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Guided tissue regeneration (GTR) therapy has been widely used to regenerate lost periodontium from periodontal disease. How-
ever, in terms of regenerative periodontal therapy, a multidrug-loaded biodegradable carrier can be even more promising in
dealing with periodontal disease. In the current study, we fabricated biodegradable nanofibrous collagen membranes that were
loaded with amoxicillin, metronidazole, and lidocaine by an electrospinning technique. The in vitro release behavior and the
cytotoxicity of the membranes were investigated. A four-wall intrabony defect was created in rabbits for in vivo release analysis.
The bioactivity of the released antibiotics was also examined. The experimental results showed that the drug-loaded collagen
membranes could provide sustainable release of effective amoxicillin, metronidazole, and lidocaine for 28, 56, and 8 days, re-
spectively, in vivo. Furthermore, the bioactivity of the released antibiotics remained high, with average bioactivities of 50.5% for
amoxicillin against Staphylococcus aureus and 58.6% for metronidazole against Escherichia coli. The biodegradable nanofibrous
multipharmaceutical membranes developed in this study may provide a promising solution for regenerative periodontal
therapy.

Guided tissue regeneration (GTR) therapy has been widely
used to regenerate lost periodontium resulting from peri-

odontal disease. It has also been implemented in endodontic sur-
geries as a concomitant treatment during management of the end-
odontic-periodontal lesions (1–7). The function of GTR is to
place a barrier membrane over the denuded root surfaces and the
debrided periodontal defect to exclude epithelial growth and to
allow specifically periodontal ligament and alveolar bone cells to
repopulate the isolated space (8, 9). On the other hand, the
amount of regenerated tissue is limited by the available space un-
der the membrane; thus, previous studies reporting that the space-
providing and wound-stabilizing effects of the barrier membrane
might substantially influence the healing process (10, 11). In re-
cent studies, biodegradable collagen membranes, both synthetic
and natural, either used alone or in conjunction with different
filler materials, have been recommended by several authors for use
in the GTR process (12). The biodegradable collagen membranes
serve not only as a barrier but also as a contributor toward main-
taining the bony defect site to a certain extent (13). Reduced alve-
olar ridge resorption and better bone fill effect are subsequently
demonstrated in the animal and clinical investigations. In addi-
tion, bone regeneration has also been proven to be enhanced by
N-methyl-2-pyrrolidone (NMP), which is used as a plasticizer for
polylactide or polyglycolide membranes, by increasing the bioac-
tivity and bioavailability of autogenous bone morphogenetic pro-
teins (14, 15).

Periodontal disease, however, is a chronic inflammation of the
periodontium, resulting from bacterial infection. The GTR pro-
cesses with biodegradable collagen membranes deal with only the
regeneration of the lost tissue; chronic inflammation is currently
treated by surgical debridement and systemic antibiotic therapy.
The concept of antibiotic-loaded biodegradable collagen mem-

branes has been introduced. It has been suggested that the direct
delivery of antibiotics to the infection site at a MIC should be a
safer and more effective approach compared to previous methods
(16–18). For example, directed antibiotic delivery is used to treat
osteomyelitis, a prolonged inflammation of the bone that brings
about destruction of bone tissues and vascular channels that is
caused by pathogenic microorganisms (19, 20). Alternatively, the
direct delivery of antibiotics is also beneficial for other purposes,
such as for the bone defects resulting from periodontal disease.
Higher concentrations of antibiotics can be given, compared to
systemic administration, which usually involves excessive doses to
achieve substantial local effects.

In terms of regenerative periodontal therapy, the goals are ex-
tensive debridement of the periodontal defect and predictable res-
toration of the original tissue. A multidrug-loaded biodegradable
carrier can be even more promising in dealing with periodontal
disease. The current study focuses on the release behavior of
amoxicillin, metronidazole, and lidocaine from a poly[(D,L)-lac-
tide-co-glycolide] (PLGA) nanofibrous collagen membrane. The
in vitro release behavior and cytotoxicity of the nanofibrous mem-
branes are examined. A four-wall intrabony defect was con-
structed for in vivo release behavior analysis. The bioactivity of the
released antibiotics is also examined. The objective of our study
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is to develop a biodegradable, multipharmaceutical carrier to
achieve prolonged drug release that would suppress periodontal
bacterial growth and reduce the bioburden. In addition, the re-
lease behaviors of pharmaceutics are investigated in in vitro and in
vivo experiments.

