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Abstract:

This in vitro research analyzed local tobramycin elution characteristics from a

novel, biodegradable drug delivery system, consisting of a B-TCP bone substitute, VITOSS™,
encapsulated with silicate xerogel prepared by the sol-gel process. Tobramycin elution from
silicate-xerogel-encapsulated VITOSS was compared directly with non-silicate-xerogel-encap-
sulated VITOSS to assess whether xerogels are effective in delivering greater tobramycin
quantities in a controllable, sustained manner crucial for microbial inhibition. Tobramycin
elution characteristics indicate an initial release maximum during the first 24 h that dimin-
ishes gradually several days after impregnation. The copious tobramycin quantity eluted from
the VITOSS/silicate-xerogel systems is attributed to various factors: the intrinsic ultraporosity
and hydrophilicity of VITOSS, the ability of tobramycin to completely dissolve in aqueous
media, tobramycin complexation with highly polar SO}~ salts that further assist dissolution,
and ionic exchanges between VITOSS and the environment. Silicate-xerogel-encapsulated
VITOSS eluted 60.65 and 61.31% of impregnated tobramycin, whereas non-silicate-xerogel—
encapsulated VITOSS eluted approximately one-third less impregnated tobramycin, at 21.53
and 23.60%. These results suggest that silicate xerogel optimizes tobramycin elution because
of its apparent biodegradability. This mechanism occurs through xerogel superficial acidic
sites undergoing exchanges with various ions present in the leaching buffer. Tobramycin
elution Kinetics were evaluated, and demonstrate that first-order elution rate constants are
considerably less when silicate xerogels are employed, following a more uniform exponential
decay-type mechanism, thus bolstering controlled release. Overall, tobramycin elution rates
adhere to linear-type Higuchi release profiles. Elution rate constants are initially first order,
and taper into zero-order elution kinetics in the latter stages of release. Because VITOSS and
silicate xerogel are completely biodegradable, essentially all impregnated tobramycin will be
delivered to the surgical site after implantation. © 2004 Wiley Periodicals, Inc. J Biomed Mater Res
Part B: Appl Biomater 70B: 1-20, 2004
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INTRODUCTION

In the United States between 1996 and 2000, the cumulative
retirement rate was 15.6% of the full-time permanent (FTP)
workforce, or approximately 243,000 people. By the end of
2001, the United States Office of Personnel Management had
projected that 3.4% of the FTP workforce would retire, equat-
ing to approximately 51,000 people. This number is expected
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to grow and reach 19%, or 281,000 people, in 2005. With the
increasingly aging population, there is an increasing need for
surgical treatment of degenerative musculoskeletal diseases.'

Chronic osteomyelitis, a common infectious bone disease,
is characterized by bone necrosis and poor bone vasculariza-
tion, and is accompanied by infection of the bone and sur-
rounding tissues by bacteria. The type of bacteria isolated
from osteomyelitis patients usually depends on the age of the
patient and how the infection was acquired. Isolates from
patients who acquire osteomyelitis from trauma or recent
surgery are typically Staphylococcus aureus. Patients who
suffer from chronic osteomyelitis generally are infected with
Staphylococcus epidermis, Pseudomonas aeruginosa, Serra-
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tia marcescens, and E. coli. There are three classifications of
osteomyelitis: acute hematogenous, subacute focal contigu-
ous, and chronic osteomyelitis.> Chronic osteomyelitis, the
most difficult case from a treatment perspective, involves the
metaphyses of the bone (bone endings). The difficulty in
treatment lies in the fact that because the metaphyses become
infected, the joints, ligaments, and tendons serve as conduits
for migration.?

Because of the poor vascularization of bone and surround-
ing regions, chronic osteomyelitis is primarily treated by
surgical debridement of necrotic tissue followed by systemic
administration of antibiotics and continuous irrigation of the
lesion. Bone grafts are performed secondarily to treat any
bone defects. These treatments, however, are associated with
major invasion of pathogens, deep sepsis, other bacterial
infections, and have effects on other organs during and after
implant fixation.* Moreover, administering antibiotics
through systemic routes would require high serum concen-
trations via large doses over short time intervals to achieve
high local levels of the antibiotic to pervade the decaying
tissue. Administration of high doses of antibiotics at the
systemic level introduces the risk for systemic toxicity.>’
These toxic effects are especially pronounced in children and
in the elderly. Therefore, to improve patient outcomes, it is
necessary to provide a more effective drug-delivery method
for local delivery of antibiotics. The focal application of
antibiotics in surgical procedures offers an additional thera-
peutic approach to the treatment of infections and the possi-
bility of minimizing systemic use of antibiotics.®~'" Antibi-
otic-impregnated bone cements facilitate the localized deliv-
ery of the drug where it is most crucially required from the
cement—bone interface to prevent infections. Over an ex-
tended time period, the antibiotic is released at high concen-
trations to the bone and/or tissue area to prevent or treat an
existing infection while encouraging new bone formation.
This highly localized delivery of the antibiotics is advanta-
geous and more effective than traditional systemic routes
where antibiotics are vulnerable to metabolization and devas-
cularization of bone after a surgical procedure.

The initiative to encapsulate antibacterial agents for local
administration has existed for over 30 years. In 1970, Buch-
holz and Engelbrecht introduced the idea of impregnating
antibiotics into polymethylmethacrylate (PMMA) beads for
bone cements.'> By 1977, PMMA beads were being used
notably to encapsulate gentamicin for arthroplastic bone ce-
ments and treatment of musculoskeletal infections. Today,
PMMA-based polymerizable bone cements have found wide
use in orthopedic prosthetic implant surgery. These cements
are also used in several dental procedures. The incorporation
of antibiotics into bone cements during the last two decades
has become an accepted clinical practice and has had the
advantage of preventing and treating orthopedic infections
that result from implantation. Almost 90% of all orthopedic
surgeons in the United States use antibiotic-impregnated bone
cements as well as for temporary beads and spacers during
revision surgery.®

Antibiotics in bone-void fillers must be able to elute in
therapeutic concentrations and possess excellent aqueous sol-
ubility. They must also possess a wide spectrum of antimi-
crobial activity against a vast array of clinically relevant
pathogens. Aminoglycosides are a diverse class of antibiotics
that possess these attributes. They are essentially carbohy-
drates derived from microorganisms containing several ami-
noglycosidic linkages.'* In fact, several aminoglycoside an-
tibiotics have been shown to possess superior elution prop-
erties when impregnated in bone cements compared to other
non-aminoglycosidic antibiotics such as the peptide-based
vancomycin.'*~'® Aminoglycosides are categorized as con-
centration-dependent agents. That is, the rate of bacterial
elimination increases with increasing aminoglycoside con-
centration. One of the most common aminoglycoside-type
antibiotics, tobramycin, is the most widely used in orthopedic
applications. Tobramycin has been shown to be effective
against gram-positive and gram-negative aerobic organisms,
and some mycobacteria. Tobramycin possesses superior ac-
tivity in vitro and in clinical infections against Staphylococ-
cus aureus (coagulase-positive and coagulase-negative);
Pseudomonas aeruginosa; Proteus sp (indole-positive and
indole-negative), including P. mirabilis and P. vulgaris; E.
coli; Citrobacter sp; Serratia marcescens; and Providencia
sp. However, tobramycin has been shown to have a low order
of activity against Streptococcus pneumoniae and entero-
cocci, and is completely inactive against any anaerobic bac-
teria.'”” Some studies even suggest that tobramycin is less
nephrotoxic than other aminoglycoside antibiotics. Despite
many years of investigation, it is not clear how tobramycin
and other aminoglycoside antibiotics cause bacterial cell
death. It is known that tobramycin binds irreversibly to one of
two aminoglycoside receptor sites on the 30S ribosomal
subunit, which, in turn, inhibits bacterial protein synthesis,
caused by bacterial misreading of messenger-RNA.'® More-
over, the degree of misreading messenger-RNA has been
found to be a concentration-dependent phenomenon, and the
drug may affect multiple ribosomal subunits.'® Against gram-
negative aerobic rods, tobramycin exhibits a post-antibiotic
effect (PAE). PAE is where suppression of bacterial growth
continues after the antibiotic concentrations fall below the
minimum inhibitory concentration (MIC). The tobramycin
MIC correlates are 2—4 parts per million (ppm) for suscep-
tibility and 8-30 ppm for resistance in vivo. Tobramycin
possesses five primary amine functionalities (R-NH,). The
chemical structure and chemical designation of tobramycin is
illustrated in Figure 1. The melting/decomposition tempera-
ture for tobramycin (~287 °C) has also been reported, and is
sufficiently high in preventing degradation when used in
conjunction with bone cements having an exothermic poly-
merization.'? This antibiotic can be loaded evenly and thor-
oughly into various bone cements typically by a simple
hand-mixing procedure that surgeons employ. Tobramycin is
adequately polar, which should indicate a good leaching
potential from bone cements into an aqueous media.

