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Abstract

Purpose Antibiotic-loaded polymethylmethacrylate has been
conventionally used for osteomyelitis treatment, but it requires
a second operation for removal. This study aimed to develop and
examine the properties of a novel vancomycin-loaded composite
fabricated from biodegradable poly(e-caprolactone)/
poly(hydroxybutyrate-co-hydroxyvalerate)/biphasic calcium
phosphate (PCL/PHBV/BCP) for chronic methicillin-resistant
Staphylococcus aureus (MRSA) osteomyelitis.

Materials and methods The drug-loaded composite was de-
veloped using a solvent casting method and fabricated into
four formulations: FV1, FV2, FV3, and FV4. The physico-
chemical characteristics and osteoblast biocompatibility were
evaluated. In addition, the drug-release profile and anti-
MRSA activity were examined.

Results Vancomycin conserved its antibiotic property and did
not form any interactions with the raw materials. A loading
efficiency of more than 80 % was achieved with all formula-
tions. FV2, FV3, and FV4 demonstrated cumulative release of
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more than 90 % over a couple of months. The bactericidal prop-
erty was assessed to confirm the efficacy of the released vanco-
mycin, and all composites showed antibacterial effects over
28 days. The release kinetics were best-fitted with the
Korsmeyer—Peppas model, and Fickian diffusion was the main
transport mechanism. A cytotoxicity test was also performed,
and all formulations showed more than 80 % osteoblast viability.
Conclusions All of the present in vitro results indicated the
effectiveness of the new materials as local vancomycin car-
riers. In vivo animal models should be evaluated to confirm
the efficacy for use in humans in the future.

Keywords Vancomycin - In vitro drug release -
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Abbreviation

MRSA  Methicillin-resistant Staphylococcus aureus
PMMA Polymethylmethacrylate

HA Hydroxyapatite

3-TCP  (-Tricalcium phosphate

BCP Biphasic calcium phosphate

PLA Poly(lactide)

PGA Poly(glycolide)

PCL Poly(e-caprolactone)

PHAs Polyhydroxyalkanoates

PHBV  Poly(hydroxybutyrate-co-hydroxyvalerate)
SEM Scanning electron microscopy

XRD X-ray diffraction pattern

FTIR Fourier transformed infrared

MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazo-

lium bromide), methyl thiotetrazole
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Introduction

Chronic osteomyelitis is a major orthopedic problem and re-
sults in high morbidity and high cost of treatment [1].
Staphylococcus aureus is the most common causative patho-
gen for which beta-lactam antibiotics are the first-line options
for treatment [2]. Long-term antibiotic administration for up to
4-6 weeks is required, and a resistant strain, methicillin-
resistant Staphylococcus aureus (MRSA), has developed ge-
netically. MRSA does not carry more intrinsic virulence than
the original strains, but causes bone infections that are difficult
to treat and can seriously damage the bone structure, leaving a
poorly vascularized necrotic tissue (sequestrum) [3].
Vancomycin is the drug of choice. However, long-term ad-
ministration of vancomycin results in renal toxicity. The con-
cept of a local antibiotic delivery system has been proposed to
directly carry the drug to the site of infection. By this means, a
very high antibiotic concentration can be safely achieved at
the infected site, while diminishing the systemic side effects
[4].

Antibiotic-encapsulating polymethylmethacrylate
(PMMA) is the gold standard for local osteomyelitis treat-
ment. PMMA beads show slow and sustained release of the
antibiotic without any toxicity toward bone cells. However,
the beads are nonbiodegradable and a second operation is
required for their removal [4, 5]. Many biodegradable carrier
systems have been developed to solve this problem. The car-
riers can be fabricated from ceramics such as hydroxyapatite
(HA) and (3-tricalcium phosphate (3-TCP), or a combination
of these two components as a biphasic calcium phosphate
(BCP), and polymers such as poly(lactide)(PLA),
poly(glycolide)(PGA), poly(e-caprolactone)(PCL), and
polyalkenoates (PHAs). The mechanical, biocompatibility,
and resorbability properties can be finely adjusted and tuned
by combining these components as composite materials. Such
composite materials achieve a high modulus and strength
from the ceramic phase, while remaining moldable because
of the polymer phase [6].

