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Abstract

The human inflammatory periodontal diseases are amongst the most common of chronic diseases
to affect adults. Periodontitis is regarded as “an inflammatory lesion, mediated by complex host-
parasite interactions, that leads to the loss of connective tissue attachment to root surface cemen-
tum and adjacent alveolar bone”. Substantial data are available in the literature on the role of
reactive oxygen species (ROS) and antioxidants in disorders such as the inflammatory diseases.
However, remarkably little information is available on the periodontal diseases, which show many
of the pathological features of other chronic inflammatory diseases. The periodontal tissues also
provide an ideal medium within which to study mechanisms of ROS mediated tissue damage and
of antioxidant defense in response to bacterial colonisation, through the non-invasive collection of
GCF. The objectives of this study are to evaluate the novel chitosan based functional drug delivery
systems which can be successfully incorporated into “dual action bioactive restorative materials”
containing common antibiotics such as tetracycline, krill oil, aloe and aspirin as commonly used
antioxidant species. Methods: The novel hydrogels will be investigated with respect to the anti-
oxidant capacity and drug release capacity of the tetracycline from the designer drug delivery
system, the use of SEM imaging for the characterization of the surfaces and reactive features of
novel materials with antimicrobial potential. Results: A steady slow release of tetracycline, while
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maintaining antibiotic effects against the tested bacteria, for at least 10 days was shown from de-
signer chitosan-antioxidant hydrogels. Within the limitations of the study design chitosan-antioxi-
dant hydrogels are suitable materials for functional restorative and periodontal applications in
vitro. The addition of antioxidants to the tetracycline containing prototype delivery system had a
beneficial effect on the design of the hydrogel by slowing down the release of tetracycline and
thereby enabling a sustainable antifungal activity over time.
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1. Introduction

The human inflammatory periodontal diseases are amongst the most common of chronic diseases to affect adults.
In the UK, 69% of adults have early signs of disease and only 5% are completely free from clinical signs of in-
flammation [1]. The periodontal complex comprises alveolar bone, periodontal ligament, root cementum, and
the overlying gingival (gum) tissues [2]. Gingivitis may be defined as “an inflammatory lesion, mediated by host
parasite interactions, that is confined to the gingival tissues” [3]. The major cause of gingivitis is an accumula-
tion of microbial plaque in and around the dento-gingival complex, which, when removed, results in complete
resolution of the inflammatory lesion [4]. Periodontitis is regarded as “an inflammatory lesion, mediated by
complex host-parasite interactions, that leads to the loss of connective tissue attachment to root surface cemen-
tum and adjacent alveolar bone” [5]. There are many forms of periodontitis’ and the changes associated with pe-
riodontitis are irreversible, resulting in tooth loss and substantial morbidity in medically compromised patients,
where a focus of infection and subsequent bacteraemia may present a major risk [6]. Substantial data are availa-
ble in the literature on the role of reactive oxygen species (ROS) and antioxidants in disorders such as the in-
flammatory lung diseases and in chronic immune mediated conditions such as rheumatoid arthritis [7]. However,
remarkably little information is available on the periodontal diseases, which show many of the pathological fea-
tures of other chronic inflammatory diseases [8]. The periodontal tissues also provide an ideal medium within
which to study mechanisms of ROS mediated tissue damage and of antioxidant defense in response to bacterial
colonisation, through the non-invasive collection of GCF [9].

Bio-adhesive polymers appear to be particularly attractive for the development of alternative etch free dentin
bonding system with an added advantage of additional therapeutic delivery systems to improve intra-dental ad-
ministration of therapeutic and prophylactic agents if necessary [10]-[15]. Chitosan, which is a biologically safe
biopolymer, has been proposed as a bio-adhesive polymer and is of continuous interest to us due to its unique
properties and flexibility in a broad range of oral applications reported by others and us recently [16]-[20].