Current drug-delivery systems fall into two categories:
biodegradable and nonbiodegradable. Nonbiodegradable
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Figure 1. Chemical structure and designation of tobramycin.

drug delivery systems are typically PMMA bone cements or
beads. Biodegradable forms of drug-delivery systems are
more varied, and include the following: collagen sponges
soaked with an antibiotic,”®' apatite-wollastonite glass ce-
ramic,?*** hydroxyapatite,”*~>’ B-tricalcium phosphate (S-
TCP) [Ca,(PO,),],* ! polylactide/polyglycolide implants,**
fibrin clots,>® and polyurethanes.** Hydroxyapatite and
B-TCP have been shown to be appreciably bioactive.*® Sili-
cate xerogels (nSiO,) have also gained wide notoriety as a
biodegradable drug vehicle as a result of their bioactivity and
other attractive properties.>*~** Furthermore, one study re-
vealed that a biodegradable quinoline-polyacetate system had
concentrations 100—1000 times above MIC for methicillin-
resistant strains.*®> Finally, there are studies under way that
are investigating the potential use of biodegradable fusidic
acid in delivery systems.**

Each system has its advantages and disadvantages. Non-
biodegradable systems are limited by the types of antimicro-
bial agents they can deliver due to high exothermic polymer-
ization leading to degradation of the active agent. They
require a need for follow-up surgery to remove temporary
PMMA devices, and certain bacteria strains produce a biofilm
that adheres to the PMMA surface, perhaps providing a
mechanism for recurrence of infection.*> Biodegradable sys-
tems have an advantage over nonbiodegradable systems be-
cause of the fewer number of surgeries required for treatment.
However, both nonbiodegradable, as well as some biodegrad-
able systems need to be sterilized prior to implantation,
especially apatite-reinforced polymers. Sterilization proce-
dures usually entail ethylene oxide or gamma (vy) irradiation,
with the latter known to facilitate degradation as well as
promote cross linking of the polymer network.*> Biodegrad-
able systems are also limited by the rate of capsule degrada-
tion. Nevertheless, there are several criteria that must be
addressed when choosing a material for a drug delivery
system. First, the material must be biocompatible, not re-
jected by the body, and not cause adverse effects. Further-
more, a suitable implant will be bioactive, enhancing the
formation of hydroxyapatite (bone growth). Second, the ma-
terial must have mechanical strengths comparable to natural
bone, which it is replacing. Third, the material and its deg-
radation products should not enter systemic -circulation,
where it can exhibit various fates throughout the body.

The aim of this in vitro dynamic analysis is to quantita-
tively characterize the local elution of tobramycin as a func-
tion of time from a novel, biodegradable drug-delivery sys-
tem, consisting of a 3-TCP bone substitute, VITOSS™, en-
capsulated with silicate xerogel prepared by the sol-gel
process. This was performed in order to test the ability of the
silicate xerogel to control the release of tobramycin. VITOSS
has been marketed in the United States, Europe, and Australia
for the past several years. Sol-gel-fabricated silicate xerogel
was chosen because it provides a means to prepare homoge-
neous high-purity materials with tailored chemical and phys-
ical properties*® without using templating agents, its pore size
can easily be controlled for various requirements, and silicon
dioxide is relatively inert to the body.

EXPERIMENTAL DESIGN

Materials and Materials Description

VITOSS was purchased from Orthovita” (Malvern, PA). To-
bramycin was obtained from Professional Compounding
Centers of America, Inc. (Houston, TX). CBQCA® fluores-
cent dye kits were ordered from Molecular Probes (Eugene,
OR). Phosphate-buffered saline (PBS) and hydrochloric acid
(HCIl) were purchased from Fischer Scientific (Pittsburgh,
PA). Tetraethyl orthosilicate (TEOS) and tetrahydrofuran
(THF) were purchased from Sigma-Aldrich Co. (Milwaukee,
WI). All assays were analyzed with the use of a standard
spectrofluorometer (FP-750, Jasco, Japan). All test materials
and reagents were prepared according to the instructions
provided by the manufacturers.

Calcium-phosphate-based cements are synthetic scaffolds
that have been used in dentistry since the early 1970s and in
orthopedics since the 1980s,*> and have demonstrated a good
safety record as synthetic bone void fillers.*” Because TCP
dissolves relatively rapidly, it readily undergoes remodeling
and osteoclastic resorption, which in turn stimulates osteo-
blastic activity to regenerate bone. TCP ceramics have a
stoichiometry similar to amorphous biological precursors to
bone. Although calcium-phosphate-based products have been
studied for bone repair for 80 years, principally the so-called
high-temperature calcium phosphate, such as B-TCP and
hydroxyapatite, or some combination of the two, have pre-
dominated in recent medical studies.*®> VITOSS is an ultrap-
orous scaffold processed from B-TCP particles averaging 100
nanometers (nm) in size, mimicking the structure of natural
cancellous bone, thereby rendering it as an appropriate sub-
stitute as an alternative to autografts and allografts in trauma
and spinal arthrodesis surgery.*” Its interconnected micropo-
rosity, which more closely resembles the trabecular structure
of human cancellous bone, distinguishes VITOSS from ear-
lier calcium-based ceramics. This extensive ultraporosity,
which is effortlessly convened in the scanning electron mi-
croscopy (SEM) micrograph contained in Figure 2, appears to
facilitate more rapid vascular invasion and fluid communica-
tion. This novel material has a broad range of pore sizes (1
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Figure 2. SEM micrograph of ultraporous VITOSS portraying its in-
herent interconnected porosity and microporosity.

pm—1 mm); possesses higher porosity (90% by volume) than
conventional TCPs, exposing a larger surface area to cells
and nutrients; and is more readily soluble than synthetic
hydroxyapatite. Additional surface area facilitates faster and
more complete bioresorption. Nanometer-sized particles (av-
erage diameter 100 nm) aid in this regard; smaller fragments
within the scaffold are shown to convey greater surface-area
osteoconductivity and to facilitate osteoclastic digestion dur-
ing remodeling. On the other hand, the larger pores facilitate
new bone ingrowth and vascularization; smaller pores and
inherent hydrophilicity improve capillarity to wick nutrients,
blood, cellular elements, marrow, and growth factors. A
visual demonstration of the wicking capability of VITOSS is
exhibited in Figure 3. The three-dimensional, multidirectional
scaffolding is supplied as block pieces that may be shaped at
the time of surgery and tamped into position, or as morsels
for packing into irregularly shaped bone voids (refer to Figure
4). A complete summary of the various properties of VITOSS
compared to hydroxyapatite is reported in Table I.

The sol-gel process alludes to the series of hydrolysis and
condensation reactions involving alkoxy silanes such as
TEOS or tetramethyl orthosilicate (TMOS) and alkoxy titan-

Figure 3. Demonstration of VITOSS block wicking blood.

Figure 4. VITOSS, commercially available in block (left) or morsel
(right) form.

ates®® whereby addition of an acid catalyst yields a gelatin-
like polymer. The term sol-gel is derived from the fact that
the reaction begins as a solution and quickly polymerizes to
form a gelatin. The sol-gel process is a very well studied set
of reactions*®>'~3 dating back t01955, when Roy and Roy>®
prepared an array of composites from TEOS and metal nitrate
salts. The acidity of the reaction media, the content of water,
and the solvents are known to play a critical role in the sol-gel
reaction. The reaction of TEOS in conjunction with an acid
catalyst proceeds in four stages and is reversible up to 673 K:

1. hydrolysis/reesterification

2. (a) alcohol condensation/hydrolysis (b) water condensa-
tion/hydrolysis

3. gelation

4. densification

The rate of sol-gel reactions is dependent upon the
strength and concentration of the acid used. The following
scheme®>” can be exemplified:

1. Hydrolysis/reesterification: Si(OC,Hs), + H,O <> HO—
Si(OC,Hs), ,, + nCH;CH,OH (where n = 1-4)

2. (a) Alcohol condensation/hydrolysis: (OC,Hs),_,Si—OH +
Si(OC,Hy), < (OC,Hy),_,Si—O—Si(C,HsOH),_, (b)
Water condensation/hydrolysis: (OC,Hs),_,Si—OH +
(OC,Hy),_,Si—OH’ <> (OC,Hsy),_,Si—O—Si(OC,Hy), _,,
+ H,0

3. Gelation: Cross linking of the silicon polymer continues
and entraps solvent molecules, forming a porous matrix.

4. Densification: Collapse of the network causes shrinkage of
the polymer and pores.

Typically, sol-gels prepared by acid catalysis will lose
anywhere from 50-90% of their volume from removal of
ethanol and other solvents.

