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Abstract

The main aims of this manuscript are to: i) determine the effect of commonly used antibiotics to
treat osteoarticular infections on osteoblast viability, ii) study the dual release of the growth factor
(BMP-7) and antibiotics (vancomycin and cefazolin) from chitosan microparticles iii) demonstrate
the bioactivity of the antibiotics released /n vitro on Staphylococcus epidermidis. The novelty of
this work is dual delivery of growth factor and antibiotic from the chitosan microparticles in a
controlled manner without affecting their bioactivity. Cefazolin and vancomycin have different
therapeutic concentrations for their action /n7 vivo and therefore, two different concentrations of the
drugs were used. Osteoblast cytotoxicity test concluded that cefazolin concentrations of 50 and
100 pg/ml were found to have positive influence on osteoblast proliferation. A significant increase
in osteoblast proliferation was observed in the presence of cefazolin and BMP-7 in comparison
with BMP-7 alone group; indicating cefazolin might play a role in osteoblast proliferation. On the
other hand, vancomycin concentration of 1000 pug/ml was found to significantly reduce (p < 0.01)
osteoblast proliferation in comparison with controls. The microbial study indicated that cefazolin
at a minimum concentration of 21.5 pg/ml could inhibit ~85% growth of S. epidermidis, whereas
vancomycin at a concentration of 30 ug/ml was found to inhibit ~80% bacterial growth.
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1. Introduction

Gram-positive organisms are considered to be a major cause of bone infections, especially
Staphylococci [1]. This genus of bacteria is a principal causative agent for mainly two types
of bone infections namely, septic arthritis and osteomyelitis. These infections involve the
inflammatory destruction of joint and bone [2-4]. Surveillance data from the Health
Protection Agency on surgical site infection between 1997 and 2005 found Staphylococcus
aureus to be the causative organism in 41.4% of hip prosthesis, 33.5% of knee prosthesis,

"Corresponding author at: University of Toledo, Department of Orthopaedic Surgery, 3065 Arlington Avenue, Dowling Hall # 2447,
Toledo, OH 43614-5807, USA. a.jayasuriya@utoledo.edu (A.C. Jayasuriya).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mantripragada and Jayasuriya Page 2

53% of open bone reduction of bone fracture and 59.1% of hip hemiarthroplasty infection.
Staphylococcus epidermidis is the most common coagulase-negative Staphylococcus species
in many types of infection, including osteomyelitis and infection of prosthetic joints [5].

In order to eradicate infection in bone and joints, it is essential to maintain antibiotics at the
therapeutic concentration at the implantation site for an extended period of time. Parenteral
administration of antibiotics is unsuccessful in the treatment of bone infections because of
the insufficient local penetration of systemic administration. Traditionally, osteomyelitis has
been treated with parenteral antibiotics for a period of 4-6 weeks after surgery. The high
doses of systemic antibiotics above the minimum inhibitory concentration required at
fracture site cause systemic toxicity [6,7]. Studies have shown that >80% of vancomycin is
excreted unchanged in urine within 24 h after administration and cefazolin’s half-life is
found to be approximately 4 h after IV injection [8]. Even after an intra-articular (1A)
injection, half-life of the delivered vancomycin was just over 3 h, and the therapeutic level
was maintained for 24 h in the joint serum [9]. Therefore, release of local antibiotic
administration in a controlled fashion for extended period from a biodegradable scaffold will
avoid risk of systemic toxicity and act as a prophylaxis measure against bone infections
during the surgery [10].

The activity of bone healing also occurs at the same time and is accompanied by many
growth factors, molecular signaling and various cellular activities [11,12]. These processes
suggest that it would be beneficial to develop a system which could simultaneously and
timely deliver both the growth factor and the drug in a sustained manner to help the above
mentioned processes [13,14]. BMP-7 has been shown to possess the ability to differentiate
mesenchymal stem cells and pre-osteoblasts into osteoblasts [15]. For drug delivery systems,
there is a particular interest in developing microparticle system in which the growth factors
and drugs are encapsulated in the microparticles for efficient release over a long period of
time [16]. The core-shell structure of the microparticles can overcome the problem of burst
release and at the same time protect the growth factor from harsh environmental conditions.
Two main challenges in developing this system are to control the release behavior of the
drug and growth factor simultaneously and to optimize the dosage of the drug and growth
factor in order to observe efficient bone regeneration. Other parameters that need to be
considered include the maintenance of effective concentration, prolong their bioactivity and
to reduce the effect of high burst doses [17-20].