MATERIALS AND METHODS
Fabrication of the multipharmaceutical carrier. The poly[(D,L)-lactide-
co-glycolide] (PLGA) used was commercially available material (Resomer
RG 503; Boehringer, Germany) and had a lactide/glycolide ratio of 50:50
and an intrinsic viscosity of 0.4 dl/g. Collagen from bovine Achilles ten-
don, type I, and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were pur-
chased from Sigma-Aldrich (St. Louis, MO). The drugs used included
commercial-grade amoxicillin, metronidazole, and lidocaine hydrochlo-
ride (Sigma-Aldrich, St. Louis, MO).

The electrospinning setup utilized in this study consisted of a syringe
and needle (internal diameter of 0.42 mm), a ground electrode, an alumi-
num sheet, and a high-voltage supply (21), as shown schematically in Fig.
1. The needle was connected to the high-voltage supply, which could
generate positive direct current (DC) voltages and currents up to 35 kV
and 4.16 mA/125 W, respectively. To prepare the membranes, PLGA and
collagen (280 and 140 mg, respectively) were first dissolved in 1 ml of
HFIP, while amoxicillin-metronidazole-lidocaine (35, 46, and 35 mg, re-
spectively) was dissolved in 3 ml of HFIP. For electrospinning of nanofi-
brous membranes, 1 ml of the PLGA-collagen solution was delivered and
electrospun by a syringe pump with a volumetric flow rate of 3.6 ml/h for
the surface layer, followed by the electrospinning of 3 ml PLGA-amoxi-
cillin-metronidazole-lidocaine solution with a volumetric flow rate of 1.2
ml/h for the core layer, and finally spinning another 1 ml of PLGA-colla-
gen solution for the second surface layer. A three-layered membrane, with
PLGA-collagen as the surface layers and PLGA-drugs at the core, was thus
obtained. The thickness of the membrane was measured and found to be
0.116 mm.

The morphology of the electrospun nanofibers was observed on a
scanning electron microscope (SEM) (Hitachi S-3000N; Hitachi, Japan)
after gold coating. The diameters of the spun nanofibers shown in Fig. 1
ranged from 45 to 280 nm.

In vitro release behavior. The release characteristics of amoxicillin,
metronidazole, and lidocaine from the nanofibrous membranes were de-
termined by the in vitro elution method. Samples with an area of 2 cm by

3 cm, cut from the electrospun membranes, were placed in glass test tubes
(one sample per test tube, with a total of 3 test tubes) with 1 ml of phos-
phate buffer solution (0.15 mol/liter; pH 7.4). The glass test tubes were
incubated at 37°C for 24 h before the eluent was collected and analyzed.
Fresh phosphate buffer solution (1 ml) was then added for the next 24-
hour period, and this procedure was repeated daily until the membrane
was completely dissolved. The drug concentrations in the eluents were
determined by the high-performance liquid chromatography (HPLC) as-
say standard curve.

Cytotoxicity of nanofibrous membranes. The cytotoxicity of the ma-
terial was examined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay (Roche, Germany) of cell viability.
Electrospun multipharmaceutical nanofibers were cut out with a hole
puncher and put into the wells of 24-well culture plates. Human fibro-
blasts obtained from the foreskins of patients (1 to 3 years of age) under-
going surgery were seeded (5 � 103 cells/well) in Dulbecco’s modified
Eagle’s medium (DMEM) at 37°C under 5% CO2-95% air conditions
until cell confluence. Cell viability was monitored at 1, 3, 7, and 14 days by
MTT assays and quantified using an enzyme-linked immunosorbent as-
say (ELISA) reader. In this study, pure PLGA membrane, multipharma-
ceutical PLGA membrane, and commercially available membrane
(OsseoGuard resorbable collagen membrane OG3040 [30 mm by 40
mm], Collagen Matrix Inc., NJ) were compared with the control.

Model of four-wall intrabony defect. Six New Zealand White rabbits
(age, 8 to 12 weeks; average weight, 1.5 kg) were used for animal testing. A
four-wall intrabony defect was created on the right tibia bone of each
rabbit. All surgical procedures and protocols for care after surgery were
performed according to our facility’s guidelines for the care and use of
laboratory animals under the supervision of a licensed veterinarian.

