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Abstract
Periodontal disease is highly prevalent, with 90% of the world population affected by either
periodontitis or its preceding condition, gingivitis. These conditions are caused by bacterial
biofilms on teeth, which stimulate a chronic inflammatory response that leads to loss of alveolar
bone and, ultimately, the tooth. Current treatment methods for periodontitis address specific parts
of the disease, with no individual treatment serving as a complete therapy. The present research
sought to demonstrate development of a multiple drug delivery system for stepwise treatment of
different stages of periodontal disease. More specifically, multilayered films were fabricated from
an association polymer comprising cellulose acetate phthalate and Pluronic F-127 to achieve
sequential release of drugs. The four types of drugs used were metronidazole, ketoprofen,
doxycycline, and simvastatin to eliminate infection, inhibit inflammation, prevent tissue
destruction, and aid bone regeneration, respectively. Different erosion times and adjustable
sequential release profiles were achieved by modifying the number of layers or by inclusion of a
slower-eroding polymer layer. Analysis of antibiotic and anti-inflammatory bioactivity showed
that drugs released from the devices retained 100% bioactivity. The multilayered CAPP delivery
system offers a versatile approach for releasing different drugs based on the pathogenesis of
periodontitis and other conditions.
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INTRODUCTION
Periodontitis is one of the most common inflammatory diseases and is a leading cause of
tooth loss in adults [1, 2]. It is also related to systemic disorders, such as coronary artery
disease, stroke, and diabetes [3, 4]. In the initial stages of periodontitis, the onset of bacterial
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infection is followed by the host response of active and progressive inflammation, leading to
resorption and loss of tissue [5]. When periodontitis is well-established, effective therapeutic
and surgical intervention is required for the removal of bacterial plaque, control of
inflammation, and inhibition of progressive bone loss with subsequent complete repair and
regeneration of functional periodontium [3]. One of the most common methods for treating
chronic periodontitis involves mechanical debridement of periodontal pockets by scaling
and root planning along with effective plaque control to eliminate bacterial infection [6].
Subsequent periodontal regenerative procedures are time-consuming and financially
demanding [7], and currently there is no ideal therapeutic approach to completely cure
periodontitis and achieve predictable tissue regeneration [3]. Because the progression of
periodontitis involves a complex, sequential relationship between infection, inflammation,
and tissue loss [8], treatment might be improved by controlled release of multiple
biologically active agents in an appropriate sequence [9].

Vyas et al. reviewed controlled drug delivery systems that have been employed for treating
periodontal diseases [10]. Some approaches involved localized delivery of antibiotics for
elimination of bacterial infection [6, 11], while others have addressed inflammation [12, 13]
or bone resorption [14]. Periodontal regeneration has also been attempted using local
delivery of osteogenic agents [15-18]. None of these methods, however, addressed all
aspects of the disease to achieve comprehensive treatment.

The present research was aimed at developing an “all-encompassing”, multiple drug
delivery system capable of delivering antibacterial, anti-inflammatory, anti-resorptive, and
osteogenic agents in the appropriate sequence for potential treatment of periodontitis. Figure
1 shows a schematic representation of the order in which the drugs will be delivered at
different stages based on pathogenesis of the disease.

MATERIALS AND METHODS
Fabrication of multilayered devices

Devices were fabricated using a surface-eroding association polymer system (CAPP)
comprising cellulose acetate phthalate (CAP) (Sigma-Aldrich, St. Louis, MO) and Pluronic
F-127 (P) (Sigma-Aldrich) [19, 20]. CAPP films, prepared by a solvent evaporation
technique, were used to fabricate the multilayer devices. CAP and Pluronic F-127 were
mixed together in the weight ratio of 70:30, respectively, and dissolved in acetone to obtain
an 8% polymer solution. The drug of interest (5 wt %) was added to the acetone-polymer
solution and mixed thoroughly until the drug was completely dissolved. The drug-polymer
solution was poured in a Teflon dish and stored at 4°C for 24 hours for slow evaporation of
the solvent. Blank CAPP films were prepared in the same way but without the addition of
drugs. For this study, CAPP films were loaded with metronidazole (Sigma-Aldrich),
ketoprofen (Sigma-Aldrich), doxycycline (Sigma-Aldrich), or simvastatin (Haorui Pharma-
Chem, Inc., Edison, NJ). Samples with diameter of around 6 mm and thickness of 0.5 mm
were punched out of the CAPP films. The drug-loaded discs were arranged in the desired
sequence with alternating layers of blank CAPP films (Figure 2). The stack of the CAPP
films was bonded together by compressing them after acetone had been applied between the
layers. The multilayered device was then coated with poly(sebacic acid) (diacetoxy-
terminated; PSA; Sigma-Aldrich), which acted as a barrier to enable unidirectional erosion
and drug release. Blank (drug-free) multilayered devices were used for comparison. Three
different device designs were investigated for increasing the duration of erosion and release.
In addition to the single CAPP blank layers, either two blank layers were used or a thin PSA
layer was included between the blank layers.