Chitosan has been demonstrated to possess antibacterial activity against many bacteria,
filamentous fungi and yeast [21]. Research suggests that the antibacterial activities of
chitosan rely on numerous intrinsic and extrinsic factors like pH, microorganism species,
presence and absence of metal cations, pKa, molecular weight and degree of deacetylation
[22-25]. Chitosan has a wide spectrum of activity against gram-positive and gram-negative
bacteria, but lower toxicity against mammalian cells [26]. All these properties of chitosan
such as biocompatibility, biodegradability, wound healing capabilities and antibacterial
properties make it is an ideal scaffold materials to be used in bone tissue engineering. In
order to enhance effectiveness of antibacterial properties in chitosan microparticles,
antibiotics can be incorporated into them for controlled release over time.
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Cephalosporins are the commonly used antibiotics to treat osteoarticular infections, given
their broad range of activity spectrum [27]. Cefazolin is a semisynthetic cephalosporin with
good /n vitro activity against resistant strains of staphylococci (MICgq 1 mg/l), and having
excellent tolerance and bone diffusion [28,29]. Several authors recommend the use of
cefazolin for treating bone and joint infections, particularly those due to S. aureus[30,31].
Serious infections caused by resistant strains are treated with vancomycin which is a
glycopeptide antibiotic with high activity against gram-positive bacteria [32].

In this present study, we intend to design dual drug and growth factor loaded scaffold system
for bone tissue healing. Cefazolin or vancomycin was chosen to be incorporated into
microparticles separately. BMP-7 was also separately encapsulated into different chitosan
microparticles. The main objective of this study is to optimize the concentration of antibiotic
to be incorporated based on the osteoblast viability and then to incorporate the respective
amounts of vancomycin and cefazolin into chitosan-TPP microparticles. We studied
controlled release kinetics of vancomycin and cefazolin incorporated microparticles
individually and with BMP-7 encapsulated microparticles. We also intend to understand the
interaction between the two compounds, antibiotic and growth factor, to ensure the
antibacterial activity.

2. Materials and methods

2.1. Materials

Chitosan (85% deacetylated), sodium tripolyphosphate (TPP), acetic acid, tryptic soy agar
and phosphate buffered saline (PBS) were purchased from Sigma Chemicals, USA. Bone
morphogenetic protein 7 (BMP-7) was purchased from Peprotech and BMP-7 ELISA kit
(DY 354) was supplied by R & D systems, USA. Live/dead cell cytotoxicity/viability assay
and a-MEM medium were purchased from Invitrogen, USA. Vancomycin hydrochloride and
cefazolin sodium salt were purchased from MP Biomedicals, USA.

2.2. Effect of the drugs on osteoblast viability

Above certain concentrations, the antibiotics are harmful for the cells in the body. Therefore,
in order to determine the optimum concentration of antibiotics for the growth and
proliferation of osteoblasts, a live-dead cell assay was performed. For this assay, two
different concentrations of each drug were used: 50 and 100 pg/ml of cefazolin; and 500 and
1000 pg/ml of vancomycin. The two drugs require different therapeutic levels for action /n
vivo and therefore accordingly two different concentrations have been chosen. A
combination of growth factor BMP-7 and each drug concentration was also used to
determine their effect on osteoblasts. Murine osteoblast cells (OB-6) were seeded at a
density of 100,000 cells/ml in 24 well-plates. Cells were incubated at 37 °C with 5% CO»,
atmosphere. Osteoblasts cultured in regular a-MEM media were used as a control. A live
dead assay was performed on day 1 and 3 by removing all the media in the wells, washing it
with PBS solution thoroughly and then adding 300 pl of D-PBS and 300 pl of live-dead cell
assay solution containing calcein which stains the live healthy cells green and ethydium
homodimer which stains the dead cells red. After 45 min, the plate was observed under
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fluorescence microscopy. For statistical analysis, each group had triplicates, and for live cell
counting, 30 images were taken for each group and analyzed using ImageJ software.