After the rabbits were sedated, they were prepared for surgery. The
surgical site was depilated, washed with soft soap and ethanol directly
before surgery, and disinfected with 70% ethanol. The posterior part of
the animals was covered with a sterile blanket. An incision was made on
the proximal-anterior part of the tibia, penetrating the epidermis, dermis,
and the fascias. An additional medial-anterior incision was made through
the periosteum, which was elevated by a self-retaining retractor. A 5-mm
by 20-mm bone defect was prepared by using a 2.5-mm-diameter twist
drill (Medicon CMS, Tuttlingen, Germany). The bone defect penetrated
well into the marrow space. Copious irrigation of physiological saline
solution was used during the preparation to prevent overheating. The
biodegradable membrane was then placed on the bone defect (Fig. 2).
After the whole procedure was completed, the soft tissue was repositioned
and sutured, and the superficial layers were closed with vertical mattress
intracutaneous sutures. After surgery, all animals were monitored for pain
and distress as appropriate for the condition and degree of invasiveness.
The staff at the animal center assessed the presence or absence of pain or
distress and gave the animals the adequate analgesics during the study
period.

In vivo release behavior. Intralesion (from skin to the bone defect
site) aspiration with a 19-gauge needle was performed on days 1, 2, 4, 7,
14, 21, 28, 35, 42, 49, and 56 for in vivo release analysis. The antibiotics and
lidocaine concentrations of the tapped fluid were determined by an HPLC
assay. The HPLC analyses were conducted on a Hitachi L-2200 multisol-
vent delivery system. All tapping samples were assayed after dilution with
phosphate-buffered saline and were assessed according to the assay stan-
dard curve. A calibration curve was made for each set of the measurements
(correlation coefficient of �0.99).

Bioactivity of released antibiotics. The bioactivity of the released
amoxicillin on Staphylococcus aureus (ATCC 65389) was determined by
using an antibiotic disk diffusion method in nutrient broth (beef extract,
peptone; Difco Laboratories). Eight microliters of solution from each
daily buffer sample was pipetted on 6-mm disks. The disks were placed on
nutrient agar plates (beef extract, peptone, agar; Difco Laboratories) and
seeded with a layer of Staphylococcus aureus, and the zones of inhibition
were measured with a micrometer after 16 to 18 h of incubation at 35°C. A

FIG 1 Schematic illustration of the electrospinning process equipment (top)
and the morphology of the electrospun nanofibers observed with a scanning
electron microscope (bottom).
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calibration curve was first determined by six different standard concen-
trations (0.01, 0.1, 1, 10, 100, and 1,000 mg/ml). The released concentra-
tion of amoxicillin was then determined by interpreting the curve. The
bioactivities of the incubated amoxicillin on Staphylococcus aureus (ATCC
65389) were determined by the following equation: Bioactivity (%) �
diameter of the sample inhibition zone/diameter of the maximum inhi-
bition zone.

The bioactivity of metronidazole was performed with the same
scheme against Escherichia coli (ATCC 25922).

The MIC of amoxicillin on Staphylococcus aureus (ATCC 65389) was
determined using an antibiotic tube dilution method in cation-supple-
mented Mueller-Hinton broth (Difco Laboratories). Amoxicillin was di-
luted serially 2-fold in tubes containing 0.5 ml of the cation-supplemented
Mueller-Hinton broth. The MIC of metronidazole to Escherichia coli
(ATCC 25922) was also determined by the same method. The MIC of
amoxicillin against Staphylococcus aureus was determined to be 1 �g/ml,
while the MIC of metronidazole against Escherichia coli was determined to
be 0.4 �g/ml (22).

RESULTS

Figure 3 displays the in vitro accumulated release curves and
HPLC concentration curves of amoxicillin, metronidazole, and
lidocaine from a PLGA nanofibrous membrane. In Fig. 3A, a burst
release behavior in the beginning stage was noted from all three
pharmaceuticals. In this stage, lidocaine exhibited the fastest and
greatest amount of release. In the second stage, metronidazole
exhibited a more rapid release rate compared to the release rates of
amoxicillin and lidocaine. In the last stage, the release curves were
flat and smooth in all three pharmaceuticals. In Fig. 3B, all lido-
caine was released by the 5th day after elution. The desired con-
centrations of amoxicillin and metronidazole were attained on the

28th day, even though the biodegradable membrane was entirely
dissolved on the same day. The concentrations of all the antibiot-
ics were above the levels of MIC during the whole in vitro release
behavior analysis.