The fluoroprobe employed in this study, 3-(4-carboxyben-
zoyl)quinoline-2-carboxyaldehyde (CBQCA), has been used
extensively in capillary electrophoresis, where amino acids,
peptides, and proteolyitic fragments were detected in the
sub-attomolar (< 10~ '® M) range.’® CBQCA possesses a
broad dynamic range, and reacts exclusively with the primary
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TABLE I. Compilation of the Various Properties of VITOSS Compared with Hydroxyapatite-Calcium Carbonate.

VITOSS

Hydroxyapatite-calcium carbonate

Dose form(s) Blocks (9 X 23 mm)

Morsels (1-4 mm)
Mineral phase(s)

Physical structure
cancellous bone

Porosity Approximately 90%

Pore size (range) 1-1000 wm

76% at 6 weeks
86% at 12 weeks

Resorption

0.6 at 6 weeks (morsels)
1.2 at 12 weeks (morsels)

Ratio of bone in implant to
adjacent bone (bone remodeling)

Blood/marrow absorption
90% interconnected pores

Packing

B-tricalcium phosphate Ca;(PO,),

Trabecular structure, polyporosity similar to

Rapid & effective due to porosity range

Holds 3X its volume in fluid, blood/marrow

Morsels (1-4 mm)

Hydroxyapatite Ca,, (PO,), (OH) calcium
carbonate CaCOj,
Porous structure, narrow pore size range

Approximately 55%

280-779 pm

20% at 6 weeks
45% at 12 weeks

0.4 at 6 weeks
0.5 at 12 weeks

Lower porosity results in less absorption

Less likely to hold fluid due to less porosity and
larger average

amine functionalities present in aminoglycoside antibiotics,
aminated sugars, proteins, and lipoproteins.®®~® It is intrin-
sically nonfluorescent, yet generates a highly fluorescent de-
rivative upon conjugation with primary amines in the pres-
ence of cyanide or thiols and is compatible with most low-
concentration buffers. The derivatization reaction starts with
the nucleophilic attack of cyanide on CBQCA, and then the
amine group is incorporated and participates in the formation
of a quinoline ring.®® The reaction scheme of the derivatiza-
tion between CBQCA and aminoglycoside antibiotics is il-
lustrated in Figure 5. The CBQCA-antibiotic conjugate ex-
cites and emits at approximately 460 and 550 nm, respec-
tively, which is evident in the peaks of the fluorometric
spectra contained in Figure 6. Derivatization with a fluoro-
probe is a feasible approach for antibiotic determination
because tobramycin is the only molecule possessing primary
amine functionalities to be found in the eluent bath. Fluorom-
etry uses absolute intensity measurements rather than sepa-
ration/detection; hence, separation is rendered unnecessary.
2-hydroxyl-1-napthaldehyde and fluorescamine are com-
monly used as fluorogenic agents for the determination of
aminoglycoside antibiotics, namely, tobramycin.®' Numerous
procedures, such as capillary electrophoresis, polarography,
chromatography, and mass spectrometry, are available for
antibiotic determination; however, official methods usually
involve microbiological procedures.’®*®' One method pro-
posed for antibiotic detection®®®? is the o-phthaldialdehyde
(OPA) method by UV-VIS spectroscopy (A max = 331 nm)
to form an aminoglycoside-o-phthaldialdehyde complex.
However, most studies in the literature chose various fluoro-
metric techniques due to their high sensitivity and specificity
over nonfluorescent techniques.

3-(4-carboxybenzoyl)quinoline-2-carboxaldehyde

KCN

CBQCA-Primary Amine Conjugate

Yielding Highly Fluorescent 7-aza-1-cyano-5, 6-benzisoindoles (Where R =
aminoglycoside antibiotic)

Figure 5. Chemical structure of CBQCA, including reaction scheme
with aminoglycoside antibiotics.



6 DICICCO ET AL.

. ©

ﬂ/“'”\\.wv.‘«“"“\j e

\\\ . / R -

e e NI ]

AN R A0V 06 A2 A0 40 AT 2 40 B0 A0 N0 510 M0 SN N0 B0 WU 5PY IR SAN GO0 430 O30 6R0 3D 650 S GF0 o0 680 N0
Wavelenghjnm}

Figure 6. Fluorometric spectra of a derivatized CBQCA-tobramycin complex with characteristic
excitation and emission peaks (460 and 550 nm, respectively).

METHODS

Methods Validation

Fluorescent intensities increased substantially after addition
of several milligrams of tobramycin to the most concentrated
standard solution assay, leading to the conclusion that at least
sixfold molar excess of CBQCA [10 millimol/l (mM)] with a
fivefold molar excess of potassium cyanide (KCN), a deriva-
tization catalyst (10 mM), is sufficient to derivatize all anti-
biotic molecules present in the eluent assays. This was nec-
essary because each tobramycin molecule reacts with up to
five CBQCA molecules, as it possesses five reactive primary
amine functional groups. A series of five standard solutions
ranging from 0.01 ppm [10 parts per billion (ppb)] to 10.53
ppm were prepared from a stock solution of approximately
200 ppm tobramycin in PBS, which generated a reliable
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standard curve (refer to Figure 7). Tobramycin possessed an
activity of 691 g per 1000 wg and is complexed with sulfate
(S0,)*” in a 1:1.5 molar ratio. This stoichiometry was ad-
justed for prior to preparations of tobramycin standards and
loading. A 2-h incubation period was sufficient for complete
derivatization. Blanks from the PBS and CBQCA mixtures
were evaluated and revealed near-zero intensity readings. The
limits of detection (LOD) and limits of quantification (LOQ)
concentration values have been established and were approx-
imately one order of magnitude lower than the least concen-
trated standard.

Materials Preparation and Derivatization

Protocols for the acid-catalyzed synthesis of silicate xerogel
were conducted according to the following procedures:>'~>?

y = 15.861x + 2.2672

Ri= o.ssV

-

~

—"/
LR /
200 -//,,/
00 + 4 4 + 1
0.00 2,00 4.00 6.00 8.00 10,00

12.00

Concentration (ppm)

Figure 7. Linear fluorescence standard curve used to determine tobramycin elution concentration

(AU—arbitrary units).
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TABLE Il. Brief Descriptions for the Various VITOSS-Silicate Xerogel Systems, VITOSS Studies VS1-VS5.

VITOSS Study

VITOSS Study

VITOSS Study VITOSS Study VITOSS Study

VS1 VS2 VS3 VS4 VS5*

Description VITOSS block; VITOSS block; VITOSS VITOSS VITOSS block;
tobramycin tobramycin block; block; tobramycin
impregnated; impregnated; tobramycin tobramycin impregnated
non-silicate non-silicate impregnated; impregnated; directly into
xerogel xerogel silicate silicate silicate xerogel
encapsulation encapsulation xerogel xerogel encapsulation

encapsulation encapsulation
Loaded silicate 0.0 0.0 0.1655 0.1445 0.3229
xerogel mass (g)
Silicate xerogel: 0.0 0.0 ~43 (42.98) ~36 (35.75) ~87 (87.04)

VITOSS (w/w%)

* For Study VS5, tobramycin was directly impregnated into silicate xerogel in which a VITOSS block was encapsulated.

Approximately 7.55 g TEOS (0.0360 mol) was combined
with approximately 1.80 g 0.2 M HCI (0.00360 mol) and
dissolved in 5.19 g THF (0.0720 mol) in a beaker. The
resulting mixture was stirred with a magnetic stir bar and
allowed to react for 1.5 h until it became viscous, at which
time the stirring was discontinued. A clear sol-gel was ob-
tained at this point.