For the ceramic part, BCP is chosen and the adjustable ratio
of the slowly degraded HA and rapidly degraded (3-TCP can
serve a variety of medical applications including bone tissue
engineering and local drug delivery systems [7]. For local
drug carriers, different ratios of BCP have been used to en-
capsulate various antibiotics, such as doxycycline [8].
Besides, precipitation of the calcium and phosphate ions was
found to induce osteoblast proliferation in both in vitro and
in vivo experiments [9, 10]. The moldable property of the
composite is obtained from the polymer phase.
Poly(hydroxybutyrate-co-hydroxyvalerate)(PHBV), the most
studied PHA, has been widely interested for medical applica-
tions. PHBV has both osteoblast biocompatibility and biode-
gradability and also possesses a piezoelectric characteristic
resembling natural bone tissue [11]. Blending PHBV with
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other polymers, especially PCL was found to significantly
improve its physicobiological properties as well as its drug
release profile [12].

In this study, a PHBV/PCL blend was combined with BCP
as a new composite material. The composite was used to en-
capsulate vancomycin to fabricate a new local antibiotic car-
rier for use in MRSA osteomyelitis. The physical and biocom-
patibility properties with osteoblasts were characterized.
Finally, the vancomycin release profile and anti-MRSA activ-
ity were assessed.

Materials and Methods
Vancomycin-Loaded Composite Fabrication

PHBV (2.9 % 3-hydroxyvalerate) and PCL (MW 80,000)
were purchased from Tianan Biologic Materials (Ningbo,
China) and Shenzhen Bright China Industrial (Shenzhen,
China), respectively. BCP was synthesized by the National
Metal and Materials Technology Center (Pathumthani,
Thailand). Briefly, pure HA and pure 3-TCP powders in a
65:35 (w/w) ratio were mixed with ethanol for 22 h and dried
overnight in an oven at 120 °C. A solvent casting method was
performed to fabricate the vancomycin-loaded composite
[13]. Briefly, PHBV and PCL blends in 20:80 and 30:70 (w/
w) ratios were prepared by dissolving the polymers in chloro-
form at room temperature for 3 h. After homogeneous blends
had been obtained, 20 and 30 % (w/w) BCP powder in relation
to the polymer blends was added. The composite suspensions
were stirred vigorously for 3 h at room temperature. Finally,
vancomycin-loaded composites were prepared by adding van-
comycin at a vancomycin-to-composite ratio of 1:10. After
obtaining high viscosity, the suspensions were poured into
glass plates creating thick films with a thickness of 5 cm each
and subjected to chloroform evaporation for 48 h. A sharp
circular razor of 1 cm in diameter was used to cut the evapo-
rated materials film, and final products were labeled as FV1,
FV2,FV3, and FV4 tablets (Table 1). Vancomycin-free tablets
fabricated at each ratio were used as negative controls and
labeled as F1, F2, F3, and F4.

Surface Topographic Assessment

Scanning electron microscopy (SEM) (Quanta 400; FEI,
Hillsboro, OR) was performed for microscopic assessment
of the surface topography of the drug-loaded composites.
The tablets (FV1, FV2, FV3, and FV4) were attached to alu-
minum sample holders and coated with gold for 20 min. An
acceleration voltage of 20 kV was used, and the surface to-
pography was observed. SEM images of freshly prepared tab-
lets and tablets after 56 days of immersion in phosphate-
buffered saline (PBS) were examined.
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Table 1  Four formulations of fabricated composite tablets and their physical properties

Formulation PHBV/PCL (w/w) Blend/BCP (w/w) Hardness (N) Loading efficiency (%) Weight loss after 56 days (%)
FV1 20:80 20:80 137.2+5.6* 87.24+6.42 2.63+0.19%

FV2 30:70 20:80 108.0+4.92 85.83+£3.53 5.78+0.29

FV3 20:80 30:70 101.0+£7.06 82.61+3.61 6.69+0.63

FV4 30:70 30:70 125.8+5.39 86.27+3.45 8.43+0.78%

Data are presented as means+SD. Vancomycin was loaded in a ratio of 1:10 (composite/vancomycin, w/w) in all formulations

*p<0.05, significant difference compared among all groups

Hardness Test

Hardness tests were performed using a hardness tester
(PTB311E; Pharma Test, Hainburg, Germany), and reported
in units of newtons at the time when each tablet was initially
cracked (n=5).