Figure 4 shows the results of cytotoxicity tests from the MTT
assays of cell viability. In the study, pure PLGA membrane, mul-
tipharmaceutical PLGA membrane, and commercially available
OG membrane were compared with the control. All membranes
studied showed no signs of cytotoxicity from day 1 to day 14. In
the multipharmaceutical membrane (PLGA plus drugs) group,
cell viability showed little decrease compared to the cell viabilities
of other groups on the first day and 3rd day after the surgery, but
no significant difference was found.

Figure 5 shows the in vivo HPLC concentration curves of
amoxicillin, metronidazole, and lidocaine from a PLGA nanofi-
brous membrane. From the results, the concentrations of lido-
caine and amoxicillin could not be obtained on the 14th and 35th
day, respectively, after surgery. The concentration of metronida-
zole was still available on the 56th day after the operation. The
concentrations of all antibiotics were above the MIC level during
the whole in vivo release analysis.

Figure 6 displays the in vivo concentration and bioactivity
curves of amoxicillin and metronidazole. In Fig. 6A, the average
bioactivity of amoxicillin against Staphylococcus aureus was 50.5%

FIG 2 Sketch of the four-wall intrabony defect created (top) and surgical
photograph (bottom) of the defect used in the in vivo analysis.

FIG 3 (A) In vitro accumulated release curves of amoxicillin, metronidazole,
and lidocaine from a PLGA nanofibrous membrane. (B) In vitro daily concen-
tration curves of amoxicillin, metronidazole, and lidocaine from a PLGA
nanofibrous membrane.
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during the whole experiment. In Fig. 6B, the average bioactivity of
metronidazole against Escherichia coli was 58.6%.

DISCUSSION

Antibiotic-loaded carriers (23), which are made of biodegradable
polymeric membranes, have several advantages. First, biodegrad-
able membranes provide bactericidal concentrations of antibiot-
ics for the prolonged time needed to completely treat the particu-
lar infection. Second, variable biodegradability from weeks to
months may allow many types of infections to be treated. Third,
the biodegradable membranes dissolve, thus eliminating the need
for removal. Last, because the biodegradable membranes dissolve
slowly, the soft tissue or bone defect will slowly fill with tissue, thus
no longer requiring reconstruction. Elsner et al. (24, 25) fabricated
antibiotic-eluting composite fibers, which consisted of a polygly-
conate core and a porous poly[(D,L)-lactide-co-glycolide] shell,
for use as basic dressing elements, by freeze-drying inverted emul-
sions. The results demonstrated the ability of the fibers to acceler-
ate wound healing compared to an unloaded form of the material

and a nonadherent dressing material. Teo et al. (26) developed
3-dimensional polycaprolactone-tricalcium phosphate mesh for
the delivery of gentamicin sulfate to infected wounds. The in vitro
and in vivo results showed efficient elimination of bacteria within
2 h and low cytotoxicity. Previous studies, however, focused on
the effect of released antibiotics from the biodegradable carrier by
using the soft tissue defect model. Discussions of those effects on
the bone defect model are limited.

In the current study, we demonstrate the release ability of a
multipharmaceutical carrier based on a biodegradable collagen-
PLGA membrane on the bony defect model. The different release
behaviors of pharmaceuticals are shown in the in vitro and in vivo
investigations. From the results of the MTT assays of cell viability
(Fig. 4), the novel multipharmaceutical carrier shows comparable
biocompatibility with the control and commercialized product.
Despite the fact that PLGA in the nanofibrous matrices can be
hydrolyzed in aqueous solution and releases lactic acid, the results
of the cell viability did not show any significant variations during
the experiment. The possible influence of released acid on cell
proliferation is negligible. The initial lower cell viability (1st day
and 3rd day), which has no significant difference compared to
other membranes at the same time, should be a result of the burst
release of pharmaceuticals in the early stage. Furthermore, the
concentration of the antibiotics is over the level of MIC in the in

FIG 4 Cytotoxicity tests from MTT assays of cell viability. O.D., optical
density.

FIG 5 In vivo HPLC concentration curves of amoxicillin, metronidazole, and
lidocaine from a PLGA nanofibrous membrane.

FIG 6 In vivo concentration and bioactivity curves of amoxicillin (A) and
metronidazole (B).
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vitro investigation (Fig. 3B), and the average bioactivity of the
antibiotics is over 50% in the in vivo investigation (Fig. 6). It
should be noted that a membrane size (2 cm by 3 cm) commonly
used clinically for periodontal treatment was adopted for the in
vitro test. The daily concentrations obtained are completely de-
pendent upon the size of the membrane selected and the volume
of the fluid vehicle. A 2-cm by 3-cm membrane in 1 ml of fluid
may or may not be a valid biologic test. The accumulated drug
release should be considered a more valid calculation. The results
suggest that the released antibiotics from the novel multipharma-
ceutical carrier are capable of treating chronic inflammation from
periodontal disease.

