are
well retained compared to other PMMA-based bone cements. It was reported that | |
formulation of PMMA-based bone cement with 35 wt% of hypoxyapatite could improve
drug release from antibiotic loaded bone cement (Padilla et al., J. Control Release, 83: 343-

352 (2002)). In compression strength assays shown in Figure 10, hypexyapatite containing
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bone cement showed a 50% reduction of compression étrength compared to bone cement
alone. The compression strength of the present invention was comparéble to commericially
available bone cement (e.g., Simplex P). Figure 12 illustrates the reduction of bending

modulus in‘hypoaxyapatite containing bone cement compared to bone cement alone.
Cytotoxicity of nanomaterials

[0129] Compared with a non-toxic control sample, MSN also showed low toxicity to the - '
cells of mouse fibroblasts. ‘As shown in Figure 18, the sample B-1 with 12 wt% of MSN iﬁ
PMMA exhibited very little toxicity as compared with the non-toxic control sample. The
result indicated that MSN is safe fof formulation with bone cement for drug delivery. In
addition, several inert nanostructured materials are also suitable for application as bone

cement fillers to control the drug release from antibiotic bone cements.
Conclusion

[0130] As compared with commercial antibiotic loaded bone cements, this example
demonstrates that the exemplary MSN formulated bone cement depicted in Figure 3
achieves a breakthrough in the enhancement of drug release frbm the bone cement. Drug
release profiles are improved by the MSN formulation which builds up an effective
diffusion network. Mechanical properties are well retained for MSN formulated bone
cement. In addition, antibacterial properties are improved by maintaining very low
cytotoxicity in cultured cells. The novel formulation has high potential for commercial

application in the prevention of postoperative ostomyelitis.
Example 5. Mesoporous material incorporated Bone Cement Containing a Plurality of
Antibiotics.

[0131] The compositions and methods of the present invention can be applied for prepare
MSN formulated bone cement consisting of a plurality of antibiotics. A typical protocol

entails a impregnating and encapsulating a plurality of antibiotics in MSN and éommercially

‘available PMMA-based bone cement. As a non-limiting example, 0.10 g of gentamicin and: |

0.10 g of vancomycin was dissolved in 4 ml of water to form a mixed solution. 030 gof

MSN powder was added to the mixed solution under stirring and MSN particles were

-dispersed homo geneouSly in the slurry. Then 2.0 g of PMMA bone cement powder was

immersed into the aqueoué suspension to form slurry by stirring. The wet mixture was dried

under vacuum at room temperature. The obtained mixture of bi-antibiotics containing solid

* was ground to fine powder. The samples of bi-antibiotic loaded bone cement were prepared
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by mixing the powder with the liquid monomer in a ratio of 2 g/ml in a bowl in a laminar

flow hood, in accordance with the manufacture’s instruction. Monomer liquid was added to

the polymer-MSN mixture in a bowl and was stirred using spatula until the powder was

fully wetted. The soft mixture was inserted into the mold with dimension of 6 mm in

diameter and 12 mm in height. The filled mold was _preSsed between two glass plates for

harden overnight at room terr_lperature. In addition two or more antibiotics can be

formulated to bone cement. The antibiotics can be selected from a group éonsisting of, but

not limited to, erythromycin, garamycin, gentamicin, kanamycin, neomycin, netilmicin,

paramomycin, tobramycin, vancomycin, and their analogs, and combinations thereof.

[0132] Figure 13 illustrates the drug release profiles of gentamicin and vancomycin from

MSN-functionalized bone cement. After 80 days, the amount of gentamicin and

vancomycin released as a percentage to the amount loaded is 40.8% and 31%, respectively.
The percentage of gentamicin released from the dual antibiotic loaded bone cement is lower

than that of gentamicin alone (70% gentamicin released when loaded alone) However, the

drug release efficiencies are still much higher than the current commercially available

antibiotic-loaded bone cement which releases only < 5% of the total antibiotic loaded for up

tol day. Figure 13 demonstrates that a plurality of antibiotics loaded in MSN-

functionalized bone cement has improved drug releasing properties using the novel

mesoporous silica nanoparticles in bone cement of the present invention.