XRD Analysis

To examine the structural complexity and crystallinity of the
vancomycin tablets, X-ray diffraction (XRD) analyses (X Pert
MPD:; Phillips, Almelo, Netherlands) were performed on pure
PHBYV, PCL, BCP, vancomycin powder, and vancomycin tab-
lets. Scanning angles of 20=0-90° were used, and the XRD
spectra were recorded and analyzed.

FTIR Analysis

The chemical interactions between vancomycin and compos-
ites were evaluated using Fourier transform infrared (FTIR)
spectroscopy (Equinox 55; Bruker, Coventry, UK). For
vancomycin-loaded composites and PCL film, the samples
were cut into 1x2-cm pieces. For pure PHBV, BCP, and van-
comycin powder, potassium bromide-containing pellets were
prepared. All spectra were recorded in the 4000-400 cm '
regions at room temperature. The peaks of the wavenumbers
were compared among pure substrates and the drug-loaded
composites.

Cytotoxicity of Vancomycin Tablets
Osteoblast Culture

MC3T3-E1 preosteoblast cells (lot no. 58633296; ATCC,
Manassas, VA) at passages 4—-10 were cultured in «-MEM
(Gibco, Carlsbad, CA) supplemented with 10 % fetal bovine
serum (FBS) (Gibco) and 100 pg/ml penicillin/streptomycin
(Gibco). After reaching100 % confluency, the cells were
trypsinized and seeded in 96-well plates at 5% 10° cells/well.

The cells were allowed to attach for 24 hat37 °Cina 5 % CO,
atmosphere.

Vancomycin Tablet-Extract Preparation

Vancomycin tablets (=5 for each formulation) were sterilized
by 25-kGy gamma-radiation. In accordance with ISO10993-
12 for biological evaluation of medical devices, the samples
were subjected to an indirect cytotoxicity (extraction) test
[14]. Briefly, tablets were immersed in serum-free culture me-
dium to achieve a surface area of 1.25 cm*/ml of medium for
24 h at 37 °C. The extract was then removed and mixed with
FBS and serum-free culture medium in various ratios to give
0, 20, 40, 60, 80, and 100 % extract. The extract solutions
were then added to previously prepared osteoblast cultures.
The cells cultured with 0 % tablet extract (extract-free
medium) were referred to negative controls. All cells were
cultured for a further 48 h and then evaluated for their viability
using the 3-[4,5-dimethylthiazol-2-yl1]-2,5-diphenyltetrazoli-
um bromide), methyl thiotetrazole (MTT) assay.

Cell Viability Assay

Based on the activation of mitochondrial reductase enzymes
in living cells, the MTT assay was quantitatively performed to
assess the osteoblast viability [15]. Briefly, the culture medi-
um was replaced with 0.5 mg/ml MTT (Merck, Whitehouse
Station, NJ) solution, and the cells were incubated for 30 min.
The purplish formazan crystals formed were dissolved in
dimethylsulfoxide (Labscan, Samutsakorn, Thailand), and
the resulting formazan solution was spectrophotometrically
measured at 570 nm using a microplate reader (Spectromax
MS5; Molecular Devices, Sunnyvale, CA). The percentages of
cell viability were obtained using the following formula:

(OD treated _ODblank)

Cell viability(%) = (OD —ODy; nk)
neg a

x 100,

where ODjyeqtea and OD,,, referred to the optical density (OD)
of cells treated with extract-containing medium and cells cul-
tured in extract-free medium, respectively. Dimethylsulfoxide
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was used as a blank solution, and its OD was represented as
ODpjank [16].