It is generally believed that the release mechanisms are con-
trolled by channel diffusion, osmotic pressure, and then polymer
degradation (27). In the first stage, the release behavior is con-
trolled by the effects of channel diffusion, i.e., imperfectly dis-
solved substances of pharmaceuticals in the nanofibrous matrix
are transported from an area of higher concentration to an area of
lower concentration by means of concentration gradients. This
phenomenon is confirmed by the initial burst release behavior of
all pharmaceuticals in the in vitro release behavior analysis
(Fig. 3A). All pharmaceuticals used in this study are water soluble;
however, the octanol-water ratios (log P) (DrugBank database
[http://www.drugbank.ca/]) of amoxicillin, metronidazole, and
lidocaine are 0.87, 0.02, and 2.44, respectively. Lidocaine exhibits
a relatively not water-soluble characteristic compared to the other
two antibiotics in the study, exhibiting the fastest and greatest
amount of release in the first stage. In the second stage, the release
of antibiotics is controlled by the effects of osmotic pressure. In
this stage, the dissolving substances of the pharmaceuticals sepa-
rate out from the nanofibrous matrix by means of hydrostatic
pressure. Theoretically, substances with smaller molecular
weights exhibit more rapid release rates than those with larger
molecular weights. In this study, the molecular weights of amoxi-
cillin, metronidazole, and lidocaine are 365.41, 171.16, and
234.34, respectively (DrugBank database [http://www.drugbank
.ca/]). In the accumulated release curves shown in Fig. 3A, metro-
nidazole exhibits a faster release rate than other pharmaceuticals
do in the second stage. In the third stage, the release of antibiotics
is mainly dependent on the effects of polymer degradation. In this
study, the accumulated release curves of the three pharmaceuticals
are flat and smooth. The expected secondary burst release behav-
ior (28), which results from degradation of polymeric carrier, is
not seen. This may be due to the PLGA membranes providing a
more even degradation behavior than the disk-shape biodegrad-
able carrier can provide, which was discussed in the previous study
(28).

In the animal testing, a bony defect was created on the tibia of
rabbits (Fig. 2) to mimic a four-wall intrabony defect, which re-
sults from an extraction socket. In this study, the HPLC concen-
tration curves of amoxicillin, metronidazole, and lidocaine show
different pictures in the in vitro (Fig. 3B) and in vivo (Fig. 5) in-
vestigations. In the in vitro investigation, lidocaine showed total
liberation on the 5th day, and the concentrations of amoxicillin
and metronidazole were still obtainable on the 28th day. In the in
vivo investigation, however, the concentrations of lidocaine and
amoxicillin were not obtainable on the 14th and 35th day, respec-
tively, and the concentration of metronidazole was still available
on the 56th day after the operation. For all pharmaceuticals, the in
vivo environment seems to provide a slower metabolic rate than

the in vitro environment provides. This might explain why the
total period of in vivo drug release is longer than that of the in vitro
drug release. In addition, lidocaine is a relatively low water-soluble
drug compared to the other two antibiotics, thus exhibiting the
fastest release rate and the shortest total release period. It is inter-
esting to note that the drug release period of metronidazole is
nearly twice as long as that of amoxicillin in the in vivo investiga-
tion. According to the pharmacodynamics (DrugBank database
[http://www.drugbank.ca/]), amoxicillin exhibits approximately
20% protein-bound form in blood serum, and its half-life is only
61.3 min. In the in vivo investigation, by using the technique of
HPLC assay, the concentration of amoxicillin may be underesti-
mated.

Conclusions. GTR therapy has been widely used to regenerate
lost periodontium due to periodontal disease. In terms of regen-
erative periodontal therapy, however, a multidrug-loaded biode-
gradable carrier can be even more promising in dealing with peri-
odontal disease. We have fabricated amoxicillin, metronidazole,
and lidocaine-loaded biodegradable nanofibrous collagen mem-
branes and investigated the in vitro and in vivo release behavior of
these pharmaceuticals from the membranes. The biodegradable
multipharmaceutical carrier shows its ability to achieve prolonged
drug release and effective bioactivity in the in vitro and in vivo
investigations. The biodegradable multipharmaceutical carrier
developed in this study may provide a promising strategy for re-
generative periodontal therapy.
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