Six VITOSS blocks with uniform masses, ranging from
0.3086 to 0.4042 g, were carefully selected. Each block was
visually inspected and was free of voids, fractures, fissures, or
any other morphological abnormalities. Four VITOSS blocks
were impregnated with tobramycin: two VITOSS blocks
without silicate-xerogel encapsulation (designated as VI-
TOSS Studies VS1 and VS2) and two VITOSS blocks with
silicate-xerogel encapsulation (designated as VITOSS Stud-
ies VS3 and VS4). One VITOSS block was reserved for
impregnating tobramycin directly into the silicate-xerogel
encapsulation around it (designated as VITOSS Study VS5),
in order to assess its particular elution characteristic. Addi-
tionally, one VITOSS block, which was encapsulated with
silicate xerogel and not impregnated with tobramycin, served
as the control. Brief descriptions for the various VITOSS/
silicate-xerogel systems encompassed in this analysis, VI-
TOSS Studies VS1-VSS5, including silicate-xerogel encapsu-
lation masses and silicate xerogel: VITOSS weight/weight
percent (w/w%) ratios, are contained in Table II. The proce-
dure for impregnating VITOSS with tobramycin entails the
following scheme: Four solutions consisting of approxi-
mately 0.1310 g tobramycin dissolved into ~10 ml (~9000
ppm) deionized water were prepared. One VITOSS block
was immersed into each of the four solutions for 24 h,
allowing for maximum absorption/wicking of dissolved to-
bramycin into the inner pores of VITOSS. The VITOSS
blocks were carefully removed from the solutions and placed
onto a watch glass and into a drying oven at 37 °C for 24 h
in order to evaporate the water, leaving tobramycin behind in
the interstices of VITOSS. The loading masses of tobramycin
were determined by subtracting the initial mass of the VI-
TOSS blocks from the tobramycin-impregnated VITOSS
masses.

The viscous silicate sol-gel solution (prepared on the same
day when the VITOSS blocks were removed from drying)
was then slowly poured onto two tobramycin-impregnated
VITOSS blocks on a small watch glass. A minimal volume
(~3-4 ml) of the silicate sol-gel was used in order to assure
a uniform, complete encapsulation around the VITOSS
blocks and that no excessive silicate would carry off any
dissolved tobramycin through unwanted dripping. The sili-
cate-encapsulated VITOSS blocks were then allowed sit for
24 h at room temperature to allow for maximum wicking/
encapsulation into the pores. Further drying in a drying oven
at 37 °C for 24 h was then necessary to evaporate any residual
water and ethanol byproducts produced from the silicate
sol-gel synthesis. Finally, 0.05 g tobramycin was used to
impregnate a portion (~3.63 g) of the remaining silicate
sol-gel solution. The mixture was stirred with a magnetic stir
bar until the tobramycin completely dissolved. Immediately,
a minimal volume (~3-4 ml) of the tobramycin-impregnated
silicate sol-gel was then slowly poured onto a nonimpreg-
nated VITOSS block on a small watch glass. The tobramycin-
impregnated silicate-encapsulated VITOSS block was then
allowed sit for 24 h at room temperature to allow for maxi-
mum wicking/encapsulation into its pores. Further drying
was completed in a drying oven at 37 °C for 24 h in order to
evaporate any residual water and ethanol. The encapsulation
masses of silicate xerogel were determined by subtracting the
initial mass of the VITOSS blocks from the silicate-xerogel-
encapsulated VITOSS masses. The loading mass for tobra-
mycin in the silicate xerogel was determined through a frac-
tion of the volume of silicate xerogel absorbed by the VI-
TOSS block. Silicate-xerogel-encapsulated VITOSS blocks
exhibited a glossy appearance on its surfaces compared to
non-silicate-xerogel-encapsulated VITOSS blocks.

Each of the six VITOSS blocks were immersed into six
light-impervious containers containing 45 ml PBS at pH 7.0
that was previously heated to 37 °C and stored in a dark oven
programmed at 37 °C (to mimic in vivo conditions). One
hundred-microliter (wl) samples from each of the six elution
baths were extracted daily with the PBS refreshed daily. The
daily eluent samples were stored in microvials and refriger-
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Figure 8. Daily elution profile of tobramycin from non-silicate-encapsulated VITOSS, Study VS1.

ated at —20 °C during the duration of the daily extractions.
When the samples were thawed for derivatization and anal-
ysis, 100 wl of a 208.43 ppm tobramycin standard solution
was prepared to generate the standard curves. Solutions of
26.75 ul CBQCA and 53.50 ul KCN were then added to all
the daily eluent samples and the standard solution, yielding a
total reaction volume of 180.25 ul. These derivatized mix-
tures were incubated for 2 h in dark conditions while the
microvials were gently swirled every 15 min to allow for
complete derivatization of the antibiotics. The derivatized
reaction mixtures were then diluted with 1.8198 ml PBS to
bring the final volume of the reaction mixture to precisely
2.000 ml. Dilution serves two purposes: It ceases any further
derivatization and it brings the derivatized antibiotic concen-
trations within the range of medium to low intensity sensi-
tivity on the fluorometer. Moreover, dilution was obligatory
in order to fill the standard spectrometer cuvette (maximum
volume of 4 ml) with a volume greater than 2 ml, the volume
required for detection. Standard solutions were prepared with
the use of the standard addition method by adding subsequent
portions of PBS, which ranged in volume, to the cuvette to
generate five concentrations/data points for the standard
curve. Depending on the concentration of the antibiotics,
eluent samples were further diluted until the antibiotics were
within the detectable range of the standard curve. Each of the
eluent samples, standards, and blanks were scanned five (n =
5) times. The unknown antibiotic concentrations were deter-
mined by comparing fluorescent intensity values to the stan-
dards of known concentration. Reported values were given as
a mean from the five scans with their standard deviations
(SD).

Statistical analysis for data variance was realized by uti-
lizing the Student’s t-test: two samples, assuming equal vari-
ance (p < .05 at 95% confidence limit), provided by Mi-
crosoft EXCEL" Software Data Analysis Toolpak.

RESULTS

The daily elution profiles of tobramycin from the various
VITOSS studies, Studies VS1-VSS5, illustrated in Figures
8-12, clearly indicate that tobramycin elution quantities
markedly decrease, reaching a steady state within several
days after the initial rapid concentrated elution from the
scaffold network during the first few days. For all the studies,
tobramycin elution from VITOSS was not detectable after
Day 11. Figures 8 and 9 depict the elution characteristics of
non-silicate-xerogel-encapsulated VITOSS, Studies VS1 and
VS2, respectively. Tobramycin release was detected imme-
diately after soaking, but the most concentrated burst of
release was observed after 24 h of soaking (Day 1) for both
studies. A total of 7.52 ppm tobramycin eluted during the
duration of the 10-day study for Study VS1. For Study VS2,
a replicate study of non-silicate-xerogel-encapsulated VI-
TOSS, a total of 25.32 ppm tobramycin eluted in the allotted
study time. This elution quantity is approximately three times
greater than Study VS1; nevertheless, it is congruent, because
Study VS2 was loaded with approximately three times greater
tobramycin quantities compared to Study VS1. Figures 10
and 11 represent the elution characteristics of the silicate-
xerogel-encapsulated VITOSS, Studies VS3 and VS4, re-
spectively. Tobramycin release was detected instantaneously
after soaking, with the most concentrated release burst oc-
curring before Day 1 for both studies. A total of 108.08 ppm
tobramycin eluted during the duration of the 10-day study for
Study VS3. For Study VS4, a replicate study of silicate-
xerogel-encapsulated VITOSS, a total of 133.20 ppm tobra-
mycin eluted in the allotted study time. These elution quan-
tities are virtually similar, as both Studies VS3 and VS4 were
loaded with approximately the same quantities of tobramycin.
Figure 12 shows the elution characteristics of tobramycin-
loaded silicate-xerogel encapsulated VITOSS, Study VSS5.
Tobramycin release was detected immediately after soaking,
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Figure 9. Daily elution profile of tobramycin from non-silicate-encapsulated VITOSS, Study VS2.

but the most concentrated burst of release was observed at
Day 1 for this study. This elution behavior was reasonably
analogous to the elution behavior described for non-silicate-
xerogel-encapsulated VITOSS, Studies VS1 and VS2. A total
of 46.61 ppm tobramycin eluted during the duration of the
10-day study for Study VSS5. Despite the fact that the studies
entailed different parameters and different tobramycin release
quantities, they generally appeared to follow the same theo-
retical elution behavior, an exponential-decay-type release
profile. Finally, the control study, consisting of silicate-xero-
gel-encapsulated VITOSS impregnated with no tobramycin,
possessed absolutely zero fluorescence artifacts, thereby un-
derpinning the specificity of the detection method.

