DRUG DELIVERY, 2017
VOL. 24, NO. 1, 1148-1158
https://doi.org/10.1080/10717544.2017.1359703

Taylor & Francis
Taylor &Francis Group

a OPEN ACCESS ‘ N Checkforupdates‘

RESEARCH ARTICLE

An injectable in situ gel with cubic and hexagonal nanostructures for local
treatment of chronic periodontitis

Liling Mei, Xintian Huang, Yecheng Xie, Jintian Chen, Ying Huang, Bei Wang, Hui Wang, Xin Pan and
Chuanbin Wu

School of Pharmaceutical Sciences, Sun Yat-sen University, Guangzhou, China

ABSTRACT

Periodontitis is a chronic bacterial infection, and its effective treatment is dependent on the retention
of antibiotics of effective concentrations at the periodontal pockets. In this study, a solution—-gel based
inverse lyotropic liquid crystalline (LLC) system was explored to deliver metronidazole to the periodon-
tal pockets for local treatment of periodontitis. It was found that the metronidazole-loaded LLC precur-
sor spontaneously transformed into gel in the presence of water in the oral cavity. The low viscosity of
the precursor would allow its penetration to the rather difficult to reach infection sites, while the adhe-
siveness and crystalline nanostructures (inverse bicontinuous cubic Pn3m phase and inverse hexagonal
phase) of the formed gel would permit its firm adhesion to the periodontal pockets. The LLC system
provided sustained drug release over one week in vitro. Results from in vivo study using a rabbit peri-
odontitis model showed that the LLC system was able to maintain the metronidazole concentrations
in the periodontal pockets above the minimum inhibition concentration for over 10 days without
detectable drug concentration in the blood. Owing to the spontaneous solution-gel transition in the
periodontal pockets and unique liquid crystalline nanostructures, the LLC in situ gel provided effective
treatment of periodontitis for a prolonged period of time with reduced systematic side effects, com-
pared to metronidazole suspension which was effective for 24 h with detectable metronidazole concen-
trations in the blood after 6 h.
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1. Introduction treatment of periodontitis (Do et al., 2014, 2015; Lee et al,,
2016).

However, effective delivery of antibiotics to the periodon-
tal pockets is still met with various challenges and more
effective systems are needed (Hau et al., 2014), recognizing
that the periodontal pockets are deep and small spaces
around infected teeth (Dabhi et al., 2010). They are difficult

for drug to reach and retain (Srivastava et al., 2016).

Periodontitis is a bacterial infection highly prevalent in adults
with 47% of adults in the US suffering from it, and it gets
worse for adults older than 65 years with 64% prevalence of
the population (Eke et al., 2012). Periodontitis causes inflam-
mation and tissue destruction by microorganism colonization,
leading to the formation of periodontal pockets (He et al.,

2015; Joshi et al, 2016; Phaechamud et al, 2016). Without
effective therapy, it could result in progressive loosening and
subsequent loss of teeth.

The treatment of this chronic infection requires antibacter-
ial medication. However, it is difficult to achieve effective
drug concentrations at the microbial infection sites, peri-
odontal pockets, by the commonly used oral administration
of antibiotics. In addition, the distribution of drug in other
tissues and organs associated with frequent oral administra-
tion would cause both side effects and antibiotic resistance,
especially following long-term therapy (Barat et al., 2006;
Reise et al., 2012). The local depot system which provides
sustained drug release at the sites of action and therefore
beneficial in maintaining effective drug concentrations and
reducing systematic side effects, has been proposed for the

A desirable intra-pocket drug delivery system should be
a low viscosity fluid for good penetration into the sites of
infection. The system should also possess good adhesive-
ness for retention in the periodontal pockets. In situ gel
appears to be a good candidate to meet the requirements
of both low viscosity and superior adhesiveness (Nasra
et al, 2017). It is administrated in the form of precursor
which is transformed into a gel at the sites of action. The
phase transition from solution to gel is the key to the suc-
cess of the in situ gels for the treatment of periodontitis.
Several in situ gels, such as pH-dependent, light-respondent
(Nguyen & Hiorth, 2015), and temperature-sensitive gels
(Kelly et al., 2004), have demonstrated potentials in achiev-
ing solution-gel transition in the periodontal pockets for
adhesion and retention. However, they failed to provide
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Table 1. Formulation composition of GMO/NMP binary precursors (BPs, con-
taining 25 wt% MTZ), gelation time, and sustained release time of correspond-
ing in situ gels at 37+£0.5°C (n=3).

