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Abstract

The purpose of this investigation was to evaluate and report the in vitro performance of a few selected Bioactive-
Functionalized Interpenetrating Network Hydrogels (BIOF-IPN); a novel biomaterial with a build-in mechanism of bio-
repair capacity, bio-adhesion and therapeutic capability. The study also evaluates the cytotoxicity of the newly
developed material, and its ability to be used in the dental field. In this study, four bioactive-functionalized
interpenetrating network hydrogels (BIOF-IPN) were prepared by dispersion of different therapeutic agents. The
dentin bond strength is tested, the bio-adhesivity, modulus of elasticity and cytotoxicity of the materials were
investigated, and the performance of the therapeutic-agents release profile, evaluated. The gels used in this study
demonstrated excellent capacity in leading to high internal surface areas with low diffusional resistance. An increase
in bond strength of the dentin treated with the BIOF-IPNs compared to the bond strength of the conventionally
bonded teeth was indicated, and a significant increase in the modulus of elasticity observed. BIOF-INPs showed
high adhesive force promotes binding to the negative surface of skin or dentin structure. It was found that chitosan
alone increased the cell survival rate remarkably (113%) and its presence with naproxen and ibuprofen increased
the cell survival rate [naproxen (93%), chitosan/naproxen (96.6%), ibuprofen (76.6%), and chitosan/ibuprofen
(89.1%).

The use of BIOF-IPNs has increased the time of the release of therapeutic agents, and protected the active
ingredient from any type of free radical damage produced in and around the active site. Present results demonstrate
the capability of the BIOF-IPNs to play an important role in the defense mechanism, and in the functional multi-
dimensional restorative repair materials. The findings suggest that the new material would definitely find applications
in functional dental composites and regenerative dentistry.
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collagen fibrils within the bonded interface by dentin-bond enzymes
[2,3]. Furthermore, the biocompatibility of some dentin bonding
agents is questionable, and its cytotoxicity and adverse biological
effects influence the biological behavior of the resin restorations [4].
Over the years the 3T3 mouse fibroblast cell-line has extensively been
used as a standard cell line to test the cytotoxic effect of various dental
materials and constituents thereof [4]. It is believed that the

Introduction

The field of biomaterials has recently been focused on the design of

“intelligent materials” with a purposely build in functionality to
address specifics shortcomings of the conventional clinical protocols at
the molecular level. In designing such novel biomaterials, researchers
have sought not merely to create bio-inert materials, but rather
materials that can respond to the cellular environment around them,
to improve and promote device integration, tissue regeneration,
changes in pH or cell-associated enzymatic activity, in materials with
build-in bio-active capability.

Despite the immense advances achieved in adhesive dentistry over
the years, research still demonstrates that resin-dentin bond performs
poorly when compared with the resin enamel bond [1]. It can be
attributed to the degradation of either the hydrophilic resin
components following water sorption, as well the deterioration of

cytotoxicity towards this cell-line gives one a good indication to what
would happen towards human pulp fibroblast cells. Recently in the
dental field, several studies have been developed regarding the use of
IPNs components to overcome the common failures in bio-adhesion,
and to improve drug release and bio-repair [5] in target-designed
biomaterials.

The purpose of this investigation is to evaluate the performance of a
novel biomaterial, the Bioactive-Functionalized Interpenetrating
Network Hydrogel (BIOF-IPNs), and its ability to be used in dentistry.
The study also evaluates the BIOF-IPN build in bio-repair, bio-activity
and bio-adhesion capability, its cytotoxicity, and possible therapeutic
uses.
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Methods

Preparation of Bioactive-Functionalized Interpenetrating
Network Hydrogel (BIOF-IPNs)

BIOF-IPN was prepared by dispersion of therapeutic agent such as
naproxen, ibuprofen or aspirin powder 0.4 gm in glycerol (5% w/w)
using a mortar and a pestle using protocol previously discussed in
detail in previous studies [6] and summarized in Appendix 1. The

chitosan: Vit C (5: 1 mixture) is commercially available composition
and is used as received.

