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(54) Title: IMPLANTS WITH ATTACHED SILYLATED THERAPEUTIC AGENTS

(57) Abstract: The present invention is directed to
implants that include therapeutic molecules bonded
to their surfaces. The therapeutic molecules interact
with cells that are adjacent, near, or adhering to
the implant. The covalently-bonded therapeutic
molecules may be released from the implant
surface by changes in pH or enzymes characteristic
of cells adjacent to the implant. Preferably the
covalently-bonded agents include an antibiotics that
are released from the implant surface by bacteria and
in this way ensures that the antibiotic is released at
sites on the implant that would serve as centers for
both bacterial colonization and biofilm formation.
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ADVANCED BIOMATERIALS AND METHODS OF ATTACHING THERAPEUTIC
AGENTS THERETO

BACKGROUND AND SUMMARY OF THE INVENTION

[0001] Implant-associated infections are an ever-present and devastating complication
hof insertion of a foreign object, such as a stent, catheter, intravenous delivery tube (Hickman),
heart valve, dental implant, electro-mechanical device, prosthetic device, glucose sensor, or
stabilizing device such as orthopedic nails and pins. Sources of these infections include
introduction of foreign bodies during wounding, introduction of microorganisms in the
surgical suite, constant access to indwelling catheters, and hematogenous infections that arise
at a site distal from the implant. Generally, infections associated with implants currently
require systemic pharmaceutical treatment of the patient.

[0002] Open fracture wounds from ballistic injury are also a serious health problem
and require on-site external fixation followed by internal fixation to allow the fracture to heal.
In such wounds, the probability of infection is very high. The extended infection control
procedures and subsequent protracted healing time results in prolonged disability, often
incomplete healing, and hospital costs.

[0003] Generally, principles of open fracture management include emergent and
adequate wound debridement, often on multiple occasions, immobilization (often by external
fixation), antibiotic therapy, and secondary closure or coverage of the wound. The definitive
fracture management by intramedullary nail insertion is delayed until adequate soft tissue
repair has occurred. Open fractures in general, and high-energy gunshot wounds, in
particular require immediate and aggressive irrigation and debridement for removal of

microscopic and macroscopic contaminants such as clothing and bullet wadding.
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Nevertheless, despite immediate surgical intervention open wounds often become infected.
In animal studies as many as 60% of wounds can be infected within 12 hours of such trauma.
Importantly, the early administration of antibiotics inhibits bacterial growth associated with
delays 1n debridement, while reducing subsequent tissue necrosis.

[0004] Periprosthetic infections after orthopaedic surgery are extremely costly and
frequently lead to prolonged disability. Improvements in sterile technique have lowered the
incidence to below 1% in many high throughput centers. However, cases of post-surgical
infections still are numerous. Each case requires a minimum of aggressive antibiotic
treatment and often at least one additional surgery. Unfortunately, for the population most
frequently affected by such infections, 1.e. the elderly, the diabetic, and the
immunocompromised, such surgeries place the patient at great risk.

[00035] In general, implant-associated infections arise from two causes. The first of
these, the so-called hematogenous infection, is due to an infection that is present elsewhere in
the body. Bacteria from this infection opportunistically populate the protected environment
around the partially encapsulated/partially integrated implant. The second cause of infections
is the introduction of microorganisms during surgery. To minimize introduction of infection,
very stringent conditions have been developed for the surgical site, which include use of
space suits, filtered air, and laminar flow areas. Additionally, there is constant lavage of the
surgical site with antibiotic solutions and post-surgical systemic prophylaxis.

[0006] Irrespective of the etiology, the patient can be aggressively treated with
antibiotics and/or surgery. For a periprosthetic infection, the surgery minimally involves
debridement of the bone to remove adherent microorganisms and replacement of the polymer
parts. More aggressive procedures are employed in many circumstances, including
placement of a spacer block that can deliver therapeutic doses of antibiotic to stabilize the

cavity or use of antibiotic-releasing cement to anchor the prosthesis. Commonly, these
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regimens result in a compromised bone stock; in recalcitrant infections, arthrodesis or
amputation may be required. Thus, any approach to limit or even prevent implant-associated
infections in general and orthopaedic infections in particular can have a large impact on
reducing healthcare costs, minimizing pain and suffering, and improving the quality of life of
the affected patients.