In Vitro Vancomycin Release Study
Determination of Drug-Loading Efficiency

A vancomycin standard curve was created using the OD at
280 nm of six dilutions of vancomycin from 5 to
2000 pg/ml. A linear regression equation for vancomycin
concentration calculation was obtained. Individual tablets
were weighed and immersed in 10 ml of chloroform (n=5).
After addition of an equal amount of distilled water, a rotating
shaker apparatus was applied at 30 rpm for 2 h.
Ultracentrifugation was then performed at 8000xg to separate
the chloroform and water phases. Vancomycin dissolved in
distilled water was carefully removed for OD measurement.
The drug-loading efficiency was calculated using the follow-
ing formula [17]:

. . Actual drug loading
Drug-loading efficiency(%) = Theoretical drug loading

x 100

Drug Release Profile Study

The drug release characteristics were evaluated by an in vitro
elution method. Briefly, each tablet formulation (n=5) was
weighed and placed in 12-well plates containing 1.7 ml of
PBS (pH 7.4) at 37 °C. After 6, 12, and 24 h, and 4, 8§, 14,
21, 28, 35,42, 49, and 56 days, the solution was collected and
the OD was determined spectrophotometrically. An equal vol-
ume of fresh PBS was replaced at the predetermined time
points. The release profile at each time point was assessed,
and the cumulative release was also calculated. After 56 days
of PBS immersion, the tablets were placed in a vacuum oven
for 2 weeks and then weighed again to assess the percentages
of weight loss using the following equation:

(Wo—Wy)
0

Weight loss(%) = x 100,
where W, and W, represent the initial dry weight and dry

weight after a predetermined immersion time, respectively
[18].

Release Kinetics Analysis
The drug release profiles of all formulations were fitted with
mathematical models to determine the release kinetics and

transport mechanisms. The cumulative data were fitted with
various mathematical models including zero-order (F=kt),
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first-order (In[1—F]=—k;t), Higuchi (F=kyt'?), and
Korsmeyer—Peppas (£'=k,tn) models. In all equations, £ de-
notes the fraction of drug released at time ¢. The release con-
stants for the zero-order, first-order, and Higuchi kinetic
models were represented by ko, ky, and kyy, respectively [19].
For the Korsmeyer—Peppas model, k, is the rate constant,
while 7 is the diffusional exponent, which is used to indicate
the drug transport mechanism. The best-fitted kinetic model
for all formulations was then determined from the highest
coefficient of determination (R*) among the four models.

In Vitro Bactericidal Property of Composite-Loaded
Vancomycin

To determine the antibacterial effects of the vancomycin-
loaded tablets, a disc diffusion technique was used. The mi-
crobiological processes were conducted at the Microbiology
Unit, Department of Pathology, Faculty of Medicine, Prince of
Songkla University, Thailand. MRSA isolated from osteomy-
elitis patients in Songklanakarind Hospital, Thailand, was
used in the experiment. Using conventional methods, pus
specimens were initially inoculated on sheep blood agar, choc-
olate agar, and MacConkey agar plates. Biochemically, S
aureus was identified using catalase and coagulase.
Confirmation of the species was further performed using brain
heart infusion broth. To select the resistant species, cefoxitin
susceptibility was performed using a modified Kirby—Bauer
disc diffusion method, in which an inhibition zone of less than
21 mm was considered to indicate resistance. The isolated
MRSA was streaked on nutrient agar plates at a density of
5x10” CFU/cm® and incubated for 24 h at 35 °C [20].
Subsequently, 6-mm antibiotic test discs soaked with the so-
lutions from the drug release experiments were placed on the
plates (three discs/plate). The plates were incubated for a fur-
ther 18 h. The diameters of the inhibition zones were carefully
measured using a Vernier digital caliper and assessed using the
following criteria: zones of >12 mm were considered MRSA-
sensitive; zones of 10—-11 mm were considered intermediate;
and zones of <9 mm were considered MRSA -resistant [21].

