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Porous Bioactive Glass Scaffolds for Local Drug Delivery in Osteomyelitis:
Development and In Vitro Characterization
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Abstract. A new bioactive glass-based scaffold was developed for local delivery of drugs in case of
osteomyelitis. Bioactive glass having a new composition was prepared and converted into porous
scaffold. The bioactivity of the resulting scaffold was examined by in vitro acellular method. The scaffolds
were loaded with two different drugs, an antibacterial or antifungal drug. The effects of the size of the
scaffold, drug concentration, and dissolution medium on drug release were studied. The scaffolds were
further coated with a degradable natural polymer, chitosan, to further control the drug release. Both the
glass and scaffold were bioactive. The scaffolds released both the drugs for 6 weeks, in vitro. The results
indicated that the bigger the size and the higher the drug concentration, the better was the release profile.
The scaffolds appeared to be suitable for local delivery of the drugs in cases of osteomyelitis.

KEY WORDS: bioceramics; bone infection; drug release; organic-inorganic composite; skeletal drug

delivery.

INTRODUCTION

Osteomyelitis, an inflammatory process accompanied by
bone destruction, is caused by infective microorganisms (1).
Conventional drug delivery systems often fail to maintain
therapeutically effective drug concentrations at the site of
infection, as the area is moderately perfused and almost
devoid of blood supply. On the other hand, local drug
delivery systems, which could release drugs in a prolonged
and controlled fashion, may establish higher drug concen-
trations at the intended site with no or minimal drug
concentration in the systemic circulation (1-3).

Local drug delivery systems in the treatment of osteo-
myelitis are expected to release the drug for at least a period
of 4-6 weeks (1,4). Although various polymers are able to
prolong drug release, they present formidable limitations such
as follow-up surgery in case of nonbiodegradable polymers,
high cost, tissue reactions, and/or immunological consider-
ations depending upon the source of origin (2). In addition,
hazardous organic solvents are often required in the for-
mulation of delivery devices based on polymers. These factors
triggered the search for other suitable carrier materials.

Bioceramic carriers are fast becoming a replacement for
polymers in drug delivery, especially when local delivery of
drugs in the bone is intended. Bioceramic entities such as
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tricalcium phosphate, hydroxyapatite, and bioactive glass
have been used for tissue engineering and drug delivery
(1,5). Bioactive glasses are a class of bioceramics that
comprise of a group of surface reactive glass/glass-ceramic
which are bioactive, osteoconductive, and osteoinductive
(6,7). Unlike hydroxyapatite implants, bioactive glass
implants have not been studied extensively for drug release.
Recently, porous (macroporous) bioactive glass scaffolds
were developed as local drug delivery system in our
laboratory. However, in vitro release studies revealed the
inability of the scaffolds to provide release for 4 weeks in a
regulated manner.

This work envisaged the development of a new bioactive
scaffold which could deliver drugs locally into the bone for
extended period of time. The scaffold was examined for in
vitro acellular bioactivity and loaded with gatifloxacin and
fluconazole. The effect of various formulation factors like size
of the scaffold and concentration of the drug on drug release
in phosphate-buffered saline (PBS) and simulated body fluid
(SBF) were investigated. The effect of coating the scaffold
with a degradable natural polymer, chitosan, on drug release
was also studied. Gatifloxacin HCI, an antibacterial drug
suitable for bacterial osteomyelitis, and fluconazole, an
antifungal drug preferred for fungal osteomyelitis, were
selected as model drugs.

MATERIALS AND METHODS

Quartz (MERCK, Darmstadt, Germany), sodium carbo-
nate (MERCK, Mumbai, India), calcium carbonate
(MERCK, Mumbai, India), diammonium hydrogen ortho-
phosphate (MERCK, Darmstadt, Germany), and chitosan
(ALDRICH, Milwaukee, WI, USA) were used as received.
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All the chemicals used were of AR grade or equivalent.
Drugs were received as gift samples from Cross Medineeds
Pvt. Ltd., India.