GMO:NMP Gelation Sustained release

Formulations (w/w) time (s) time (h)
BP-1 1:9 85.7+4.7 22+0.1
BP-2 2:8 50.2+3.2 26+0.7
BP-3 37 94+25 43+15
BP-4 4:6 8.7+13 6.2+24
BP-5 5:5 8.1+1.1 6.7+£29
BP-6 6:4 6.3+0.6 8.7+27
BP-7 73 3.7+£06 48.2+4.2
BP-8 8:2 24+0.3 72945
BP-9° 9:1 ND ND

GMO: glycerol monooleate; NMP: N-methyl pyrrolidone; MTZ: metronidazole.
2GMO crystallization was observed in the BP-9 formulation and thus the gelation
time and sustained release was not determined (ND).

prompt enough solution-gel phase transition because the
triggers of solution—gel transition, such as the pH shift for
the pH-dependent systems and the temperature variation
for the temperature-sensitive carriers, are either infeasible or
insensitive in the periodontal pockets. Extensive adhesion
and retention at the sites of action are barely achieved by
these in situ gels.

Promisingly, the solution-gel transition trigger of inverse
lyotropic liquid crystalline (LLC) system is simply the addition
of water (Gong et al, 2011). It can easily absorb adequate
water in the gingival crevice fluid (GCF) to transform into an
in situ gel which would attach to the periodontal tissues. The
LLC could be an excellent candidate as an intra-pocket drug
delivery system for the treatment of periodontitis owing to
its unique properties of solution-gel phase transition, unique
nanostructures, good adhesiveness, and gel strength (Scriven,
1976; Sagalowicz et al., 2006).

Desirable properties of an intra-pocket drug delivery sys-
tem for the treatment of periodontitis include: sustained
drug release for long-term antimicrobial effect, low viscosity
for administration, and good adhesion for retention. Lack of
any of these properties may lead to failure in effective drug
delivery. There have been increased interests in optimizing
these properties to identify effective intra-pocket depot car-
rier systems (Da Rocha et al., 2015; Chen et al, 2016; Joshi
et al, 2016). The LLC system presented in this work was
found to possess the needed low viscosity, sensitive solu-
tion—gel phase transition, favorable mechanical properties,
and sustained drug release behavior.

2. Materials and methods
2.1. Materials

Agents:  Glycerol monooleate (GMO, DIMODAN®MO/D
KOSHER) was a present from Danisco Cultor (Brabrand,
Denmark). N-methyl pyrrolidone (NMP) was purchased from
Guangfu Smart Chemical Research Institute (Tianjin, China).
Medium chain triglyceride (MCT) was purchased from Gracia
Chemical Technology Co., Ltd. (Chengdu, China).
Metronidazole (MTZ) was obtained from Huanggang SaiKang
Pharmacy Co., Ltd. (purity >99.0%, Huanggang, China). MTZ
tablets were produced by Kangmei Pharmaceutical Co., Ltd.
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(Jieyang, China). Ligature suture (3-0) was purchased from
Johnson & Johnson Medical Ltd. (Shanghai, China).
Porphyromonas gingivalis lipopolysaccharide (LPS-PG) and
pentobarbital sodium were obtained from Invivogen (San
Diego, CA) and Sigma (Shanghai, China), respectively. All other
chemicals were of analytical grade and used as received.
Animals: New Zealand rabbits, 10weeks old, weighing
approximately 3.0kg, were purchased from the Laboratory
Animal Center of Sun Yat-sen University (Guangzhou, China).
Studies were conducted in accordance with guidelines and pro-
cedures approved by the Institutional Authority for Laboratory
Animal Care and Ethics Committee of Sun Yat-sen University.

2.2. Preparation of the LLC precursor

The molten GMO was dissolved in NMP in the weight ratios
from 1:9 to 9:1with stirring at 2000 rpm for 30 min to obtain
GMO-NMP binary precursors (Table 1). Various amounts of
MCT ranged from 0 to 15% (w/w) were added to prepare
GMO-NMP-MCT ternary precursor preparations. MTZ-loaded
formulations were also prepared by adding definite amount
of MTZ.

The in situ gels for further studies were obtained by
exposure of the LLC precursors to excess water, followed by
static phase equilibration over one week and then centrifuga-
tion at 300g to remove excess water and air bubbles.

2.3. Viscosity test of the LLC precursor

Viscosity of the 25% MTZ-loaded LLC precursor was deter-
mined by a Brookfield rotational rheometer with a number
18 spindle at 25+0.5°C. The spindle rotating rate was
increased by 5rpm until the torque reached 100%.

2.4. Gelation time test of the LLC precursor

The gelation time of the phase transition is the time needed
for the precursor transforming into gel upon the addition of
the precursor into excess water. A 0.1 g precursor containing
25% w/w MTZ was injected into 25 mL preheated pH 7.4 PBS
at 37+£0.5°C through a modified pipette tip. The time upon
the precursor contacting with aqueous dissolution medium
till it completely transforming into opaque gel was recorded
as gelation time.