2.3. Fabrication of chitosan microparticles loaded with antibiotics and a growth factor

2.3.1. Fabrication of blank microparticles—Microparticles were prepared by
coacervation method using 2% w/ v chitosan and 50% wv tri-polyphosphate (TPP) [33,34].
Chitosan solution was prepared by dissolving chitosan in 2% acetic acid. The chitosan
solution was then added drop-wise to the TPP solution which is continuously stirred at 300
rpm and was cross-linked for 5 h before it was air-dried overnight at room temperature.

2.3.2. Fabrication of antibiotic loaded microparticles—Two different amount of
each antibiotic were incorporated into the microparticles. Vancomycin, 3 mg (represented by
van 8e, 8c) and 5 mg (represented by van 16e, 16c), and cefazolin, 1.5 mg (represented by
cef 4e, 4c) and 2.5 mg (represented by cef 8e, 8c) were used to prepare antibiotic
encapsulated (represented by €) and coated (by surface adsorption) microparticles
(represented by c). These concentrations were determined based on the minimum inhibitory
concentration (MIC) of each for Staphylococcus strain [28,32]. To prepare antibiotic
encapsulated microparticles, antibiotic was added to the chitosan solution before cross-
linking, whereas for antibiotic coated microparticles, the antibiotic drug was added after
drying the cross-linked microparticles. The microparticles were otherwise prepared in the
same manner as mentioned above. In order to ensure that the same amount of drug was
incorporated into the microparticles by the two techniques, we based our calculations of
drug added per mg microparticles. Typically, 3 ml of chitosan solution yields 20 mg
microparticles. In order to prepare a batch of microparticles using encapsulation technique,
we added 3.05 mg of vancomycin (260 pl from 8 mg/ml stock solution) into 3 ml of chitosan
solution. Finally from this solution, 20 mg microparticles containing antibiotic were
obtained. So theoretically, we have 1.52 mg antibiotics/10 mg microparticles. So, if we are
preparing 10 mg antibiotic coated microparticles, we soaked 10 mg microparticles in 130 pl
of 8 mg/ml antibiotic solution in a closed vial. The microparticles were soaked till all the
solution was adsorbed and dried. Therefore we assume that 100% of the antibiotic was
incorporated into the microparticles.

2.3.3. Fabrication of growth factor loaded microparticles—BMP-7 encapsulated
microparticles were prepared by dissolving 150 ng of BMP-7 into 2% chitosan solution and
then adding it drop-wise into the 50% TPP solution. The particles were allowed to cross-link
for 5 h before air drying. Previous study done in our lab indicated that BMP-7 being released
from these microparticles is biologically active [33].

2.4. FTIR analysis

Antibiotic encapsulated microparticles were analyzed using Fourier transform infrared
(FTIR) spectroscopy to determine the presence of drugs: vancomycin and cefazolin. Infrared
chemical imaging was carried out using FTS 4000 FTIR spectrometer, coupled with a UMA
600 infrared microscope. The microparticles were analyzed v/a transmission or a germanium
hemispherical attenuated total reflectance (micro-ATR) crystal. The germanium micro-ATR
crystal tip was carefully placed in contact with the microparticles on the slide and a contact
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alert system (SpectraTech) was used to monitor the pressure applied. For ATR analysis, 256
co-added scans were collected at 8 cm™2 resolution. Background images were obtained from
vacant areas on the slide. The spectral range collected was 800-4000 cm™1.

2.5. Release study of antibiotics from the microparticles

Either vancomycin or cefazolin was incorporated into the microparticles by encapsulation or
coating method. These microparticles (20 mg) were suspended in 2 ml of PBS. The glass
vials were incubated at 37 °C with continuous rotation at 25-30 rpm for 2 weeks. PBS in
which the microparticles were suspended was collected at pre-determined time points and
replaced with fresh 2 ml for every sample collection.