Statistical Analysis

For hardness tests, drug-loading efficiency determination, and
vancomycin-tablet cytocompatibility, all data in each group
(FV1, FV2, FV3, and FV4) were presented as means+SD.
Each variable was compared by one-way analysis of variance
(ANOVA), and multiple comparisons between groups were
performed using a Tukey post hoc test when a significant
overall difference was detected. Statistical significance was
set at p<0.05 in a two-tailed test. For cumulative drug release,
repeated-measures ANOVA was used to determine the signif-
icance of differences among groups, and values of p<0.05
were considered significant.
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Results
Physical Properties of the Vancomycin Tablets

Four formulations of vancomycin tablets prepared from
PHBYV, PCL, and BCP were successfully fabricated using a
simple solvent casting method at room temperature (25—
30 °C). The temperature changes during the fabrication pro-
cesses downed to about 14 °C which may be due to the evap-
oration of chloroform in the reaction mixtures. Figure 1 shows
the gross morphology of the vancomycin-loaded composites
and their SEM images before and after PBS immersion. At
day O (before PBS immersion), all of the tablets showed
scattered microporosity. After 56 days of immersion, the mi-
croporosity was further distributed and obviously increased
throughout the tablets compared with the initial images taken
before the incubation.

Fig. 1 Gross morphology of the
vancomycin tablets and their
SEM images. a, d, g, j The gross
morphology of FVI1, FV2, FV3,
and FV4, respectively. b, e, h, k
The surface topography at day 0,
respectively. ¢, f, i, 1 The surface
topography at day 56,
respectively

The physical properties of the vancomycin tablets were
examined, and their components, hardnesses, and weights
are summarized in Table 1. The FV1 formulations showed
the highest hardness and lowest weight loss percentage, and
the differences were significant. The highest loading efficien-
cy also belonged to FV1 tablets. However, the loading effi-
ciencies did not differ significantly among the formulations
and more than 80 % of vancomycin could be encapsulated in
all types of composites.

Chemical Property

XRD analyses were performed to assess the crystallinity of the
vancomycin-loaded composites, as illustrated in Fig. 2. After
the addition of vancomycin, all formulations showed crystal-
linity. The characteristic peaks of the pure substances were not
disturbed and were clearly observed in all formulations.
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Fig. 2 XRD spectra of the raw materials and vancomycin-loaded
composites

Notably, vancomycin showed an amorphous characteristic il-
lustrated by its fingerprint-appearance spectrum, in which no
specific peaks could be identified. Compared with the spectra
of vancomycin-free composites (Fig. 3), the drug-loaded tab-
lets showed the same crystallinity patterns.

The FTIR spectra of all vancomycin tablets are shown in
Fig. 4. Both PHBV and PCL, which are aliphatic polyesters,
typically showed a C=O stretching band at 1724 cm™'. The
symmetric -C—O—C— groups were indicated by wavenumbers
at 800975 cm ', whereas the stretching bands located at
1060-1150 cm ™' were antisymmetric -C—O—C— groups [12].
The most prominent polyester characteristic band located at
1724 cm™" was conserved in all vancomycin-loaded compos-
ites. Regarding the BCP spectrum, two intense PO,>~ bands
were located at 1074 and 1033 ¢cm ', and these bands were
still conserved in the drug-loaded tablets. Compared with the
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Fig. 3 XRD spectra of the vancomycin-free composites
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Fig. 4 FTIR spectra of the raw materials and vancomycin-loaded
composites

FTIR spectra of the drug-free composites (Fig. 5), the drug-
loaded spectra did not show any significant differences. For
the vancomycin spectrum, the absorption bands were typically
found at 3450, 1651, 1504, and 1230 cm ' for hydroxyl
stretching, C=0 stretching, C=C, and phenols, respectively
[22]. These bands were not clearly found in the drug-loaded
spectra of composites, since only about 10 % of the drug was
in the formulations. However, the release profiles (Fig. 6)
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Fig. 5 FTIR spectra of the vancomycin-free composites
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illustrating more than 90 % of cumulative releases indicated
that the drug did not form covalent bond with the main ingre-
dients in the composites. Possible interaction in some formu-
lation (FV1) could be observed due to hydrogen bonding in-
teraction resulting in the slowest release pattern.