Sundararaj et al. Page 2

Biomaterials. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mass loss and drug release
The multilayered devices were eroded in phosphate-buffered saline (PBS), pH 7.4, during
incubation at 37°C with gentle shaking. After collecting the supernatants at regular time
intervals, the samples were weighed and then fresh PBS was added. The measured mass of
the samples was used to construct the mass loss profiles of the multilayered CAPP devices.
Collected supernatants were used to determine the amount of metronidazole, ketoprofen,
doxycycline, and simvastatin using high performance liquid chromatography (HPLC;
Shimadzu Prominence). For measuring the concentration of ketoprofen, an isocratic mobile
phase composed of acetonitrile (60%) and 0.1% trifluroacetic acid (TFA) in DI (deionized)
water (40%) was used with UV detection at 260 nm, and for simvastatin, the isocratic
mobile phase was acetonitrile (70%) and 0.1% TFA in DI water (30%) with UV detection at
240 nm. A gradient mobile phase with acetonitrile and 0.1% TFA in DI water was
developed for measuring the concentration of metronidazole and doxycycline with UV
detection at 318 and 350 nm, respectively.

Mathematical modeling
Profiles of drugs released from the multilayered CAPP device weres evaluated using
Hopfenberg’s model for controlled release from erodible slabs (Eq. 1):

(1)

where Mt is the amount of drug released (mg) at time t (hours), M∞ the total amount of drug
released from the device (mg), ko the erosion constant (mg/hr/mm2), Co initial concentration
of the drug in the device (mg/mm3), a the half thickness of the slab, and n=1 for a slab [21].
Because only one side of the CAPP layer (slab) was exposed for polymer erosion and drug
release due to the presence of the PSA barrier, the term a (half the thickness of the slab) was
replaced with 2a (total thickness of the slab in mm) in equation (1). The release profiles
predicted using this mathematical model were compared with the experimentally-obtained
cumulative release profiles of the four drugs.

Bioactivity
Bioactivity of released metronidazole or ketoprofen was measured to assess effects of
encapsulation and release. The Kirby-Bauer assay was performed to test the antibacterial
activity of metronidazole. An aliquot of Porphyromonas gingivalis (FDC381) (P. gingivalis)
culture was uniformly spread on blood agar plates using polystyrene beads. Release
supernatant (7 μL) containing metronidazole was added to 7 mm diameter filter paper discs
and placed on the P. gingivalis-inoculated plates. After 24 hour incubation under anaerobic
conditions, the plates were imaged, and the area of inhibition (clear zone) around the filter
papers was measured using ImageJ software. Results from the release supernatants were
compared to the clear zones obtained using serial dilutions of fresh antibiotic to determine
the percent bioactivity. A cyclooxygenase (COX) inhibitor assay kit (Cayman Chemical
Company, Ann Arbor, MI) was used to determine the bioactivity of the ketoprofen released
from the CAPP films. Activity against COX-1 enzyme was measured using the
manufacturer’s protocol. As for metronidazole, COX inhibition by the release supernatants
was compared with that of freshly prepared standard dilutions of ketoprofen to determine the
percent bioactivity.

Statistical analysis
Mass loss and drug release profiles, both experimental and predicted from mathematical
modeling, were analyzed by linear regression using GraphPad Prism software (La Jolla,
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CA). Statistically significant differences between the bioactivity of the “fresh” drugs and the
those released from the CAPP films were determined using the Student’s t-test (InStat,
GraphPad Software).

