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Abstract

The aim of this investigation is to evaluate the suitability and flexibility
of the designer materials consisting of chitosan, nanodiamond,
hydroxyapatite and therapeutic agent such as tetracycline and
potential antioxidant such as B12 to act as an “in vitro” probe to gain
insights into molecular origin of TMJ and apply the newly developed
materials for the evaluation of new therapeutic treatment modalities
in the TMJ therapy in vitro. Mechanical properties of new materials,
such as tensile strength, compressive strength and modulus of
elasticity were measured as well as drug release of tetracycline
assessed. The results of this study demonstrate the potential of using
HA/Nanodiamond chitosan hydrogels as bioactive cements and in
vitro probes for the detection of free radical damage associated
with TMJ and other relevant free radical generated conditions. The
added benefits of the chitosan/nanodiamond/hydroxyapatite treated
hydrogels involved positive influence on the tetracycline release,
sustainable bio-adhesion, tensile strength, compressive strength
as well as modulus of elasticity of the hydroxyapatite containing
materials in the “in vitro” systems was tested and demonstrated in
vitro “build in” free radical defense mechanism.
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Introduction

In the last few decades, tissue engineering has emerged as a
promising multidisciplinary approach for the repair and regeneration
of damaged bone tissue [1-3]. The craniofacial structure consists of
bone, cartilage, soft tissue, nerves, and blood vessels [4]. The major
materials used in craniofacial tissue engineering are natural and
synthetic polymers, ceramics, composite materials, and electrospun
nanofibers [5].

Biomaterial to be used as a scaffold must possess sufficient
mechanical strength, large pore volumes and pore interconnectivity
to allow continuous tissue in growth, and transport properties to
allow the influx of nutrients and elimination of waste products [6].
Randomly positioned pores contribute to better cell seeding and
better cell aggregation in the designed scaffolds [7]. Natural scaffolds
like collagen type I, chitosan, calcium alginate, hyaluronic acid,
and composites have been shown to be osteo-conductive, but with
problems like lack of mechanical strength when implanted, risk of
infection, immunogenicity, and rapid degradation rate [8,9].

Scaffolds are the mechanical constructs that act as carriers for
cells and/or growth factors. The main role of scaffolds is to simulate
the extracellular matrix for cell adhesion, migration, proliferation,
and differentiation [10,11]. The molecular events that underline the
degenerative temporomandibular joint (TM]) diseases are poorly
understood [12]. Mechanical stresses are generated during functional
or para-functional movements of the jaw; adaptive mechanism of
the TMJ may be exceeded by free radical accumulation leading to a
dysfunctional state (i.e. disease state) [13].

Specific  bacterial ~ organisms such as  Staphylococcus
aureus,  Streptococcus — mitis, M. fermentas, Actinobacillus
acinomycetemcomitans have been found in the synovial fluid of TM]J/
TMD affected patients. Serum antibodies against Chlamydia species
in patients with mono arthritis of the TMJ have also been reported
[14].

Chitosan (CS), obtained through the alkaline deacetylation of
chitin, is a copolymer of N-acetyl-D-glucosamine and D-glucosamine.
CS stands out by a unique combination of favorable biological
properties such as nontoxicity, biocompatibility and biodegradability,
along with mucoadhesive, bacteriostatic, and wound-healing
properties [15-17].
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The aim of this investigation is to evaluate the suitability
and flexibility of the designer materials consisting of chitosan,
nanodiamond, hydroxyapatite and therapeutic agent such as
tetracycline and potential antioxidant such as B12 to act as an “in
vitro” probe to gain insights into molecular origin of TM] and apply
the newly developed materials for the evaluation of new therapeutic
treatment modalities in the TM] therapy in vitro.