2.5. Phase investigation and nanostructure analysis

The liquid crystalline phase of the LLC gel was observed by
cross-polarized microscopy (CPM, MP41, Mshot, China) with a
heat stage (KER3100-08S Mshot, China) thermostatically at
37+0.5°C or heated from 25 to 40°C at a rate of 2°C/min.
Further phase identification and structure analysis of crys-
talline cell nanostructure were performed with small angle X-
ray scattering (SAXS, SAXSess, Anton Paar, UK) at 37 +0.5°C.
The gel sample was wrapped in aluminum foil and fixed in a
sample holder. The wavelength of the X-ray radiated by a Cu
Ko emitter under 50kV and 40 mA was 0.1542 nm. The scat-
tering factor g of Bragg peaks was set from 0.04 to
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4.00nm™". The specific parameters of crystalline cell were cal-
culated by the following equations (Caboi et al., 2001):

g = (4nsin0) /A (1)
d=2n/q 2)
a=(h*+K+P)1/2d 3)

where 20 is the scattering angle and 1 is the wavelength
of 0.1542nm, d is the crystalline inter-planar space of liquid
crystalline phase, a is crystalline lattice parameter which indi-
cates the size of water channels in the liquid crystalline cell
nanostructure, h, k, and | are Ptolemy indexes and have no
dimension.

2.6. Mechanical properties of the LLC gel

2.6.1. Adhesiveness and gel strength of the LLC gel
Adhesiveness and gel strength of the LLC gel were tested by
a texture analyzer (TA.XT. Plus, Surrey, UK). A specific probe P
0.5 was impelled into the prepared gel sample vertically at a
speed of 0.5mm/s until 4mm deep into the gel. Then, the
probe was withdrawn gradually at a speed of 10 mm/s. The
probe displacement and applied force as a function of time
were recorded during the measurement. The adhesiveness
and gel strength were defined as the maximum force values
in the negative and positive directions of the measured force,
respectively.

2.6.2. Viscoelasticity of the LLC gel

Viscoelasticity of the LLC gel was determined using a rota-
tional rheometer (Kinexus Lab-+, Malvern, UK) equipped with
a CP 1/60 cone-plate geometry. The measurement was con-
ducted in a strain-controlled mode (sample gap of 0.50 mm)
and in a frequency range of 0.01-100rad s at 37 +0.5°C.

2.7. In vitro drug release

The in vitro drug release test was conducted in a thermo-
static shaker (THZ-82BA, Jintan, China) at 37+0.5°C, 100 rpm.
Approximately 0.2g MTZ-loaded precursor was accurately
weighed and injected into 25mL pH 7.4 PBS. Samples were
withdrawn and replaced with equivalent amount of fresh
medium at predetermined time intervals. The collected sam-
ples were filtered with 0.22 um filter prior to high perform-
ance liquid chromatography analysis (detailed method shown
in the supporting information). The time needed for com-
plete drug release was recorded as sustained release time.

The structure change and phase transition of the gels
were observed by CPM with the same release condition in
different experiment.

2.8. In vivo evaluation

To evaluate the efficacy and side effects of the LLC in situ
gel, a rabbit periodontitis model was established by ligature
(3-0 suture) in combination with inoculation of LPS-PG
(Hasturk et al, 2006; Van Dyke, 2008) following anesthesia
(ear intravenous injection of 3% w/w pentobarbital sodium at

a dosage of 30mgkg™"). Ten rabbits were randomized into
two groups, and subject to local administration of the MTZ-
loaded LLC precursor (containing 52.6% GMO, 13.2% NMP,
4.2% MCT, and 30% MCT, w/w) and MTZ suspension pre-
pared from MTZ tablets, at 30 mgkg™" MTZ, respectively.

Samples of GCF and blood were collected prior to admin-
istration and at predetermined time intervals post-administra-
tion by sterile orthodontic point method and auricular vein
sampling method, respectively. The concentrations of MTZ in
the GCF and blood samples were analyzed by high perform-
ance liquid chromatography method. The detailed methods
of sampling and sample analysis can be found in the sup-
porting information.

2.9. Statistics analysis

The data were expressed as mean +S.D. Student t-test (SPSS
17.0, Chicago, IL) was employed for statistical analysis. p <.05
was set as the significance level.

3. Results and discussion
3.1. Development of GMO-NMP-MCT ternary system

The low viscosity precursor systems consisted of LLC material,
GMO, and solvent NMP. GMO, a food additive approved by
the Food and Drug Administration, is able to spontaneously
form various crystalline types of LLC in the presence of differ-
ent amounts of water (Mei et al, 2017). It is biodegradable
and the degraded products, glyceride, and oleic acid, are
safe endogenous substances (Warren et al., 2011; Wadsater
et al, 2014). NMP was used to dissolve GMO. It is safe (Li
et al,, 2005; Saw et al., 2007; Qin et al.,, 2016) and capable of
improving the loading content of MTZ (Figure S1).