Preparation of Bioactive Glass

Bioactive glass (SSS) was prepared by conventional glass
melting procedure in a platinum crucible in ambient atmos-
phere at 1,350°C with an oxide composition of 45% (w/w)
Si0,, 21.2% (w/w) CaO, 26% (w/w) Na,O, and 7.8% (w/w)
P,Os. After homogenization of glass melt, the molten mass
was quenched in distilled water, to yield glassy flakes, which
were finally dried and stored.

Characterization of Bioactive Glass

Fourier transform infrared (FTIR) spectrum of the
bioactive glass was recorded in a FTIR spectrophotometer
(Spectrum 100, PerkinElmer, Waltham, MA, USA). Pow-
dered glass was mixed with KBr and converted into disk at
10-ton pressure using a hydraulic press. The spectrum was
recorded at ambient temperature within 4,000-400 cm ! wave
numbers at a resolution of 2 cm ™.

X-ray diffraction (XRD) analysis was performed with
an X-ray diffractometer (X’Pert Pro, Phillips Analytical,
The Netherlands). Powdered glass was scanned from 10° to
80° diffraction angle (20) range under the following
conditions: source, monochromatic Cu Kal radiation (1 =
1.5406 A); voltage, 40 kV; current, 35 mA, scan speed,
2°m L,

Acellular in vitro bioactivity of the SSS powders was
evaluated in SBF having an ionic composition similar to
that of human plasma (2). SBF fluid containing SSS
powder in a concentration of 1.5 mg/mL was placed in
well-closed polystyrene bottles maintained at 37°C. Sam-
ples were collected after 1, 3, and 7 days and analyzed by
FTIR.

Preparation of Porous Bioactive Glass Scaffolds

SSS glass powder was mixed with equal quantity of
porogen (naphthalene) and pressed into cylindrical blocks
by cold-isostatic press (EPSI, Temse, Belgium) at 150 MPa
for 1 min. Subsequently, blocks were turned and cut into
circular disks of varying dimensions with a lathe and a low
speed saw (Isomet, BUEHLER, Lake Bluff, IL, USA).
Thereafter, the shaped samples were subjected to graded
temperatures (25-80°C) and finally fired at about 725°C for
3 min on a Pt-Rh plate and stored in a vacuum dessicator
until further use.

Characterization of Porous Scaffolds

Porosity of the blocks was measured by water displace-
ment method (Archimede’s principle), and pore size distri-
bution was measured using a mercury porosimeter (PM60,
Quantachrome, Boynton Beach, FL, USA) with applied
pressure ranging between 0 and 3,000 psi, a contact angle of
140°, and a surface tension of 480 dyn/cm. Acellular in vitro
bioactivity of SSS porous scaffolds was evaluated in the same
way as that of bioactive glass. After definite time intervals,
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the scaffolds were observed under scanning electron micro-
scope (SEM; Steroscan430i, Leo, UK). XRD analysis of the
porous scaffolds was performed in a similar way as mentioned
earlier in this article for bioactive glass.

Weight changes of the scaffold between two sampling
points and the change in pH of the SBF during acellular in
vitro bioactivity study were measured respectively with an
analytical balance of accuracy +0.1 mg (Sartorius AG,
Goettingen, Germany) and a pH meter with platinum pH
electrode (Sensionl, Hach, Loveland, CO, USA). During
the sampling point, scaffolds were taken out of the buffer,
pat-dried with tissue paper, and dried in a hot air oven
until it reached a constant weight. The samples were then
stored in a tightly closed dessicator at room temperature,
before initiation of next part of the study.

Preparation of Drug-Loaded Porous Bioactive Glass
Scaffolds

Scaffolds were loaded with gatifloxacin by vacuum
infiltration method. A scaffold of known weight was
immersed in drug solution, and a vacuum of 9.67 ton/in.”
was applied for 20 min. After the stated period, vacuum
was released and the scaffold was allowed to dry under
ambient conditions.

The following variables were used to prepare drug-loaded
scaffolds:

1. Size of the scaffold: Keeping the concentration of drug
solution fixed at 25 mg/mL, the height of the scaffolds
was varied from 3 to 12 mm.