RESULTS
Mass loss profiles

Figure 3 shows the mass loss profiles for the multilayered CAPP devices when eroded in
PBS. Both the control (blank) devices without drug and the drug-loaded CAPP devices
followed similar linear erosion profiles (Figure 3A). There was no statistically significant
difference between the slopes of the mass loss curves during the course of the study. Mass
loss profiles of the multilayered devices with single blank layers, two blank layers, and with
PSA blank layers are shown in Figure 3B. Comparison of the slopes of the mass loss curves
also showed that there were no statistically significant differences in the rate of erosion
between the different types of devices. The y-intercept of the lines indicates the average
initial mass of the different devices. On average, mass loss occurred at a rate of 0.08 mg/
mm2/hour when sink conditions were maintained by replacing PBS at regular time intervals.

Drug release profiles
Figure 4A shows the instantaneous profiles for four drugs released from the multilayered
delivery system. Because metronidazole was loaded in the layer initially exposed when
erosion started, it was the first drug released within 15-20 hours of incubation in PBS. This
was followed by release of the anti-inflammatory drug ketoprofen during the course of
further device erosion. Ketoprofen release finished midway (around 40 hours) through the
total device erosion time (70-80 hours). The third drug released from the system was
doxycycline, which started around 25 hour and lasted through 50 hours. The last drug,
simvastatin, was released during the final stages of device erosion (50-80 hours).

The multilayered devices fabricated with two blank layers, instead of just one, between the
drug-loaded layers showed similar sequential release of four drugs (Figure 4B). With two
blank layers, however, the separation between the drug release peaks was more distinct, and
the erosion time of the whole device was increased to 120 hours. In this case, the first drug,
metronidazole, was released within the first 25 hours followed by the release of ketoprofen
through 60 hours, which was half the erosion time of the device. Release of the third drug,
doxycycline, started at around 40 hours and lasted until 100 hours, and this was followed by
release of simvastatin through complete erosion of the devices at 120 hours.

The use of the PSA layers between the CAPP blank layers further increased the erosion time
of the device to 160 hours. Release of metronidazole occurred within the first 25 hours, as in
the case of the other two device types. But the presence of PSA layers before the other drug
layers slowed erosion and extended the release periods of ketoprofen, doxycycline, and
simvastatin to 20-80, 50-100, and 90-160 hours, respectively. The times at which the peaks
were observed for all four drugs in the three different device types are given in Table 1.

Mathematical modeling and mass balance
In vitro release of four drugs from the multilayered devices was compared to the profiles
predicted using Hopfenberg’s model. Figure 5 shows representative results for the double
blank layer devices. The predicted release profiles were similar to those measured for
sequential release of the four drugs from the multilayered CAPP devices. Linear regression
showed that there were no statistically significant differences between the slopes of the
predicted and experimental drug release profiles. The measured amounts of drugs released
were not significantly different from the expected amounts.
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Bioactivity
Figure 6 shows the bioactivity of the metronidazole supernatants at 1, 3, and 5 hours of
release from single-layered CAPP films as measured by the ability to kill P. gingivalis. The
results of the Kirby-Bauer assay showed that the observed area of inhibition caused by the
metronidazole supernatants from all the release/erosion supernatants was about 10% higher
than that expected from fresh antibiotic solutions of the same concentration. Even though
the observed area of inhibition was higher than expected, statistical analysis showed that the
difference was statistically significant at only the 5 hour time point (p = 0.0152). Release
supernatants from blank CAPP films, which were used as controls, did not produce any clear
area (not shown).

By measuring inhibition of COX-1 enzyme activity, ketoprofen in release supernatants was
also found to have retained its bioactivity (Figure 6). Even though the assay results showed
that the ketoprofen from the release supernatant had more than 100% bioactivity retention,
about 120% on an average, statistical analysis showed that there were no significant
differences.

DISCUSSION
The complexity of periodontal pathogenesis necessitates use of more than one type of drug
for complete treatment of the condition. For this purpose, a localized delivery system
capable of releasing multiple drugs in a sequential order would be ideal. Chen et al. [22] and
Santo et al. [23] have given a detailed account of current research on multiple drug delivery
systems for tissue engineering. The majority of these multiple drug delivery systems were
designed for release of more than one type of drug simultaneously [24-30] or sequential
release of more than one type of drug by using composite devices comprising more than one
polymer [31-35]. The multilayered delivery devices designed for the present research using
a single association polymer system successfully released four different drugs in the desired
temporal sequence for potential treatment of periodontitis. The sequence in which these four
drugs are delivered is of critical importance for the treatment of the disease. For example,
administration of an osteogenic agent before elimination of the bacterial infection and
inflammation would not be as effective for tissue regeneration.