Methods

Preparation of various hydrogels: general protocol

The therapeutic agent containing gel was prepared by dispersion
of 0.2 gm in glycerol (5% w/w) (1 ml) using a mortar and a pestle
following the earlier reported generic protocol [15-17]. Ten milliliters
of glacial acetic acid (1% w/w) was then added with continuous mixing
and finally chitosan: hydroxyapatite: nanodiamond (1:1:1 mixture
w/w chitosan: hydroxyapatite: nanodiamond powder) polymer was
spread on the surface of the dispersion and mixed well to form the
required gel [18]. The strength of the prepared gel (10 gm) is 0.2 g of
active ingredient by weight in each gram of the base.

Morphology of the gels

The samples were prepared by freezing in liquid nitrogen for
10 min, and then were freeze-dried for 24 h [15-18]. The prepared
samples were fractured in liquid nitrogen using a razor blade. The
fractured samples were attached to metal stubs, and sputter coated
with gold under vacuum for SEM. The interior and the surface
morphology were observed in scanning electron microscope (SEM,
Hitachi $4800, Japan).

Gel stability

Stability of the gel formulations was also investigated. The
organoleptic properties (color, odor), pH, drug content, and release
profiles of the gels stored at 20°C were examined on days (0, 15, 30
and 178) [15-18].

Tetracycline release and biomaterials

The release study was carried out with USP dissolution apparatus
type 1, Copley U.K,, slightly modified in order 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 and stirred at 100 rpm.
24 Samples (2 ml) were collected at 0.2, 1, 2, 3, 4, 5, 6, 7, 8, 10, 15
and 24 hours and were analyzed spectrophotometrically with a U.V.
spectrophotometer (Cintra 5, GBC Scientific equipment, Australia).
The UV-vis absorption spectrum of tetracycline hydrochloride in
water is typical at 361 nm, using the calibration curves (A" =
337 for tetracycline hydrochloride both evaluated in PB, pH 6.8).
Three replicate measurements were performed for each designed
formulation [19,20]. Each sample was replaced by the same volume
of phosphate buffer pH 6.8 to maintain its constant volume and sink
condition [20,21].

Bio-adhesive investigation

Bio-adhesion studies were done using a Chatillon apparatus for
force measurement [22]. This method determines the maximum force
and work needed to separate two surfaces in intimate contact [23].
The hydrogels (0.1 g) were homogeneously spread on a 1 cm? glass
disk and then the disks were fixed to the support of the tensile strength
tester using double sided adhesive. The gel was brought into contact
with a slice of dentin was established in order to imitate adhesion of
the gel to the “hydroxyl-apatite prototype system” structure. After a
preset contact time of 1 min under a contact strength of 0.5 N, the 2
surfaces were separated at a constant rate of displacement of 1 mm/s.
The strength was recorded as a function of the displacement, which
allowed to determine the maximal detachment force, F_ , and the
work of adhesion, W, which was calculated from the area under the
strength-displacement curve [23].

Protein cross-linking as a model for detection of free radical
activity and activation of “molecular defense forces”

Bovine serum albumin (BSA), a completely water-soluble protein,
was polymerized by hydroxyl radicals generated by the Fenton
reaction system of Fe**/EDTA/ H,0,/ascorbate [15-18]. As a result,
the protein loses its water-solubility and the polymerized product
precipitates. The decrease in the concentration of the water-soluble
protein can easily be detected.

The in vitro incubation mixtures contained reagents, added in
the sequence as follows, at the final concentrations: bovine serum
albumin (0.8 mg/ml), phosphate buffer, pH 7.4 (10 mM), water to
reach 2.5 ml total volume, antioxidant (such as B12, N-acetyl cysteine
and corresponding chitosan/hydroxyapaitite hydrogels) tested to
reach required concentration as shown in results, EDTA (0-/4.8 mM),
Fe(NH,),(SO,), (0-/4 mM), ascorbate (4 mM) and H,0, (0.2%). To
chelate iron completely, 1.2 molar excess of EDTA was always use
[21]. The reaction mixture was incubated for 20 min at ambient
temperature. The supernatant was precipitated with an equal volume
of trichloroacetic acid (10%) at 0 degrees Celsius. The precipitate
thus obtained was re-dissolved in 1 ml of Na,CO, (10%) in NaOH
(0.5 M) and the final volume made up to 2.5 ml by water. An aliquot
of the solution was used for protein determination [24]. The yield
of OH radicals generated in the incubations was determined on the
basis of degradation of deoxyribose [25]. Bityrosine formation was
monitored by measuring fluorescence at 325 nm (excitation) and 415
nm (emission) according spectrophotometer [26].