To quantify the amount of drug released, ultraviolet (UV) spectroscopy was used. A standard
graph was plotted between known concentrations of the drug and absorbance at 280 nm for
both vancomycin and cefazolin. Absorbance of the release samples collected at certain time
points was determined and extrapolated on the standard graph to determine the concentration
of the drug. Cumulative release graph was plotted to determine the total amount of drug
released at the end of 2 weeks period. Encapsulation efficiency and loading efficiency of the
each sample was also determined.

2.6. Dual release study of growth factor and the antibiotics from microparticles

BMP-7 encapsulated microparticles (20 mg containing 150 ng BMP-7) were added to 20 mg
of cefazolin and vancomycin encapsulated microparticles, respectively. These microparticles
were then suspended in 2 ml of PBS buffer solution in a glass vial incubated at 37 °C at
constant rotation of 25-30 rpm. Sample collection process was similar to that mentioned
above. Release of both the drug and the growth factor was determined from the collected
sample.

To quantify the drugs, UV spectroscopy was used and to determine BMP-7, enzyme-linked
immunosorbent assay (ELISA) was used. The protocol mentioned in the BMP-7 ELISA kit
(DY354) was followed to quantify the BMP-7 amounts in the release samples. A standard
graph was obtained by determining absorbance at 450 nm with wavelength correction at 540
nm. Unknown concentration in the samples was determined by using the standard graph.

2.7. Bioactivity of the released antibiotics

The drug released from the microparticles (dual release study experiment) were tested for
ability to inhibit the growth and Kkill S. epidermidis (strain was kindly given to us by Dr.
Robert Blumenthal, Department of Microbiology and Immunology, University of Toledo
Health Science Campus). The ability of the released drug to inhibit bacterial growth was
determined by turbidity test. To grow S. epidermidis, bacterial stock previously stored and
frozen at —70 °C was resuscitated on tryptic soy solid medium. Two colonies were selected
and cultured overnight in 10 ml tryptic soy liquid media in two separate conical flasks in
shaking water bath at 37 °C. After overnight incubation, a second transfer was made to fresh
tryptic soy media (1:10 dilution) and was grown to attain an ODggg nm = 0.05 for S.
epidermidis (SPECTROstar Omega, USA). In the meantime, 100 pl of drug solution
obtained for the release study were added to a 96-well plate (n = 3). As soon as an OD of
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0.05 was obtained, 100 pl of the bacterial suspension was added to the wells and OD
readings were taken at pre-determined time intervals for a period of 24 h. The growth curves
plotted were compared against the growth of the control, which had only the bacterial
culture in PBS.

Bacterial inhibition (%)=abs (Ic—Is)/(Ic) x 100 (1)

where Ic and Is are the absorbance’s of control solution containing tryptic soy broth, and
bacterial culture solution with and without drug release sample, respectively at 600 nm after
24 h [35].

2.8. Statistical analyses

Triplicates of each sample were used in all the studies. Two-way Analysis of Variance
(ANOVA) was performed using IBM SPSS statistical software (version 19, IBM Company,
Armonk, NY) to determine statistical difference. Post hoc Tukey’s test was performed to
determine statistical difference between groups. A probability value of p < 0.05 was used to
determine significance, unless otherwise mentioned.

3. Results

3.1. In vitro biocompatibility tests

Pre-osteoblast viability and proliferation in the presence of cell culture medium alone
(control), culture medium containing antibiotics or growth factor is shown in Fig. 1. On day
1, a post hoc Tukey’s HSD analysis indicated a significant difference (p < 0.001) in the
proliferation of pre-osteoblasts (OB-6) grown in control and that with growth factor BMP-7,
indicating that on day 1 itself, BMP-7 has an influence on the cell growth and proliferation
(Fig. 1). In the antibiotics containing samples, a significant difference (p < 0.001) was
observed between controls and vancomycin (1000 pg/ml), indicating that this concentration
of vancomycin is inhibiting pre-osteoblast proliferation. In comparison with BMP-7
containing media, there was a significant difference (p < 0.001) observed between all the
other samples except media containing BMP-7 + cefazolin (100 pg/ml) (Fig. 1a) and BMP-7
+ vancomycin (1000 pg/ml) (Fig. 1b). This shows that higher concentrations of drugs are
tolerable by the pre-osteoblasts in the early time period (day 1). In the medium containing
cefazolin (50 pg/ml) only, a significant decrease (p < 0.05) is observed in comparison with
medium containing BMP-7 and cefazolin (100 pg/ml). In the medium containing BMP-7
and cefazolin (100 pg/ml), a significant increase (p < 0.05) in proliferation was observed in
comparison with the medium containing BMP-7 and vancomycin (500 pg/ml).