2. Concentration of the drug solution: Keeping the
height of the scaffold fixed at 12 mm, the concen-
tration of the drug solution was varied from 6.25 to
25 mg/mL.

3. Type of drug: Scaffolds of 12 mm height were
loaded with gatifloxacin or fluconazole by vacuum
infiltration method with drug solutions of concen-
tration 25 mg/mL.

Table I presents the code assigned to the scaffolds and the
variables involved.

Preparation of Chitosan-Coated Scaffolds

The drug-loaded scaffolds having a height of 12 mm were
coated with 0.5% or 1.0% (w/v) chitosan solution.

Determination of Drug Loading in Scaffolds

The amount of drug loaded in the scaffold was
measured by determining the concentration of drug sol-
ution before and after the infiltration process (8). The
concentration of drug solution was determined by suitably
diluting an aliquot with the respective medium and analyz-
ing in an UV spectrophotometer (PerkinElmer, Waltham,
MA, USA) at 287 and 261 nm for gatifloxacin and
fluconazole, respectively. The drug concentration was
determined from the respective calibration curves con-
structed using known concentration of gatifloxacin and
fluconazole.
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Table I. Composition of Scaffolds

Height of the Concentration of the drug

Concentration of
chitosan in coating

Scaffold code scaffold (mm) in loading solution (mg/mL) Drug solution (%, w/v) Dissolution medium
SSS-1 3 25 Gatifloxacin - PBS
SSS-2 6 25 Gatifloxacin - PBS
SSS-3 12 25 Gatifloxacin - PBS
SSS-4 12 12.5 Gatifloxacin - PBS
SSS-5 12 6.25 Gatifloxacin - PBS
SSS-6 12 25 Fluconazole - PBS
SSS-7 12 25 Gatifloxacin 0.5 PBS
SSS-8 12 25 Gatifloxacin 1.0 PBS
SSS-9 12 25 Gatifloxacin - SBF
PBS phosphate-buffered saline, SBF simulated body fluid
Drug loading in scaffolds was determined from the where k; is the Hixon-Crowell constant
following relationship
At/Aco = kst" (6)

Drug loading(%) = [(Amount of drug in solution before loading—
Amount of drug in solution after loading)/(Weight of the scaffold,
g)] x 100

In Vitro Drug Release Studies

Drug-loaded scaffolds were immersed in 5 mL of PBS
(pH 7.4) maintained at 37°C. Aliquots were removed at
selected intervals from 24 h to 43 days and analyzed by UV
spectrophotometry. Study was terminated when samples
failed to release drug above 1.2 pg/mL/day or 43 days,
whichever was earlier. The set limit value was averaged per
day by dividing the measured concentration with the number
of days between the sampling. In vitro drug release studies
were conducted in a similar way in SBF (pH 7.4).

Drug Release Kinetics

To study the drug release kinetics from SSS scaffolds, the in
vitro drug release data of gatifloxacin in different dissolution
mediums were fitted in various kinetic models: zero order
(Eq. 2), first order (Eq. 3), Higuchi’s model (Eq. 4), Hixon—
Crowell model (Eq. 5), and Peppas—Korsmeyer (Eq. 6) models.

A = kot (2)

where kj is the zero-order rate constant and A is the amount
of drug released at time .

log AR = k;1/2.303 (3)

where k; is the first-order rate constant and AR is the amount
of unreleased drug at time t.

A=k (4)

where k is the Higuchi’s constant reflecting the design
variables of the delivery system.

(AR)' = kyt (5)

where k3 is the Peppas—Korsmeyer constant, At#/Aw is the
fractional solute release at time ¢, and n is the exponent
indicative of the release mechanism (9). An exponent value
of 0.45 or less and 0.89 or above indicate respectively Fickian
diffusion and case II transport (typical zero-order release).
Values between 0.45 and 0.89 indicate non-Fickian or
anomalous (by both diffusion and erosion) release. All
release tests were carried out in triplicate, and the results
were expressed as mean + SD.