Drug Release Study

The percentage of vancomycin released from all tablets was
normalized to the total amount of vancomycin incorporated
into the composites. The cumulative data are shown in Fig. 6,
and the concentrations of released vancomycin in each time
period are illustrated in Fig. 7. During the first 24 h, all for-
mulations exhibited rapid drug release, in which FV4 showed
the highest accumulative dissolution 0f41.98 %. Overall, after
1 day of immersion, the release rates decreased and the curves
changed their slopes. At the end of experiment, more that
90 % of vancomycin was released from FV2, FV3, and
FV4, while only 50.12 % of vancomycin was released from
FVI1.

Regarding the release profile in each time period (Fig. 7),
although the release rate was significantly decreased after
1 week, almost all of the vancomycin concentrations remained
higher than the minimum inhibitory concentration (MIC) of
2 ug/ml for S. aureus [23]. The initial burst release showed a
concentration of more than 1000 pg/ml, and the highest
amounts of vancomycin release were found at the fourth day
for all formulations. The concentrations decreased dramatical-
ly with minimal fluctuation overtime.

Drug Release Kinetics

Table 2 summarizes the release constants, coefficients of de-
termination (R?), and release exponents (n) for the
Korsmeyer—Peppas model. According to the mathematic
model fitting, the coefficient of determination (R?) for the
Korsmeyer—Peppas model was highest in all formulations.
For this reason, the best-fitted kinetics for all carriers were
assigned to the Korsmeyer—Peppas model. Regarding the n

value, all of the formulations showed »n values of less than
0.45. According to the model, the &, value was used to deter-
mine the release rate, and FV4 showed the highest rate
(32.37), while FV1 exhibited the lowest rate (13.94).

In Vitro Bactericidal Property of Vancomycin

To confirm the vancomycin activity, a disc diffusion test was
performed. The inhibition zones in relation to the drug con-
centration of each formulation are shown in Fig. 8. MRSA
sensitivity (zones larger than 12 mm) was found for most of
the tablets until 1 month of immersion. At 35 days, FV1, FV2,
and FV4 showed moderate susceptibility, while FV3 still ex-
hibited MRSA sensitivity. However, from day 42, all formu-
lations showed decreased susceptibility and finally changed to
MRSA resistance at the end of the experiment.

Indirect Cytotoxicity Test of Vancomycin Tablets

An indirect (extract) cytotoxicity test was performed to con-
firm that vancomycin released from carriers did not cause
unacceptable cell death. Based on the rapid drug release in
the first 24 h, extracts were prepared by immersion of the
tablets for 24 h. The extracts at various dilutions were then
applied to osteoblast cultures. After a further 48 h of culture,
MTT assays were performed. The results are shown in Fig. 9.
Osteoblasts cultured with all tablet extracts demonstrated
more than 80 % cell survival even in the 100 % extract
condition.

Discussion

Osteomyelitis creates both infectious and bone defect prob-
lems. The vancomycin-loaded composites represented the
novel local antibiotic carrying systems managing the infected
dead space. The antibiotic was slowly released from the com-
posites and eradicated the microorganisms while maintaining
the space for new bone formation. The new bone will

Fig. 6 Cumulative release of
vancomycin from the drug-loaded 100
tablets 1
g 80 ; ¥ t
& I
8 : |
o 60 1
2 T l
° 1 T [
= ? | l
= 40 | | l
£ T | 1
3 . L
204 L FV1 —FV2
via FV3 *Fv4
ok
0 7 14 21 28 35 42 49 56

Time (days)
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theoretically form replacing the degraded composites. In this
study, the vancomycin-loaded PHBV/PCL and BCP compos-
ites were successfully fabricated into four formulations, FV1,
FV2, FV3, and FV4, using a conventional solvent casting
method. No exothermic reactions were observed throughout
the fabrication processes, which could suggest a potency for
encapsulating heat-labile molecules without degradation or
denaturation. However, if the evaporation process was incom-
plete, the organic solvent would remain as a contaminant and
cause cell damage [24].