The LLC precursor spontaneously transformed to in situ
gel in excess water (Video S1). After injection of the LLC pre-
cursor into the periodontal pockets, the water in the GCF
penetrates into the precursor and in situ gel is formed.
Previous studies by Yaghmur et al. also demonstrated that
dynamical structural transition and fast formation of liquid
crystalline gel were observed upon exposure of the precursor
to biological environment (Yaghmur et al.,, 2011). Short gel-
ation time for the solution-gel phase transition is important
for the prompt attachment of the gel to the teeth. Reduced
gelation time is desired to minimize the loss of intra-pocket
carrier and thus improve the accuracy of dosing. It was found
that the gelation time was reduced by increasing the GMO/
NMP ratio (w/w). However, it was found that the amount of
NMP was insufficient to dissolve GMO when its content was
lower than 10% (w/w). Therefore, the highest GMO/NMP ratio
in the preparation of LLC precursors was kept at 8/2, and its
gelation time was found to be 2.4s and sustained release
time for complete drug release was found to be 72.9h as
shown in Table 1.

Rapid gelation would reduce the initial burst release as
the formation of gel would retard the release of drug. The
reduction of gelation time from 857 to 2.4s, caused by
increasing GMO content from 10% to 80% w/w, dramatically
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increased the sustained release time, which was prolonged
from 2.2 to 72.9h (Table 1).

The maximum sustained drug release time (72.9h) from
the LLC gel transforming from GMO-NMP binary precursor
was insufficient, and it is favorable for intra-pocket depot sys-
tem to offer extended drug release over one week for effect-
ive periodontitis treatment (Schwach-Abdellaoui et al., 2000;
Bal et al, 2015). MCT was added to the LLC precursor to
modify the drug release rate (Yaghmur et al., 2012a).

To define the MCT content, the liquid crystalline phase
transition induced by addition of MCT (0-15%, w/w) was
investigated (Figure S2). Increasing addition of MCT induced
a cubic (0-2% MCT)-hexagonal (3-13% MCT)-inverse micellar
phase (14-15% MCT) transition of the LLC gels at 37+0.5°C.
The phase transition was consistent with previous reports
(Yaghmur et al, 2005, 2006, 2012b; Wibroe et al., 2015). In
order to obtain cubic and hexagonal phase, which were
reported to retard the drug release via incorporation of drug
into their highly ordered complex nanostructure networks
(Scriven, 1976; Mezzenga et al., 2005; Yaghmur et al., 2012a),
0-10wt% MCT was added into the precursors for further
studies.

3.2. Phase identification of the LLC gel transforming
from MTZ-loaded GMO-NMP-MCT ternary precursor

The MTZ-loaded precursor would transform into adhesive gel
for firm attachment to the periodontal pockets and sustained
release of MTZ. The liquid crystalline phases of the LLC gels
during the drug release were examined by CPM at
37+0.5°C. Figure 1(B) shows the visual appearance of the
LLC gels, which were spherical particles. Under the polarized
microcopy (Figure 1(C)), the LLC gels without MCT exhibited
dark view, indicating the isotropous cubic phase. With 4%
MCT content, the birefringence texture started to emerge in
the dark background, suggesting mixed phases of hexagonal
and cubic phase. The liquid crystalline phase transformed to
entire hexagonal phase when the MCT content reached 10%.
The phase changes at various time post-hydration of precur-
sors with excess water revealed their dynamic phase transi-
tion which was caused by exchange of NMP in the
precursors and water in aqueous dissolution medium. No fur-
ther phase transition was observed after 1h, indicating the
phase equilibrium.

The more specific phase identification of crystalline phase
was performed by SAXS post-phase equilibrium. The g value
indicating positions of each Bragg peaks on the SAXS spectra
(Figure 2(A)) was noted to identify the phases of the LLC gels
containing different MCT contents. Two types of crystalline
cells were detected: inverse bicontinuous cubic phase (Pn3m)
corresponding to g value ratios of v2:v/3:v4: 6 and
inverse hexagonal phase (H,) corresponding to g value ratios
of 1:vV3:V4: V7.

The crystalline cell nanostructure of Pn3m consists of a
curved lipid bilayer and a bi-continuous water channel
extending in three dimensions as a network, and that of H,
is composed of several rod-like micelle cylinders lying parallel
to each other in a hexagonal array (Figure 2(B)) (Pan et al.,
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2013). The SAXS spectra revealed that the LLC gel was cubic
phase with 0-2% w/w MCT. As the MCT content exceeded
4% w/w of the total weight, the inverse hexagonal phase H,
coexisted with inverse cubic phase Pn3m, and a pure H,
phase was detected when the MCT content reached 10% w/
w. These results were coincident with the optical observa-
tions (Figure 1(C)).

Additionally, the lattice parameter a was calculated to
indicate the size of water channels in the crystalline cell
nanostructure (Figure 2(A)). Cubic phase possessed much
larger a values than hexagonal phase. The a values declined
in both cubic and hexagonal phase with the increasing
amount of MCT. Reduced a value revealed marked decrease
in the amount of solubilized water and the size of water
channels in these liquid crystalline cell nanostructures
(Yaghmur et al, 2012a). This could be explained by that
increasing addition of hydrophobic MCT into the LLC system
increased the volume of lipophilic domain, and the diameter
size of the aqueous channels surrounded by the lipid was
thus reduced. Reduction in the size of water channels could
also be supported by the reduced water absorption due to
increasing amount of MCT (Figure S3).