Swelling/weight loss tests and bioactive release

The swelling/weight loss tests were performed when triplicates of
each samples composition (approximately 2 cm?, weight normalized)
were immersed in 2 mL of different fluids at 37°C for each time
interval studied (1, 2, 4, 24, and 96 h). Two different media were
used in accordance with the ISO 10993-9 standard. The first media
was Phosphate Buffered Saline (PBS, Sigma Aldrich), intended
to mimic the inorganic phase of human plasma [27]. The other
media was PBS with a reduced pH which was intended to simulate
the local inflammatory environment of the wounds [28,29]. This
is termed Solution pH 4.0. The pH was lowered using Lactic Acid
(Sigma Aldrich). The fluid absorption of each sample was calculated
according to equation to obtain their swelling degree (SD) (Equation
1). WS is the weight of the sample at each time interval (swollen
weight) and WD is the dry weight before swelling [30]. After 4 days of
immersion, the samples were dried and weighed in order to calculate
their weight loss (WL) [eq. 2, where W and W _ are the weight of the
dried samples before and after swelling tests, respectively.

Equation 1: SD = 100 (W-W _)/W (%)
Equation 2: WL= 100 (W, - W, )/W (%)

Equations 1: Equation to calculate a swelling degree (SD) and
Equation 2: Equation to calculate weight loss.

Mechanical characterization of the new materials

Tensile strength: Tensile testing was conducted using Instron
5565. Following American Standardized Testing Materials Standard
D3039, rectangular samples were approximately 6-8 mm in length,
Imm in width of 1 mm in thickness, and tested with a gauge length
of 3.5+ 0.4 mm [30]. Samples were elongated at a rate of 1% of gauge
length per second. The cross-sectional area of samples was evaluated
using Image] image analysis software. Stress-strain curve were
developed from the load-displacement curve. Young’s modulus was
quantified by finding the slope of the stress strain curve, and ultimate
tensile strength was calculated [30].

Compressive strength and elastic modulus: The hydrogels with
dimensions of 10 x 10 x 5 mm?® were used for a compression test using
Instron by applying load via 1N load cell at a crosshead speed of 2
mm/min in ambient conditions [30]. The stress-strain curve obtained
was used to determine mechanical properties. The compressive
strength and elastic modulus was determined from the maximum

Perchyonok et al. Int J Oral Dent Health 2015, 1:3

ISSN: 2469-5734  ePage20f6e



load recorded and from the slope at the initial stage (< 2% strain),
respectively. Five specimens were tested for each condition.

Biodegradation: The hydrogels containing hydroxyapatite
additives and having similar weight and dimensions of approximately
0.8-1.0 g and 20 x 20 x 6 mm?, respectively, were immersed into a
glass bottle containing 100 ml phosphate buffer saline (PBS; Sigma-
Aldrich, Australia) medium under 37°C at pH 7.4 for a period up to 7
days. At predetermined periods of time, the samples were taken out
and vacuum dried for 24 hours. The dried samples were weighted to
determine the biodegradation rate.

Microbiology 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 antibacterial activity
of the prepared chitosan hydrogels were tested using the standard
Kirby-Bauer agar disc diffusion method [31,32]. 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 standard and containing 107-10° colony forming units/ml
with a throat cotton swab. For each test sample 500 pg 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 3 times. The
antibacterial efficacy of the prepared gels were compared to antibiotic
sensitivity discs (Mast Laboratories, Merseyside UL) containing 30 ug
of tetracycline per disc.

Results
Modified antibiotics hydrogels

The SEM images were obtained to characterize the microstructure
of the freeze-dried gels and are presented in figure 1. The ‘skin’ of the
prepared modified flowable composites can be seen, and the collapse
of the surface pores may be due to artifacts (freeze-drying process).