The cumulative elution profile as a function of percent of
loaded tobramycin eluted from the various VITOSS studies
are depicted in Figure 13. A comparison of the data from the

au.u.l.—-—--

Concentration (ppm)
E

non-silicate-xerogel-encapsulated VITOSS (Studies VSI1
and VS2) versus the data from the silicate-xerogel—-encapsu-
lated VITOSS (Studies VS3 and VS4) indicate that their
elution profiles are drastically dissimilar, whereas compari-
son of the data obtained from replicating the respective stud-
ies suggest that they are consistent and somewhat equivocal.
Studies VS1 and VS2 eluted 21.53 and 23.60% of loaded
tobramycin, respectively, whereas Studies VS3 and VS4
eluted 60.65 and 61.31% of loaded tobramycin, respectively.
Apparently, Figure 13 reveals that there is substantially
greater overall elution of tobramycin from silicate-xerogel-
encapsulated VITOSS compared to non-silicate-xerogel-en-
capsulated VITOSS in the time period elapsed. The excep-
tion, however, is Study VS5, where tobramycin-loaded sili-
cate-xerogel-encapsulated VITOSS appeared to possess an
elution profile similar to Studies VS1 and VS2, with 22.36%

Total TB Eluted: 108.08ppm
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5
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11 T | ] 10

Figure 10. Daily elution profile of tobramycin from silicate-encapsulated VITOSS, Study VS3.
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Figure 11. Daily elution profile of tobramycin from silicate-encapsulated VITOSS, Study VS4.

of loaded tobramycin eluted. The percent elution profiles of
Studies VS1-VS5 behave linearly to a degree, indicating that
tobramycin elution occurs in a moderate and steady fashion.
Daily percent elution quantities were calculated from a ratio
of the sum of the concentrations of tobramycin that were
eluted daily over the total quantity of tobramycin loaded into
VITOSS. The equilibration of data points at the end of the
tobramycin analysis in Figure 13 were a result of the sample
intensities being approximately equal to control intensities,
which possessed virtually zero fluorescence. This behavior
indicates that tobramycin elution was not detectable after the
allotted time period for Studies VS1-VS5 (Days 10 and 11).
After these data points, control and blank intensities were
essentially equal to sample intensities, resulting in near-zero
concentrations of tobramycin. Therefore, the flattening out of

Concentration (ppm)

the curves at the end of the elution periods for the various
studies point to the fact that tobramycin elution has vastly
diminished and reaches a steady state.

Figures 14 and 15 provide a visual representation of total
tobramycin eluted in micrograms and total tobramycin per-
cent eluted for the VITOSS studies, respectively. Further-
more, the results from the Student’s t-test have been summa-
rized and are explicitly conveyed with respect to each study.
Statistical results were rather stringent, perhaps due to the
fact that data acquired possessed minimum SD and that
various parameters encompassed the studies, collectively.
Ironically, the exception lies between two different studies
being statistically insignificant (p = 0.069), Studies VS1 and
VS5, which have been previously demonstrated to have sim-
ilar tobramycin elution percentages.

Total TB Eluted: 46.61ppm

5
Time (days)

Figure 12. Daily elution profile of tobramycin from tobramycin-impregnated silicate-encapsulated

VITOSS, Study VS5.
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Figure 13. Cumulative percent elution profiles of tobramycin from VITOSS Studies VS1-VS5.

Figures 16 and 17 demonstrate Higuchi plots for tobramy-
cin elution from the various VITOSS studies against the
square root of time, expressed both as a function of cumula-
tive micrograms of tobramycin eluted and cumulative percent
of tobramycin eluted, respectively. Higuchi plots were con-
structed in order to reveal whether antibiotic release rates are
linear or not over specific durations in an elution study.
Tobramycin release rates for the entire studies were linear at
the initial release stage on the plots (Days 0-3). However,
tobramycin release rates were remarkably reduced after 3
days in the latter release stages on the plots (Days 4-10),
while reasonably adhering to a linear fashion. These results
suggest that tobramycin release from the entire studies occurs
in a consistent, steady manner. Additionally, various elution
characteristics and trends observed for a specific study in the
previous plots are evident here in Figures 16 and 17. To

5500

specify, Study VS1 seemed to possess the least trend unifor-
mity in the latter tobramycin release stages when compared to
all the studies, and this can be visualized prominently in
Figure 8, Days 4-10.

Figures 18 and 19 contain log plots for cumulative micro-
grams of tobramycin eluted and cumulative percent of tobra-
mycin eluted from the various VITOSS studies, respectively.
Log plots of concentrations were constructed in order to
realize qualitatively the kinetics of antibiotic release and to
quantitatively acquire first- and zero-order rate constants
from the initial and latter slopes, respectively. These slopes
are directly proportional to tobramycin release rates and
furthermore, larger slopes point to those VITOSS studies
yielding greater tobramycin release concentrations. It is evi-
dent from the plots that Study VS2 possessed the largest
slope, whereas Studies VS3 and VS4 possessed the smallest
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Figure 14. Bar-graph representation of total micrograms of tobramycin eluted from VITOSS Studies
VS1-VS5, including statistical summary from Student’s t-test.
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Figure 15. Bar-graph representation of total percent tobramycin eluted from VITOSS Studies VS1-
VS5, including statistical summary from Student’s t-test.

slopes. The slopes of Studies VS1 and VS5 were intermediate
and seemed analogous in comparison with each other. To-
bramycin release rates for all the studies were linear and first
order at the initial release stage on the plots. However, the
slopes for the tobramycin release rates were reduced, and
approached zero after 3 days, implying that zero-order kinet-
ics were predominant in the latter release stages after transi-
tioning through a pseudo-first-order rate release stage occur-
ring approximately around Days 2 and 3.

Table III contains a quantitative summary of least-squares-
method operations on the initial and latter tobramycin release
stages obtained from the Higuchi plots and of the first- and
zero-order rate constants of the initial and latter tobramycin
release stages derived from the log plots, respectively, for the
various VITOSS studies. The R values for the initial tobra-

5500

V54

A vs3

as00

Cumulative Tobramycin Eluted (ug)

mycin release stage for VITOSS Studies VSI and VS5 and
the latter release stage for Study VS2 deviate slightly from
linearity, which is clearly observed from the Higuchi plots in
Figure 16 and 17. This may be attributed to these studies
displaying a less smooth slope transition occurring from first-
to zero-order rate kinetics around Days 2 and 3 as compared
to VITOSS Studies VS3 and VS4. As can be seen from the
slopes of the log plots in Figures 18 and 19, Study VS2
possessed the highest first-order rate constant, whereas Stud-
ies VS3 and VS4 possessed the smallest first-order rate con-
stants. Again, the first-order rate constants from Studies VS1
and VS5 were comparable. These results show that tobramy-
cin release rates were a function of the physical characteris-
tics of a specific VITOSS study. In addition, initial tobramy-
cin elution first-order rate constants were proportional to the

0,00 0.25 0.50 a.7s 1.00 128 1.50

Square root of time Ed“ml

1.78 z.00 25 .50 275 3.00 3.25 350

Figure 16. Higuchi plots for cumulative micrograms of tobramycin eluted from VITOSS Studies

VS1-VS5.
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Figure 17. Higuchi plots for cumulative percent tobramycin eluted from VITOSS Studies VS1-VS5.

quantity of tobramycin loaded into the various VITOSS stud-
ies (comparing Study VS1 with VS2 and comparing VS3
with VS4).

Table IV summarizes the relevant data and parameters
associated with the tobramycin-impregnated silicate-encap-
sulated VITOSS studies. VITOSS block masses, tobramycin,
VITOSS w/w% ratios, average tobramycin eluted per day,
and error associated with respective studies have been re-
ported. Total tobramycin elution percents were determined by
dividing total quantities of tobramycin in parts per million by
the quantity of tobramycin loaded in grams converted into
micrograms multiplied by 45 ml volume of PBS and then
100. Tobramycin elution quantities, concentrations, and per-
centages were directly proportional to the quantities of tobra-
mycin that were impregnated in the VITOSS blocks at the
time of delivery for Studies VS1-VS4. Loading/elution pro-

portionality was not a principal concern of this work, but
these results do support findings in the literature,®2? stressing
that antibiotic release rates increased with increasing antibi-
otic quantity concentration and that varying the quantity of
antibiotic in the bone cements can control release rates.
However, no proportionality exists between VITOSS Study
VS5 and Studies VS1-VS4, due to the media differences for
encapsulating tobramycin. The results reported herein were
representation data from four separate trials possessing vari-
ations of <4%.