3.3. Viscosity and syringe ability of the LLC precursor

Effect of MCT addition with various amounts on the viscosity
and shear stress of the MTZ-loaded LLC precursors at various
shear rates was determined to examine the injection feasibil-
ity into the periodontal pockets. Figure 3(A) showed that
addition of MCT had little influence on the precursor viscos-
ity and all precursors with addition of 0-10% MCT remained
low viscosity for penetration to the periodontal pockets. Also,
increasing MCT content resulted in slight decrease in the
value of shear stress/shear rate (Figure 3(B)), indicating shear
thinning property, which favors feasibility of injection.

The precursors had a viscosity lower than 0.6Pas (Figure
3(A)), which allowed penetration of the precursor to the
minor gaps of periodontal pockets (Bruschi et al., 2007;
Dabhi et al., 2010). Then, the injected precursor was trans-
formed into depot drug carrier with custom shape well fitted
into the cavity of the periodontal pockets, which would
make irritation to the periodontal pockets more tolerable
than other depot carriers with intensive plasticity (such as
fibers, polymer gels, buccal patches, and microspheres). In
addition, the custom shape would increase the contact sur-
face area between the in situ gel and the infection sites in
the periodontal pockets. The tight contact and increased
contact surface area were supposed to facilitate drug absorp-
tion of antibiotics and thus enhanced antimicrobial effect.

The complete injection and homogenous drug concentra-
tion of the LLC precursor are of critical importance for accur-
ate administration. The ability of total precursor to pass
through needles during injection was indicated by syringe
ability. Also, dosage accuracy was tested by quantifying the
total mass and MTZ concentration of the precursor prior to
and post-injection. The syringe test showed that the precur-
sor with low viscosity could be entirely injected, more than
93% w/w (Table S1). The drug content variation after and
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(A)

(B)

Aty

Pn3m

10% MCT

Figure 1. (A) Schematic illustration of the LLC in situ forming gel with cubic and hexagonal nanostructures to deliver metronidazole to the periodontal pocket,
(B) visualization of the 25% w/w MTZ-loaded LLC gels during drug release under the light view of microscopy, and (C) polarized view of the 25% w/w MTZ-loaded
LLC in situ gels at various times post-contact of the precursor and excess water at 37 + 0.5 °C. (Image magnification 220x).

before syringe test was in the range of 95.5-103.5%, indicat-
ing the precursor was homogeneous during injection.

3.4. Adhesiveness, gel strength, and viscoelasticity of
the LLC gel

3.4.1. Adhesive force and gel strength of the LLC gel

The LLC precursor spontaneously transforms into gel in the
presence of water in the oral cavity after being injected into
the periodontal pockets, then it needs strong adhesive force
and gel strength to assure its firm adhesion to the periodon-
tal pockets and durable resistance to the destruction of mas-
tication motion. Effect of various MCT amounts and MTZ

incorporation into the LLC system on adhesive force and gel
strength was evaluated by a texture analyzer.

The MCT amounts had the same effects on both the adhe-
sive force and gel strength of the LLC gels (Figure 3(C,D)),
which suggested the dependence of mechanical properties
of the gels on their liquid crystalline phases and correspond-
ing crystalline cell nanostructures. The increasing MCT
amounts improved the adhesive force of the gels (in cubic
and hexagonal phase) within 6%, whereas the adhesive force
of the gels decreased as the MCT content exceeded 6%, and
even dropped below that of MCT-free gel. This could be
explained by the crystalline cell nanostructures of cubic and
hexagonal phase.
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Figure 2. SAXS spectra, liquid crystalline nanostructures, and MTZ structure. (A) Effect of various MCT amounts on the SAXS spectra of the 25% w/w MTZ-loaded
LLC gels at 37+0.5°C, (B) liquid crystalline cell nanostructures of (B;) Pn3m nanostructure and (B,) H2 nanostructure, (C) the chemical structure and size of MTZ

molecule.

Cubic phase crystalline cell nanostructure (Pn3m) is a ster-
ically stable network consisting of twisty water channels and
spreading lipid bilayers, whereas hexagonal phase cell (H,) is
composed of several individual micelle columns, which array
in parallel to each other and could slide in inverse direction.
H, structure is more flexible than Pn3m structure (Figure
2(B)). Consequently, the adhesive force in Pn3m phase was
higher than that in H, phase as Pn3m phase possessed more
intensive nanostructure.