Example 6. Mesoporous material incorporated Bone Cement Containing Antibiotics

and Anti-inflammatory Agents.

[0133] The compositions and methods of the present invention can be applied for prepare
MSN formulated bone cement Consisting of a plurality of antibiotics and anti—_inﬂammétory
agents. As a non-limiting example, the present invention finds utility in the encapsulationbof
one or a plurality of antibiotics and/or one or a plurality of non-steroidal 'ant'i-inﬂammatory |

drug agents into MSN func_tionalized bone cement in order to provide resistance to potential

infection and reduction of inflammation from bone replacement surgery. A typical dual

action MSN-functionalized. bone cement is comprised of a combination of antibiotics, non- - -

steroidal anti-inﬂamrhatory drugs and commercially available bone cement. For example, it _

is made by firstly encapsulating one or a plurality of antibiotics into MSN-PMMA powder

in aqueous solution, and secondly encapsulating one or a plurality of anti-inflammatory

drugs.
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[0134] In anon-limiting protocol, 0.30 g of MSN was dispersed in 4 ml of aqueous
solution containing 0.10 g of gentamicin. Subsequently, 2.0 vg of the éomposite bone cement
powder was immersed into the aqueoué suspension to form slurry under stirring. The slurry
was dried under vacuum at room temperature. The dried powder was impregnated with |
0.10g of ibuprofen dissolved in ethanol. The wet mixture was dried under \}acuum at room
temperature again. The obfaiped mixture of antibiotics and ibuprofeh containing solid was

ground to fine pdwder. The samples of antibiotic and ibuprofen loaded bone cement were

- prepared by mixing the powder with the liquid monomer in a ratio of 2g/ml in a bowl in a

laminar flow hood, in accordance with the manufacturer’s instructions. Monomer liquid
was added to the polymer-MSN mixture in a bowl and was stirred using spatula until the
powder was fully wetted. The soft mixture was inserted into the mold with dimension of 6

mm in diameter and 12 mm in height. The filled mold was pressed between two glass plates

* for harden overnight at room temperature. Non-limiting examples of analgesics or anti- ,

inflammatory drugs include steroid agents (e.g., substances related to cortisone, like

- methyprednisolone acetate) and non-steroidal agents (e.g., acetylsalicyclic acid,

acetaminophen, celecoxib, refecoxib, ibuprofen and indomethacin).

[0135] Figure 14 shows the drug release profiles of ibuprofen and gentamiéin from dual
drug-loaded MSN functionalized bone cement. Over the course of 70 days, the percentage
of gentamicih and ibuprofen released is 90% and 47%, respectively. The release of
gentamicin in the presence of ibupfofen is reduced, compared to gentamicin alone. The
smaller molecular size of ibuprofen and its location on the .out-er surfaces 6f the

nanoparticles may account for the higher release rate. The composition described in this -

~ example is useful for the treatment of infection and inflammation from bone replacement

surgery.

[0136] Figure 15 shows the drug release profiles of indomethacin and gentam{cin from
dual drug-loaded MSN functionalized bone cement. Indomethacin has very poor solubility
(0.004 mg/mL) in H,O at 20°C. Although the indomethacin solution used during |
encapsulation is at saturation, only 15% is released from the bone cement. On the other
hand, 51% of the gentamicin encapsuléted in MSN-formulated bone cement is released in

80 days. The percentage of antibiotic released remains much higher than that of commercial

.antibiotic-loaded bone cement.

Example 7. Antibiotic loaded Mesoporous Nanomaterials Incorporated Bone Cement.
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[0137] This examples illustrates nanomaterials and nanoparticles encapsulatihg antibiotics
and embedded in commercially available bone cement. The ‘compositvilons and methods of _
the present invention can be applied to drug loaded mesoporous nanomaterial functionalized
bone cement. As a non—limiting‘e'xample, the present inventién finds utility in the
encapéulation of active pharmaceutical agents in mesoporous nanomaterial functionalized
bone cement in order to provide resistance to potential infection upon bone replacement.
Examples of mesopOrouS materials include, without limitation, mesoporous silica

nanoparticles, alumina nanofibers, carbon nanotubes, titania nanotubes, hydroxyapatite

nanorods, hydroxyapatite nanoparticles, and a combination thereof.

