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a b s t r a c t

This study evaluated the influence of g irradiation and ethylene oxide sterilization on the release
characteristics of vancomycin from biodegradable poly[(d,l)-lactide-co-glycolide] (PLGA) composite
beads. Biodegradable composites incorporating vancomycin were prepared using a compression-
sintering method. They were then subjected to various doses of g irradiation and ethylene oxide
treatment. After sterilization, the composites were placed in 3 ml of phosphate buffered saline and
incubated at 37 �C. An in-vitro elution method and a high-performance liquid chromatography (HPLC)
were used to characterize the release rates of the antibiotics over a 30-day period. A bacterial inhibitory
test was also employed to examine the bioactivity of released antibiotics. All sterilizations were found to
result in a decrease of the crystallinity of the polymeric materials, as well as the total release period of
antibiotics. The ethylene oxide treatment led to a significant change of the morphology of the
composites. Furthermore, the results suggest that the biodegradable composites can release high
concentrations of antibiotics (well above the minimum inhibitory concentration) in-vitro for up to 28
days after g irradiation of less than 25 kGy.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

A recognized treatment for infections such as osteomyelitis
[1e5] has been delivering an effective and adequately high
concentration of antimicrobial to target sites, along with surgery.
Local antibiotics have the advantage of delivering high drug
concentrations to the precise area required, and the total dosage of
antibiotic applied locally is not normally sufficient enough to
produce toxic systemic effects. Antibiotic-eluting composite beads
[6] made out of biodegradable polymers have advantages in several
ways. First, biodegradable composites provide bactericidal
concentrations of antibiotics for the prolonged time needed to
completely treat the particular infection. Second, variable biode-
gradability from weeks to months may allow many types of infec-
tions to be treated. Third, because the biodegradable composites
dissolve, there is no need for surgical removal. Lastly, because the
biodegradable composites dissolve slowly, the soft tissue or bone
u).
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defect will slowly fill with tissue, thus eliminating the need for
reconstruction.

Prior to their surgical implantation, all antibiotic-loaded
composite beads must be sterilized to minimize the potential risk
of infections and associated complications. Although heating
provides the most reliable way to rid objects of all transmissible
agents, it is not always appropriate, due to the potential damage
inflicted on heat-sensitive materials like biodegradable polymers.
The sterilization of medical devices made of polymeric materials is
usually done by irradiation [7e13] or ethylene oxide (EO) treatment
[7,9,14]. However, sterilizations can significantly alter the
mechanical and physical properties of PLGA devices and leave
harmful residues on these materials, causing them to fail in vivo.
Furthermore, they may also influence the release behavior of
pharmaceuticals from these devices. The specific effects of different
techniques are determined by the sterilization parameters, the
method used for fabrication, and the polymeric materials them-
selves [9].

Drugmakers have sterilized pharmaceuticals by g irradiation for
more than four decades. g rays have high penetrating ability and
show a large depth of penetration into matter, but the degree of
interaction is rather low. Although sterilization doses of radiation
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Fig. 1. Photograph of the biodegradable antibiotic composites.
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usually are on the order of 25 kGy, high-energy g irradiation is used
mainly in the healthcare industries to sterilize disposable medical
equipment, such as syringes, needles, cannulas and IV sets [15,16].
Pharmaceutical companies now also sterilize drugs such as
ophthalmic preparations, topical ointments, veterinary products,
etc. by irradiation. Sterilization by irradiation is based on ionized
atoms. The freed electrons interact with DNA and kill microor-
ganisms. g ray sterilization is a non-polluting, environmentally
friendly process, and since it is a continuous process, the results are
more uniform than gas or high temperature sterilization, which are
essentially batch processes. Sterilization by irradiation with g rays
may however, in some cases, affect material properties.

Ethylene oxide (EO) gas, on the other hand, is commonly used to
sterilize objects sensitive to temperatures greater than 60 �C and/or
radiation, such as plastics, optics, and electrics [17]. Ethylene oxide
treatment is generally carried out between 30 �C and 60 �C, with
relative humidity above 30% and a gas concentration between 200
and 800 mg/l, and typically lasts for at least 3 h. Ethylene oxide
penetrates well, moving through paper, cloth, and some plastic
films and is highly effective. EO can kill all known viruses, bacteria,
and fungi, including bacterial spores, and is compatible with most
materials (e.g. medical devices), even when repeatedly applied.
However, ethylene oxide is recommended only when it is phar-
maceutically absolutely necessary, mainly due to the known
potential of EO for genotoxic carcinogenicity [7]. Despite the risks,
EO continues to be themost common sterilizationmethod, used for
over 70% of total sterilizations and for 50% of all disposable medical
devices, specifically in the case of collagen products [18]. Further-
more, EO is also utilized for the sterilization of commercially
available suture material and wound dressings.