Increasing amounts of MCT reduced the water channel
size of the liquid cell nanostructure and thus increased nano-
structure compactness, but higher level of MCT content than
6% resulted in phase transition from mixed phases to domin-
ant H, phase. With increasing amount of MCT from 0% to
6%, the adhesive force of the gels gradually increased by the
increasing nanostructure compactness, while it dramatically
dropped off due to phase transition from mixed phases to
dominant H, phase as MCT content exceeded 6%. Taking
both crystalline phase types and nanostructure compactness
into consideration, the gel containing 6% MCT, in mixed
phases of intensive Pn3m and H, phase, showed superior
adhesiveness and gel strength, which benefits sustained
retention and integrity of the LLC system in the periodontal
pockets.

Additionally, the custom shape of the LLC in situ forming
gel, would achieve intimate contact and intensive adhesion.
Actually, the combination of the periodontal pockets and its
custom shaped depot drug carrier is kind of male-female
mold combination, where the in situ gel was incorporated
into the curved cavity of the periodontal pockets. It is rea-
sonable to draw a conclusion that this kind of combination
in addition to the intensive adhesion of the LLC gel could
assume its extended retention at the action sites.

Do et al. reported that the adhesive force of a commercial
periodontal Parocline® was no more than 0.1N, and they
increased the maximum adhesive force to 0.4N by addition
of different types and amounts of plasticizers as well as
adhesive polymers into their poly(lactic-co-glycolic acid)-
based implant (Do et al., 2014). In comparison, the LLC gels
containing 4-8% MCT possessed intensive adhesive force far
more than 0.4N (Figure 3(C)), which is sufficient to assure
extended duration at action sites, avoiding the drug concen-
tration uncertainty caused by the loss of the drug depot
from the periodontal pockets.

In addition to adhesion, the depot drug carrier also
requires sufficient mechanical strength to resist the mech-
anical destruction, such as GCF washing or mastication
movement. The variation trend of gel strength and related
factors was similar to that of adhesion. Addition of 2-6%
MCT increased the gel strength, and reached maximum
value of 1.5N with 6% MCT (Figure 3(D)), higher than the
required gel strength of 0.39-1.39N (Lee et al, 20071;
Souza et al, 2014) to resist destruction of mastication
movement. The Pn3m nanostructure is a three-dimensional
network which could be resistant to stretch and pressure,
whereas the H, nanostructure consists of several parallel
micellar columns, which could slide from each other.
Consequently, the Pn3m phase possessed more intensive
gel strength than H, phase. Besides, increasing amount of
MCT enhanced nanostructure compactness of the crystal-
line cell, leading to increase in the gel strength which
reached maximum value with 6% MCT, and then dramatic-
ally declined due to phase transition from mixed phase to
dominant H, phase.

The mechanical properties was key to durable retention of
the intra-pocket depot carrier. Relatively high level of
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examined by a rotational rheometer at 37 + 0.5 °C. All test was conducted in triplicate.

adhesion and gel strength indicates that there is no necessity
to fix the depot system with other devices because the sys-
tem itself is strong and sticky enough to remain in the
pocket and to cope with physical movement of mastication.

3.4.2. Viscoelasticity of the LLC gel

The viscoelasticity of MCT-loaded LLC gel demonstrated by
the storage modulus G’ and the loss modulus G” was deter-
mined to investigate the response of the gel to various
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frequency of oral cavity motion (Figure 3(E)). The storage
modulus G’ indicates elasticity (solid-like property) of the gel,
which would resist destruction during mastication move-
ment. The loss modulus G” indicates viscosity (liquid-like
property) of the gel. The lower viscosity of the gel, the less
irritation it would impose to the surrounding periodontal tis-
sues. The angular frequency, o, indicates the motion fre-
quency of oral cavity. Augmentation in ® reduced the loss
modulus G” while increased the storage modulus G'. When
the w exceeded 1rads™' and the test simulated the shear of
surrounding periodontal tissues to the gel induced by fre-
quent oral cavity movements (such as speaking and mastica-
tion), the gel correspondingly exhibited dominant solid-like
property (elasticity, G' > G”) to resist destruction of the shear
force of surrounding periodontal tissues for extended reten-
tion and structure integrality of depot carrier. When the o is
lower than 1rads™' and the test simulated almost immobile
motion of the surrounding periodontal tissues, the LLC gel
exhibited dominant liquid-like property (viscosity, G" > G) to
reduce irritation to inflammatory periodontal pockets. The
LLC in situ gel possessed excellent viscoelasticity for both
superior resilience and compatibility.

3.5. In vitro drug release

Effect of MCT addition with various amounts on cumulative
drug release from the 25% w/w MTZ-loaded LLC gels was
determined. It was reported that the surface area between
the in situ formed liquid crystalline phase and the release
medium had important influence on the drug release behav-
ior (Yaghmur et al,, 2012a). Definite amount of MTZ-loaded
precursor was injected into the release medium through a
self-modified pipette tips. With slightly higher density than
the release medium, the injected precursor precipitated and
immerged into the release medium, and transformed into
spherical-shape gels with approximately identical surface
area (Figure 1(B)).