RESULTS AND DISCUSSIONS

Quaternary glass systems containing SiO,, Na,O, CaO,
and P,Os in certain compositions are known to be bioactive.
Chemical compositions having SiO2 <60 mol%, high Na,O
and CaO contents, and a high CaO/P,Os ratio are expected to
exhibit high bioactivity (10,11). In the present work, a new
composition of bioactive glass has been developed to study its
applicability for local drug delivery in bone. This new
composition contains a relatively high amount of P,Os.
Firstly, this would increase dissolution of glass, which in turn
may extend drug release rate. Secondly, this will increase
local concentration of PO,>” ions, which may enhance
subsequent growth rate of carbonated hydroxyapatite
deposition to influence new bone matrix generation.

Characterization of SSS Powder

The FTIR spectrum (Fig. 1) showed well-defined peaks
of the stretching and bending vibrations of Si—-O-Si bonds at
around 468, 802, and 1,040 cm L. In addition, the spectrum
showed two peaks at 1,414 and 1,454 cm™!, which are the
characteristic peaks of C-O group. The emergence of these
two peaks could be due to the absorption of CO, from
atmosphere even after thermal treatment. A similar
observation has been reported with calcium phosphate
silicate/wollastonite (12), and hence, storage in dessicator is
advised. XRD patterns (Fig. 2) indicated the amorphous
nature of SSS, which is desirable for in vivo applications (13).
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Fig. 1. FTIR spectrum of SSS powder

The in vitro acellular bioactivity of SSS glass was studied
for a period of 1 week. Figure 3 illustrates the FTIR spectra
of SSS glass before and after soaking in SBF for different
periods (1, 3, and 7 days). Before soaking in SBF, the sample
exhibited bending and stretching vibrations of Si-O-Si bonds
at 468, 802, and 1,040 cm™'. After soaking in SBF for 1 day, a
P-O vibrational bond at 566 cm ' was observed indicating the
growth of amorphous phosphate. After 3 days, the said peak
split into dual peaks at 566 and 603 cm ', respectively,
indicating the formation of crystalline phosphate. In
addition, well-resolved peaks at 872, 1,418, and 1,487 cm
assigned to C-O vibrational bands and 962 and 1,040 cm™*
assigned to the crystalline P-O bonds could be observed
indicating the formation of hydroxycarbonate apatite
(HCAp). The mechanism of bonding of bioactive glasses
with living tissues has been reported to be associated with the
development of a layer consisting of carbonate-containing
hydroxylapatite on the surface of the materials (14).

Intensity, a.u.

T T T
10 20 30 40 50 60 70

Diffraction angle, 26
Fig. 2. XRD spectrum of SSS powder

Soundrapandian et al.

I T T T T T T T T N T N T T T 1
2000 1800 1600 1400 1200 1000 800 600 400
Wave number (cm'1)
Fig. 3. FTIR spectra of SSS glass subjected to acellular in vitro

bioactivity study at various periods

Characterization of Porous Scaffolds

Porous SSS scaffolds were prepared by selecting naph-
thalene powder (as a porogen) of a particular size range (less
than 296 um). The bulk density of the SSS scaffolds was 0.844
(£0.09) g/cc. The true porosity and closed porosity were
calculated to be 68.72% (£3.13%) and 4.15% (x1.01%),
respectively, with an apparent porosity of 63.67% (£2.21%).
These values are in the range generally agreed for rapid
osteointegration (15). However, porosity and porous nature
of the scaffolds can be manipulated by the properties of
porogen and the sintering temperature of the scaffold (1,5).
Selecting naphthalene of a particular size range and sticking
to a fixed sintering procedure shall help to control these
properties between batches.

Figure 4 presents the pores size distribution chart of
porous SSS scaffolds. The pores were unimodal and predom-
inantly in the range of 10-70 pm, indicating that they were
suitable for drug delivery applications (1), as small pores are
known to facilitate high adsorption of drug and to sustain the
release better than the larger pores (16).