Null Hypothesis

The objectives of this study are to evaluate the novel chitosan based functional drug delivery systems which can
be successfully incorporated into “dual action bioactive restorative materials” containing common antibiotics
such as tetracycline, krill oil, aloe and aspirin as commonly used antioxidant species. The novel hydrogels will
be investigated with respect to the antioxidant capacity and drug release capacity of the tetracycline from the de-
signer drug delivery system, the use of SEM imaging for the characterization of the surfaces and reactive fea-
tures of novel materials with antimicrobial potential.

2. Materials and Methods

Chitosan (Aldrich, Australia), glycerol (Sigma, USA), glacial acetic acid (E. Merck, Germany) were used as re-
ceived. The degree of de-acetylation of typical commercial chitosan used in this study is 87%. Chitosan with
molecular weight 2.5 x 10° KD was used in the study. The isoelectric point is 4.0 - 5.0. Krill Oil (Aurora Phar-
maceuticals, Australia), Aspirin (Safeway, Australia), Ibuprofen (Safeway, Australia) and Naproxen (Safeway,

Australia) were used as received.
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2.1. Preparation of the Gels of the Various Antibiotic Induced Hydrogels

Chitosan hydrogels have been prepared using the methodology previously described [10]. Briefly, the corres-
ponding antibiotic and antioxidant mixtures, were incorporated by dispersion of corresponding antioxidant
powder 0.02 grams in glycerol (5% w/w) using a mortar and a pestle and 1 milliliter of glacial acetic acid (3%
wi/w). The corresponding antioxidant mixtures were incorporated into the mixture and the summary of the newly
prepared materials was highlighted in Table 1.

2.2. Determination of Gel pH

One gram of the prepared gels was accurately weighed and dispersed in 10 ml of purified water. The pH of the
dispersions was measured using pH meter (HANNA instruments, H18417, Portugal).

2.3. In Vitro Tetracycline Release

The release study was carried out with USP dissolution apparatus type 1, Copley U.K., slightly modified in or-
der to overcome the small volume of the dissolution medium, by using 100 ml beakers instead of the jars. The
basket of the dissolution apparatus (2.5 cm in diameter) was filled with 1 gm of tetracycline gel on a filter paper.
The basket was immersed to about 1 cm of its surface in 50 ml of phosphate buffer pH 6.8, at 37°C + 0.5°C and
100 rpm [21]. Samples (2 ml) were collected at 0.25, 1, 2, 3, 4, 5, 6, 7 and 8, 24, 48, 72, 96, 120, 144, 240 hours
[21] and were analyzed spectrophotometrically by U.V. Spectrophotometer (Cintra 5, GBC Scientific equipment,
Australia) at The UV-vis absorption spectrum of tetracycline hydrochloride in water is typical of at 361 nm, us-

ing the calibration curves (Al* =337 for tetracycline hydrochloride both evaluated in PB, pH 6.8). Three rep-

1lcm
licate measurements were performed for each designed formulation [22]. Each sample was replaced by the same
volume of phosphate buffer pH 6.8 to maintain its constant volume and sink condition [23].

2.4. Microbiological Investigations

A type strain of Staphylococcus aureus (ATCC 12600), obtained from the American Type Culture Collection
(Manassas, USA) was used as test bacterium for estimating the antibacterial activity of the hydrogels. The anti-
bacterial activity of the prepared tetracycline/antioxidant chitosan hydrogels were tested using the standard Kir-
by-Bauer agar disc diffusion method (Bauer, et al.). Five to 6 mm deep Muller-Hinton agar (Oxoid, Basingstoke,
UK) plates were inoculated by streaking a standardized inoculum suspension that match a 0.5 McFarland stan-
dard and containing 10 - 10° colony forming units/ml with a throat cotton swab. For each test sample 500 ug of
hydrogel was applied to a 6 mm diameter paper disc. The paper discs were placed on the inoculated Muller-
Hinton agar medium and incubated at 37°C for 24 hours. The diameter of the zones of growth inhibition was
measured with a caliper. Each measurement was done in triplicate and the testing of each sample was repeated 7
times. The antibacterial efficacy of the prepared gels were compared to antibiotic sensitivity discs (Mast Labor-
atories, Merseyside UL) containing 10 ug of tetracycline per disc.