Swelling and bio-additive release for the newly prepared
hydrogels

The swelling tests in PBS and in Solution pH 4.0 for 4 days
revealed that when reaching the equilibrium swelling degree (ESD),
all samples swelled in accordance with (Figure 2a and Figure 2b).
Based on the ESD values, the gels can be considered as superabsorbent
[33]. A peak of media uptake was observed at the beginning of all
curves, and after 1 day of swelling there was a plateau-the ESD. The
ESD occurs when the hydration forces (the network stretching by the
initial fluid uptake) and the elastic force of the cross-linkages reach
the equilibrium [34,35]. It is well documented that, high amounts
of bioactive led to low degree of crystalinity and low percentage of
crystalline phase. When the samples swell, the amorphous chains
could have more freedom to move and, if they were not cross-linked,
with the help of the media, they could detach from the network to the
media, increasing the weight loss [36].

The swelling tests in PBS and in Solution pH 4.0 for 4 days
revealed that when reaching the equilibrium swelling degree, all
samples swelled in accordance with (Figure 2a and Figure 2b). Based
on the cumulative swelling values, the gels can be considered as
superabsorbent [33]. A peak of media uptake was observed at the
beginning of all curves, and after 1 day of swelling there was a plateau.

In vitro release of antibiotics

Drug release from topical formulations is affecting the efficiency
of topical therapies to a great extent. Tetracycline, a model
antimicrobial drug, which can be used in topical wound treatment,
was incorporated into chitosan/hydroxyapatite/nanodiamond-based
delivery systems and cumulative release was tested and results are
summarized in figures 3a and figure 3b respectively [34]. After a 4 day

S-3400N 10.0k¥'9.1mm x500 SE- - ' 100tim

c. NanoHatetr

$-3400N 10.0kV 7.1mm x500 SE

d. Nanochtetrha

e. NanoChTetrHaB12

Figure 1: SEM of the surfaces of the materials after polymerization where
a. NanoChTetr, b. NanoTetr, c. NanoHatetr, d. Nanochtetrha and e.
NanoChTetrHaB12.

time period, no significant difference in drug release could be seen
between the different formulations of functionalized materials.
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Figure 2: Swelling degree (SD) results of Ch/HA and of Ch/HA—nanodiamond/
therapeutic agent samples, after regular time intervals (1, 2, 4, 24, 96 h), when
immersed in (a) PBS and (b) Solution pH 4.0 for 4 days.
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Figure 3: Tetracycline cumulative release profile of Ch/HA/Nanodiamond—
tetracycline samples. The Ch/HA/ Nanodiamond tetracycline samples were
immersed in (a) PBS and (b) Solution pH 4.0 and the propolis delivered was
quantified after regular intervals of time for 4 days.

Tetracycline release is expected to be fully diffusion controlled
as the cumulative percentage of drug released is proportional to the
square-root of time. The regression lines show a good fit with R?
> 0.97. Higuchi reported this kind of relation between release and
square-root of time for suspension-ointments originally [35].

Bioadhesion and CH/Nano/HA hydrogels

Higher adhesiveness of the gels is desired to maintain an intimate
contact with condyle of the mandible and the mandibular fossa in
the case of articular disc of the TM]J joint, therefor bio-adhesion
between the newly prepared hydrogel (CH/Nano/HA hydrogels)
was tested against tooth structure and results are summarized in
table 1. Chitosan hydrogels showed the highest adhesive force and
the work of adhesion this can be expected because of the well-known
intrinsic bioadhesive properties of chitosan [36]. The adequate water
absorption capacity together with the cationic nature which promotes

Table 1: Bioadhesion testing in vitro.