Overall, the physical properties appeared to be similar
among the four vancomycin-loaded composites, yet their
hardnesses were quite different. FV1 showed the highest hard-
ness, while FV4 exhibited the lowest hardness. This could
arise because FV4 contained the lowest ratio of the plasticizer
PCL, which may not be able to hold the integrity after addition
of vancomycin. This result was consistent with the maximum
weight loss observed in FV4. These phenomena support the
theory that as the filler (ceramic) loading increases, more mass
loss will occur in the material [25]. Generally, higher amounts
of antibiotics impregnated into carriers have been known to
decrease the mechanical properties, as seen in vancomycin-
incorporated PMMA [26]. Too much encapsulated drug may

14 21 28 35 42 49 56
Time (days)

result in an incapability to mold the composite/polymer into
tablets or other shapes. This might also lead to cracking and
excessive drug release into the local environment. Clinically,
the antibiotic-loaded system cannot maintain a large infected
tissue defect without any other fixation system. The drug-
loaded composite only acted as a temporary spacer, and the
ability for maintaining its dimensional integrity during the
release process is the key concept.

Theoretically, the amount of drug loading should be nearly
equal to the real amount in the tablet, and the manufacturing
processes should preserve the initial loading as much as pos-
sible. In our experiments, the loading efficiencies were more
than 80 % for all formulations, suggesting highly effective
fabrication processes. In other words, nearly all of the loaded
drug had a chance to be released and kill bacteria.

Chemically, the same FTIR and XRD spectra were ob-
served in the drug-loaded composites compared with the
vancomycin-free samples. These findings suggest that addi-
tion of vancomycin did not lead to chemical interactions with
any of the PHBV, PCL, or BCP moieties. Regarding vanco-
mycin, the water-soluble form was used in these experiments
because it mimics real clinical practice, in which the water-
soluble form is preferably used over the pure crystallized

Table 2 Fitted parameters for

release of vancomycin from FV1, Model Formulation code FV1 FVv2 FV3 Fv4
FV2, FV3, and FV4 according to
four mathematic models Zero-order ko 0.7758 1.3869 1.1353 1.2280
R 0.9371 0.7657 0.8255 0.7110
First-order ky 0.0127 0.0435 0.0359 0.0631
R 0.9472 0.9583 0.9532 0.9579
Higuchi ki 7.7259 14.5290 13.8030 15.9290
R 0.9388 0.8402 0.8083 0.7412
Korsmeyer—Peppas ke 13.9444 27.3275 29.2213 32.3668
R 0.9837 0.9679 0.9654 0.9660
n 0.3286 0.3801 0.3262 0.4385
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Fig. 8 Inhibition zones in relation to vancomycin concentrations. a, b, ¢, d The results for FV1, FV2, FV3, and FV4, respectively

compound. As a result, crystallinity peaks were not detected,
and the amorphous pattern remained even when the drug had
been encapsulated.

The drug release studies were performed for 56 days,
which reflects the duration required for bacterial eradication
and new bone regeneration [3, 5]. All of the formulations
showed slow release for over 2 months, and nearly 100 % of
cumulative releases were documented from FV2, FV3, and
FV4. These results suggest the potential of these formulations
for use as vancomycin vehicles for the eradication of MRSA.
Regarding the lowest release in FV 1, strong physical bonding
between the drug and the materials supported by the highest
hardness might have contributed to the difficulty in diffusion
of the drug from the carrier.