Delivery devices based on the CAPP association polymer system have been used for drug
release both in the form of films and microspheres [36, 37]. For the present research, the
physical form of films was selected for designing a system for sequential drug release.
Previous research demonstrated that CAPP films can deliver drugs in a near-zero-order
fashion [38]. In agreement, the mass loss profile followed a linear pattern with the mass loss
occurring at a rate of 2.5 mg/hour, suggesting surface erosion and drug release. Use of the
surface-eroding polyanhydride poly(sebacic acid), which erodes more slowly than does
CAPP, as a barrier layer limited erosion to only one surface and, therefore, unidirectional
erosion and drug release.

Selection of the appropriate drugs is also an important factor for successful therapy. The first
step in the treatment of periodontitis involves elimination of the bacterial infection. The
initial stages of wound management are critical for repair and regeneration of periodontal
tissues, because the innate regenerative potential of the periodontium is dependent on wound
stability [7]. The localized delivery of various antimicrobial agents for treatment of chronic
periodontitis and its advantages have been discussed by Etienne [6]. Of the various
antimicrobial agents used, including tetracycline, chlorhexidine, doxycycline, and
minocycline [6], metronidazole was chosen for this research because it is one of the most
commonly used antibiotics against periodontal pathogens. Metronidazole concentrations
achieved by systemic administration might not be effective against biofilm-associated P.
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gingivalis [39], however, which further increases the need for localized antibiotic delivery
for the treatment of chronic periodontal conditions. Porphyromonas gingivalis is a
pathogenic bacterium commonly associated with periodontal infections [40, 41].
Metronidazole has been shown to significantly reduce P. gingivalis infection compared to
other antibiotics in vitro [42], and it is effective against different strains [43]. Localized
delivery of metronidazole has been achieved in the form of gels for treatment [44], and
studies have shown that metronidazole can readily attain minimum inhibitory concentrations
in gingival tissue and crevicular fluid [45, 46]. Besides gels, metronidazole has also been
loaded and released using CAPP films by Gates et al. [36] and by the authors [38]. The
effectiveness of metronidazole as an antimicrobial agent against periodontal pathogens and
its successful localized delivery using CAPP films makes it an appropriate option for the
first drug to be delivered for the treatment of periodontitis.

The bacterial infection associated with periodontitis results in an exuberant host response,
with chronic inflammation leading to the loss of soft tissue and resorption of the alveolar
bone [47]. The persistence of inflammation will affect the regenerative process even if
growth factors or other osteogenic agents are provided [8]. Consequently, the inflammatory
response must be controlled before attempting to prevent bone resorption and aid
regeneration. The present CAPP system was capable of releasing the anti-inflammatory drug
ketoprofen before delivering antiresorptive and osteogenic agents. Ketoprofen has been
successfully used in the treatment of periodontitis [48, 49]. Both systemic and topical
administration of ketoprofen in the form of gels was effective in reducing prostaglandin
levels in gingival crevicular fluid in adult periodontal patients, which thus aided inhibition
of disease progression [50, 51]. Both metronidazole and ketoprofen retained essentially
100% of their bioactivity, which shows that the loading of drugs in the CAPP films and their
subsequent release did not adversely affect the drugs.

After ketoprofen, doxycycline was released from the CAPP delivery system. Doxycycline, a
tetracycline derivative, has significant anti-matrix metalloproteinase activity and also
inhibits osteoclast development, structure, and function [52]. Furthermore, doxycycline also
has antimicrobial properties and has been shown to be effective against P. gingivalis [43].
Llindhe et al. showed the effectiveness of locally delivered tetracycline using hollow fibers
in periodontal pockets for the elimination or reduction of clinical symptoms of periodontitis
[53]. These factors make doxycycline an appropriate third drug released to inhibit tissue
loss. The antimicrobial properties of doxycycline along with metronidazole which was
delivered first, provide continuous protection against bacteria at the site of repair and
regeneration. In the case of severe bacterial infection, a combination of antibiotics might be
more effective for periodontal treatment [54], and this type of multiple antibiotic delivery
can be readily achieved using this CAPP system.