[0007] Surgical implantation of a prosthesis results in formation of a fibrous clot,
followed by fibrous encapsulation of the foreign object with varying degrees of
inflammation. Subsequently, as much as 90% of the implant 1s surrounded by a fibrous
membrane. Unfortunately, the encapsulation by the fibrous membrane provides a protected
microenvironment that is ideal for bacterial propagation. Initial stages of bacterial
colonization involve the switch from a mobile, planktonic bacterium to one that 1s adherent to
the inert surface. As the numbers of bacteria become greater, they organize into colonies that
can form large biofilms. These sites on the implant surface are poor]y accessed by the
immune system and are chemically protected from antibiotics.

[0008] The majority of periprosthetic infections are caused by Staphylococcus aureus,
and S. epidermidis, both gram-positive bacteria; less frequent infections are caused by the
gram-negative organisms. Both S. aureus and S. epidermidis are commonly present in the
operating room environment and are implicated in infections involving prostheses, stents and
other biomaterial implants. Both species adhere to the biomaterial surfaces, propagate
rapidly, and during this proliferation, generate a pre-biofilm slime. Production of the
polysaccharide-enclosed clumps of bacteria, characteristic of a biofilm, completes the process
of restricting antibiotic access to the bacterial surface. This biofilm can effectively
immobilize many antibiotics thereby reducing the numbers of therapeutic molecules that can
penetrate and interact with the bacteria. Both S. aureus and S. epidermidis form such

biofilms. When biofilms are formed, surgical experience dictates complete removal of the
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prosthetic components and debridement. Clearly, if antibiotics can be released at an early
colonization or pre-colonization stage, the biofilm formation can be impeded and the
infection can be extinguished, obviating the need for surgical intervention.

[0009] Infection following joint arthroplasty is a devastating complication with
immense financial and psychological costs. Effective measures, including the use of body
exhaust systems, laminar airflow, prophylactic antibiotics, and various other precautions,
have been successful in reducing the incidence of periprosthetic infection. Despite all these
measures, deep infection still occurs after 1-5 percent of joint replacements. The incidence 1s
even higher in some ‘at risk’ patients such as diabetics, patients with remote history of
infection, and those with inflammatory arthropathies. Generally, principles of periprosthetic
infection management include emergent debridement and irrigation in select cases, resection
arthroplasty and delayed reimplantation until eradication of the organisms has occurred.
Prolonged antibiotic treatment in concert with multiple surgeries results in extended periods
of patient disability. A multitude of factors influence the success of these surgical
interventions. The most important relate to the efficacy by which antibiotics are delivered to
the local tissues and the osteogenic potential of the surrounding bone.

[0010] Infection prevention/treatment in patients with implants requires robust
regiments that may include systemic antibiotic treatment and use of implants that achieve a
controlled antibiotic release, usually in the immediate post-operative period. It would be
desirable to provide for an implant that maintains a reservoir of antibiotics or other
therapeutic molecules that can be activated at the time of an establishing infection, Whethzer in

the immediate post-operative period or at longer times after implantation.
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SUMMARY

[0011] The present invention is an implant that includes therapeutic molecules like
antibiotics bonded to the implant surface and that interact with cells that are adjacent, near, or
adhering to the implant. The therapeutic molecules may be bonded to the implant surface by
an acid-labile linkage; a covalent linkage that includes a cell membrane-soluble portion
between the implant and the tethered therapeutic molecule; a covalent linkage connected to a
ligand that is then loaded with the therapeutic molecule through its high affinity binding to its
ligand, and/or an enzyme-labile linkage. Enzymes, acids, or endogenous ligands
characterizing the cells or their activities may interact with or cleave the bonded therapeutic
molecules on the implant. The therapeutic molecules may be used to alter the proliferation of
these cells and the implant may be used to promote the adhesion and maturation of these
cells. The surface modified implant provides a reservoir of therapeutic molecules that are
controllably released in response to the cellular environment of the implant.