2.5. Morphology of the Gels

The samples were prepared by freezing in liquid nitrogen for 10 min, and then were freeze-dried for 24 h. The

Table 1. Gel formulation prepared in the study.

Gel formulation Chitosan (w/w%) Tetracycline (w/w%) Aspirin (w/w%) Aloe (w/w%) Krill Oil (w/w%) pH
Chitosan-H Gel-1 5 0 0 0 0 5.30
Chitosan-H-TA1  Gel-2 5 1 0 1 0 6.44
Chitosan-H-TAK2  Gel-3 5 1 0 1 1 6.54
Chitosan-H-TAsl  Gel-4 5 1 1 0 0 5.94
Chitosan-H-TAsK2 Gel-5 5 1 1 0 1 6.34

Where T is teracycline, K is Krill oil, As is Asprin, A is Aloe extract.
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prepared samples were fractured in liquid nitrogen using a razor blade. The fractured samples were dried under
vacuum, attached to metal stubs, and sputter coated with gold under vacuum for the SEM study. The interior and
the surface morphology were observed under scanning electron microscope (SEM, Hitachi S4800, Japan).

2.6. Gel Stability

Stability of the gel formulations was also investigated. The organoleptic properties (color, odor), pH, drug con-
tent, and release profiles of the gels store at 20°C were examined on days (0, 15, 30 and 178). The performance
of the hydrogels was not affected by the storage conditions, suggesting remarkable stability of the novel bioma-
terials under investigations.

2.7. Studies of Equilibrium Swelling in the Alternative Drug Delivery Systems

The known weight tea infused-containing dry gels were immersed in pH 4.0, pH 9.0 buffer solutions, respec-
tively, and kept at 25°C for 48 h until equilibrium of swelling had been reached.

The swollen gels were taken out and immediately weighed with microbalance after the excess of water lying
on the surfaces was absorbed with a filter paper. The equilibrium swelling ratio (SR) was calculated using the
following equation:

SR = (W, -W, ) /W, x100%

where W, and Wy are the weights of the gels at the equilibrium swelling state and at the dry state, respectively
[25]. Experiments were repeated in triplicate for each gel specimen and the mean value calculated.

3. Results

3.1. The Characterization of Prepared Chitosan: Tetracycline Containing Gels
(Gel-1-Gel-5)

The SEM images were obtained to characterize the microstructure of the freeze-dried teracycline composite gels
and are presented in Figure 1. It could be seen that the gels displayed a homogeneously pore structure. It was
thought that the micro-porous structure of the gels could lead to high internal surface areas with low diffusional
resistance in the gels. The surfaces of the gels were also presented (Figure 1). The “skin” of the gels can be seen,
and the collapse of the surface pores may be due to freeze-drying process.

3.2. Studies of Equilibrium Swelling in Chitosan Gels (Gel 1, 2, 3,4 and 5)

The hydrogels remain in the cylindrical form after swelling. Compared with dry state hydrogels, the swollen
state hydrogel volume displays significant increases and are summarized in Figure 2.

Equilibrium swelling ratio (SR) of hydrogels exerts an influence on their release rates. The reduction in equi-
librium swelling capacity is due to the formation of a tight network structure in high content. Environmental pH
value has a large effect on the swelling behavior of these gels. From Figure 2, it is clear that the SR value in-
creases with the increase of pH. Such pH dependent properties of the hydrogels come from the polyelectrolyte
nature of chitosan segments in the hydrogel network. Namely, when the pH value of the buffer solution (pH 9.0)
was far higher than the isoelectric point (PI1) of GEL (Pl 4.0-5.0), the carboxyl groups were de-protonated to
carry negative charges, which made molecular chains repulsed to each other. The network became looser and it
was easy for the water molecules to diffuse into the cross-linked network. According to above results, we be-
lieved that the naproxen results release mechanism could result from the superposition of various effects, such as
swelling property of hydrogels, the solubility of the drug and erosion property of matrix; it is not necessarily
based on a single factor.