On day 3 however, medium containing vancomycin (1000 pg/ml) showed significant
decrease in the cell proliferation in comparison with all the samples except medium
containing 500 pg/ml of vancomycin and a combination of vancomycin (1000 pg/ml) and
BMP-7, indicating that both 500 pg/ml and 1000 pug/ml concentration of vancomycin inhibit
pre-osteoblast proliferation. Medium containing 500 pg/ml vancomycin showed significant
decrease (p < 0.05) in cell proliferation in comparison with medium containing BMP-7 and
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cefazolin (100 pg/ml and 50 pg/ml), indicating that cefazolin is more compatible for pre-
osteoblast proliferation. A significant increase (p < 0.05) was also observed in proliferation
in media containing BMP-7 and cefazolin (100 pg/ml or 50 pg/ml) over medium containing
BMP-7 and vancomycin (1000 pg/ml). These results show that 50 pug/ml and 100 pg/ml
cefazolin concentrations in the presence and absence of BMP-7 increases cell proliferation.

3.2. FTIR analysis

3.2.1. FTIR analysis of vancomycin encapsulated microparticles—The
presence of a distinct peaks at 1230 cm™! (corresponding to the presence of aromatic ester)
and 1550 cm™ (skeletal vibration of C—O, C—N, C—C bonds in vancomycin) in
vancomycin only and microparticles containing vancomycin clearly demonstrates the
presence of vancomycin in the microparticles (compare Fig. 2a,b,c) [36,37].

3.2.2. FTIR analysis of cefazolin encapsulated microparticles—The P—O
stretching in the FTIR spectra is distinctly seen at around at 1184 cm~1 for microparticles
with and without the drug, which indicates no interaction of drug with TPP [38,39] (Fig. 3a).
An FTIR spectrum of the cefazolin shows a sharp intense peak at 1759 cm™1 (which clearly
shows presence of carbonyl group), which confirms the carboxylic group in cefazolin (Fig.
3b). Some of the other notable peaks seen in cefazolin containing samples include that at
1647 cm~1 and 1593 cm™1 indicating C=N stretching and the presence of amide. The proof
of interaction between COOH group in cefazolin and NH, group in chitosan is also
indicated by the fact that the strong peak at 1759 cm™1 in the drug disappears in the drug
with microparticle samples (Fig. 3c). The amide and C=N functional groups appear to have a
shift in their wave number to 1666 cm~ and 1585 cm™! respectively indicating interaction
between cefazolin and chitosan microparticles [39].

3.3. Release kinetics

3.3.1. Cumulative release of vancomycin and cefazolin—Vancomycin and
cefazolin encapsulated microparticles exhibited high encapsulation efficiencies (EE),
indicating that most of the drug added to the microparticles was incorporated (Table 1).
When antibiotics coated into microparticles, first we prepared the microparticles and then
antibiotic solution coated on the microparticles allowing them to achieve complete
incorporation, hence, coating efficiency of 100% was considered for calculations.

Actual amount of drug

EFE * 100%

~ Theoretical amount of drug

The release results of vancomycin and cefazolin are represented in Fig. 4. From all the
release profiles, we can observe that when the drug is encapsulated, the release is much
controlled and nearly just 50% of the drug encapsulated is released in 2 weeks time period,
whereas in microparticles with drug coated onto it, approximately 95% release was observed
in the same time period. In microparticles coated with either vancomycin or cefazolin,
nearly >50% was released by day 1, which indicates burst release of the adsorbed drug. In
contrast, microparticles with drug encapsulated into it showed minimal burst release, with
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only 10% cumulative release by day 1. Two different concentrations used for the two drugs
(Fig. 4a,b and Fig. 4c,d), showed similar release profile, indicating that an increase in the
amount of drug incorporated into the microparticles, increases the release amount
proportionally. Statistical analysis indicated p < 0.01 for cumulative release amounts at
different time intervals, which means that vancomycin and cefazolin release decreases
significantly in drug encapsulated microparticles in comparison with drug coated
microparticles till day 14.