Dentin bond strength testing

The shear bond strength tests for dentin bonding of the BIOF-IPNs
were evaluated by using previously reported and published protocol
[6] and experimental details are summarized in Appendix 1.

Gel Formulation Chitosan: Vit C 5:1(w/w%) A (Wiw%) B-CD (w/w) 1 N pH
Gel-1 Chitosan: Vit C (5:1) 5 0 5 0 0 5.84
Gel-2 Chitosan: Vit C: A1 5 1 5 0 0 5.92
Gel-3 Chitosan: Vit C: N1 5 0 5 0 1 6.05
Gel-4 Chitosan: Vit C: I1 5 0 5 1 0 6.16

Table 1: Gel formulation prepared in the study. Where Vit C is vitamin C additive, A is aspirin additive, N is the naproxen, I-ibuprofen,  -CD is
B - cyclodextrin. Hydrogels containing - CD: chitosan: Vitamin C (5:1) (5 %) are synthesized and characterized).

Group A | 37% of phosphoric acid +primer+ bonding agent immediately
(negative control)

Group B | Self-etching + primer + bonding agent immediately (positive control)
Group C | Gel1 + bonding agent immediately

Group D | Gel2 + bonding agent immediately

Group E | Gel3 + bonding agent immediately

Group F | Gel4 + bonding agent immediately

Group G | Gel1 + Self-etching primer + bonding agent immediately

Group H | Gel2 + Self-etching primer + bonding agent immediately

Group | Gel3 + Self-etching primer + bonding agent immediately

Group J Gel4 + Self-etching primer + bonding agent immediately

Table 2: Groups tested (8 teeth per group).

An Instron Universal Testing Machine at a crosshead speed of 0.5
mm/minute was used to test the de-bonding strength. All data tests
were analyzed using the non-parametric ANOVA test.

Bio-adhesive investigation

Bioadhesion studies were done using Chatillon apparatus for force
measurement using previously reported protocol that has been
published in detail [6]. This method determines the maximum force
and work needed to separate two surfaces in intimate contact [6]. 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.

Modulus of elasticity (MOE)

Modulus of elasticity was measured using 3-point bend test (50 g
load cell, crosspeed 0.5 ml/min) following the methodology previously

reported [6] and detailed protocol described in Appendix 1. Load/
displacement curves were converted to stress-strain curves and the
apparent MOE was calculated at 3% strain. Displacement (D) during
compression was displayed in millimeters and calculated at a
maximum strain of 3% using the formula D = el?/ 6T, where e, strain;
L, support span length and T, the thickness of the specimen. The MOE
of the specimens was expressed in MP (megapascals) and calculated
using the following formula E = PL3/4DDbT, where P, the maximum
load; L, the support span length; D, the displacement; b, width of the
specimen, and T, the thickness of the specimen.

Cytotoxicity testing: cell maintenance and culture

Cell maintenance and culture: A Balb/c 3T3 mouse fibroblast cell
line (The National Repository for Biological Materials, Sandringam)
was maintained and cultured in standard conditions (37°C under 5%
carbon dioxide and 95% humidity) in Dulbecco’s Modified Eagles
Medium (DMEM). The medium was supplemented with 10% fetal
bovine serum and penicillin (10.000 U/ml) streptomycin (10.000
pg/ml) mix (Biochrom Ltd), changed every second day and cells sub-
cultured using routine trypsin/EDTA procedures. The pH of this
growth medium was adjusted when necessary to 8.0 [7-10]. To test the
cytotoxicity towards 3T3 cells, the cells were first grown to near
confluency [7-10] and the detailed experimental protocol is described
in Appendix 1.

The Kruskal-Wallis Multiple-Comparison and Bonferroni test was
used to test for significant differences amongst the 7 mentioned
compounds (significant level p<0.05).

Therapeutic agents release profile

The in vitro release of the therapeutic agents was evaluated using
previously reported protocol and it has been published in detail [6]
and the detailed experimental protocol is described in Appendix 1.
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Results

The characterization of BIOF-IPNs (Gel 1-4)

The SEM images were obtained to characterize the microstructure
of the freeze-dried newly prepared gels, and are presented in Figures
1A-1D. 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.

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.