3.3. In Vitro Release of Antibiotics from Chitosan Gels

The in vitro release of tetracycline hydrochloride expressed as the cumulative percent of drug released as func-
tion of time from the designed formulations of periodontal gels, is presented in Figure 3.
The tetracycline content of the hydrogels was detectable from the UV measurements previously described of
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Figure 1. SEM photographs of interior morphology of the selected gels under investigation for (a) Gel-1, (b) Gel-2, (c) Gel-3,
(d) Gel-4, (e) Gel-5.

the hydrogel-containing solution until day 10. Significantly more tetracycline was detected between days 4 and

10 than on days 1 and 3, suggesting the prolonged release of the antibiotic from the hydrogels as demonstrated
in Figure 3.
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Figure 3. Cumulative release of tetracycline hydrochloride from chitosan gels.

3.4. In Vitro Microbial Activity of Tetracycline/Antioxidant Containing Chitosan
Hydrogels

Discs with additives but without tetracycline gave no inhibition zones. All the test samples give inhibition zones
larger than the clinical breakpoint inhibition zone diameters (European Committee on Antimicrobial Suscepti-
bility Testing, Basel, Switzerland) for S. aureus sensitivity for tetracycline. Using the students T test, no statisti-
cally significant difference (p < 0.05) between the averages of the inhibition zone diameters for all the samples
except for the hydrogel containing aloe, tetracycline and krill oil were found (Table 2).

4. Discussion

4.1. Antioxidants and Chitosan Looking at the Antioxidant Strength and Extended
Stability, Could Macro-Encapsulation Play a Functional Role

Chitosan, a linear abundant polysaccharide, is selected as the wall material of the delivery system [25]. Due to
its biodegradable, biocompatible, muco-adhesive and non-toxic nature, it has been widely used in numerous
drug delivery systems. Compared to other delivery systems, chitosan nanoparticles have a special feature. They
can adhere to the mucosal surface and transiently open the tight junction between epithelial cells. Some reports
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Table 2. Gel-2, Gel-3, Gel-4 and Gel 5 tested for antibacterial activity against Staphylococcus aureus NCTC 12600.

Tetracycline inhibition zone diameters

Sample no. (n = 10) Tetracycle disc (10 pg) Gel-2 Gel-3 Gel-4 Gel-5
Average 33.0 33.6 36.3 36.9 33.8
Standard deviation 0.0 0.5 0.4 0.2 0.8

Clinical breakpoints for tetracycline: for 30 pg/disc > 22 mm is sensitive and <19 mm is resistant.

have indicated that chitosan can increase membrane permeability, both in vitro [24]-[26] and in vivo [27]. Mi-
croencapsulation of antioxidants have been important area of research for several years in order to preserve the
beneficial effects of antioxidants [28]. In this work, the gelation method was used to prepare the chitosan:aspirin,
chitosan:krill oil and chitosan:aspirin:krill Oil microencapsulation. The stability of antioxidant-loaded chitosan
complexes has been measured during storage using previously tested established methodology and results sug-
gest there is no significant decomposition observed after 6 months storage at room temperature (24°C) as anti-
oxidant capacity of the materials stored for 6 month have showed no diminished capacity compare to the freshly
prepared hydrogels as indicated in Figures 4 and 5.