Figure 5 reveals the SEM images of SSS scaffolds
subjected to in vitro bioactivity studies at various time points.
The structure was intact for the entire study period. However,
the surface exhibited significant changes before (0 days, SEM
magnification x5,000) and after soaking (1 day, SEM magni-
fication x20,000; 3 and 7 days, SEM magnification x25,000) in
SBF for different time. After soaking in SBF for 1 day, the
entire surface was covered with apatites. After 3 days, the
surface appeared to be covered with a mat and smaller
clusters joined to form cauliflower like growth. At the end of
7 days, the deposits appeared as plates stacked upon and with
spikes of growing crystals. Pores in micrometer range were
also visible that were created either during fabrication or
during deposition of apatites.

Figure 6 represents XRD spectra of surface deposits on
SSS scaffolds, following in vitro bioactivity studies. Initially,
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Fig. 4. Pore size distribution in SSS scaffolds

the scaffolds appeared to be amorphous. After incubation in
SBF, new strong peaks at 26° and 32° of 20 corresponding to
good crystallinity of HCAp (JCPDS 04-0697) appeared, and
the intensity of the peaks increased with time. This result
confirmed that the scaffold was amorphous initially and the
surface converted into crystalline state due to deposition of
HCAp.

Figure 7 depicts the changes in pH and weight gain of
SSS scaffold on exposure to SBF. A total gain of about 5.14%
(w/w) was observed at the end of the 4-week study period.
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Unlike polymers, bioactive entities favor apatite deposition,
and hence, over a period, weight gain of these scaffolds is
obvious. It could be observed from the figure that the weight
gain in the initial first week was very low, possibly due to a
faster leaching of ions such as Si*, Ca?*, Na*, and PO4>~ from
the scaffold than the deposition of apatites. From the second
week to the fourth week, it was almost linear. Similar results
of weight gain have been reported for bioactive tricalcium
phosphate (17) and bioglass—polymer composite (18). The
figure also shows a steep increase in the pH of the SBF
solution from 7.4 to 8.76 in the first week. The high value was
comparable with the result of other workers (19). However,
for the rest of the study period, the pH was found to gradually
decrease to a final value of 8.47. The increase in pH was due
to the leaching of ions as Ca®* and Na* from the scaffold and
is advantageous, as it is known to create a favorable
atmosphere for apatite deposition.

Loading and In Vitro Drug Release Studies

The drug loading efficiency was calculated to be 2.5%.
For in vitro drug release, cutoff limit of drug was fixed at ten
times the minimum inhibitory concentration (MIC) of Staph-
ylococcus aureus. The acceptable MIC ranges for S. aureus
(ATCC 29213) is 0.03 to 0.12 pg/mL for gatifloxacin (20).
Hence, the cutoff limit was fixed at 1.2 pg/mlL/day. The
intention was to deliver drug not only above MIC but also
above biofilm eradication concentration. Biofilms are the
main cause for relapse of infection, and generally more than
ten folds the MIC to kill planktonic cells is required (1).

Fig. 5. SEM images of SSS scaffold surface subjected to acellular in vitro bioactivity study at various

periods (0 d day 0, 1 d after 1 day, 3D after 3 days; 7 d after 7 days; SEM magnification: a 0 day (x5,000), b
1 day (x20,000), ¢ 3 days (x25,000), d 7 days (x25,000))
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Fig. 6. XRD spectra of SSS scaffold surface deposit obtained at
various periods of acellular in vitro bioactivity study (asterisk
indicates characteristic peaks of HCAp)

Figure 8 presents the release profiles of gatifloxacin from
various sized scaffolds. Among the three scaffolds, SSS-1
released the entire drug in 8 days. The formulations SSS-2
and SSS-3 were found to release the drug for the entire study
period and above the set limit (1.2 pg/mL/day). However,
SSS-2 released more than 75% of the drug in the first day and
about 94% in 2 days. On the other hand, although SSS-3
released a considerable amount of drug in the first day, it
sustained the release better than the other two formulations.
As the scaffold height increases, the path length to exit out
for the drug molecule also increases. This eventually could
lead to a much extended release profile. Hence, SSS-3
scaffold was selected for further investigations.