[0012] One embodiment of the present invention is an implant for a mammal. The
implant has a biologically compatible surface with at least a portion of the surface silylated
with organosilanes. One or more of these organosilane may be bonded to therapeutic
molecules with the therapeutic molecule interacting with cells adjacent to the surface of the
implant. The bond between the organosilane and the therapeutic molecules may be a
covalent bond, and can include an acid-labile or enzyme-labile bond such that the therapeutic
molecule is released from the organosilane by interacting with enzymes or acids produced by
the cells. The therapeutic molecule may also be competitively bonded to the organosilane
and released by exchange with endogenous ligands of the cell. The therapeutic molecules
may include peptides, therapeutic oligonucleotides, antibiotics, cell growth factors,
chemotherapeutics, thrombolytic, anti-inflammatories, osteoactive factors and combinations

of these molecules. The therapeutic molecules covalently bonded to the implant may be used
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to alter angiogenesis, or decrease bacterial proliferation in cells or tissue adjacent to the
implant. Preferably the bioactive surface remains active until the danger of disease has
passed.

[0013] One embodiment of the present invention is an implant for a mammal having
a biologically Lcompatible surface. At least a portion of the surface 1s silylated with
organosilanes and one or more of the organosilanes is covalently bonded to a first end of a
linking group. The second end of the linking group may be bonded to therapeutic molecules
that interact with cells adjacent to the surface of the implant. The therapeutic molecule may
include peptides, therapeutic oligonucleotides, antibiotics, cell growth factors,
chemotherapeutics, anti-thrombolytic, anti-inflammatories, osteoactive factors, and
combinations of these. The therapeutic molecule may be bonded to a linking group that can
enter or pass through the membrane or the wall of cells. The linker bonded to the
organosilane can include amino acids, a peptide, or spacers like oligo(ethylene glycol). The
linker may also include an acid labile moiety methylmaleamide, hydrazone, and
combinations of these. Labilization of covalently bonded therapeutic molecules from the
linker by cellular acid or enzymes releases the therapeutic molecule from the implant to
interact with the cells and preferably leaves a peptide covalently bonded to the surface that
may be used to promote the adhesion and maturation of cells on the implant. The therapeutic
molecule can be competitively bonded to the linker and may be exchanged with endogenous
ligands of the cell. The therapeutic molecules bonded to the implant may interact with the
cells to alter angiogenesis, or decrease bacterial proliferation adjacent to the implant.

[0014] One embodiment of the present invention is an implant for use in a mammal
that has a first terminal end of one or more linking groups covalently bonded to a silylated
implant surface. The second, or opposite, terminal end of the one or more of the linking

groups can be bonded to an antibiotic that is used to interact with cells adjacent to the surface
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of the implant. The linking group bonded to the implant surface preferably includes an
integrin binding peptide sequence and can include an acid or enzyme-labile bond such that
labilization of the antibiotic molecule from the linker provides a peptide that promotes the
adhesion and maturation of bone cells. The antibiotic may be tethered to the implant through
a long, flexible partially membrane-soluble linker or the antibiotic may be competitively
bonded to the linker and released by competitive binding with endogenous ligands of the cell.
The antibiotic may be active against gram negative bacteria, active against both gram-
positive and gram-negative bacteria, and preferably the antibiotic is active against gram
positive bacteria. The antibiotic may include but is not limited to minocyclins, tigecyclin,
elycylcycline, vancomycin and its analogs, rifampin and its analogs, gentamycin and its
analogs, or combinations thereof.