The results of drug release indicated that addition of MCT
sustained drug release from the LLC gels, and the formula-
tions containing 4%, 6%, and 8% MCT illustrated optimal sus-
tained-release over one week (Figure 4(A)), which was
desirable for effective treatment of chronic periodontitis
(Schwach-Abdellaoui et al., 2000; Bal et al., 2015). The release
rate was the smallest when MCT content was 6%.
Additionally, increasing drug incorporation content from 10%
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to 30% reduced the cumulative percentage of released MTZ
at each time intervals (Figure 4(B)). Although the drug release
rate was faster for the formulation with higher drug loading,
there were still higher percentage of remaining drug in the
gels because of the increased drug loading.

Also, addition of MCT reduced the initial burst release of
MTZ from the LLC gels. The initial release of MTZ from the
MCT-free LLC gel in the first 24h was 91.2% whereas that
from the LLC gel containing 6% MCT was only 38.6%. High
initial burst release is undesirable for it is the main cause of
side effects and antibiotic resistance. Reduced initial burst
release is also required to minimize dissipation of total dos-
age at early stage so as to provide adequate drug dosage for
sustained release over one week.

A reasonable hypothesis about drug release mechanism
from the LLC gel was proposed by considering several com-
plicated factors, such as variation in the liquid crystalline cell
nanostructures, the size of the inner water channels, and the
drug release pathways. The model drug MTZ is a hydrophilic
molecule which preferred to be incorporated in water chan-
nels in the crystalline cell nanostructures. There are signifi-
cant differences in the crystalline cell nanostructures and
water channel size in H, and Pn3m phase. The water chan-
nels in H, phase were straight columns independent of each
other while that of Pn3m phase was a curved bicontinuous
water channel. One water channel of the bicontinuous chan-
nel is open to dissolution medium whereas the other one is
closed.

Diffusion through the water channels and penetration
through the lipid layers were the main release pathways for
the drug molecules loaded in the complex nanostructures of
the LLC gels (Kunieda et al., 1998). Due to the energy dissipa-
tion for penetration, as well as the repulsion between the
hydrophilic MTZ and the hydrophobic lipid layer, the hydro-
philic MTZ incorporated in the liquid crystalline would be
dominantly released by diffusion through water channels.

MTZ molecules were randomly distributed in the water
channels as the size of MTZ molecule was smaller than that of
water channels in both Pn3m and H, phases. The distances
from arbitrary peripheral atoms of the MTZ molecule to its
averaged geometry centroid were 3.06-4.75 A (Figure 2(C))
according to the calculation by the measurement mode in the
material studio software (Material Studio 8.0, Accelrys, San
Diego, CA). The water channel size in both Pn3m and H, cell
was decreased by the increasing MCT addition amounts, for
the a value of Pn3m cell varying from 105.9 to 93.2 A and that
of H, phase a value ranging from 60.3 to 56.1A. The a values
were similar to previous work reported by Yaghmur et al
(2007). The water channel size of H, cell was much smaller
than that of Pn3m cell, which could also be demonstrated by
the water absorption of corresponding precursors (Figure S3).

For pure Pn3m phase without MCT, the water channel
size of 105.9 A was larger than that of MTZ molecules so that
the MTZ could freely diffuse from the water channels and
was released more rapidly from the pure Pn3m phase than
others. The drug release rate from pure H, phase (10% MCT)
was slower than that from pure Pn3m phase, even though
the drug diffusion pathway through water channel was more
direct in the H, phase. This might be attributed to significant

decrease in the size of water channel, 56.1A for pure H,
phase compared to 105.9 A for Pn3m phase (Figure 2(A)). The
same effect of water channel size on the drug release rate
was also observed by Fong et al. (2009) and Negrini &
Mezzenga (2011).

The MTZ released rate from mixed phases (4-8% MCT)
was much smaller than that from pure H, phase or pure
Pn3m phase. With MCT amounts from 4% to 8%, the liquid
crystalline structure was composed of Pn3m and H, cells. The
water channels and lipid layers in the aforementioned cells
mutually mixed and twisted together, forming a more com-
plex pathway for drug release. Among them, the formulation
containing 6% MCT might possessed approximately identical
amount of Pn3m and H, cells, which intermixed and coupled
with each other, forming the most compact structures.
Therefore, the drug release from the formulation containing
6% MCT was the slowest. The drug release rate from the LLC
formulations was: 0% > 10% > 8% > 4% > 6%.

In contrast to a number of reported studies, which draw a
simple conclusion that release rate of hydrophilic drug from
hexagonal phase is slower than that from cubic phase (Fong
et al, 2009; Negrini & Mezzenga, 2011) or otherwise
(Yaghmur et al, 2012a), the interesting finding of present
study suggests that drug release rates from the LLC formula-
tions consisting of mixed phases of H, and Pn3m phase were
slower than any of them. The structural controlled drug
release behavior could be achieved by the phase transition
and nanostructure modulation of the LLC system.