Fig. 9 Indirect cytotoxicity test 150
of the vancomycin tablets using 120
the MTT assay 19
100

90

— 80

2

Se

o 50

& 40

30

20

10

0

The release patterns were initiated with a rapid release
phase occurring through dissolution of the drug located on
the surface of the carriers [22]. This rapid elution has an ad-
vantage, in that a high concentration of released antibiotic can
penetrate biofilms, indicating an increased chance for com-
plete eradication of the pathogen [27]. However, cell death
was reported when the local level of vancomycin reached
5000-10,000 pg/ml, comprising 2—5-fold greater levels than
the vancomycin released from the composites [26]. From the
extract test, more than 80 % cell viability was observed in all
batches, indicating a very low tendency for cytotoxicity to-
ward bone cells according to ISO 10993—12 (part 5) [28]. In
the second stage, the dissolution rate declined, as demonstrat-
ed by the changing slopes, and the carriers then exhibited a
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long release period over a couple of months. This phase basi-
cally occurred through buffer diffusion into the swelling car-
rier through micropores, which resulted from the fabrication
processes and/or the possible footprint left by the surface-
located vancomycin molecules after dissolution. The dis-
solved drug then diffused into the surrounding buffer accord-
ing to the concentration gradient through those pores [29]. The
last phase exhibited a plateau pattern in which the very low
amount of remaining drug was finally diffused. Although this
is the first study to propose a novel PHBV, PCL, and BCP
composite as a vancomycin carrier, different kind of materials
have previously been used for vancomycin delivery experi-
mentally. Yang et al. fabricated a chitosan/HA composite, and
the material reached approximately 99 % of cumulative re-
lease during 32 days of incubation [30]. Li et al. applied a
PHBV-coated bioglass for vancomycin release and found a
good cumulative release of 95 %, but the elution was only
sustained for 10 days [31].

In the kinetic study, the release data were fitted with four
mathematic models to clarify the most appropriate release
kinetics. All of the vancomycin-incorporated composites
showed the highest coefficient of determination (R?) after
fitting with the Korsmeyer—Peppas model. This model de-
scribes the drug release from a polymeric system and was
strongly correlated with the carriers because they were
mainly fabricated from polymeric materials, PHBV and
PCL [32]. The release constant (k) is used to determine
the release rate. FV4 exhibited the highest rate, because of
its lowest physical bonding with the carrier. Focusing on
the release exponent (n), this value is an indicator of the
release mechanism and depends on the matrix carrier ge-
ometry. All of the vancomycin tablets demonstrated n
values of less than 0.45. Fickian diffusion is the main drug
transport mechanism under the conditions used [33].
Although all of the formulations showed effective release
over a couple of months, the bactericidal property of the
dissolved vancomycin also required confirmation. The in-
hibition zones were correlated with the concentrations re-
leased. Interestingly, after 28 days of immersion, the zone
diameter decreased to less than 10 mm, interpreted as van-
comycin resistance, while the concentration of released
vancomycin remained above the MIC. This might be an
example of a disc diffusion test limitation. The interpreta-
tion of the test, namely the diameter of the inhibition zone,
is mainly affected by the concentration gradient of the drug
and the agar. In the late phase of the release, the drug con-
centration may have been too low for diffusion. In addition,
a high-molecular-weight antibiotic such as vancomycin
may diffuse from the disc into the agar with greater diffi-
cultly than a smaller molecule. However, the bactericidal
period of 28 days was acceptable, because it was
corresponded to the osteomyelitis treatment course lasting
approximately 4-6 weeks [3, 5].
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Conclusions

In this study, a novel local vancomycin delivery system was
produced. Four vancomycin-loaded composites were success-
fully fabricated, and loading efficiencies of more than 80 %
were achieved in all formulations. All of the carriers exhibited
slow and sustained release of the antibiotic over 56 days with
retained bactericidal property for 4 weeks. More than 90 % of
vancomycin was released from FV2, FV3, and FV4. All of the
release kinetics were fitted with the Korsmeyer—Peppas mod-
el, and Fickian diffusion was the transport mechanism. An
indirect cytotoxic test was performed to examine whether
the tablet extracts could have detrimental effects on cells,
and cell proliferation rates of more than 80 % were confirmed,
even at the highest extract concentration. In conclusion, this
new vancomycin delivery system showed positive tendencies
for use as an antibiotic carrier in the treatment of chronic
MRSA osteomyelitis. Further in vivo animal studies should
be performed to confirm the efficacies for clinical use in
humans.
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