4.2. Investigations into Stability of Antioxidants in the Chitosan Hydrogels during Storage

Stability of various conventional antioxidants in the newly designed drug delivery system during storage is an
important factor to determine whether chitosan-coated nano-size delivery vehicle can protect various conven-
tional antioxidants. So the stability of the microencapsulated antioxidants has been measured by UV absorbance.
Stabilities of microencapsulated antioxidants have been compared and after 6 months of storage at 24°C, the
stability of antioxidant-molecular carrier vehicle was not significantly diminished as indicated in Figures 4 and
5. This observation suggests that the antioxidant had been protected by the molecular carrier. Important to note
that performance of the antioxidants such as krill oil, aspirin and a 1:1 mixture of krill oil:aspirin was enhanced
by the presence of the chitosan, which is a very interesting point in itself as the synergism in increased stability
and lower concentration of the active antioxidant with the same or even higher antioxidant capacity can lead to a
development of broad range to novel functional drug delivery systems and dual action restorative mate.

4.3. Insight into Microbiological Investigations

In the present study, tetracycline was selected because of its wide application, both locally and systemically, in
the treatment of periodontal diseases. Tetracycline has been shown to be effective against many of the common
periodontopathic bacteria, in particular against Prevotella intermedia and Porphyromonas gingivalis [29]-[31].
In the present study, two commercially available bacterial strains were selected to meet the preliminary goal of
whether the activity of antibiotics can be preserved after incorporation into preparations. Our results showed that
the cross-linked chitosan sponges were able to deliver active antibiotic for 10 days; however, the effectiveness
has yet to be evaluated against potential periodontal pathogens. Because periodontitis is a localized inflamma-
tion of the periodontal pocket caused by bacterial infection, current microbiological treatment strategies involve
are either the use of systemic antibiotics or a localized delivery system incorporating an antibiotic.

Chitosan hydrogen scaffolds were designed in this study as carriers for antibiotics and showed a steady re-
lease of the medication. Three-dimensional chitosan matrices have been shown to be excellent tissue engineer-
ing scaffolds for cell attachment and growth. Chitosan has a scalloped structure and has been used in tissue en-
gineering to culture hepatocytes, fibroblasts and cartilage cells because of its ability to promote cell attachment
and growth [32]-[38].

Periodontal regeneration with chitosan has been observed after the implantation of chitosan in one-wall al-
veolar bony defects in dogs [39]. In our investigation, chitosan was selected as the carrier for tetracycline,
mainly because it can both carry and deliver the medication, but also because it has other useful bioactivities
such as anti-inflammatory properties [40] [41].

5. Conclusion

In conclusion, a steady slow release of tetracycline, while maintaining antibiotic effects against the tested bacte-
ria, for at least 10 days was shown from designer chitosan-antioxidant hydrogels. Based on our results, we can
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Figure 4. Antioxidant capacity measured at 450 nm using the previously described
spectrophotometric assay to asses the hydrogels and corresponding ingredients anti-
oxidant capacity after 24 hours under storage under ambient temperature condition.
Antioxidant capacity was measured during the first 2 hours of exposure.

0.9
0.8 X
0.7 X ©background
06 WKrill oil
05 chitosan +krill
04 ; | U ™ | E ] X Ch/Krill/asprin
0.3 m X % )
ol xigxxxrBCN e
Asprin

0.1 7 - :
REE B EREERERNE,

0 50 100 150 200 250

Time (min)

Figure 5. Antioxidant capacity measured at 450nm using the previously described
spectrophotometric assay to asses the hydrogels and corresponding ingredients anti-
oxidant capacity after 6 month under storage under ambient temperature condition.
Antioxidant capacity was measured during the first 2 hours of exposure.

conclude that the chitosan-antioxidant containing hydrogels are a suitable carrier for tetracycline to be slow-re-
leased. Within the limitations of the study design chitosan-antioxidant hydrogels are suitable materials for func-
tional restorative and periodontal applications in vitro. However, future investigations are necessary to validate
this hypothesis. The addition of antioxidants to the tetracycline containing prototype delivery system had a
beneficial effect on the design of the hydrogel by slowing down the release of tetracycline and thereby enabling
a sustainable antifungal activity over time.
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