3.6. In vivo study

In vivo studies of the MTZ-loaded LLC gel and MTZ suspen-
sion were conducted by determining the MTZ concentration
in the GCF and in the blood after administration, which dem-
onstrated the treatment efficacy and systematic side effects,
respectively. The LLC in situ gel maintained the MTZ concen-
tration above its MIC (Poulet et al., 1999) for over 10 days,
without detectable drug in the blood all along (Figure 4(C,
D)), which indicated both long-term effective treatment of
periodontitis and negligible systematic side effects.
Specifically, the LLC in situ gel offered high enough initial
drug concentration for the clearance of gingival pathogens
and then MTZ concentration dramatically dropped down
within 24 h, remaining stable in GCF and well above the MIC,
which is sufficient to inhibit 90% of bacteria associated with
severe periodontitis. The LLC in situ gel system comparatively
reduced the exposure time of bacteria to unnecessarily high
antibiotic concentration, which is the main cause of antibiotic
resistance. Also, it is of great importance to modulate the
drug release to a relative slow rate following the initial
release and avoid excess dissipation of the depot dosage, so
that the sustained release could be maintained for long-term
treatment of chronic periodontitis. In the control group of
MTZ suspension, MTZ concentration in the GCF dramatically
fell below the MIC within 24 h, and plasmatic MTZ concentra-
tion still remained detectable after 6 h (Figure 4(C,D)).

The in vivo pharmacokinetic parameters in the GCF were
calculated with WinNonlin software (Phoenix WinNonlin,
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Table 2. In vivo parameters of MTZ-loaded LLC in situ gel and MTZ suspension
in GCF (x+S.D., n=5).

Parameter LLC in situ gel MTZ suspension
Tis (h) 108.6 + 24.0* 84+35
Trmax (h) 12+04 0.8+0.3
Cnax (mgmL™") 0.37+0.17 0.20+0.08
AUCy_74 (mgmL~") 10.94 + 1.69* 1.18+0.54
AUCy_.. (mgmL™") 16.88 +3.33* 1.45+0.65
VLkg™") 0.25 +0.04 0.71+0.28
CL (mLh™") 1.5+0.3* 80.8+27.3
MRT (h™) 95.9+10.4* 9.0£1.0

MTZ: metronidazole; LLC: lyotropic liquid crystalline; GCF: gingival crevice fluid.
*
p <.05.

Certara, Princeton, NJ) and summarized in Table 2. There are
significant differences between the in vivo parameters of the
LLC in situ gel and that of control group (p <.05), indicating
long-term therapeutic effect of the LLC in situ gel
Specifically, the T;,, and AUCq_,4 of the LLC in situ gel were
respectively improved to 12.9- and 9.3-folds in comparison to
the control group, indicating significantly enhanced bioavail-
ability. Apart from the benefit of sustained drug concentra-
tion above MIC, the improvement of bioavailability might
result from enhanced drug absorption associated with the
composite and nanostructures of the LLC system. The LLC
system consisted of low molecular weight lipids (GMO and
MCT) which are similar to biological lipids, such as glycerides
and oleic acid. Therefore, enhanced drug absorption could
be achieved by lipid ingestion or exchange between the
lipid-based LLC system and surrounding periodontal tissues.
Additionally, the lipid ingestion and exchange might be
abundant due to the tight contact as well as huge contact
area between the periodontal tissues and the custom-shaped
LLC in situ gel. Another mechanism of the enhanced drug
absorption could be explained by the similarity of lipid
bilayer in liquid crystalline cell nanostructure and cell mem-
brane. It was reported that the liquid crystalline nanostruc-
ture was also found in the human cells (Norlen & Al-Amoudi,
2004), which could induce fusion of the cubic nanostructure
between the LLC system and that of surrounding cells, creat-
ing pathways for drug penetration and absorption. They are
crucial factors to facilitate drug absorption at action sites and
thus improve bioavailability.

4. Conclusions

The intra-pocket LLC system for local treatment of chronic
periodontitis achieved significantly enhanced bioavailability
and reduced systematic side effects. These results mainly
benefited from the rapid solution-gel phase transition and
distinct crystalline cell nanostructures of the LLC in situ gel.
The LLC system was designed based on the main qualifi-
cations for intra-pocket depot system. The LLC in situ gel
which offered favorable penetration, extended retention in
pocket, and sustained drug release exactly satisfied the
requirement of intra-pocket depot carrier for local treatment
of chronic periodontitis. The sustained release for long-term
treatment of periodontitis benefited from the sophisticated
nanostructures and variable lattice parameter of crystalline
cell nanostructure. The proposed drug release mechanism
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from the LLC system provides some insights for the develop-
ment and application of the LLC system in drug delivery but
it deserves further investigation and verification, particularly
from molecular level.
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