Dentin shear bond strength

Mean shear-bond strength values and difference between the
groups are summarized in Figure 2A for bonding to dentin after 24
hours. In general, there was an increase in bond strength of the dentin
treated with the BIOF-IPNs compared to the bond strength of the
conventionally bonded teeth. An increase in the shear bond strength
was also previously reported for groups of hydrogen peroxide exposed
samples [6], suggesting that additional benefits associated with
chitosan: antioxidant systems are in need of further investigations
[9-11]. In general after 3 months the bond strength (Figure 2B) was
somewhat lower than at the beginning. The non-parametric ANOVA
test was used to test for significant differences amongst the 8
mentioned groups and the corresponding control groups A and B
(significant level p<0.05 in both cases).

Bio-adhesion

Higher adhesiveness of the gels is desired to maintain an intimate
contact with skin or tooth structure and results are summarized in
Table 3. BIOF-INPs showed the highest adhesive force, and this result
can be expected because of the well-known intrinsic bio-adhesive
properties of chitosan [12].
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Figure 2A: Dentin shear bond strength - after 24 hours.

The adequate water absorption capacity together with the cationic
nature, which promotes binding to the negative surface of skin or
dentin structure, could also explain these results.
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Figure 2B: Dentin shear bond strength - after 3 month.

Modulus of elasticity

The mean and standard deviations of MOE of de-mineralized
dentine treated with flavonoids at different time periods are shown in
Figure 2C. The results of two-way ANOVA showed that both factors,
“hydrogel treatment” and “treatment duration”, had a significant
effect on the MOE of demineralised dentine (p < 0.001).

Interaction of the two factors was also significant (p < 0.001). The
MOE of BIOF-IPNs treated dentine increased with time. A rapid
significant increase in MOE was observed after 10 min treatment with
Gels 1-4.

Cytotoxicity

The median cell survival rates were found to be: chitosan (113%),
aspirin  (102.1%), chitosan/aspirin (88.1%), ibuprofen (76.6%),
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chitosan/ibuprofen (89.1%), naproxen (93%), and chitosan/naproxen
(96.6%).

Chitosan alone was found to have a significantly better (p < 0.05)
survival rate than all the other hydrogels and therapeutic agents
mentioned above (Figure 2D).

The Box & Whisker plot of the % survival rate of mouse 3T3
fibroblast cells when exposed to corresponding hydrogels and controls.
The maximum and minimum values were given. The intermediary
box represents the position of 50% of the values and the line within the
box shows the median values. The median cell survival rates were
found to be: chitosan (113%), aspirin (102.1%), chitosan/aspirin
(88.1%), ibuprofen (76.6%), chitosan/ibuprofen (89.1%), naproxen
(93%), chitosan/naproxen (96.6%). Chitosan alone was found to have a
significantly better (p < 0.05) survival rate than all the other hydrogels
and therapeutic agents mentioned above.

BIOF-IPN Adhesivt(eDIZc;rtci::)(N) +*SD Work of Ad(l::)e:ritt)i:)(Ncm) *SD
Gel-1 1.71+£0.35 592+0.34
Gel-2 117+ 0.44 249+042
Gel-3 1.12+0.60 2.94 +0.29
Gel-4 1.12+0.35 2.12+0.34

Table 3: Bio-adhesion to dentin. The presented values are an average
(n=5).
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Figure 2C: Effect of the time duration on the modulus of elasticity
following the hydrogel treatment.

In vitrorelease of therapeutic agents

The in vitro release of therapeutic agents from Bioactive-
functionalized interpenetrating network hydrogel (BIOF-IPNs) was
carried out using USP dissolution apparatus type I. As the regression
analysis of the obtained results for two kinetic models including zero
order and Higushi’s model showed that Higushi’s model gave the
highest value of r? with significant difference (p < 0.05) [13]. Higushi’s
model, where the cumulative amount of the released drug per unit area
is proportional to the square root of time, is the more suitable model
to describe the release kinetics from the gel preparations examined in

the present study. The release of therapeutic agents from the BIOF-
IPNs was studied as demonstrated in Figures 3A-3C.
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Figure 2D: Cytotoxicity testing.