Like all methods of sterilization, EO and irradiation involve
a compromise between inactivation of the contaminating micro-
organisms and damage to the product being sterilized. The
imparted energy does not always differentiate between molecules
of the contaminating microorganism and those of the pharma-
ceutical substrate, which in turn changes the release behavior of
pharmaceuticals from the medical devices and their bioactivities.
An integral part of the sterilization process validation is the
determination of an appropriate technique and the dose for ster-
ilization. Any deviation from the selected dose could either
compromise the sterility of the product or damage the product.
Presently, various efforts have been made to study the effects of g
irradiation and EO treatment on the material property changes of
drug-loaded microspheres [7,8,11e14], but no research has inves-
tigated the influence of these sterilization techniques on the
release behavior of antibiotics from the biodegradable composite
beads.

In our previous studies [19,20], we had successfully developed
biodegradable antibiotic composite beads that provide a sustained
release of effective vancomycin for 32 days in-vitro. Before the
beads can be adopted for clinical applications, they must be ster-
ilized. This paper examined the influence of sterilizations on the
in-vitro release characteristics of vancomycin from the poly[(d,l)-
lactide-co-glycolide] (PLGA) beads. Vancomycin is effective against
infections caused by methicillin-resistant staphylococci and S
epidermis [36], and it is also useful in mixed infections involving
streptococci and enterococci. Furthermore, unlike the penicillin or
cephalosporin, vancomycin has a low occurrence of allergic reac-
tions. A compression-sintering technique was employed to
manufacture composites with vancomycin. Fabricated composites
were then sterilized by g irradiation and ethylene oxide (EO)
treatment. After sterilizations, the composites were evaluated by
an elution method and a bacterial inhibitory test. Material prop-
erty changes of the composites due to sterilization were also
examined.
2. Materials and methods

2.1. Composite materials and manufacturing

Antibiotic-polymer composites were fabricated in this study.
The antibiotic used was commercial grade vancomycin powder
with particle size of 100 mm (SigmaeAldrich, Saint Louis, MO,
U.S.A.). The polymeric materials used were poly[(d,l)-lactide-co-
glycolide] (PLGA) with a ratio of 50:50 and an intrinsic viscosity of
0.4 (RG 503, Resomer, Boeringer Engelheim, Germany). The poly-
mer and vancomycin were mixed by a lab scale dry mixer with the
ratio of 5 to 1 (polymer to antibiotics), i.e. 200 mg of PLGA and
40 mg of vancomycin [12]. The mixture was compressed into
cylindrical composite beads of 8 mm in diameter and 3.5 mm in
height by a stainless mold. The compressed composites in the mold
were then placed in an oven for sintering. The sintering tempera-
ture was set at 65 �C and the sintering time used was 30 min in
order to attain an isothermal sintering of the composites. Fig. 1
shows photographically the fabricated biodegradable antibiotic
composites.

2.2. Sterilization of antibiotic composites

Two sterilization methods, g irradiation and ethylene oxide,
were employed. The g irradiation was performed courtesy of China
Biochemical Co. (Taiwan) with a Cobalt-60 source at five different
doses, including 15, 20, 25, 30, and 35 kGy. For the EO treatment, an
EO sterilizer (Model YTM-EOG, Taiwan) with 1500 L chamber
volume was used. The chamber was filled with pressurized air at
500 mmHg, then a vacuum of 0.0 mmHg was applied, and EO at
500 mmHg and 55 �C was introduced for 7 h. Afterwards, EO was
desorbed for 6 cycles over 7 h between pressures of 495mmHg and
30 mmHg.

2.3. In-vitro release of vancomycin

An in-vitro elution method was employed to determine the
release characteristics of vancomycin from the antibiotic compos-
ites. A phosphate buffer, 0.15 mol/L (pH 7.4), was used as the
dissolution medium. Each of the biodegradable antibiotic
composites after sterilization was incubated in 3 ml of phosphate
buffered saline at 37 �C for 24 h. The dissolution medium was
collected and analyzed at 24-h intervals. Fresh phosphate buffer
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Fig. 2. Effects of g irradiation on the release characteristics of antibiotic composites.
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(3 ml) was then added for the next 24-h period and this procedure
was repeated until the composite was fully dissolved. The disso-
lution medium was collected and analyzed every 24 h.