[0015] One embodiment of the present invention is a method of treating a mammal
that includes inserting an implant into a site such as a fracture, an artery, or body cavity of the
mammal. The implant has a biologically compatible surface that is silylated with
organosilanes and where one or more of the organosilanes is bonded to therapeutic
molecules. The therapeutic molecule interacts with cells adjacent to the surface of the
implant in the mammal. The therapeutic molecule may remain bonded to the implant and
interact with the cells or they can be released from the organosilane by reaction with a
cellularly derived acid, enzyme, or ligand. The therapeutic molecules from the implant can
alter the proliferation of cells at the site of the implant. Preferably the implant promotes
osseointegration during fracture fixation and the therapeutic molecules bonded to the implant
include antibiotics to prevent bacterial proliferation at a fracture fixation site. The surface-
modified implant, by virtue of the tethered antibiotics, can be used to inhibit bacterial
proliferation after the initial adhesion of the bacterium to the implant surface in a mammalian

patient.
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[0016] In a preferred embodiment antibiotics can be covalently bonded or complexed
to a metal such as titanium by organosilane linkers that have sites or moieties that are
degraded enzymatically or are labile under various pH conditions. In a preferred
embodiment, agents released from bacteria near or adhering to an implant can cleave an
antibiotic-linker bond so as to release high focal concentrations of an antibiotic from the
implant, killing susceptible bacteria. Even more preferably, the surface modifications on the
implant lower bacterial counts while sustaining osteoblastic cell proliferation.

[0017] The overall activity of these modified implant surfaces can be tailored so that
they react at the earliest stages of infection as the bacteria begin to colonize the implant
surface. Preferably the adherent bacteria encounters a surface that can either release
antibiotic from the linker due to local pH changes associated with the proliferating bacteria,
release antibiotic by linker cleavage due to cellular enzyme release, or release antibiotic by
competition from a linkage by an endogenous ligand of the cell. Alternatively, the cells may
internalize the antibiotic because of the membrane-solubility of a linker. This internalized
antibiotic may be active while still bound to the implant, as is the case for vancomycin.
Alternatively, where the enzyme to cleave the bioactive molecule resides in the bacterial
wall, in the cell membrane, or in the cellular milieu, an enzyme associated with the bacteria
or with the cell cleaves the bioactive moiety from the linker to release it within the cell. This
directed release of antibiotic would result in preferential killing of adherent bacteria, i.e. those
that are colonizing the surtace to initiate biofilm formation.

[0018] The release of therapeutic molecules such as antibiotics from the modified
implant surface occurs as a function of bacterial colonization and thus the bioactive moieties
remain latent until activated by the presence of bacteria. Such a device caﬁ be used for the
prevention of implant-related infections, both immediately after the implant is inserted as

well as for the longer term prevention of hematogenous infections.
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[0019] By prevention of bacterial colonization of the implant surface, any remaining
bacteria are accessible for clearance by the immune system. The implant surface
modifications of the present invention are inert under conditions where their activity is not
required and are active when bacteria begin to foul an implant. It has a clear advantage over
the existing technologies in that the surface does not release active antibiotics until cued to do
so by bacterial adhesion. Moreover, these modified implants can be formulated to be stable
for long periods, thus having a ready reservoir of antibiotics to reduce the risks of secondary
infections. The surface-modified implants of the present invention may also be made to
include other therapeutic molecules tethered to the surface for the treatment of conditions
such as cancer, restenosis, bone loss, and thromboses.

[0020] One use for the present invention is for the modification of implant surfaces
with antibiotics that are most frequently fouled by biofilm formation, such as prosthesis and
nails used for fracture fixation and surfaces of indwelling catheters. The bactericidal surface
could also be used to modify implant surfaces in less high-risk implant situations, such as the
orthopaedic arthroplasties and stent placement where infection is infrequent, but once

established can have devastating consequences.

DESCRIPTION OF THE DRAWINGS

[0021] In part, other aspects, features, benefits and advantages of the embodiments of
the present invention can be apparent with regard to the following description, appended
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