Discussion

Dentin shear bond strength

The results of this study suggest that optimum bond strengthening
of dentin can be achieved throughout the immediate or conventional
adhesive treatment with BIOF-IPNs. Initial results have proven that
this significant increase in bond strength and the durability of resin-
dentin bond lasts for a prolonged time (up to 3 months). It is well
documented that the hydrostatic pulpal pressure, the dentinal fluid
flow, and the increased dentinal wetness in vital dentin can affect the
intimate interaction of certain enamel and dentin adhesives with
dentinal tissue. Therefore, the newly developed BIOF-IPNs systems
might be able to address the shortfalls in the current perspectives in
improving bond durability.

Although the correlation between the force and work of adhesion
was noticeable for all samples, the chitosan: B-cyclodextrin complex
has shown the highest adhesive force. This performance can be
expected because of the well-known intrinsic bio-adhesive properties
of this material. Also ionic vs covalent bonding of the chitosan:
therapeutic agent complex may depend on the pH of the environment
as the -COOH groups in naproxen, ibuprofen and/or aspirin ionize at
alkaline pH and form covalent "amide" linkage at low pH. The
adequate water absorption capacity, together with its cationic nature,
which promotes binding to the negative surface of skin or dentin
structure, can also explain these results. Hydration of the polymer
causes mobilization of the polymer chains and hence influences
polymeric adhesion [14]. Appropriate swelling is important to
guarantee bio-adhesion; however, over-hydration can form slippery
non-adhesive hydrogels [15].

Chitosan and B-cyclodextrin are potent antioxidants with multiple
free hydroxyl groups [6]. These hydroxyl groups can form bridge-type
hydrogen bonds within the side chains of hydroxyl, carboxyl, amino or
amide groups of the collagen molecules [6]. The formation of these
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hydrogen bonds is the reason of the stability of chitosan-collagen or
chitosan: collagen: cyclodextrin interaction [6]. By positioning itself
between collagen molecules, host: guest complex formed by chitosan:
therapeutic agent (such as naproxen, ibuprofen and/or aspirin) can
potentially also form ionic bonds, as well as covalent bonds with
collagen fibrils [16]. Furthermore, in the process of formation of
hydrogen bonds host: guest complex, molecules can replace the water
molecules bound to collagen in the extra-complex compartments [16].
This study has shown that newly developed hydrogels are capable of
improving the modulus of elasticity of demineralised dentine.

SEM images of the dentin surface exposed to BIOF-IPNs Gels 1-4
for 2 weeks in artificial saliva. The surface of the dentin has been
significantly influenced by the treatment with Gels 1-4, illustrating
previously reported unique properties of the chitosan in promoting
formation of the hydroxyapatite crystals as demonstrated in figures
4A-4D.

S-5400N 100k

840010, 00

Figure 3: (A) Dentin surface exposed to Gel 1 in artificial saliva; (B)
Dentin surface exposed to Gel 2 in artificial saliva; (C) Dentin
surface exposed to Gel 3 in artificial saliva; (D) Dentin surface
exposed to Gel 4 in artificial saliva.

Interestingly, the surface of the dentin has been significantly
influenced by the treatment with Gels 1-4, confirming previously
reported unique properties of the chitosan in promoting a formation
of the hydroxyapatite crystals, as well as prevent demineralization of
enamel and dentin, which has been reported previously [16] (Figures
3A-3C). The potential applications of chitosan and cyclodextrin in
dentistry include strengthening of the collagen matrix, increasing
resin—dentine bond strength, inactivation of collagen-bound proteases
and remineralization of root caries [17]. The detailed investigation of
the potential mechanism is currently being researched in our
laboratory.