DISCUSSION

According to the Higuchi plots, diffusion-controlled antibi-
otic release from a matrix-type drug delivery system such as
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Figure 18. Log plots of cumulative micrograms of tobramycin eluted from VITOSS Studies VS1-VS5.
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Figure 19. Log plots of cumulative percent tobramycin eluted from VITOSS Studies VS1-VS5.

silicate-xerogel-encapsulated VITOSS blocks typically are
linearly correlated with the square root of time. Tobramycin
release from the matrix blocks can be generally expressed
through the Higuchi equation®® [Eq. (1)]:

M, = A{[DieC,2C, — C)rl/T}"? ey
where M, is the antibiotic released from the cement at time ¢,
A is the surface area of the cement tablet, D; is the diffusivity
of the antibiotic, C; is the solubility, C, is the concentration
of the antibiotic, 7 is the tortuosity, and € is the porosity of the
cement. The tobramycin elution profiles of Studies VS1-VS5
in the Higuchi plots were linear at the initial and latter stages
in the plot, assuming that the rate-limiting step of release was
the tobramycin diffusion process in the micropores of VI-
TOSS. However, the release profiles show a reduction in
tobramycin release rates with a slight deviation in linearity at
the pseudo-first-order rate release stage transition occurring
around Days 2 and 3. This suggests that the geometrical
structure of the VITOSS pores may have been altered in the
latter stages of the tobramycin elution analysis by biodegra-

dation and/or precipitation/formation of hydroxyapatite,
which has been previously confirmed through FTIR analy-
sis.”

The tobramycin elution profiles of Studies VS1-VSS5 in
the log plots were linear at the initial stages in the plot with
large positive slopes, indicating that the initial tobramycin
release adheres to first-order rate kinetics. Simply stated, a
first-order rate of release signifies that the rate of tobramycin
elution is directly dependent on the concentration of tobra-
mycin present in the VITOSS matrix at any given instance.
Tobramycin elution levels will decrease as a direct result of
fewer tobramycin molecules present in VITOSS. Therefore,
the tobramycin elution profiles generally should possess the
shape of an exponential-type decay curve, which can be
visualized from tracing the graphs contained in Figures 8§ —12.
For the latter tobramycin release stages in the log plots where
the slopes are near zero, the changing concentration of tobra-
mycin in the VITOSS matrix does not change the rate of
tobramycin elution, thus adhering to zero-order rate kinet-
ics.®* Here in the latter zero-order Kinetics release stage,
zero-order rate constants are very small and approach zero. It

TABLE lll. Summary of Least-Squares Method Operations Obtained from the Initial (Days 0-3) and Latter (Days 4-10) Tobramycin
Release Stages in the Higuchi Plots, and First- and Zero-Order Rate Constants Obtained from the Initial and Latter Tobramycin
Release Stages in the Log Plots, Respectively, for VITOSS Studies VS1-VS5.

VS1: Non- VS2: Non-
Silicate Silicate VS3: Silicate VS84 Silicate VS5: Silicate
Encapsulated Encapsulated Encapsulated Encapsulated Encapsulated*
R value; Initial stage in Higuchi 0.9477 0.9924 0.9964 0.9836 0.9509
models (conc. vs. time'’?)
R value; Latter stage in Higuchi 0.9921 0.9761 0.9957 0.9997 0.9962
models (conc. vs. time'/?)
First-order rate constant, k (day ") 0.76 1.38 0.74 0.75 0.81
Zero-order rate constant, k (day ") 0.0157 0.0011 0.0018 0.0018 0.0021

* For Study VS5, tobramycin was directly impregnated into silicate xerogel in which a VITOSS block was encapsulated.
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TABLE IV. Summary of relevant data and parameters for Tobramycin-impregnated VITOSS with silicate xerogel, Studies VS1-VS5.

VS1: Non- VS2: Non-
Silicate Silicate VS3: Silicate V$4: Silicate VS5: Silicate
Encapsulated Encapsulated Encapsulated Encapsulated Encapsulated*
VITOSS mass (g) 0.3269 0.3086 0.3851 0.4042 0.3710
Loaded tobramycin (ug) 1586.21 4827.59 8019.32 8309.18 9379.31
Tobramycin: VITOSS (w/ ~0.50 (0.49) ~1.50 (1.56) ~2.00 (2.08) ~2.00 (2.06) 2.82%
w%)
Total Tobramycin eluted 7.52 = 0.30 25.32 £ 0.21 108.08 = 0.35 133.20 = 0.40 46.61 = 0.41
(ppm)
AVG Tobramycin eluted 0.75 = 0.03 2.53 =0.02 10.81 £ 0.04 13.32 £ 0.04 4.66 * 0.04
(ppm/day)
Total Tobramycin eluted 341.56 £ 13.65 1139.55 = 9.26 4863.69 = 14.98 5094.18 = 17.99 2097.51 = 18.27
(ng)
Total Tobramycin eluted (%) 21.53 £ 0.86 23.60 = 0.19 60.65 £ 0.19 61.31 =£0.22 22.36 = 0.19
RSD (%) 3.99 0.81 0.31 0.36 0.85

* For Study VS5, tobramycin was directly impregnated into silicate xerogel in which a VITOSS block was encapsulated.

is also apparent that non-silicate-xerogel-encapsulated VI-
TOSS (Study VS2) possessed the highest first-order rate
constant (Table III). The most salient feature of this finding is
that tobramycin diffusion is hindered only by the pores/
micropores of VITOSS, as opposed to silicate-xerogel-encap-
sulated VITOSS (Studies VS3 and VS4) where tobramycin
diffusion is obstructed by an additional xerogel barrier. The
notably lower first-order rate constants for Studies VS3 and
VS4 were anticipated and attested to this distinctiveness. One
must also bear in mind that Studies VS3 and VS4 were also
loaded with significantly greater quantities of tobramycin
compared to Studies VS1 and VS2 (Table IV). If one neglects
the fact that Study VS2 was loaded with approximately three
times the quantity of tobramycin compared to Study VS1, all
those studies that possessed only one barrier through which
tobramycin diffused (Studies VS1, VS2, and VS5), whether it
be silicate xerogel or just the interstices of VITOSS, pos-
sessed seemingly equivalent first-order rate constants. The
twofold increase in the first-order rate constant for Study VS2
compared to Study VS1 verifies that the tobramycin release
rates are directly dependent on tobramycin loading quantities.
However, Study VS5, comprising the highest loading quan-
tities of silicate xerogel (Table II) and tobramycin, which was
impregnated into the silicate xerogel, released a significantly
lesser quantity of tobramycin as compared to Studies VS3
and VS4, which also contained higher loading quantities of
tobramycin. This result was envisaged because of the design
properties of the silicate xerogel that was prepared. As stated
previously, the pores of silicate xerogel can be altered to vary
in size from macroporous to microporous. Previous character-
izations attained from nitrogen adsorption porisiometry” have
shown that the silicate xerogel was mesoporous and mono-
dispersed (0.2-50.0 A), with an average pore diameter of 32.6
A. Mesoporosity can be ascribed to the fact that considerable
quantities of tobramycin were dissolved in TEOS during its
homopolymerization. Nonetheless, these pore sizes are con-
siderably smaller than the micropores/pores of VITOSS (100
nm/200 wm) thus making it less permeable for tobramycin

diffusion. In addition, silicate-xerogel matrix is slightly less
hydrophilic than the VITOSS matrix. Speculatively, this
could perhaps contribute to the observed lesser tobramycin
elution quantity directly from the silicate xerogel. Studies
VS3 and VS4 afforded the best overall tobramycin elution
profiles from a percentage and controlled-release perspective
in that they displayed an exponential-decay-type release ide-
alistic of a uniform release mechanism. They clearly demon-
strate a profound dependency on the tobramycin concentra-
tions present in the VITOSS matrix at a given instance.
Ultimately, these results advocate that tobramycin elution
characteristics and release rates can be managed by varying
the quantity of tobramycin in VITOSS and/or by encapsula-
tion VITOSS with silicate xerogel.