Simvastatin was the final drug released from the CAPP system. Beside its common use for
cholesterol control [55], simvastatin serves as an osteogenic agent [56]. Apart from aiding
general bone regeneration by increasing the expression of BMP-2 [57], simvastatin has been
specifically used for periodontal regeneration [58]. Simvastatin is a cost-effective option
when compared to BMP-2, and topical administration of simvastatin has the potential to
effectively recover alveolar bone loss [15]. Simvastatin has been shown to have a positive
effect on the periodontal ligament cells [16], which have the capacity to regenerate the
periodontal attachment [59]. Other studies have shown that simvastatin inhibits
inflammation and encourages angiogenesis, which might have further positive effects on
bone formation [60]. Simvastatin has been loaded into and released from CAPP
microspheres m compressed in the form of films for in vivo bone regeneration [61]. Along
with its effectiveness in overall periodontal regeneration, prior knowledge on delivery of
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simvastatin using CAPP system makes it a suitable final drug to be released from this
multilayered CAPP delivery system.

Two main advantages of this system include: 1) the relative ease with which the CAPP films
can be fabricated using the solvent evaporation technique and 2) the capability of the
devices to release a variety of bioactive drugs in a sequential manner. The dose of drugs
loaded in the CAPP films can be altered based on the severity of the condition and the type
of drug used. The time of drug release can also be controlled by altering the thickness of the
layers of CAPP films. Use of two blank layers instead of one resulted in more distinct
separation of drug release peaks and also increased the total erosion time of the devices, in
spite of slight overlapping that was observed between the adjacent drug release peaks. The
use of approximately 300 μm thick PSA layers between the CAPP blank layers further
increased the total erosion time of the device by approximately a factor of two in
comparison with the devices with single blank layers, with only a slight increase in the
overall thickness. Thus, the PSA layers can be increased in thickness or they can replace the
blank CAPP layers completely to achieve an even longer erosion time, depending on the
treatment requirements. Adjustments in the device design make it possible to achieve
different erosion times as well as different release times for the drugs. This type of
versatility will be critical in designing devices based on the specificity of disease conditions.

CONCLUSION
The multilayered, bioerodible CAPP delivery system was successful in releasing four
different drugs in a predetermined temporal sequence based on the pathogenesis of
periodontitis. This device serves as an initial step in the development of multiple drug
delivery systems for use against periodontitis or other complex disease condition, which
ideally will intervene at different stages of the disease to provide a more comprehensive
treatment for the condition.
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Figure 1.
Proposed sequential drug delivery based on the pathogenesis of periodontal disease.
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Figure 2.
Schematic representation of how multilayered CAPP devices were fabricated. (A) 7-layer
device with one blank layer between drug layers. (B) 10-layer device with two blank layers
between drug layers. (C) 10-layer device with PSA layer between the blank layers. Note:
Illustration is not to scale.
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Figure 3.
Mass loss profiles for: (A) 7-layered blank and drug-loaded CAPP devices; (B) Drug-loaded
devices with one blank layer, two blank layers, or two blank layers along with PSA between
the drug layers. Data are mean ± standard deviation (n=3).
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Figure 4.
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Fractional instantaneous release profiles of four drugs from: (A) 7-layer devices with single
blank layers; (B) 10-layer devices with two blank layers; and (C) 10-layer devices with
double blank layers plus PSA. Data are mean ± standard deviation (n=3).
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Figure 5.
Cumulative drug release from double blank layer devices along with mathematical
modeling.
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Figure 6.
Percentage of bioactivity retained by metronidazole and ketoprofen released from CAPP
films. Data are mean ± standard deviation (n=3).
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Table 1

Time of metronidazole, ketoprofen, doxycycline, and simvastatin peaks for the three types of devices
fabricated and tested.

Device
type

Metronidazole
(hr)

Ketoprofen
(hr)

Doxycycline
(hr)

Simvastatin
(hr)

Total
erosion time

(hr)

One blank 9 24 38 53 78

Two blanks 9 36 70 100 116

PSA with
two blanks 10 38 74 103 161
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