[0138] In this example, gentamicin is loaded into carbon nanotubes of the length of 10 nm
or of the range of 60-100 nm. The encapsulated carbon nanotubes (loaded with 3.2 wt%
gentamicin) embedded in PMMA-based bone cement form a diffusion matrix that supports

- sustained release of active pharmaceutical agent. Figure 16 illustrates the detectable release

of gentamicin loaded carbon nanotube formulated SmartSet HV bone cements.

[0139] In this example, composite bone cement formulated with hypoxyapatite nanorods or
alumina nanofibers loaded with 4.85 wt% gentamicin steadily releases active dmg for up to
60 days. Figure 17 shows the sustained release of gentamicin from loaded nanomatérial
formulated SmartSet HV-bone cements. Figure 18 shows that the nanomaterial formulated
bone ceménts do not alter the levels of cytotoxicity as compared to non-toxic control bone -

cement.

Example 8. Scanning Electron Miqrdscope (SEM) Comparison of Simplex-P and MSN i

functional bone cement.

[0140] Figure 19 compares the morphology of original Simplex-P (commercially
available) and MSN functional bone cement (B1 inventive, Table 3). Both of external and
fracture surface were examined by SEM measurement. It is observed that either external or
fracture surface of the original Simplex-P bone cement is smooth and condensed. (see,
Figure 19 A and 19C). As a comparison, a large number of submicron sized pores are |
formed on the external surface of MSN functionalized bone cement and the micron porosity
structure is also observed on the fracture surface. (see, Figure 19 B and 19D). The -

microstructure and small pore size created by the incorporation of MSN into PMMA matrix

 facilitates the release of antibiotics compafed with original PMMA bone cement. The

mesoporous incorporated bone cement comprises diffusion channels in a PMMA matrix to
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facilitate drug molecules diffusion. The small pore size also contributes to the controlled

sustained release.

[0141] All publications and patent applications cited in this specification are herein
incorporated by reference as if each individual publication or patent application were
specifically and individually indicated to be incorporated by reference. Although the
foregoing invention has been described in some detail by way of illustration and exarhple
for purposes of clarity and understanding, it will be readily apparent to those of ordinary
skill in the art in light of the teachings of this invention that certain changes and
quiﬁcations ma be made thereto without departing from the spirit or scope of the

appended claims.
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WHAT IS CLAIMED IS:

1. A bone cement, the bone cement comprising: -
a polyacrylate; and

an active pharmaceutical ingredient, wherein the active pharmaceutical

‘ingredient is disposed within a mesoporous material.

2. - The bone cement of clalm 1, wherein the polyacrylate compnses

polymerized methyl methacrylate

3. The bone cement of claim 2, wherein the polyacrylate is poiy(methyl
methacrylate).

4. The bone cement of any of the preceding claims, wherem the

’polyacrylate is a commercially avallable bone cement containing PMMA

S. The bone cement of claim 4, wherein said polyacrylate is a member
selected from the group consisting of Simplex P, Smartset HV and Smartset GHV of Table -~
1.

6. The bone cement of claim 4, wherein said bone cement comprises

diffusion channels in a PMMA matrix to facilitate drug molecules diffusion.

R The bone cement of claim 1, wherein the mesoporous material is -
selected from the group consisting of mesoporous silica, alumina nanofibers, carbon
nanotubes, titar_iia nanotubes, hydroxyapatite nanorods, hydroxyapatite nanoparticles, and a

combination thereof.

8. The bone cement of claim 7, wherein the mesoporous material is

mesoporous silica.

9. The bone cement of claim 8, wherein the mesoporous silica has a

particle size of about 0.1 p.m.to-about 100 pm.

10. The bone cement of claim 9, wherein the mesoporous silica has a

partlcle size of about 0.1 um to about 10 pm.
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11. The bone cement of claim 10, wherein the mesoporous silica has a

particle size of about 0.1 um to about 1 um.