Antibiotic release from bone cements is regulated by the
extent of polar dissolution fluids penetrating beyond the sur-
face and into the pores of the cement.®>°® The magnitude of
dissolution fluid penetration depends critically on the porosity
and the wettability of the bone cement,” and is also governed
by how well it contacts its surface. Porosity is directly related
to the surface area of a bone cement, dictating its surface
roughness, and therefore, the quantity of dissolution fluid that
will contact its surface. Succinctly, greater porosity points to
greater surface area, allowing more dissolution fluid to con-
tact the bone cement thus enhancing antibiotic release. Wet-
tability emulates surface roughness and the degree of hydro-
philicity that bone cement possesses. The greater hydrophi-
licity bone cement possesses, the more likely dissolution fluid
diffusion will occur. However, much debate has arisen con-
cerning the poorly understood antibiotic release mecha-
nism.®” However, it has been suggested, that slight wear in
the form of fissures, air pockets, surface roughness, etc. in the
bone cement are necessary in order to permit antibiotic re-
lease, which basically shows it to be a surface-area effect.
From this theory, many researchers agree that antibiotic re-
lease from bone cements is fundamentally a surface-chemis-
try phenomenon.®>®® Correspondingly, in this analysis, to-
bramycin release is aided by the penetration of bodily fluids
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beyond the surface interface and into the pores and micro-
pores of VITOSS. Consequentially, the hydrophilicity of the
matrix network of VITOSS will denote the extent of contact
and migration of polar extracellular dissolution fluid that
enters to solvate tobramycin. Equally, the hydrophilicity of an
antibiotic itself is crucial to its dissolution capacity and must
not be disregarded. Experimental evidence from a phase-
partitioning study previously conducted®® on tobramycin re-
inforces its potential for aqueous solubility. The calculated
log P and equilibrium constant value (K) for tobramycin
were — 7.32 and 4.79 X 10~ % respectively. The greater
magnitude of the log P and K values reflects its high degree
of hydrophilicity, which leads to easier distribution into the
aqueous phase. Results stress that practically 100% of tobra-
mycin remains in the aqueous phase and trace quantities of
tobramycin may partition in nonpolar phases. Hence, tobra-
mycin is highly hydrophilic, endowed with the capability to
simultaneously disperse into the VITOSS/silicate-xerogel
network and PBS, facilitating its dissolution and release.
Other factors abet tobramycin elution quantities as well.
Tobramycin elution may be enhanced by its complexation
with five highly polar SO~ salts. The incorporation of a salt
in tandem in order to increase the polarity of tobramycin will
significantly interact with the solution chemistry. The salt
may concurrently assist tobramycin dissolution by interacting
with various ions found in the PBS for complexation. This
interaction of an antibiotic with similar miscible specie is
favorable, because the integration of two or more water-
soluble antibiotics into bone cement greatly boosts overall
elution.' Pharmacokinetic data on gentamicin and vancomy-
cin/PMMA systems support this postulation, as the antibiot-
ics were undetectable in the urine after the tenth day of
fixation.®® Nevertheless, the presence of a salt could perhaps
be responsible for greater elution quantities compared to just
the free-base form of tobramycin. By and large, tobramycin
release from VITOSS can then be viewed as a pooled effect
resulting from its porosity, its surface characteristics,” its
hydrophilicity, and intrinsic antibiotic solubility.
Tobramycin elution behavior reaches an initial maximum
during the first 24 h followed by a steady, decreasing elution.
The initial tobramycin release maximum is attributed to the
dissolution of tobramycin molecules adsorbed’® onto the VI-
TOSS/silicate-xerogel surface or to the diffusion of tobramy-
cin molecules close to the surface. Additionally, the initial
maximum is ostensibly dependent upon the quantity of to-
bramycin that was loaded into VITOSS. This elution behav-
ior is independent of bone cement type and has been reported
previously.>®%%7! Numerous citations®*’" describe a fast ini-
tial release of antibiotics from cements during the first 10 h of
soaking, which decreases substantially after the first 24-36
hours, followed by sustained release. Furthermore, antibiotic
levels remained near the MIC, inhibiting bacteria growth for
7-10 days.'>**%77! Other prevailing factors, namely fluid
saturation, may play an additional role in the observed tobra-
mycin elution characteristics. The continued, steady elution
of tobramycin at or near equivalent levels up to the tenth day
after impregnation may be phenomenological to specific so-

lution chemistry. A plausible explanation for this is that
tobramycin concentrations have achieved a state of hydro-
static equilibrium, which results from constantly refreshing a
fixed quantity of PBS (at equally spaced intervals), making
the rate of tobramycin dissolution equivalent to the rate of
tobramycin recrystallization. This transpires as a result of
water pressure (PBS) within the VITOSS/silicate xerogel
directly solvating the tobramycin that is embedded in the
matrix and tobramycin reversibly precipitating from the so-
lution or material surface into the matrix. This precipitation/
recrystallization effect is expected to be more prominent in a
semistatic in vitro analysis where hydrostatic equilibrium is
more likely to be attained. However, in a dynamic in vivo
analysis, where bodily fluids are continuously refreshed and
circulating, this process is pushed further in the direction of
dissolution, making it more unlikely to establish hydrostatic
equilibrium and promote tobramycin recrystallization. None-
theless, in an in vitro analysis, this behavior is predicted to
gradually diminish over the next several days, thus facilitat-
ing optimal release of tobramycin. Likewise, contributing to
the observed tobramycin elution characteristics is hydroxy-
apatite crystals precipitating out of any PBS that could have
evaporated and depositing on the VITOSS/silicate-xerogel
surface via ionic interactions as a result of a high degree of
saturation of salts. Consequentially, sample eluents were not
further refreshed after Day 11 and the analyses were termi-
nated, suggesting that the elution of the tobramycin ap-
proached zero concentration. Here, at lower detectable levels
of tobramycin elution, concentrations loomed near the limit
of quantification.

The progressive formation of a hydroxyapatite layer on the
surface of bioactive VITOSS and silicate xerogel can also
affect tobramycin elution characteristics in that it may inhibit
the release of loaded tobramycin in the latter stages of the
analysis. In essence, the primary release of the tobramycin
occurs prior to the initial formation of the hydroxyapatite
layer. Confirmation of the formation of a hydroxyapatite
layer occurring approximately 7-9 days after soaking VI-
TOSS in PBS has been verified previously’” by utilizing
Fourier-transform infrared spectroscopy (FTIR). The initial
concentrated release of tobramycin from VITOSS is in accord
with the Ca>"—H;0™ ionic exchanges between VITOSS and
the PBS, thus promoting further dissolution. This ionic ex-
change is catalyzed by the inherent alkalinity of VITOSS. It
can be asserted that the mechanism for initial antibiotic
release from bioactive bone cements is not completely diffu-
sion controlled; rather, it is enhanced by the ionic exchanges
with the surrounding environment.®?

The unique surface reactivity of bioactive silicate xerogels
plays a vital role in determining the extent of antibiotic
elution. Over time, various reactions transpire in vitro and in
vivo at the xerogel surface, with the initial ionic exchanges
occurring purportedly in sequence. The first stage is the loss
of acidic sites or hydrogen ions (H) from the surface of the
silicate xerogel via ionic exchanges with sodium (Na™),
hydronium (H3O+), other various metallic cations (M ™), and
hydroxide ("OH) present in PBS.”> This exchange occurs
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quite rapidly, within minutes of material exposure to PBS or
bodily fluids, and creates a dealkinization of the xerogel
surface layer with a net negative surface charge. During these
first minutes when a bioactive xerogel contacts PBS, the loss
of H" causes a localized breakdown of the xerogel network
with the resultant formation of silanol groups [Si(OH),],
which then repolymerize into the silicate-rich surface layer.
As a result, the surface becomes rather porous on a micro-
scopic scale, with average pore sizes ranging from 30-50
A.” Following the ion-exchange stage, an amorphous cal-
cium phosphate or hydroxyapatite layer will form on the
xerogel surface, enhancing bioactivity’* by incorporating bi-
ologic moieties, for example, blood proteins, collagen, and
osteoblasts. It has been previously shown®®** that partial
substitution of TEOS with organomodified alkoxysilanes af-
fects the degradation behavior of the silicate xerogel matrix in
vitro in that the degradation rate decreased with an increasing
quantity of alkoxy silanes used, reducing its ion-exchange
potential because of the decreasing hydrophilic character of
the matrix. In addition to this, silicate xerogels that possess
high moisture content compared to xerogels that are dried to
constant weight demonstrated a faster degradation rate be-
cause of a higher degree of hydrophilicity and discontinuation
of the condensation reaction. However, degradation of the
silicate-xerogel matrix during soaking in PBS can typically
be gauged quantitatively by measuring dissolved Si(OH), in
the media as a molybdenum blue complex by UV-VIS spec-
troscopy at 820 nm,*? but this was not of chief concern for
this work. Titrations conducted prior? on nondoped sol-gel-
derived silicate xerogels that were applied in this analysis
established that there are two distinct acidic sites present,
having a pK, roughly equal to 4.0. These titration data con-
firm that at a physiological pH of 7.2, the acidic sites on the
xerogel surface are deprotonated by interactions with ~OH
and other cations and anions present in PBS, affecting the
microstructure morphology of the surface. With prolonged
exposure to PBS, eventually more interior acidic sites in the
silicate xerogel will be hydrolyzed, accentuating the biode-
gradability of the xerogel at physiological pH. Surface alter-
ation of silicate xerogel through ionic exchanges with its
environment allows tobramycin molecules to significantly
interact with the various ions concomitantly, optimizing its
release. This surface alteration suggests that pore diameter
increases, perhaps permitting more PBS to migrate into the
matrix, solvating more tobramycin, and shifting the dissolu-
tion equilibrium vastly to the right. This may be indicated by
the inherent tobramycin elution characteristics of the silicate-
xerogel-encapsulated VITOSS studies, where greater quanti-
ties of tobramycin are released initially when compared to the
non-silicate-xerogel-encapsulated VITOSS studies. This ef-
fect, though, yields only a minor contribution because the
initial release of tobramycin depends ultimately on its loading
quantity.