Hydrogel Adhesive Force (N) £+ SD 'Work of Adhesion (Ncm) +
(Dentin) SD (Dentin)
NanoCHTetr 1.09+0.35 3.12+0.38
NanoCHTetrHA 1.21+£047 3.49+042
NanoCHTetrHAB12 |1.08 + 0.40 3.14+£0.29
CH/HA 0.98 £0.24 2.92+0.34
The presented values are an average (n = 5)
150+
e H202 exposure
;\? m 6 NanoChTetr
2> 1008 A 7 NanoTetr
H Ya,, v 8 NanoHaTetr
% (=1 = » F + 9 NanoChTetrHa
® 50 o *y o 10 NanoChTetrHaB
< ODop E‘ 12
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o tee., S
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time
Figure 4: Free radical defense and biomaterials as a function of the BSA
solubility (%) at pH 6.7.

binding to the negative surface of skin or dentin structure can also
interpret this results.

Chitosan hydrogels showed the highest adhesive force and the
work of adhesion this can be expected because of the well-known
intrinsic bioadhesive properties of chitosan. The adequate water
absorption capacity together with the cationic nature, which promotes
binding to the negative surface of skin or dentin structure can also
interpret this results. According to Caffaggi, hydration of the polymer
causes mobilization of the polymer chains and hence influences
polymeric adhesion [37]. Appropriate swelling is important to
guarantee adhesivity; however, over hydration can form slippery
non-adhesive hydrogels [38]. In addition the molecular arrangement
of the polymeric chains, which are present in the new hydrogels, such
as propolis, aspirin, ibuprofen and naproxen can further unable to
interact further with the substrate the correlation between the force
and work of adhesion is noticeable for all.

NDs, as a new member of carbon nanoparticles family, have
emerged as an alternative promising material for building drug
delivery systems with high efficiency and low toxicity owing to their
superior physico-chemical properties and good biocompatibility
[39]. Currently, NDs are used as a drug carrier mainly in two forms:
(1) NDs assemble on a chemical substrate to form a thin film, having
interactions with a drug in two-dimension; (2) NDs form spontaneous
clusters also named as ND hydrogel with low free energy in an
aqueous solution, having interactions with a drug in three-dimension
[40]. The detailed investigation of the newly produced hydrogels
with particular attention being paid towards understanding of the
exact nature of interaction between nano-diamond, chitosan and
hydroxyapatite are currently on the way in our laboratory.

Bioactivity of hydrogels and free radical defense in the TM]
model in vitro

Inflammation of the temporomandibular joint (TM]J) is often
treated with arthrocentesis, which is thought to have an anti-
inflammatory effect [41]. In this study, we focused on developing an in
vitro bio-functional model of initiating a free radical formation such
as exposing peroxide under Fenton conditions and monitoring the
free radical defense capacity of the nanodiamond: chitosan hydrogels
as a measure of extend the water solubility of BSA (Bovine Serum
Albumin) protein as demonstrated in figure 4. The main biochemical
principle behind this reliable and easily adjusted model is that in the
presence of iron Fe** and H,0,, hydroxyl radicals are released that
cause oxidative stress in living systems [42].

Mechanical properties of newly prepared materials

The articular surfaces in general and articular disc in particular
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Table 2: Mechanical properties (such as compressive strength and Elastic
modulus) of hydrogels without and with HA additive.

Mechanical Pure HA  |NanoHaTetr NanoChTetrHa NanoCHTetrHAB12
properties
Compressive |0.16 +0.04 0.26 + 0.06 0.28 + 0.05 0.35+0.07
strength(MPa)
Elastic modulus|0.79 + 0.04 1.00 £ 0.16 |1.12+0.25 1.32+0.27
(MPa)
TMJ and tensile strength
25+
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Figure 5: Tensile strength of the modified biomaterials.

are highly incompatible. Due to this incompatibility, the contact area
of the opposing articular surfaces are very small. When joint loading
occurs, this may lead to large peak loads, which may cause damage
to the cartilage layers on the articular surfaces. The presence of a
fibro-cartilaginous disc in the joint is believed to prevent the extreme
variations in the loading, since the disc is capable of deforming and
adapting its shape to that of the articular surfaces. The magnitude of
the deformation and resulting stress of the disc is influenced by the
nature of the applied loads and by the biomechanical properties of the
disk, such as stiffness and strength.