Figure 9 presents the release profiles of gatifloxacin from
scaffolds prepared by immersing in drug solutions of varying
concentrations. Of the studied three formulations, SSS-5
which was prepared by immersing in drug solution having
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Fig. 7. Pattern of change in the weight of SSS scaffolds and the
change in pH of the SBF employed in acellular in vitro bioactivity
over the period of study

Soundrapandian et al.

100
g
1 L]
&
80 /

N

&; 60

@©

(]

o Al

(=]

2 40 /

e u

€

=]

O

20 —A— SSS-1
—@— SSS-2
—=&— S8S8-3
0 T T T T T T 1
0 7 14 21 28 35 42 49
Time, Days

Fig. 8. Effect of scaffold size on drug release

the lowest concentration released 99% in just 2 days.
Formulation SSS-4 could not sustain the release for entire
study period and released more than 90% of drug in 8 days.
However, formulation SSS-3 was found better in sustaining
the drug release for extended period. Decrease in the
concentration of drug in the loading solution resulted in
lower entrapment of drug in the SSS scaffold (data not
presented here). When a scaffold is immersed in a dilute drug
solution, lesser number of drug molecules will enter into the
pores, and hence, the pore channels of the scaffolds would
contain fewer amounts of drug molecules. As a result, the
drug molecules will experience less resistance for diffusion
resulting in faster drug release.

Figure 10 compares the release profiles of gatifloxacin
(SSS-3) and fluconazole (SSS-6) from SSS scaffolds. Both the
drugs were found to be released over the entire study period
of 43 days. Though the release of fluconazole was higher in
the initial periods, the release slowed down and was found to
be less than that of gatifloxacin after 7 days. While 91%
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fluconazole was released at the end of study period, 98%
gatifloxacin was found to be released during the same period.
The release of fluconazole was found to be better sustained
than gatifloxacin possibly due to stronger hydrogen bonding
of fluconazole.

Bioceramic scaffolds act more like a reservoir and drug
molecules exist in the scaffolds in four different states (21). A
considerable part of drug molecules is attached to the exterior
surface of the bioactive glass scaffold while the major part is
trapped in the pore channels where drug molecules exist in
three different states. One part of the drug molecules exists at
the pore channel openings, while the rest exist in the pore
channels with or without bonding to the pore wall surface.
Gatifloxacin or fluconazole were loaded in SSS scaffolds by
immersing the scaffolds in drug solution and applying
negative pressure. This results in the attachment of drug
molecules in the pore channels and on the surface. In
addition, both the drug molecules contain highly electro-
negative atoms/groups like F, N, and OH, which could form
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Fig. 12. Effect of dissolution medium on drug release

hydrogen bonds with Si-OH and P-OH groups in the scaffold
or pore wall surface. Hence, it is obvious that the drug
molecules adhered on the surface would be released faster,
while those inside the pore channels would be released in a
sustained fashion, as the drug has to diffuse through the
channel.

Though SSS scaffolds were capable of releasing gatiflox-
acin and fluconazole for more than 6 weeks above the set
limit, a considerable part of the drugs was released in 1 day.
Coating the scaffolds could significantly reduce this burst
release, and coating bioceramic scaffolds with polymer also
results in the formation of organic-inorganic composite
scaffolds. Chitosan was selected, as it is a natural polymer
with excellent biocompatibility, nontoxicity, biodegradability,
and bioresorbability (22-24). These properties along with
their various biological activities as antibacterial, antifungal,
haemostatic, and wound healing (25-27) make it an interest-
ing polymer for selection. The effect of coating of SSS
scaffolds with chitosan on drug release was compared with
SSS-3. Figure 11 illustrates the release of gatifloxacin from
uncoated (SSS-3) and coated (SSS-7 and SSS-8) scaffolds.
Though coating of the scaffolds were able to reduce the burst
release of drug significantly and provide extended release
during the study period, SSS-8 formulation which was coated
with highest concentration of chitosan (1%, w/v) failed to
maintain the set limit (1.2 pg/mL/day) in the last week. On
the other hand, SSS-7, coated with 0.5% chitosan, was able
both to reduce the initial day release and to maintain the drug
release concentration above the set limit for the entire study
period. Though coating could be applied successfully to
control drug release, the presence of polymer coat on
bioceramics may affect bioactivity, by delaying the process
(2).