Release of therapeutic agents

The controlled release of naproxen depends on pH value of the
media. The slower release kinetics at the lower pH conditions have
been attributed to amino groups of chitosan protonation, which
results in a soluble and positively charged polysaccharide leading to
faster swelling in the acidic media. The cumulative release is
represented as the “fractional release data” and it follows Higuchi

model [18,19]. The plot reveals that there are 2 stages for the release of
the naproxen from the Gel 3. The first stage of release was initially
rapid (burst release), probably resulting from the rapid diffusion of
naproxen from the chitosan: p-cyclodextrin BIOF-IPNs, and the initial
swelling. The second stage of release demonstrates a slow, controlled
release.
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Figure 4: (A) Cumulative release (%) of naproxen; (B) Ibuprofen;
(C) Aspirin; from 5% w/w BIOF-INPs in phosphate buffer pH 6.8.

The burst release has an advantage in reaching a biologically
relevant concentration much faster, where as a slow release will
control the sustainable concentration of naproxen in plasma. The
release of the corresponding BIOF-IPNs containing ibuprofen as a
potential therapeutic agent prototype remained stable in the early
hours of the experiment, allowing a more constant release, which
would ensure an effective and prolonged anti-inflammatory activity
when applied clinically. This property would make the system a
suitable candidate for further development as a functional dual action
restorative material. The release pattern for BIOF-IPNs containing
aspirin is similar to the BIOF-IPNs containing ibuprofen, and it is
correlated to the swelling ability of the corresponding hydrogel. Figure
4C shows the relationship between the release time and the percentage
of aspirin released. The release of aspirin decreases gradually and
finally reaches the equilibrium state where the aspirin is no longer
released. The advantage of the chitosan: B-cyclodextrin system in
BIOF-IPNs is the increase of the time of the release of therapeutic
agents, as well as protecting the active ingredient from any type of
free-radical damage produced in and around the active site.

Cytotoxicity investigations

It is well documented that dentin and dentinal fluid can act as a
peroxide and oxygen reservoir [20] which may be present at the
bonding interface, inhibiting the polymerization reaction and reducing
bond strength. Thus, an increase in the antioxidant strength of the
application, which may vary according to the antioxidant agent,
and/or an increase in the concentration used for dentin, may be
indicated in an endeavor to neutralize the free oxygen present in a
higher amount in dentin than in enamel. Antioxidant release occurs
through the pores of the low polymer concentration of the network
structure.
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The positive properties of BIOF-IPNs systems lead to the question
of their cytotoxicity and their effect on pulpal cells. In this study, each
cell-test survival rate determination was done simultaneously with the
control, to standardize the results. To calculate the % viable cells
between the controls and the test samples, each raw test value was
divided by the median of the corresponding control survival values
[5,6]. Normally, the cell survival rate will depend on a number of
factors: type of substance to be tested, the concentration of the
substance, the type of cell-line used and the time of cell exposure to the
substance to be test-ed. All gel systems utilized in this study (1 mg of
chitosan: therapeutic agent/ml growth medium over a 24 hour period)
were tested for their survival rates. This can be considered as a high
concentration and well in the top range of concentrations normally
tested for other products. This is similar to the highest concentration
used (1000 pg/ml) to test the cytotoxic effect of medicinal plants
[6,21,22]. An exposure period of 24 hours used in this study can also
be accepted as a long exposure period (in the top range) [6,21,22]. The
release of the therapeutic agents (from the anti-oxidant chitosan) such
as naproxen and ibuprofen from their chitosan gels showed a positive
influence on the survival rate in comparison to the therapeutic agents
alone (Figure 2E). However, aspirin (active ingredient acetylsalicylic
acid and at a pH of 8.0 a salt) alone showed a value of 102% which is
not expected but can be explained by the fact that this organic acid
becomes neutralized in the growth medium where the pH is kept at
8.0. When the sequence of the survival rates (Figure 2E) of the
chitosan gels and the 3 therapeutic agents are considered it can be
expected that aspirin should have a cell survival rate of less than its
chitosan gel (88%) when not neutralized. We previously reported [6]
that the pH of the growth medium alone played a very important role
on the cell survival rate and the lower the pH of the growth medium
the lower the cell survival rate.

The present results demonstrate the capability of the newly
designed hydrogel system (BIOF-IPNs) to play an important role as a
“build in” free radical defense mechanism, and acting as a “proof of
concept” for the functional multi-dimensional restorative repair
materials. The present findings suggest that the new material would
definitely find applications in functional dental composites and
regenerative dentistry.
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