The antibiotic concentrations in buffer solution for the elution
studies were determined by a high-performance liquid chroma-
tography (HPLC) assay. The HPLC analyses were conducted on
a Walters 600 Multisolvent Delivery System. The column used for
the separation of the antibiotics was a SYMMETRY C8,
3.9 cm � 150 mm HPLC column (Waters). The mobile phase con-
tained 0.01 mol heptanesulphonic acid (Fisher Scientific U.K. Ltd.)
and acetonitrile (Mallinckrodt, U.S.A.) (85/15, v/v). The absorbency
was monitored at 280 nm and the flow rate was 1.4 ml/min. All
samples were assayed in triplicate, and sample dilutions were
performed to bring the unknown concentrations into the range of
the assay standard curve. A calibration curve was made for each set
of measurements (correlation coefficient > 0.99). The elution
product can be specifically identified and quantified with high
sensitivity using the HPLC system.

2.4. Bioactivity of released antibiotics

Bioactivity of the released vancomycin on Staphylococcus aureus
(ATCC65389) was determined by using an antibiotic disk diffusion
method in a Nutrient Broth (beef extract, peptone, Difco Labora-
tories). Eight micro liters of solution from each daily buffer sample
were pipetted onto 6-mm disks. The disks were placed on nutrient
agar plates (beef extract, peptone, agar, Difco Laboratories) and
seeded with a layer of S. aureus, and the zones of inhibition were
measured with a micrometer after 16e18 h of incubation at 35 �C. A
calibration curve was first determined by six different standard
concentrations (0, 0.01, 0.1, 1, 10, 100, 1000 mg/ml). The released
concentration of vancomycin was then determined by interpreting
the curve. The bioactivities of the incubated vancomycin on S.
aureus (ATCC65389) were determined by:

Bioactivityð%Þ ¼ diameter of sample inhibition zone
diameter of reference inhibition zone

(1)

The minimum inhibitory concentration (MIC) of vancomycin on
S. aureus (ATCC65389) was also determined using an antibiotic tube
dilution method in the Cation supplemented Mueller-Hinton Broth
(Difco Laboratories).

2.5. Differential scanning calorimetry

A DuPont model TA-2000 differential scanning calorimeter was
used to characterize the thermal properties of the as-received
polymers and the polymeric materials after sterilization by g irra-
diation or EO gas. The scan temperature ranged from 30 to 70 �C.
The heating rate of the materials was 10 �C/min.

2.6. SEM observations

A Hitachi Model S-3000N scanning electron microscopy was
employed to observe the surface morphology of the biodegradable
composites before and after sterilization. Prior to examination, the
surfaces were covered with a layer of gold to make them
conductive.

3. Results and discussion

3.1. Release of antibiotics from g irradiated composites

In this study, the influence of irradiation on the release of
antibiotic from biodegradable composites was investigated. Fig. 2
shows the release characteristics of biodegradable antibiotic
composites subjected to various doses of g irradiation. The exper-
imental results from the in-vitro elution test showed that non-
sterilized biodegradable composites released high concentrations
of antibiotic (well above the MIC) for 30 days. No significant
difference of the release curves was observed when low doses of
irradiation (i.e., less than 20 kGy) were used to sterilize the
composites. As the irradiation dose was increased to 25 kGy, the
composites exhibited amore pronounced peak of release in the first
few days of elution, and after that its release characteristic was
similar to that of a non-sterilized composite (Fig. 2). In addition, the
composites could provide a sustained release of vancomycin for 28
days.

When the composites were sterilized by g irradiation of 30 kGy
and higher, the total release periods of vancomycin dropped to 22
days. Furthermore, the total amount of antibiotic released from the
composites subjected to a high dose irradiation was less than the
amount released from composites subjected to a lower dose of g
irradiation. The results suggest that the high dosage of g rays might
have deactivated the pharmaceuticals during irradiation. The total
period of effective drug release thus decreased. Furthermore, while
Friess and Schlapp [7] reported that their study showed no changes
regarding the gentamicin release profile from g sterilized micro-
particles, the results of this study suggested that the irradiation
had a profound influence on the release behavior of antibiotic-
loaded composite beads.
3.2. Release of antibiotics from EO treated composites