12. - The bone cement of claim 8, wherein the mesoporous silica

comprises mesoporous silica nanoparticles.

13.  The bone cement of any of the preceding claims, wherein the active

pharmaceutical ingredient is an antibiotic.

14.  The bone cement of claim 13, wherein the antibiotic is selected from
the group consisting of an aminoglycoside antibiotic, a glycopeptide antibiotic, a macrolide

antibiotic, and a combination thereof.

15. The bone cement of claim 14, wherein the antibiotic is selected from
the group consisting of erythromycin, gentamicin, tobramycin, vancomycin, and a

combination thereof.
16.  The bone cement of claim 15, wherein the antibiotic is géntamicin.

17. The bone cement of claim 15, wherein the antibiotic is a combination
of at least two compounds selected from the group of erythromycin, gentamicin,

tobramycin, and vancomycin.

18. - The bone cement of claim 17 R whérein the antibiotic is a combination ;

of gentamicin and vancomycin.

19..  The bone cement of any of the preceding claims, wherein the bone

cement additionally comprises an analgesic or an anti-inflammatory.

20.  The bone cement of claim 19, wherein the anti-inflammatory is a non-
steroidal anti-inflammatory.

21. . The bone cement of claim 20, wherein the non-steroidal anti- -

inflammatory is selected from the group consisting of ibuprofen and indomethacin.

22. The bone cement of claim 1, wherein the bone cement comprises

from about 1% to about 50% mesoporous material by weight.
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23.  The bone cement of claim 22, wherein the bone cement comprises

from about 1% to about 20% mesoporous material by weight.

24, The bone cement of claim 23, wherein the bone cement comprises

from about 4% to about 15% mesoporous material by weight.

 25.  The bone cement of claim 24, wherein the bone cement comprises

from about 6% to about 10% mesoporous material by weight.

26. - The bone cement of claim 1, wherein the bone cement comprises

about 0.1% to about 30% active pharmaceutical agent by weight.

27. The bone_cement of claim 26, wherein the bone cement comprises

about 1% to about 20% active pharmaceutical agent.

28. The bone cement of claim 27, wherein the bone cement comprises

about 1% to about 10% active pharmaceutical agent.

29.  The bone cement of claim 28, wherein the bone cement comprises

‘about 1% to about 7% active pharmaceutical agent by weight.

30. Thebone cement of claim 29, wherein the bone cement comprises

from about 1% to about 5% active pharmaceutical agenf by weight.

31.  The bone cement of any of the pre¢eding claims wherein the bbﬁé =

cement comprises a material that is opaque to X-rays.

‘32. The bone cement of claim 31, wherein the material opaque to X-rays
is selected from the group consisting of zirconium dioxide, barium sulfate, or a combination

thereof.

33.  The bone cement of claims 31 or 32, wherein the bone cement

comprises about 10% to about 15% of the opaque material by weight.

34.  The bone cement of any of thé preceding claims, wherein
" compression strength of the bone cement is at least 70% to about 95% as high as

compression strength of a control bone cement without the mesoporous material.
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35.  Thebone cement of any of the preceding claims, wherein the
compression strength is at least as high as the compression strength of the control bone

cement without the mesoporous material.

36. The bone cement of any of the precéding claims, wherein bénding:

modulus of the bone cement is at least 80% to about 95% as high as bending mbdulus ofa

control bone cement without the mesoporous material.

~37.  The bone cement of any of the preceding claimS, wherein the bending |
modulus is at least as high as the bending modulus of the control bone cement without the

mesoporous material.

38.  The bone cement of any of the preceding claims, wherein detectible
sustained release of the active pharmaceutical ingredient is maintained for at least 15 days to

about 75 days.

39. The-bone cement of any of the preceding claifns, wherein at least

10% to about 70% of the active pharmaceutical ingredient is released from the bone cement

3 within 80 days.

- Y N

[u—y

40. A method for preparing a bone cement, said method comprising:
imprégnating a mesoporous material with an active pharmaceutical agent to
produce an impregnated mesoporous material; . R
mixing the impregnated mesoporous material with polyacrylate to prOdhCé an
admixture; \ ‘ . .
adding a monomer to the admixture; and

polymerizing the admixture to form the bone cement.