After studying the release profiles (Fig 4a,b,c,d), microparticles with 5 mg vancomycin and
2.5 mg cefazolin encapsulated were considered for the BMP-7 dual release study and /n
vitro antibacterial test. This was done so because we wanted vancomycin release above 8
ug/ml at each time point over the two-weeks. Similarly for cefazolin dual release study,
microparticles with 2.5 mg of cefazolin was considered, since we wanted a release of above
4 pg/ml at each time point. These groups also show least burst release and longest release
period.

3.3.2. Dual release of BMP-7 and the antibiotics—The release profile of
vancomycin in the presence of BMP-7 was similar to the individual drug release profile. In
the presence and absence of BMP-7, the cumulative release amount for the 5 mg
vancomycin release study was 50.79% and 51.89% respectively, which indicates that the
presence of BMP-7 does not affect the stability or release amounts of vancomycin (Fig. 5a).
A similar observation was made for cefazolin release as well, with a cumulative release
percent of 57.87% and 55.25% in the presence and absence of BMP-7 respectively (Fig. 5b).
Statistically, there was no significant difference (p > 0.01) observed between the cumulative
release amounts at the various time points, when a comparison is made between the drug
release in the presence and absence of BMP-7.

BMP-7 cumulative release was determined from the above release samples and the release
profile was similar in the presence of vancomycin and cefazolin. Also when these profiles
are compared with BMP-7 release alone, a similar result was observed, with the cumulative
release percentage being 45.49%, 42.99%, and 36.45% in the presence of cefazolin,
vancomycin (Fig. 5¢) and BMP-7 alone (Fig. 5d) respectively, which indicates that the
presence of drugs have no effect on the stability of BMP-7.

3.4. In vitro bacterial activity

The amount of cefazolin and vancomyecin released at the time points mentioned in Fig. 7 is
the difference in the drug released between the two time points. This is because the method
of sample collection for drug release was to collect the entire PBS in the vial and replace it
with fresh amount of PBS. This approach for bacterial study is comparable with what
happens /n vivo as the drug released on day 1, would have dispersed from the defect site in
some period of time.

3.4.1. Effect of vancomycin on S. epidermidis—The data from the liquid bacterial
culture (as shown in Fig. 6), demonstrated that the antibacterial function of vancomycin
lasted for almost the complete 2 weeks, except at day 3 and 5, when partial inhibition of
bacterial growth was observed (14.37% and 34.89% inhibition respectively). Average
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inhibition of 85% was observed for the release samples at other time points, suggesting
vancomycin has a good antibacterial activity on S. epidermidis. There was a significant
difference (p < 0.05) in the ODggg at 24 h between the prior mentioned release samples and
the control, which consists of medium with 100 ul of PBS. It can be understood that the
released concentrations between than 16-30 pg/ml is not adequate to completely inhibit their
growth. These results also indicated that encapsulation of vancomycin in chitosan-TPP
microparticles not only controlled the release rate and prolonged its release duration, but
also retains its antibacterial activity.

3.4.2. Effect of cefazolin on S. epidermidis—Antibacterial study demonstrated that
the cefazolin released from the microparticles can inhibit the growth of S. epidermidis
completely during the study period. An average inhibition rate of 94% was observed for the
release samples till day 5 and later an average inhibition rate of 72% was observed. The later
inhibition rate corresponds to a cefazolin concentration of around 20 ug/ml.

The release profile of vancomycin from coated microparticles is similar to that of cefazolin
(Fig. 7), but the amount of vancomycin encapsulated is higher than cefazolin. This decision
was based on the MIC of cefazolin (1 pg/ml) and vancomycin (8-16 pg/ml).