The release characteristics of vancomycin from EO gas sterilized
biodegradable composites were investigated and the results are
shown in Fig. 3. While the non-sterilized composites exhibited an
initial burst of release, the composites sterilized by EO gas did not
show a burst of release for the first few days. Rather, the daily
release was relatively stable until day 7, where a minor peak was
observed. Nevertheless, the total period of drug release was
reduced greatly to 17 days. The total amount of antibiotic released
from the composites subjected to EO treatment was less than the
amount released fromnon-sterilized composites. This suggests that
the EO gas might have deactivated the antibiotics during the ster-
ilization process. Friess and Schlapp [7] studied the sterilization of
gentamicin loaded micro-particles and found that chemical
changes of gentamicin after EO sterilization could be mainly due to
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Fig. 3. Influence of ethylene oxide treatment on the release characteristics of antibiotic
composites.
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the EO attachment during sterilization. In addition, the total
amount of antibiotic released from the EO treated composites was
less than the amount released from composites subjected to g
irradiation (Fig. 2), which suggests that g irradiation is a better
choice of sterilization for the biodegradable antibiotic composites
developed in this study.
0 5 10 15 20 25 30
0

10

20

B

Days

Fig. 4. Bioactivities of vancomycin released from composites subjected to (a) g irra-
diation of various doses and (b) ethylene oxide treatment.
3.3. Bioactivity of released antibiotics

The bioactivity of eluted vancomycin on S. aureus (ATCC65389)
was determined by using an antibiotic disk diffusion method.
Fig. 4a and b show the bioactivities of antibiotics released from
composites subjected to g irradiation and EO treatment, respec-
tively. The bioactivity of vancomycin ranged from 33.6% to 100%,
and from 27.8% to 100% (Fig. 4a), for the 25 kGy and 35 kGy irra-
diated composites, respectively, while the activity of antibiotics
ranged from 30% to 100% (Fig. 4b) for the EO treated composites.
When the g irradiation dose was low (less than 25 kGy), the
bioactivity of antibiotics remained unaffected, and when the dose
was higher than 25 kGy, the bioactivity began to decrease after 17
days. The EO treatment, on the other hand, partially reduced the
bioactivity of eluted antibiotics after 14 days [7]. Overall, the find-
ings in this study reveal that the activities of the antibiotics are still
high after the sterilization process.
Fig. 5. Photograph of antibiotic composites after g irradiation (left) and ethylene oxide
treatment (right).
3.4. Property changes of the biodegradable composites

Fig. 5 shows photographically the biodegradable composites
after g irradiation and EO gas treatment. While the biodegradable
composites did not show any obvious exterior change after irradi-
ation, the EO treated composites exhibited sponge-like surfaces.
The scanning electronmicrograph of the surfaces of the composites
after sterilization is also shown in Fig. 6. Microscopically, the
external surface of the g irradiated composites was relatively
smooth (Fig. 6b), while the EO treated composites showed foamed
structures on their surfaces (Fig. 6c). While it has been reported
that the sterilization showed no influence on the morphological
change of micro-particles, the results of this study suggested that
EO had a significant influence on the morphology of composite
beads. The foamed structure of EO sterilized beads may lead to
channel diffusion release of the antibiotics. The release rate of
vancomycin from the composite beads increased and the total
release period decreased accordingly, as suggested in Figs. 3 and 4.
The results here suggest that the EO gas has a profound effect on
the morphology of the biodegradable composites.

The results of the DSC analysis in Fig. 7 suggest that the steril-
ization, either g irradiation or EO treatment, results in a decrease of
the crystallinity and glass transition temperature of the polymeric
materials. The rate of degradation of PLGA had been found to
depend on its degree of crystallinity and its glass transition
temperature (Tg) [21,22]. Loo et al. [10] studied the radiation effects
on PLGA and found that the average molecular weight of PLGA
decreased rapidly at low radiation dosages and remained relatively
unchanged at high radiation dosages. Furthermore, the glass



Fig. 6. SEM observations of a composite’s surface (a) before sterilization, (b) after g
irradiation, and (c) after ethylene oxide treatment.

35 40 45 50 55 60 65 70
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Area=10.013 mJ   Delta H=1.451 J/g

Area=8.32 mJ   Delta H=1.541 J/g

Area=6.415 mJ   Delta H=1.283 J/g

Area=7.164 mJ   Delta H=1.433 J/g

Area=7.416 mJ   Delta H=1.373 J/g

Area=8.639 mJ   Delta H=1.371 J/g

Peak=42.4 C

Peak=42.733 C

Peak=44.4 C

Peak=41.737 C

Peak=42.737 C

Peak=43.733 C

H
ea

t F
lo

w
 E

nd
o 

U
p 

(m
W

)

Temperature (oC)

Nonsterilized

EO sterilized

15kGy

20kGy

25kGy

30kGy

35kGy

Peak=44.066 C

Area=13.564 mJ   Delta H=2.466 J/g

Fig. 7. Differential scanning calorimeter analysis of biodegradable composites sub-
jected to different sterilization methods.