41. The method of claim 40, wherein the step of mixing the impregnated
mesoporous material with polyacrylate comprises mixing a solid comprising the |

mesbporous material and a second solid comprising polyacrylate.

42.  The method of claim 40, wherein the step of miXing the mesoporous
material with the polyacrylate comprises dispersing the impregnated mesoporous material

and the polyacrylate in a suspension.
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43.  The method of clalm 40, wherein the polyacrylate is a commercially

available bone cement contamlng PMMA.

44.  The method of claim 40, wherein said polyacrylate is a member
selected from the group consisting of Simplex P, Smartset HV and Smartset GHV of Table
1. | | |

45. The method of c1a1m 40, wherein said bone cement comprises

d1ffus1on channels in a PMMA matrix to facilitate drug molecules diffusion.

46. A method for preparing a bone cement, the method comprising:

impregnating a mesoporous material with an active pharmaceutical agent and
a polyacrylate to produce an admixture; -

adding a monomer to the admixture; and

polymerizing the admixture to form the bone cement.

47. . The method of claim 46, wherein the polyacrylate is a commercially

available bone cement containing PMMA.

48.  The method of claim 46, wherein said polyacrylate is a member

selected from the group consisting of Simplex P, Smartset HV and Smartset GHV of Table

1.

49.  The method of claim 46, wherein sald bone cement compnses N

diffusion channels in a PMMA matrix to facilitate drug molecules diffusion.

50. The method of any of claims 40-46, wherein the method further

comprises a step of vacuum drying.

51.  The method of claim 50, wherein the vacuum drying is at room

temperatufe.

52. The method of any of claims 40-51, wherein the method further -

comprises a step of shaping the bone cement in a mold. -

53. The method of claim 52, wherein the method further compﬁées

adding a polymerization activator.
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54.  The method of claim 53, wherein the polymerization activator is

added at about the same time as the monomer.

55. The method of claim 54, wherein before addition to the admiXture_,

the polymerization activator is mixed with the monomer. .

56. The method of claim 55, wherein before addition to the admixturé,

the polymerization activator is in a liquid solution.

57.  The method of any of claims 53-56, wherein the polymerization
activator is N,N-dimethyl-p-toludine.

58. The method of any of the preceding claims, wherein the method - |

comprises a polymerization activator,

59. The method of claim 58, whefein the polymerization activator is NV,N-
dimethyl-p-toludine.

60. The method of claim 58 or 59, wherein the method comprises about

1% to about 4% of the polymerization activator by weight.

61. The method of claim 60, wherein the method comprises about 2.5%

of the polymerization activator by weight.

62. The method of ariy of claims 58-61; wherein the polymerizat:iori o

activator is a liquid.

63.  The method of any of claims 40-57, wherein the polyaérylate isa

powder. .

64. The method of claim 63, wherein the monomer is methyl

methacrylate.

65.  The method of any of the preceding claims, wherein the method

comprises a polymerization initiator.

66.  The method of claim 65, wherein the polymerization initiator is

benzoyl peroxide.
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67.  The method of any of the preceding claims, wherein the method

comprises about 0.8% to about 1.2% polymerization initiator by weight.

68. The method of claim 67, wherein the method comprises about 1.0%

polymerization initiator by weight.

69.  The method of any of claims 65-68, wherein the pblymerization

initiator is a powder.
70.  The bone cement made by any of the claims 40-69.

71. A method for preventing or reducing postoperative osteomyelitis, the

method comprising the step of: using the bone cement of any of claims 1-39.

72. Useof .a bone cement, the bone cement comprising:

.a polyacrylate; and

an active pharmaceutical ingredient, wherein the active pharmaceutical
ingredient is disposed within the mesbpbrous material in the manufacture of a medicament

for treating, preventing or reducing postoperative osteomyelitis.

73. Use of a bone cement of any of claims 1-39 in the manufacture of a

medicament for treating, preventing or reducing postoperative osteomyelitis. ‘
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