4. Discussion

The main justification of the antibiotics we chose was to address the most commonly used
antibiotics in clinical practice today, delivered either systemically or locally. Our lab has
been involved in developing novel chitosan based scaffolds capable of delivering growth
factors for bone regeneration. Since chitosan-TPP microparticles were prepared using
coacervation procedure, it was easy to entrap hydrophilic small molecules of vancomycin
and cefazolin into the microparticles in both the processes (encapsulation and coating
procedure). High encapsulation efficiencies (Table 1) were obtained in this study in
comparison with other studies where water-in-oil-in water (w/o/w) double emulsion
procedures were used, wherein it is difficult to achieve high encapsulation efficiency due to
high solubility of drug in the external phase, as a result majority of the drug diffuses to the
external phase during emulsion and solvent evaporation process [40]. The drugs were
incorporated in two ways - encapsulation and coating (adsorption) to determine their
influence on the release profiles of both the drugs. We observed a similar trend in all the
release studies-cefazolin, vancomycin and BMP-7; when these molecules were
encapsulated, an average release of about 50% was observed by the end of 2 weeks and
minimum burst initial burst release (15-20%) was observed in the release kinetics. In
contrast, when these molecules are coated onto the microparticles (by the process of
adsorption), we observed a burst initial release of about 50% by day 1 and by the end of 2
weeks period nearly 95% of the adsorbed protein was released. The huge difference in the
release patterns between the two techniques can be attributed to the larger travel distance for
the encapsulated drug to diffuse out of the microparticle, resulting in lower burst release
during the early stages of release study. Also, since the viscosity of the chitosan solution is
high, it reduced the diffusion of drug to the outer surface as a result least amount of drug was
found on or near the surface of the microparticle, in contrast to the drug coated
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microparticles, where most of the drug was incorporated near to the outer surface, resulting
in the burst release [41].

The high concentration of drugs inhibits the bone healing activity [42]. Our day 3
experiment of osteoblasts proliferation in presence of antibiotics and BMP-7 suggests that
cefazolin concentration of 50 and 100 ug/ml did not significantly change the cell number in
comparison with controls and also the presence of BMP-7 improved cell proliferation. This
result indicates that cefazolin concentrations used are not toxic to osteoblasts and they also
do not inhibit the activity of BMP-7. Our results are in agreement with other studies, which
showed that at a concentration of 200 pg/ml cefazolin, they start to become toxic to
osteoblasts, decreasing the cell number by >75% [43,44]. Fig. 5 also indicates an increase in
the cell proliferation in cefazolin concentration of 50 and 100 pg/ml and BMP-7 in
comparison with BMP-7 containing wells. This indicates that cefazolin itself improves
osteoblast viability and proliferation. This observation is also in support with another study,
which observed an increase in the alkaline phosphate activity in the presence of
cephalosporins [45,46]. On the other hand, vancomycin concentration of 1000 pg/ml was
found to be toxic to OB-6 cell line, even in presence of BMP-7, which indicates its toxicity
[45]. Although others reported positive effects of vancomycin on osteoblasts until 2000
ug/ml [44], our observation clearly indicates a significant decrease (p < 0.001) in cell
number in comparison with controls. Vancomycin belongs to glycopeptide family of drugs
and cefazolin belongs to cephalosporin family and have indicated that there is a difference in
with regards to their effect on cell viability and osteogenic potential.