C.-Y. Hsiao et al. / Polymer Degradation and Stability 97 (2012) 715e720 719
transition temperature of the polymeric materials decreased with
increasing radiation doses, mainly due to the dominant effect of e-
beam irradiation on molecular chain scission of the polymeric
materials. On the other hand, Friess and Schlapp [7] studied the
influence of EO sterilization and found that the EO treatment
resulted in a decrease of molecular weight and glass transition
temperature of the polymeric materials. The decrease in the degree
of crystallinity increased hydrolytic degradation, which in turn
accelerated the release rate of the antibiotic from the PLGA
composites. The total release period of antibiotics decreased
accordingly, as shown in Figs. 2 and 3.

The rate and duration of release of the antibiotics composites
depend on the requirement of each application. For a water-soluble
antibiotic in ahydrophobic PLGAmatrix, the releasemechanismsare
controlled by channel diffusion, osmotic pressure, and polymer
degradation [23]. When the antibiotic is surrounded by the poly-
meric material, antibiotic particles will be isolated in the polymer
matrix. These particles will not be able to penetrate the polymer at
an efficient rate. However, while the vancomycin particles could not
be completely encapsulated by the polymeric materials during the
manufacturing process, the antibiotic was released by channel
diffusion, causing an initial burstof release, as shown inFigs. 2 and3.

If the polymermatrix surrounding the isolated particles remains
intact during the release, the antibiotic will not be released from
these clusters. However, a water-soluble antibiotic will take up
water with high osmotic pressure through the polymer, causing
swelling of the particle. The polymer matrix may break under this
swelling to form openings for antibiotic release. When the polymer
molecular weight decreases sufficiently, loss of polymer begins
[24]. The antibiotic will then be released along with this polymer
loss. g irradiation has been known to cause chain scission in PLGA
polymers and result in a decrease of the molecular weight. During
irradiation, radicals are formed, which can lead to chemical changes
in drugs and excipients during sterilization [10]. Friess and Schlapp
[7] studied the sterilization of gentamicin loaded PLGA/collagen
micro-particles by using g irradiation of 28.9 kGy and EO gas. They
found that both irradiation and EO treatment resulted in a decrease
of molecular weight and glass transition temperature of the poly-
meric materials. However, the irradiated polymers did not indicate
changes in their chemical structures. In addition, no changes
regarding the gentamicin release profile from g irradiatedmaterials
was observed.

In this study, the bactericidal effects of the antibiotics incorpo-
rated into the biodegradable composite far outweigh any negative
inherent effects of the composite itself. A significant advantage of
the biodegradable antibiotic composite is that the local antibiotic
concentrations are much greater than the minimum inhibitory
concentration (MIC) for most pathogens commonly isolated in
orthopedic infections. Furthermore, the experimental results
suggest that the biodegradable composites could release high
concentrations of antibiotic (well above the minimum inhibitory
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concentration) in-vitro for up to 28 days after the g irradiation of
less than 25 kGy. The bactericidal power of the antibiotics is still
high after themanufacturing process. This indicates that irradiation
can be a potential sterilization method for the biodegradable
antibiotic composites.

4. Conclusions

This study has evaluated the influence of g irradiation and
ethylene oxide sterilization on the release characteristics of van-
comycin from biodegradable PLGA composites. The experimental
results suggest that all sterilizations result in a decrease of the
crystallinity of the polymeric materials, as well as the total release
period of antibiotics. Ethylene oxide treatment led to a significant
change of the morphology of the composites. When g irradiations
of less than 25 kGy were used, the biodegradable composites could
release high concentrations of vancomycin (well above the
minimum inhibitory concentration) in-vitro for 28 days. The total
amount of antibiotics released from the EO treated composites was
less than the amount released from composites subjected to g
irradiation, which suggest that g irradiation is a better choice of
sterilization for the biodegradable antibiotic composites developed
in this study. The current research has identified the most appro-
priate sterilization method for the biodegradable composites so
that long-term antibiotics are available for patients with osteo-
myelitis and various infections, such as thoracic, abdominal, and
pelvic infections, as well as for the prophylaxis of these infections.
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