The mean and standard deviation values (MP) for the tensile
strength are summarized in figure 5, whereas compressive strength
(MP) and elastic modulus (MP) are summarized in table 2.

Bone contains 85% calcium phosphate, hence ceramics such as
hydroxyapatite (HA), tricalcium phosphate and composites such as
biphasic calcium phosphate (BCP), have been widely investigated for
bone scaffolds [43].

The proposed molecular mechanism for the potentials favorable
interaction between chitosan: hydroxyapatite and nano-diamond
is based on the unique properties of the materials. In particular,
the intermolecular hydrogen bond and chelate interaction between
the chitosan and hydroxyapatite promotes favorable mechanical
properties [43]. There is a possible interaction between the NH,
group and primary and secondary -OH group of chitosan with Ca?*
(metal coordination interaction) of HAp. This interaction might
be responsible for the higher mechanical strength of the composite
scaffolds as compared to chitosan and hydroxyapatite alone [43].
Water content of the scaffold may also have a major role to play in
the mechanical strength.

Biodegradation

The total weight changes of the hydrogels after dissolving in a
phosphate buffered saline (PBS) solution 37°C at pH 7.4 for a period
up to 7 days are summarized in figure 6. For all hydrogels containing
hydroxyapatite, the weight steadily decreased with incubation time.

Microbiology and hydroxyapatite/nanodiamond hydrogels:
in vitro investigation

All the test samples gave an average inhibition zone larger than
the tetracycline control disc, thereby confirming the antibacterial

6 -
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o
£
2
£ 24
[
-

0 T T T 1

0 50 100 150 200
Time (hours)

Figure 6: Weight losses of the hydrogels containing HA after dissolution test
in a PBS solution at 37°C for periods up to 7 days.
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Figure 7: Inhibition Zone against Staphylococcus aureous.

activity of the different nano-diamond combinations against
Staphylococcus aureous (Figure 7) [44]. Using the Student’s T-test
(p < 0.01), there was a significant difference between the rest of the
samples when compared to each other and the positive control. The
hydrogel with the highest antibacterial activity contained bioactive
and hydroxyapatite/chitosan and the antibacterial activity was still
higher than the tetracycline control disc (Figure 7).

The process of inflammation plays a crucial role in wound
healing. In the event of an injury, inflammatory cells such as the
granulocytes, monocytes, and macrophages migrate to the injury site.
Fibroblasts are activated by the growth factor that is released, and
they produce matrix and new collagen fibrils [39]. But these collagen
fibrils do not align with the original connective tissue. Instead, they
grow at right angles to the plane of the injury. The integrity of the
zone of healing is further compromised as the elastin fibers do not
heal at all. Anti-inflammatory medications usually prescribed after
injury allay pain and swelling but unfortunately they diminish the
healing response [40]. As a result of this incomplete healing, the joint
remains painful with normal or even sub normal physical activity.
Such a joint may become hypermobile and prone to re-injury due
to incomplete ligament support. Newly designed hydrogels may
also be beneficial in TMD management owing to its anti-microbial
effect. Chlamydia, Mycoplasma genitalium, Staphylococcus aureus,
Mycoplasma fermentans, Actinobacillus actinomycetemcomitans,
and Streptococcus mitis have been cultured from the TMJ. The
presence of S. aureus in the TMJ synovial fluid has been related to
TMD [44].
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Conclusion

In this investigation we prepared several chitosan containing
hydrogels with build in nano-diamond and hydroxyapatite and
the mechanical properties of the materials was greatly improved
based on the classes of bioactive materials, which have proven to
be suitability and flexibility of the designer materials to act as an
“in vitro” probe to gain insights into molecular origin of TM]J. The
microbiological evaluation of the new materials was evaluated and
activity against Staphylococcus aureous was noted in all materials.

The drug (such as tetracycline) was released in the sustainable
manner. The bioadhesion of the new materials to the dentine as an
example of the effective hydroxyapatite model was also assessed.
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