Antibiotic loaded microparticles, antibiotics coated spacers and antibiotic coated implants
may reduce infection, but they do little to improve bone regeneration, therefore, we studied
the dual release of the drugs and growth factor to simultaneously promote bone growth and
prevent infection. Even though individual effect of BMP-7 and drugs (vancomycin and
cefazolin) has been studied, their combined effect on pre-osteoblasts (OB-6) and S.
epidermidis, to our knowledge, never been established before [47-49]. BMP-7 released from
microparticles and its activity in presence of pre-osteoblasts has been previously studied by
our lab and therefore we were bound to the specific concentration of BMP-7 [33,34]. The
drug release profiles in the presence of BMP-7 were similar to drug release alone,
suggesting that no interaction occurred between drugs and growth factor. Since the growth
factor and drugs were encapsulated into the microparticles, controlled release was observed,
with about 50% cumulative release over the period of 2 weeks. Almost steady amount of
drug is released over this period of time, minimizing peak/trough fluctuations, while
maximizing the amount of time the drug concentrations remain at therapeutic levels. The
justification for our choice of drug concentration to be incorporated were influenced from
the osteoblast viability experiment, where we concluded that cefazolin concentration <100
pg/ml supported osteoblast proliferation and vancomycin concentration <500 pg/ml would
be beneficial for their growth. The concentration of drugs incorporated into the
microparticles were chosen such that the release concentration at any time point did not
exceed those limits and in our release study we found that for drug encapsulated
microparticles, the maximum release was 70 pug/ml and 120 pg/ml of cefazolin and
vancomycin, respectively.
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The antimicrobial experiment demonstrated that the biological function of vancomycin and
cefazolin released from the chitosan-TPP microparticles for over a period of 2 weeks. In
both the experiments, only about 50% of the total encapsulated drug is released and in that
period, it was observed that cefazolin could inhibit bacterial growth to a greater extent
(~85%) at lower concentrations in comparison with vancomycin (~80%). Minimum
inhibitory concentration for vancomycin was found to be around 24 pg/ml, which is in
agreement with other studies [50]. While the chitosan-TPP microparticles along with BMP-7
promote bone tissue regeneration, the vancomycin and cefazolin encapsulated in the scaffold
will protect the tissue from microbial invasion.

This work has shown the capability of the chitosan-TPP microparticles for dual delivery of
bioactive and stable drugs and growth factor in a controlled fashion over a prolonged period
of time. The study also demonstrated that there is no interaction between the compounds
during the dual release. The amount of drugs being incorporated into the microparticles
should be optimized in order to inhibit bacterial growth and at the same time not negatively
influence osteoblast proliferation and activity.

5. Conclusions

With this work, we begin to attempt to bridge the two main avenues in bone tissue
engineering; improve bone healing process and avoid/ treat bone infection. While both areas
are being individually targeted in clinical care, there still remains a need for refining the dual
delivery techniques. This is the first of many studies which aims to streamline the dual-
delivery system by considering optimum antibiotic concentration for infection treatment and
bone repair, as it was noted from our study that increasing antibiotic concentration may help
in faster infection treatment but may have detrimental effect on cell growth, thereby
affecting bone repair. Our findings indicate that, individually, the growth factor BMP-7 and
antibiotics, vancomyecin and cefazolin, maintain their functionality respectively when
delivered together. We have also established that the bioactivity of the antibiotics released is
being maintained. As a whole, these results pave the way for future study in dual delivery of
growth factor and antibiotics, where we plan to conduct more /n vitro experiments designed
to ensure that the quality of the cells grown in the presence of antibiotics is being
maintained.
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Effect of a) vancomycin b) cefazolin and growth factor on viability and proliferation of pre-

osteoblasts OB-6 (n = 10). OB-6 cells were exposed to 100 pl of the respective drug

concentrations for a period of 24 and 72 h.
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Fig. 2.
FTIR spectra of (a) chitosan-TPP microparticles only (b) vancomycin drug only (c)

chitosan-TPP microparticles with 5 mg of vancomycin.

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2016 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Mantripragada and Jayasuriya

Fig. 3.
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FTIR spectra of (a) chitosan-TPP microparticles only (b) cefazolin drug only (c) chitosan
microparticles with 2.5 mg cefazolin.
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by €) and coated (represented by c) onto it. These microparticle were immersed in PBS
buffer of pH 7.4 at 37 °C and samples were collected at pre-determined time intervals. Each

data point is mean + standard deviation (n = 3).
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Fig. 6.
Growth curve of Staphylococcus epidermidis plotted over 24 h in the presence of
vancomycin release samples collected at various time points (n = 3).
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24

Growth curve of Staphylococcus epidermidis plotted over 24 h in the presence of cefazolin

release samples collected at various time points (n = 3).
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Table 1

Encapsulation efficiency of various drug samples used in the experiments.

Group Amount of antibiotic added to 20 mg microparticles (mg)

Encapsulation efficiency (%)

Vancomycin concentration 8 mg/ml 3.05
Vancomycin concentration 16 mg/ml  5.11
Cefazolin concentration 4 mg/ml 1.53

Cefazolin concentration 8 mg/ml 2.53

98.4
97.8
98.2
98.6
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