Drug release studies are generally conducted in PBS as
dissolution medium (1,2). However, bioceramics may react
with SBF and form apatites on the surface, which could alter
drug release. The effect of dissolution media on drug release
was studied using SSS-3, and the results are shown in Fig. 12.
The difference in release profiles started from the first 24 h,
itself. Drug release in SBF was lower than that in PBS, and
the difference became more prominent with progress in time.
While SSS-3 released about 35% of drug in the first 24 h, SSS-
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Table II. Modeled In Vitro Release Kinetics
Peppas—-Korsmeyer
Formulations Zero-order R* First-order R* Higuchi R* Hixon-Crowell R* R? n
SSS-3 0.7275 0.9428 0.8818 0.7275 0.9572 0.35
SSS-9 0.8375 0.9158 0.9529 0.8703 0.991 0.27

9 released only about 29%, both lower than the release
(78%) reported earlier for the same drug from nonporous
monolithic polymer-controlled systems (28). The maximum
concentration of drug released per day from SSS-3 and SSS-9
were 276.5 and 209.6 ng/mL, respectively, and the minimum
concentration maintained to be 2.1 and 9.0 pg/mL in PBS and
SBF. At the end of study period, the amount of drug released
in SBF was about 21% less than that in PBS, although the
release of the drug was above the set concentration limit. This
indicates that the same scaffold could deliver drugs success-
fully for a few weeks more in SBF. It is evident from the
release profiles that the sustained release of drug from the
scaffolds in SBF was also influenced by the formation of
apatites. Though the formulation provided extended release
profile above the set minimum limit, the release at maximum
concentration is also a point of concern. High levels of many
antibiotics have been reported to produce adverse effects on
osteoblast function and bone regeneration. Tobramycin at
concentrations of 400 pg/mL decreased proliferation and at
10,000 pg/mL caused death of osteoblasts (1). Though burst
release from SSS-3 formulation was comparably many times
lower, the effect of concentration on osteoblasts changes with
drug (1). Hence, it would be better to ascertain the safety of
high concentrations of the drug released before proceeding
further to in vivo trials.

The theoretical analysis and models of drug release
employed to describe release from polymers can also be
applied for bioceramics (29). Comparing the results of various
models studied (Table II), it was observed that the in vitro
release of drug from SSS scaffolds followed a first-order
release pattern irrespective of the media selected for this
study. In addition, the mechanism of drug release from the
SSS scaffolds was found to be diffusion-based following
Higuchi’s model. The erosion of the delivery system irre-
spective of dissolution medium had comparatively lesser
effect on drug release as exhibited by Hixon—Crowell model.
Better correlation with Higuchi’s model was observed with
SBF than PBS. Although erosion of SSS scaffolds happen in
both the dissolution media, rebuilding of the scaffold took
place in SBF. This was substantiated by the results of in vitro
bioactivity and weight gain. This phenomenon probably
maintained the effects of porosity and tortuosity on the
diffusion of drug molecules. Finally, the result of Peppas—
Korsmeyer model reconfirms the release mechanism of drug
molecules to be diffusion controlled as the values of n varied
from 0.27 to 0.35.

CONCLUSION

Porous silica-based bioactive quaternary glass (SSS)
scaffolds having a new composition were prepared for local

delivery of gatifloxacin and fluconazole in bone. In vitro
acellular activity and instrumental characterization using
FTIR and XRD confirmed the silica-based quaternary glass
and the porous scaffolds to be bioactive. SSS scaffolds with
unimodal pore distribution released the drugs for 6 weeks
following first-order release with diffusion-based mechanism.
The release was influenced by the size of the scaffold,
concentration of drug solution, polymer coat, and dissolution
medium. Among the formulations studied, SSS-3 was able to
successfully extend the release of the drugs above the desired
limit. These results indicate that the newly developed
bioactive glass-based scaffolds could be a potential drug
delivery system in osteomyelitis.
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