The initial tobramycin elution maximum surveyed from
the VITOSS studies affirms that optimal antimicrobial activ-
ity is most profound during the early stages of release and that
tobramycin is delivered in longer-release dosages for at least

11 days, with total elution quantities exceeding conventional
systemic routes. Tobramycin elution concentrations are pro-
jected to be above its MIC of 2-30 ppm/day'® directly after
implantation, thereby providing a high level of local antisep-
tic effects around the bone—VITOSS surface interface. Here,
an initial burst of tobramycin release could actually be quite
effective in eradicating the microorganisms at the infection
site; later, lower release rates of tobramycin could be effec-
tive in maintaining a sterile medium.?’ Therefore, a direct,
controllable, biodegradable drug-delivery system like tobra-
mycin-impregnated VITOSS allows for an optimal drug-
delivery system by delivering tobramycin levels appropriate
for microbial growth inhibition. In addition, a modified sys-
tem such as tobramycin-impregnated silicate-xerogel-encap-
sulated VITOSS, which released the largest initial and overall
concentrations and percentages of tobramycin, has been dem-
onstrated to have even greater efficacy in immediately reach-
ing and sustaining the MIC levels, making it an outstanding
entrant in the operating realm compared to tobramycin-im-
pregnated VITOSS alone. Because the elution characteristics
of hydrophilic tobramycin from silicate-xerogel-encapsulated
VITOSS have been evaluated, a drug-delivery system like
this can be exploited to include other hydrophilic antibiotics.
Tobramycin is sufficiently hydrophilic with substantial elu-
tion potential from VITOSS, and a hybrid tobramycin-gen-
tamicin/silicate-xerogel-encapsulated VITOSS delivery sys-
tem would be advantageous because of favorable aqueous
solubility. Moreover, a combination of tobramycin with a less
hydrophilic antibiotic such as the peptide-based vancomycin
can be employed to increase elution potential and widen the
spectrum for microbial inhibition. As a final point, nonpolar
alkyl side chains can be introduced into the silicate-xerogel
structural backbone to increase its hydrophobicity and suit-
ability to elute nonpolar antibiotics, namely, the quinoline-
based, wide-spectrum Levaquin and Fluoraquin. The VI-
TOSS/silicate-xerogel drug-delivery system is an appropriate
model for numerous substances, including biological sub-
strates (enzymes and pro-osteogenic cells for templating,
etc.), and it is not solely limited to tobramycin or other
aminoglycoside antibiotics, because silicate xerogels can be
chemically and/or structurally tailored rather easily to have
affinity for countless substances. Silicate-xerogel-encapsu-
lated VITOSS is therefore a formidable candidate for con-
trolled drug delivery and should compete well with estab-
lished B-TCP and hydroxyapatite drug-delivery systems.

CONCLUSIONS

In recapitulation, approximately threefold greater elution
quantities of tobramycin were detected from non-silicate-
xerogel-encapsulated VITOSS Study VS2 when compared to
the other non-silicate-xerogel-encapsulated VITOSS, Study
VS|, stressing dependency on initial loading quantities. Sim-
ilarly, silicate-xerogel-encapsulated VITOSS, Studies VS3
and VS4, which possessed approximately equivalent tobra-
mycin loading quantities, eluted virtually similar quantities.
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In the same light, the first-order rate constant for non-silicate-
xerogel-encapsulated VITOSS Study VS2 was approximately
twofold greater than Study VS1 and silicate-xerogel-encap-
sulated VITOSS, Studies VS3 and VS4, which possessed an
additional diffusion barrier. Study VS5, where tobramycin
was impregnated directly into the silicate-xerogel-encapsu-
lated VITOSS, was most impervious to tobramycin elution as
a consequence of it possessing the largest silicate-xerogel
loading mass as well as the xerogel cross-linked matrix. All
studies basically displayed Higuchi-type linear uniform re-
lease kinetics throughout the tobramycin elution periods,
tapering into zero-order release kinetics behavior. The ubig-
uitous ultraporosity and intrinsic hydrophilicity of VITOSS,
in tandem with or without silicate xerogel, has allowed for
optimum release percentages of tobramycin, which exceeds
antibiotic percentages typically retrieved’ from the original
incorporation into bone cements. This study exemplifies that
composite hydrophilicity determines the extent of body fluids
migrating into the composite and promoting release for this
appreciably polar antibiotic. Tobramycin elution was also
aided by its high degree of hydrophilicity. Nevertheless, the
complexation of tobramycin with highly polar SO}~ salts is
a prominent factor responsible for the observed elution char-
acteristics, enhancing release potential from a hydrophobic
environment. Tobramycin elution characteristics indicate that
there is an initial release maximum during the first 24 h that
diminishes gradually several days after impregnation from
the VITOSS/silicate-xerogel system, behaving similarly to
other antibiotics loaded into cements, which are released at
high concentrations initially, and then decrease steadily over
time.> Because VITOSS is bioactive, in due course it forms
an apatite-like layer on its surface, so the initial concentrated
release of tobramycin, buttressed by ionic exchanges between
the ceramic and environment, occurs prior to the initial for-
mation of this bioactive layer. Based on the results ascer-
tained from this research, the incorporation of adequately
polar antibiotics such as tobramycin into a hydrophilic,
bioresorbable VITOSS affords optimal release of the antibi-
otic, thereby providing high local levels at the bone—VITOSS
interface, where it is needed most. It was also learned that
silicate xerogels are robust regarding the optimal release of
tobramycin from VITOSS, as they release higher percentages
of tobramycin with respect to initial loading quantities when
compared to non-silicate-xerogel-encapsulated VITOSS and
tobramycin-impregnated silicate-xerogel-encapsulated VI-
TOSS. This finding is due wholly in part to the simultaneous
ionic exchanges occurring between the silicate xerogel and
environment during the initial stages of the elution period,
thereby enhancing the hydrophilic nature of the media with
ions that complex themselves with tobramycin that is embed-
ded in the pores of VITOSS. In addition to the higher tobra-
mycin release percentages observed from silicate-xerogel-
encapsulated VITOSS, the lower first-order rate constants
and uniform, predictable first-order-type exponential-decay
release profiles lend support to the notion that sol-gel-derived
silicate xerogels are an ideal material for implementing con-
trolled release of tobramycin or other polar antibiotics. Fur-

thermore, chemical and/or structural tailoring of the silicate
xerogel enables suitability to elute nonpolar antibiotics and an
affinity for incorporating numerous substances into the VI-
TOSS/silicate-xerogel system. Over time, VITOSS and hy-
drophilic silicate xerogels, prepared via the sol-gel process,
are entirely bioresorbable, thus allowing virtually all of the
impregnated antibiotics to be released after implantation. As
a result of its biodegradability, silicate-xerogel-encapsulated
VITOSS implants require little or no invasive surgery for
their removal compared to nonbiodegradable high-porosity
bone cements. Moreover, this system is promising from a
clinical efficacy standpoint in that the bioavailability of to-
bramycin is not compromised due to the elution process. In
conclusion, VITOSS encapsulated with silicate xerogel
would therefore make an excellent candidate for a depend-
able, controllable, biodegradable antibiotic delivery system
providing antibiotic concentrations high enough and at dura-
tions long enough to combat the numerous microbes encoun-
tered during surgery.
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